|dentification and characterization
of the InIGHE genecluster

of Listeria monocytogenes

Dissertatioreur Erlangungdes
naturwissenschaftlicheboktorgrades
derBayerischerulius-Maximilians-Unversitat Wirzhburg

vorgelegt von

DianaRaffelsbauer
aus

Fortaleza— Brasilien

Wiirzburg, 2001



Eingereichtam: 27. Juli 2001

Mitglieder der Promotionskmmission:

VorsitzenderProf. Dr. R. Kaldenhof
1. Gutachter:Prof. Dr. W. Goebel
2. Gutachter:Prof. Dr. G. Krohne

Doktorurkundeausgelndigtam: ......................



Der experimentelleTeil der vorliegendenDoktorarbeitwurdein der Zeit von Septem-
ber 1997 bis Dezember2000 am Lehrstuhlfir Mikrobiologie der BayerischenJulius—
Maximilians—Unversi&at Wirzhurg unterder Leitung von Prof. Dr. W. Goebeldurchge-
fuhrt und mit Mitteln der DeutscherForschungsgemeinschdonderforschungsbereich
479-Bl)gefordert.

Ich versicheredal3ich dieseArbeit selbsindigund nur unterVerwendunglerangegebe-
nenQuellenundHilfsmittel angefertigiundverfal3thabe.

DieseDissertatiorhatwederin gleichernochin ahnlicherForm bereitsin einemanderen
Prufungs\erfahrenvorgelegen.

Abgesehervon “Diplom-Biologin Univ.” habeich keine weiterenakademischeGrade
erworbenoderversuchizu erwerben.

Wirzhkurg, Juli 2001

DianaRaffelsbauer






or my grandmothertstela, who was
for methe greatesexampleof beneo-
lence,strongwill anddetermination.

@ 2¢ minhaavd Estela,quefoi paramim o
{ .f/> maior exemplo de benevoléncia, forca
J &L devontadee determinaéo.






Acknowledgments

I would lik e to expressmy sincereacknaviedgmentgo

Prof. Dr. W. Goebelfor the opportunityto do my PhD andfor his encouragemerdnd
supportthroughouthis work.

thecooperatiorpartner®dr. A. Bubert,Dr. J.HessDipl. Biol. B. BegmannDr. A. Simm,
Prof. Dr. I. KarunasagamDipl. Biol. J. ScheinpflugDr. M. WagnerandProf.Dr. S.H. E.
Kaufmannfor their valuablecontributionsto this work.

Dr. A. Bubertfor providing mary bacterialstrains for his assistancandenthusiasm.
Prof. Dr. J.Kreft for his helpful discussiongndgoodideas.

Dipl. Biol. S. Altrock for advicesconcerninghe RT-PCRtechnique.

Dr. M. KuhnandDipl. Biol. A. Wagnerfor readingthis manuscript.

Dipl. Biol. S.Hom for the pleasantvorking atmosphere.

all thecolleaguesvho helpedmethroughouthis work in differentways.

my husbandDr. H. Baier Saip for his presenceand encouragementgspeciallyin the
difficult moments.






Abstract

Listeriamonocytgeness afacultatve intracellularbacteriumwhichis ableto induce
its own uptalke into normally non-phagogtic mammaliarcells. This internalizationpro-
cessis mediatedby the internalinsinlA andInIB, which belongto a growing family of
leucine-richrepeatLRR) proteins.

In the presentstudy a new geneclusterof L. monocytgenesEGD containingthree
internalingeneswas identified and characterized.Thesegenes termedinlG, inlH and
inlE, encodeproteinsof 490, 548 and 499 amino acids, respectrely, which belongto
the classof large, surface-boundnternalins. Sequencef the proteinsiniG, InlH and
InlE revealedthe presencef thecharacteristideaturesof theinternalinproteinfamily: a
signalsequencetwo regionsof repeat{LRRsandB repeats)aninter-repeategion, and
a putatie cell wall anchorsequenceontainingthe sortingmotif LPXTG. InlG contains
four LRR units of 22 aminoacids,two B repeatof 70 and49 aminoacids,andthe cell
wall anchorsequencé& PKTS atthe C-terminus.InlH andInlE posses®othserenLRRs
andthe anchorsequenceEPTAG andLPITG, respectrely. WhereadnlH hasalsotwo
B repeatf 70 and49 aminoacids,InlE hasonly oneB repeatof 47 aminoacids,andin
additionathird domain,termedregion D, which is composef two repeatf 20 amino
acidseachwith high similaritiesto the B repeats.

TheinlGHE geneclusteris flankedby two house-lkeepinggenesncodingproteinsho-
mologousto the 6-phosphos-glucosidasendthe succiryl-diaminopimelatedesucciy-
laseof E. coli. A similarinternalingenecluster inlC2DE, localizedto the sameposition
on the chromosomevasrecentlydescribedn a differentisolate(Dramsiet al., 1997).
Sequenceomparisonof the two geneclustersindicatesthatinlG is an additionalnewv
internalingene,whereasnlH is generatedy a site specificin-framedeletionremoving
the 3’-terminalendof inlIC2 andthe 5’-terminal partof inID. The sitesof recombination
arelocatedin the almostidenticalfirst B repeatsof inlC2 andinlD. The third geneof
theinlGHE cluster inlE, is nearlyidenticalto the previously reportednlE gene(Dramsi
etal., 1997).PCRanalysigevealedthe presencef the new genesnlG andinlH in most
L. monocytgenesserotypes.In contrast,the inIC2DE could not be detectedn any of
thestrainstested suggestinghatthis clusteris specificfor the strainusedin the previous
study The occurrenceof the inlGHE geneclusterwas also examinedin six L. mono-
cytagenesclinical isolates,which wererecentlyisolatedfrom food or patientssuffering
from septicaemiar gastroenteritisFour from theseisolatesshow to possessheinlGHE
cluster but variationswithin the sequencesf thesegenesvereevident.

The promoteractiity of eachof the genesinlG, inlH andinlE wasdeterminedby
measuringhefluorescencenediatedby GFP-base@xpressiorplasmids.TheinlG gene
hasthe mostactive promoter but lower actiities were also detectedwith theinlH and
iInlE promoters.Transcriptionof the threeinl genesseemdo beindependentf thetran-
scriptionalregulatorPrfA andnotinducedaftera shift from therich gronth mediumBHI
into the minimum essentiamediumMEM. In addition,thegenesnlG, inl[H andinlE are
not expressedntracellularlyin Caco-2cells nor after contactof the bacteriato HepG-2
cells.

To investigatethe role of theinlGHE geneclusterin virulenceof L. monocytgenes
aninlGHE in-framedeletionmutantwasconstructed Deletionwasachieved by double



cross-@er usinga pLSV1-basedknock-outplasmidwhichled to the fusionof the5’ end
of inlG to the 3’ endof inlE, resultingin the excision of the interveningsequencdrom
the chromosomeWhentestedin the mousemodel,the AinlGHE mutantexhibited after
oralinfectiona significantreductionin bacterialcountsin liverandspleenin comparison
to the wild type strain,which amguesfor animportantrole of theinlGHE geneclusterin
virulence.

In vitro studiesusing GFP-basedxpressionplasmidsrevealedthat the intracellular
growth andcell-to-cell spreadingpf the AinlGHE strainin Caco-2monolayersverenot
impaired.However, invasvenesf this mutantinto non-phagogtic cellsof thecell lines
Caco-2andTIB73 wasincreasedby afactorof 2 to 3, whereagheadherencandinvasion
ratesinto professionaphagogtesof the cell lines J774andP388weresimilar to that of
thewild type strain. To examinewhetherdeletionof the singlegenesfrom the inlIGHE
geneclusterhasthe samestimulatoryeffect on invasvenessasdeletionof the complete
genecluster the single deletionmutantsAinlG, AinlH and AinlE were constructedy
doublecross-@er. Thesemutantswere subsequentlyevertedto the wild type by in-
troducinga copy of the correspondingntact geneinto the chromosomausingknock-in
plasmids.

To determinea putative contribution of the proteinsinlG, InlH andInlE in combina-
tion with otherinternalinsto theentryof L. monocytgenesnto mammaliarcells,theinl
deletionmutantsAinlA/GHE, AinIB/GHE, AinlC/GHE, AinlA/B/GHE, AinIB/C/GHE,
AinlA/C and AinlA/C/GHE wereconstructedn the presentstudy Cellularinvasionas-
saysperformedwithin the frame of a doctoralthesisby B. Bergmannusing thesemu-
tantsrevealedthat InlA- but not InIB-mediatedinternalizationof L. monocytgenesinto
non-phagoytic cellsadditionallyrequirestheinternalinsiniB, InIC, InlG, InlH andInlE
(Begmann,Raffelsbaueretal., manuscripsubmmited).

Usingthe semi-quantitatie RT-PCRtechniqueranscriptionof the threegenesnlG,
inlH andinlE wasdetected.Reactionausing primersderived from inlG yielded higher
amountsof product,suggestinghatthis geneis transcribedat higherefficiency thanthe
othertwo genes.Deletionof single genesfrom the inlGHE clusterdid not seemto af-
fecttranscriptionof theremaininggenesasRT-PCRsperformedwith the singledeletion
mutantsyieldedthe sameamountof productthanthewild type strain.

Transcriptionof theinlA, inIB andinlC genesn thelogarithmicgrowth phasevasex-
aminedin differentinl deletionmutantsby RT-PCR.Deletionof inlGHE enhancesran-
scriptionof thegenesnlA andinIB but notof inlC. Thisenhancemens nottransientput
canbe detectedat differenttime pointsof the bacterialgrowth curve. In addition,dele-
tion of inlA increasegranscriptionof inIB andvice-versa.An inductionof transcription
of thesegenescould be obsenedin the internalin mutantstrainslacking inlGHE, inlA
and/orinIB. In contrast,the amountsof inlA andinIB transcriptsin the single mutants
AinlG, AinlH andAinlE weresimilarto thosefrom thewild type strain.

Infectionof Caco-2andJ774cellswith L. monocytgenesEGD doesnotseento elicit
cell deathby apoptosis.In J774cells no significantalterationin the amountof histone-
associate®NA fragmentsvasobseredbetweerstrainsEGD andAinlIGHE, whichwas
only slightly increasedin comparisoro thenon-infecteccontrolcells. However, infection
of Caco-2cellswith two L. monocytgenesclinical isolatesleadsto a two- to three-fold
increasdn thelevel of DNA fragmentsn comparisorto strainEGD. A correlationbe-
tweenthe ability to induceapoptosisandthe bacterialinvasvenessvasobseredfor the
strainstestedjncludingthe AinlGHE mutant.



Zusammerdssung

Listeria monocytgenesist ein fakultatv intrazelluresBakterium,dasseineAufnahme
in normalerweisenicht-phagogtische Saugerzellerselbstinduzierenkann. DieserIn-
ternalisierungsprozessird durchdie InternalinelnlA und InIB vermittelt, die zu einer
wachsendefamilie von Leucin-reicherRepeafProteinergetdren.

In der vorliegendenArbeit wurde ein neuesGenclustemit drei Internalingenendenti-
fiziert und charakterisiertDiesealsinlG, inlH undinlE bezeichneteienecodierenfur
Proteinemit 490, 548 bzw. 499 Aminosauren,die zur Klasseder grof3en,Oberfachen-
gelundenernnternalinengetbren.Die SequenzlerProteindnlG, InlH undInlE zeigtdie
charakteristischellerkmalederProteinamilie derInternaline:eineSignalsequenzwei
Repeat-Rgionen(LRRsund B-Repeats)einelnter-Repeat-Rgion sowie einemaogliche
Zellwandanlkersequenmit demMotiv LPXTG. InlG enthalt vier LRRsvonje 22 Amino-
sauren, zwei B-Repeatsvon 70 und 49 Aminosaurenund die Zellwandanlkrsequenz
LPKTSamC-Terminus.InlH undInlE besitzerbeidesieben_.RRsunddie Ankersequen-
zenLPTAG bzw. LPITG. WahrendnlH auchzweiB-Repeatyon 70und49 Aminosauren
enthalt, hatInlE lediglich ein B-Repeatvon 47 Aminosauren.ZusatzlichbesitztinlE eine
dritte, als Region D bezeichnet®omane,die auszwei Repeats/on je 20 Aminosauren
mit hoherAhnlichkeit zu denB-Repeatdesteht.

DasinlIGHE-Genclustewird von zwei Haushaltsgeneffankiert,die fur Proteinemit Ho-
mologiezu der6-Phosphag3-Glucosidasdzw. Succiryl-Diaminopimelat-Desucciylase
von E. coli kodieren. Ein weiteresinternalin-GenclusteinlC2DE, dasan der gleichen
Positionauf demChromosoniokalisiertist, wurdekirzlich in einemanderer.. mono-
cytageneslsolatidentifiziert (Dramsiet al., 1997). Sequenzemleicheder beidenGen-
clusterszeigten,daRinlG ein zusatzliches neuednternalin-Genist, wahrendnlH durch
einein-frameDeletiondes3’-Endesvon inlC2 unddes5’-Teils von inlD entstanderst.
Die Rekombinationerfolgte zwischendennahezugleichenerstenB-Repeats/on inlC2
undinID. Dasdritte GendesClusters,inlE, ist fastidentischmit demvorherigeniden-
tifizierteninlE-Gen(Dramsietal., 1997). Durch PCR-Analysenvurdendie neuenGene
inlG undinlH in denmeistenL. monocytgenesSerotypemachg&iesen.Im Gegensatz
konntedasinlC2DE-Genclustein keinemdergetesteteistammedetektiertwerden.Das
VorkommendesinlIGHE-Genclustersvurde auchin sechsl.. monocytgenesklinischen
Isolatenuntersuchtdie kirzlich ausNahrungsmittelroder Sepsis-und Gastroenteritis-
Patientenisoliertwurden.Vier von diesenisolatenbesitzerdasinlGHE-Genclusteraber
SequenzariationeninnerhalbdiesesClusterswurdenoffensichtlich.

Die PromotoraktritatderGenenlG, inlH undinlE wurdemit Hilfe von GFP-Expressions-
plasmidenuntersucht. Das inlIG-Gen hat den aktivsten Promotoy aber geringereAk-

tivitatenwurdenauchbei deninlH- undinlE-PromotorergemessenDie Transkription
der drei GenescheintPrfA-unabltangig und durch ein MEM-Shift nicht induzierbarzu

sein. Die Expressiorder GeneinlG, inlH undinlE wird wederintrazellu&r in Caco-2-
ZellennochdurchKontaktmit HepG-2-Zellennduziert.

Um die Rolle desinlGHE-Genclustersn der Virulenz von L. monocytgeneszu unter
suchenwurdeeineinlGHE in-frame Deletionsmutantéemgestellt. Die Deletionwurde
durchdoublecross-wer unter VerwendungeinespLSV1-basierterkKnock-out-Plasmids
herbeigeiihrt. Dabeiwurdedas5’-EndevoninlG mit dem3’-EndevoninlE in-framefu-
sioniert,und die dazwischerniegendeSequenausdemChromosomausgeschnitterim
Mausmodelkzeigtedie AinlGHE-Mutantenachoralerinfektion einesignifikanteReduk-
tion der Bakterienzahin der Leberund Milz, die auf einewichtige Rolle desinlIGHE-



Gencluster$n derVirulenzhindeutet.

In vitro-Studienmit GFP-Expressionsplasmideeigten,dal3die intrazelluare Replika-
tion und Zell-zu-Zell-Spreadingler AinlGHE-Mutantenicht beeintéchtigtsind. Den-
nochist die Invasions@higkeit der Mutantein nicht-phagogtischeZellen der Zellinien
Caco-2und TIB73 um denFaktor zwei bis drei erhbht, wahrenddie Adharenzund Inva-
sionin professionelld?hagogten der Zellinien J774und P388ahnlichsind wie die des
Wildtyps. Um zu untersuchemb die Deletionvon EinzelgenerdesinlGHE-Genclusters
einenahnlichenstimulatorischerkEffekt auf die Invasvitat audibt wie die Deletiondes
komplettenGenclustersyurdendie Einzelmutantem\inlG, AinlH undAinlE durchdou-
ble cross-@er hegestellt. DieseMutantenwurdenanschlieRendum Wildtyp revertiert,
indemeine Kopie desentsprechendeimtaktenGensmit Hilfe von Knock-in-Plasmiden
eingefihrtwurde.

Um einenmdglichenEinflu® der ProteinelnIG, InlH und InlE in Kombinationmit an-
derenlinternalinenauf die Aufnahmevon L. monocytgenesin Saugerzellereu unter
suchenwurdendie InternalindeletionsmutantedinlA/GHE, AinIB/GHE, AinlC/GHE,
AinlA/B/GHE, AinIB/C/GHE, AinlA/C und AinlA/C/GHE hegestellt. Zellinvasions&-
perimente,die im Rahmender Doktorarbeitvon B. Begmannmit Verwendungdieser
Mutantendurchgetihrt wurden,zeigten,daf3die InlA- abernicht InIB-vermittelteInter-
nalisierungrzonL. monocytgenesn nicht-phagogtischeZellenzusatzlichdie Internaline
InIB, InIC, InlG, InIH undInlE berdtigt (Begmann,Raffelsbaueretal., manuscripsub-
mmited).

Mit Hilfe dersemi-quantitatienRT-PCR-Technikwurdedie TranskriptionderGeneniG,

inlH undinlE nachgaviesen.Reaktionemit voninlG abgeleiteter®ligonukleotiderer-

gabenhohereMengenan Produktenwasauf eine starkere TranskriptiondesinlG-Gens
im Vemleich zu inlH und inlE hindeutet. Deletion der einzelnenGenedesinlGHE-

Genclusterscheintdie TranskriptionderrestlichenGenenicht zu beeinflussenjenndie

mit EinzeldeletionsmutantedurchgeiihrtenRT-PCRsergabereinevergleichbareMenge
anProduktwie die mit demWildtyp.

Die Transkriptionder GeneinlA, inIB undinlC ausverschiedenemternalindeletionsmu-
tantenin derlogarithmischenWachstumsphaseurde durchRT-PCR untersucht.Dele-
tion voninlGHE erhbht die Transkriptionder GeneinlA undinlB, abernichtinIC. Diese
Erhdhungist nicht vorilbegehend sonderrkannzu verschiedene@eitpunktender bak-
teriellenWachstumskure nachgaviesenwerden. Zusatzlich fuhrt die Deletionvon inlA
zu einerErhdhungder Transkriptionvon inlB und umgelehrt. Eine Induktionder Tran-
skription dieserGenekonntein deninlGHE-, inlA- und/oderinIlB-Deletionsmutanten
festgestelltwerden. Im Gegensatzdie Mengenan inlA- und inIB-Transkriptenin den
Einzelmutantem\inlG, AinlH und AinlE warenahnlichwie die desWildtyps.

Infektionvon Caco-2-undJ774-Zellermit L. monocytgenesEGD induziertkeinenZell-

tod durchApoptose.In J774-Zellerkonntekein signifikanterUnterschiedn der Menge
an Histon-assoziierte®NA-Fragmenterewischenden StammenEGD und AinlIGHE

nachgaiesenwerden,und im Vemgleich zu nicht-infiziertenKontrollzellenwar diese
Mengenur leicht ertbht. Im Gegensatadazufuhrt die Infektion von Caco-2-Zellermit

zweiL. monocytgenesklinischenlsolatenzu einerzwei- bis dreifachenErhdhungin der
Mengean DNA-Fragmentenm Vemgleichzum StammEGD. Eine Korrelationzwischen
der Fahigkeit, Apoptosezu induzieren,und der Invasvitat der Bakterienkonntefir die

getesteteistamme einschlie3lickder AinlIGHE Mutante festgestelliverden.
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CHAPTER 1

Intr oduction

Listeriamonocytgeneds a Gram-positve,food-bornepathogenidacteriunresponsible
for seriouslocalizedand generalizednfectionssuchas meningitis, meningoencephali-
tis, abortion,stillbirth, septicaemiandoccasionallygastroenteritigGray andKillinger,
1966; Lorber, 1996). Humansinfectedby L. monocytgenesare mainly immunocom-
promisedpeoplelike AIDS andcancerpatients,pregnantwomen,neonatesandelderly
people(reviewedby Schuchagtal., 1991). Theseinfectionsleadto relatively high mor-
tality ratesreaching30%in adultsandover 60%in neonatesTheincidenceof listeriosis
seemdo increasevorldwide,with the numberof casegising especiallyin industrialized
countries(Schuchatt al., 1991). This reflectsthe growth of the susceptiblgpopulation
dueto the appearancef AIDS andthe useof immunosuppresse medicationsin the
treatmenbf malignang andthe managemenf organtransplantationgpgethemwith the
increasdn consumeof typesof foodsin which L. monocytgenesis ableto survive and
grow.

Wide spreadin the nature,L. monocytgenesis found in soil, water plants, silage
and alsoin humanand animal feces(reviewed by Farberand Peterkin,1991). It has
beenisolatedfrom domesticate@dnimalssuchascattle,sheepgoatandpoultry, but less
frequentlyfrom wild animals.Thenaturalhabitatof thebacterias decomposingnaterial,
in which they live assaprophytesL. monocytgenesis ableto grow in a wide rangeof
temperature®etweenl and45°C, reachingan optimumgrowth between30 and 37°C
(Schuchagtal., 1991). It is motile whengrown in temperaturebetween20 and25°C,
but non-motileat 37°C asresultof therepressiorof flagellin synthesis.

L. monocytgeness well equippedo survivein the ervironmentandalsoto resistto
usualfood processingechnologiessinceit tolerateshigh concentrationsf salt,relatively
low pH valuesandlow temperature¢Vazquez-Bolancet al., 2001). The bacteriaare
evenableto replicateatrefrigerationtemperaturesyhich makesL. monocytgenesarisk
microomganismfor the food industry The foods mostfrequentlyimplicatedin casesof
humanlisteriosisaredairy productsincluding milk, soft cheesespates,sausagesneats,
smoledfish,raw vegetablessaladsandavarietyof industrialready-to-eaproducts.From
beginning of the 1980sonwardsa seriesof epidemicfood-borneoutbreaksof listeriosis
in humansn North Americaand Europehasbeenreportedwhich awoke the interestof
governmentsand food manugcturersin this pathogenidbacterium. Basedon somatic
(O) andflagellar (H) antigensL. monocytgenesis divided into 12 differentserotypes,
from which only three,namelyserotypesdl/2a,1/2band4b, accountfor morethan90%
of humanand animal casesof listeriosis(Schuchatet al., 1991). Whereasserwar 4b
predominates Europe,infectionsin the USA andCanadaeento be causecequallyby
serwvarsl/2a,1/2band4b.

L. monocytgenesbelongsto a genuswhich currently includesfive other species:
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2 1. Introduction

L. ivanovii, L. innocug L. seeligeri, L. welshimeriand L. grayi. From thesespecies
only L. monocytgenesandL. ivanovii are potentialpathogengVazquez-Bolangkt al.,
2001). Wheread.. monocytgenesis ableto infect bothhumansandanimals,infections
causedoy L. ivanovii aremostly limited to animalsandhumancasesarerare. Listeriae
areGram-positve,rod-shapediacultatively anaerobicnon-sporulatingcatalaseositive,
oxidasenggative bacteriaof low G+C contentcloselyrelatedto Bacillus, Streptococcus
andStaphylococcus

For mary years,L. monocytgenesreceved attentionas modelpathogeno study T
cell-mediatedmmunity andmostof theavailableknowledgeof listeriosiscomesrom im-
munologicalstudiesperformedin the pastdecadesisingthe mousemodel (Mackaness,
1962). An overview of the courseof humanlisteriosisis shovn in Fig. 1.1. Infection
causeddy L. monocytgenesbeginswith ingestionof contaminatedood (Schlechetal.,
1983;FarberandPeterkin,1991). After translocatiorof the gut epithelium,which seems
to occurequallyvia enterogtesor M cells (Pronetal., 1998),bacteriaaretaken up by
the phagogtic cellsunderlyingthe Peyer’s patcheswherean early bacterialreplication
occurs(Raczet al., 1972). Within thesecells L. monocytgenesis transportedvia the
lymph andthe bloodto the spleenandliver. In the latter organ,mostof the bacteriaare
killed at an early stageof infection by residentmacrophage¢Kupffer cells), thougha
smallfraction of the bacteriareacheghe hepatogtes,wherethey induceapoptosiswith
concomitantreleaseof chemoattractantehich leadsto aninflux of neutrophils(Conlan
andNorth, 1991;Rogerset al., 1996). Thesephagogtic cells ingestbacteriaandapop-
totic hepatogtesandpromotearapid clearanceof theinfection. However, in the caseof
immunocompromiseg@atients bacteriareplicateunrestrictedlyafter uptale into hepato-
cytes,from which they disseminateo brainandplacentaRosenetal., 1989). Infection
of the centralnenous systemandthe fetusby L. monocytgenesis dueto the capacity
of this bacteriumto crossthe blood-brainandthe placentalbarriers. Infection of these
two organsoccurseitherby inductionof bacterialuptale directly from the bloodinto en-
dothelial cells or by heterologbacterialspreadingrom infectedmacrophagesThus,a
fundamentabhspecif the pathogenicityof L. monocytgenesis its ability to invadeand
replicatein phagogtic andnon-phagoytic cells.

In mostinfectedtissues,L. monocytgeneshasan intracellularlocation. Entry into
non-phagoytic cells may allow traversalof tissue-specifibarriers,suchasthe intesti-
nal, blood-brainandplacentabarriers,andin additionpromotesurvival of the pathogen
by providing accesgo a nutrient-richenvironmentwhich is protectedfrom host anti-
body or complement{Cossartand Lecuit, 1998). Intracellularpathogensave evolved
differentstratgjiesto inducetheir own uptake into mammaliancellswhich arenormally
non-phagoygtic. This entry processequiresthe participationof both bacterialand host
cell surfacecomponentsin the caseof Salmonellaand Shicella, invasionis a multifac-
torial procesgNhieuandSansonetti1999)which involvesthe translocatiorof different
bacterialfactorsdirectly into the hostcell by specifictransportsystems.In contrasten-
try of YersiniaandListeriainto non-phagogtic cellsimpliesdirectinteractionbetweera
bacterialigandanda mammaliarreceptor(Finlay andCossart1997;KuhnandGoebel,
2000). For Yersinia, invasionis mediatedby the outer membranegprotein Invasinupon
bindingto 5, integrin receptorqIsbeg andLeong,1990). A similar strateyy wasdevel-
opedby L. monocytgenesto entermammaliarcells.
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Figurel.1: Overview of the courseof humanlisteriosis.

To date,the role of two surfaceproteinsinvolved in bacterialinvasionof L. mono-
cytagenesinto non-phagogtic cells hasbeenelucidatedn detail at the molecularlevel,
namelyinternalin(InlA) andInIB (recentlyreviewed by KuhnandGoebel,2000). These
proteinswereidentifiedby screening@library of transposomutantsof L. monocytgenes
for defectve internalizationinto epithelialcellsin vitro, hencethe nameinternalin(Gail-
lardetal., 1991). Transposornsertionoccurredn achromosomategion containingtwo
highly homologougienestermedinlA andinlB. Thesegenesarelocatedadjacento each
otherandconstitutetheinlAB operon.

InlA mediatesnternalizationof L. monocytgenesnto cellsof thehumanenterogte-
like epithelial cell line Caco-2by binding to E-cadherin,a calcium-dependentell-cell
adhesiormoleculelocalizedat the basolateraside of polarizedepithelialcells (Gaillard
etal., 1991; Mengaudet al., 1996; Hermistonand Gordon,1995). However, an apical
invasionof polarizedCaco-2cellswasalsoobsenedinvolving formationof cellular mi-
crovilli which interactwith the bacteria(Karunasagaet al., 1994). InlA-mediatedentry
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of L. monocytgenesoccursvia the zippermechanismwhichis alsousedby Yersinia to
invadenon-phagogtic cells(Mengaudetal., 1996;SwansorandBaet 1995).In contrast
to the trigger mechanisnmusedby Salmonellaand Shigella (Swansonand Baer 1995;
Francisetal., 1993),in the zippermechanisnbacteriaare progressiely engulfedby the
hostcellsin pocket-like structuresvithout membraneuffling. Expressiorof humanE-
cadherinin transfectednousefibroblastsrendersthesecells permissve for invasionof
L. monocytgenes(Mengaudet al., 1996). Also, the normally non-invasive specieds..
innocuatransformedvith theinlA geneandinlA-coatedlatex beadsareinvaswve for cells
expressinge-cadherin(Gaillard et al., 1991; Mengaudetal., 1996;Lecuitetal., 1997).
For alongtimetherole of InlA in vivo wasuncleay sinceaninlAB mutantwasshown to
reachthemesenteridymph nodesandtheliverasrapidly asthewild typestrainafteroral
inoculationof mice (Dramsiet al., 1995). However, a recentwork reportedthat murine
E-cadherindoesnot interactwith InlA, excludingthe mouseasa modelfor addressing
thelnlA functionin vivo (Lecuitetal., 2001).

In contrastto InlA, whosehostcell spectrumis mostly restrictedto epithelialcells,
InIB promotesinvasioninto a wide variety of cell typesin vitro, suchas hepatogtes,
endothelialcells and alsosomeepithelialcells (Dramsiet al., 1995; Ireton et al., 1996;
Paridaetal., 1998;Greiffenbeg etal., 1998).InIB-mediatedentryinto mammaliarcells
stimulatestyrosinephosphorylatiorof hostcell adaptorproteinssuchasGab1,Cbl and
Shc,activationof the phosphoinositidéPl) 3-kinasep85-pllCandrearrangements the
actincytoskeleton(lretonetal., 1996;Iretonetal., 1999). Two differentmoleculesvere
recentlydescribedashostcell receptorf InIB, namelygC1g-R the ubiquitousreceptor
of the globular part of the complementcomponentC1q (Braun et al., 2000) and Met,
a receptortyrosinekinasewhoseonly known ligand was the hepatogte growth factor
HGF, also known as scatterfactor (Shenet al., 2000). Interactionof InIB with both
receptorsvasshonn to mediatenternalizationof L. monocytgenesnto non-phagoytic
mammaliancells, which also occursvia the zipper mechanism.As shown for InlA, L.
innocuaexpressinginiB and InIB-coatedlatex beadsare also invasive for mammalian
cells(Braunetal., 1998),suggestinghateachof theseproteinsis sufficientfor entryinto
permissve cells. While theimportanceof InlA in virulenceof L. monocytgenescould
notbedemonstrateth themousemodel,InIB wasshown to play animportantrolein the
hepaticphaseof murinelisteriosisby mediatingbacterialinvasionand/orreplicationin
hepatogtesin vivo (Dramsietal., 1995;Gaillardetal., 1996;Gregory etal., 1997).

InlA isa800aminoacidlargesurface-boungbrotein.As shovnin Fig. 1.2,its primary
structurecontainsa signal peptide,two repeatregionstermedA andB, anda carboxy-
terminalregion with a putative cell wall anchorsequencéGaillardetal., 1991). Region
A consistof 14 successieleucine-richrepeatfLRRs)of 22 aminoacidseach.Region B
is madeof threerepeat®f 70, 70and49 aminoacids,respectiely. TheC-terminalregion
of InlA containsthe pentapeptide.PTTG, followed by a stretchof hydrophobicamino
acidsspanninghecell membrananda shorttail of positively chagedresiduegGaillard
etal., 1991;Lebrunetal., 1996). Thepentapeptide PTTG correspond$o the consensus
sequencd.PXTG (whereX is any amino acid) found in protein A of Staphylococcus
aureusand other surface proteinsof Gram-positve cocci (Fischettiet al., 1990). This
sequencés requiredfor anchoringof surfaceproteinsto thecell wall via covalentlinkage
betweerthecarboxylicgroupof thethreonineof the pentapeptidandafreeaminogroup
of the peptidoglycar(reviewed by NavarreandSchnewind, 1999).
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Figure1.2: TheinlAB operonandits derived proteinsinternalin(InlA) andInIB, based
on Gaillardetal. (1991),Dramsietal. (1993)andBraunetal. (1997). Promotersare
indicatedasP3,P2andP1. Codingregionsof the genesareshonvn asarrows. Putatve
transcriptionaterminatorsarerepresentedsstem-loopstructureg ). SPandIR indicate
signalpeptideandinter-repeatregion, respectrely.

InIB is a630aminoacidsurfaceproteinwhich hassix LRRssimilar to thoseof InlA,
but only onerepeabf 56 aminoacidsin region B (Fig. 1.2). InterestinglyInIB is notonly
associateavith the bacterialcell surfacebut alsofoundin culture supernatantgndicat-
ing thata fraction of this proteinis secretedr releasedrom the bacterialcell (Lingnau
etal., 1995;Braunetal., 1997;Jonquierest al., 1999). The looseassociatiorof InIB
to the bacterialsurfaceis mediatedby the GW modules,which are threerepeatsof 80
amino acidsbeginning with the dipeptideglycine-tryptopharnocatedat the 232 amino
acid C-terminusof InIB (Braunetal., 1997;Jonquiere®t al., 1999). The GW modules
bind to lipoteichoicacidsof the cell membranethusmediatingassociatiorof InIB to the
bacterialsurface(Jonquieregtal., 1999). ThereforenlB shavs amechanisnof protein
associatiordifferentfrom the LPXTG anchomotif.

LRR is a motif typical for the superamily of leucine-richrepeatproteinswith a de-
fined periodicity of spacedeucineor isoleucineresiduesdisplayingthe characteristic
consensusequence L --L-L--N-L-DIl--L--L -, whereas representary
aminoacid (KobeandDeisenhoferl994).LRRscorrespondo S—« structuralunitscon-
sistingof ashorts-strandandanopposingantiparallela-helix connectedo eachotherby
coils (Marino et al., 2000). Thesestructuregesultin a non-glolular, horseshoe-shaped
molecule. LRR domainsare found mostly in eukaryotesn a variety of proteinswith
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differentfunctionsandcellular locationssuchas adheste proteins,component®f sig-
naltransductiorcascadegroteoglycan®f the extracellularmatrix andproductsof plant
diseaseesistancgenes.Thefew examplesof LRR proteinsin prokaryotesnclude,in ad-
dition to thelisterialinternalins thevirulencefactorsYopM of Yersinia pestis(Leungand
Stralgy, 1989),IpaH of Shicella flexneri (Hartmanetal., 1990)and SspHof Salmonella
typhimurium(Miao etal., 1999). The membersf the LRR proteinsuperamily have in
commontheirinvolvementin protein-proteinnteractionsjn which bindingof proteinsto
theirligandsseemso be mediatedoy the LRR region. Indeed |t wasshowvn thatthe LRR
region of bothInlA andInIB is necessaryo promotebacterialentryinto non-phagoytic
mammaliancells by interactingwith the correspondingellular receptorgLecuit et al.,
1997;Braunetal., 1999).

TheinternalingenesinlA andinlB belongto a growing family of relatedvirulence-
associatedjeneswhich is known asthe listerial internalinmultigenefamily. Members
of this family have beenidentifiedsofarin L. monocytgenesandL. ivanovii, the other
pathogenicspecief the genusListeria (Gaillardetal., 1991; Engelbrechetal., 1996;
Domannetal., 1997; Dramsiet al., 1997; Raffelsbaueret al., 1998; Engelbrechet al.,
1998a;Engelbrechet al., 1998b; Dominguez-Bernal2001). Recentstudieshave indi-
catedthattherearetwo classe®f internalins:thoserepresentingelatively large proteins
(> 50 KDa) which are mainly cell surface-associatednd thosethat are considerably
smaller(< 30 KDa) and secretedvy the bacterialcell. Both classessharehighly ho-
mologousLRR unitsof varyingnumbersposses# additionLRR-flankingsequencesf
considerableimilaritiesandN-terminalsignalsequencesThe main differencebetween
large andsmallinternalinsis the absencen the latter onesof the C-terminalpart of the
moleculescomprisingthe B region andthe cell wall anchor Dueto thelack of sequences
that cananchorthe proteinsto the bacterialcell surface,theseinternalinsare found ex-
clusively in the culturesupernatantWhile InlIC is theonly smallinternalincharacterized
sofarin L. monocytgenegEngelbrechetal., 1996),four memberof this classof inter-
nalins,namelyi-InIC, i-InID, i-InlE andi-InlF, were previously describedn L. ivanovii
(Engelbrechet al., 1998a;Engelbrechet al., 1998b). In addition, six nenv smallinter-
nalin geneg(i-inlG, i-inlH, i-inll, i-inlJ, i-inlK andi-inlL) wererecentlydetectedn this
ListeriaspeciegDominguez-Bernalk001). Thefunctionof thesmallinternalinsremains
unclearbut in vivo studiesusingthe mousemodelshaw thatthey represenimportantvir-
ulencefactors(Engelbrechetal., 1996;Engelbrechetal., 1998Db).

In additionto InlA andInIB, two otherproteins p60andActA, seento beinvolvedin
internalizationof L. monocytgenesinto mammaliarcells. The proteinp60, encodedyy
theiap (invasionassociategbrotein)gene,seemso mediateentry of L. monocytgenes
into murinefibroblastsof thecell line 3T6 (KuhnandGoebel 1989). P60hasalsoa sec-
ondfunctionasmureinhydrolasenvolvedin septumseparatiomuringbacterialcell divi-
sion(Wuenscheetal., 1993). ActA is responsibldor actin-basedacterialmotility and
cell-to-cell spread Domannet al., 1992; Kockset al., 1992). This large surface-bound
proteinalsoplaysarole in adhesiorandinvasionof L. monocytgenesinto mammalian
cellsby bindingto hepararsulfateproteoglycan®nthecell surface(Alvarez-Dominguez
etal., 1997).

After internalizatiorbacteriaundego acharacteristiintracellularreplicationcycle as
shown in Fig. 1.3 comprisinglysis of the phagosomatmembranereplication,intracellu-



lar movementandspreado adjacentells (Tilney andPortng, 1989). Following entry
bacteridfirst residefor approx.30 min within themembrane-bounghagosomavacuole,
which is subsequentlyysedallowing the microoiganismsto escapento the cytoplasm.
Bacteriathat remainin the phagosomere killed and digested. Oncefree in the cyto-

plasm,listeriaebegin to replicatewith a doublingtime of approx.1h andconcomitantly
inducethenucleatiorof hostactinfilamentswhich form a cloudaroundthe bacterialcell.

Thesefilamentsarerearrangedvithin 2 h into polar comet-like tails consistingof short
actinfilamentsandotheractinbinding proteins.Formationof theseactintails atonepole
of the bacteriais the propulsie force thatbacteriauseto move throughthe cytoplasmat
a speedof approx. 0.3 pm/s. Whenmoving bacteriacontactthe hostcell plasmamem-
brane they inducethe formationof pseudopode-li&structureswith the bacteriumat the
tip andtheactintail behind.Contactbetweerthesebacterium-containingrotrusionsand
neighboringcellsresultsin the phagogtosisof the protrusion.In the newly infectedcell,

the bacteriumis surroundedy two plasmamembranesvhich mustbelysedto initiate a
new cycle of replicationandmovement.

Figure1.3: Theintracellularreplicationcycle of Listeria monocytgenes(adaptedrom
Tilney andPortng, 1989).

The eventsof thelisterialintracellularreplicationcycle aremainly mediatedoy prod-
uctsof six genespamelyprfA, plcA, hly, mpl, actAandplcB, which aregroupedogether
on a 10 kb region of the chromosomebuilding the so-calledPrfA-dependentirulence
geneclusterof L. monocytgenesshovn in Fig. 1.4 (for a review see Portng et al.,
1992). This cluster which comprisesn additionthreesmall ORFsof unknown function
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downstreamof plcB, is flanked by two house-lkeepinggenes:the prs geneencodinga
phosphoribosyl-prophosphatsynthetasatthe5’ sideandtheldh genecodingfor alac-
tatedehydrogenasatthe 3’ side. Thevirulencegeneclusteris alsopresenin L. ivanovii
(Gouinetal., 1994;Lampidisetal., 1994),theanimalpathogenid.isteria specieswhich
displaysasimilarintracellularreplicationcycle asL. monocytgeneqTilney andPortngy,
1989;Karunasagaetal., 1993). The productsof thevirulencegenesarelisteriolysin,the
phospholipaseBIcA andPIcB, a metalloproteaseahe surfaceprotein ActA andthetran-
scriptionalactivator PrfA.

inlAB-Operon,iniC

57/35 kDa 90/72kDa 32/29 kDa
mpl actA’ plecB X Y z
1, 8kb 3,6kb
——

5, Tkb

Yy

Figure 1.4: The PrfA-dependenvirulence geneclusterof L. monocytgenes adapted
from Engelbrech{1999).

ListeriolysinO (LLO) is a pore-formingcytolysin encodedy the hly genewhichme-
diatedysis of thephagosomamembranegnablingthe bacteriato escapdérom the phago-
someinto the cytoplasm(Tilney andPortng, 1989).Dueto its action,L. monocytgenes
producesharacteristiconesof lysis whengrown on blood agarplates. Hemolysiswas
shaowvn to be essentiafor virulence,sinceall pathogenicclinical isolatesare hemolytic
andnon-hemolyticstrainsareavirulent. Listeriolysinis a secretegroteinof 58-60KDa.
It is sulfhydryl-actvatedand belongsto a family of pore-formingcytolysinsfor which
streptolysinO of Streptococcupyaogenesis the prototype(Cossartet al., 1989). These
cytolysinsareinhibitedby low concentrationsf cholesteroandoxygenandactivatedby
reducingagents.The optimal actwvity of listeriolysinis found at pH 5.5, whichis in line
with its functionin the acidifiedphagosoméAlouf andGeofroy, 1991). Whentestedin
cellularin vitro assaysnon-hemolyticL. monocytgenesmutantsare asinvasve asthe
wild type strain, indicating that listeriolysin is not requiredfor the listerial uptale into
non-phagoytic cells (Kuhnetal., 1988). However, thesemutantsare not ableto repli-
catewithin severalnon-phagoytic andphagogtic mammaliarcells(Portng etal., 1988;
Kuhnetal., 1988).Thehly geneis transcribednonocistronicallyfrom promoterdocated
in the intergenicregion betweenhly andplcA. Apart from its role in promotingescape
from thevacuole LLO is alsoableto induceeukaryoticcell deathby apoptosigGuzman
etal., 1996), stimulateMAP kinases(Tanget al., 1996) and contribute to induction of
expressiorof cell-adhesioimoleculesn infectedendotheliakells (Drevetts,1997).



Lysisof the phagosomaiembranenvolvesalsothe participationof PICA, a34 KDa
phosphatidylinositol-specifigshospholipas€P|-PLC)encodedy the plcA gene(Camilli
etal., 1993). PIcA hasa broadpH spectrumrangingfrom 5.5to 7.0. The pIcA gene
is transcribedogethermwith the prfA geneinto a bicistronictranscript. Deletionof plcA
affectstheability of L. monocytgenedo escapdrom thephagosomehut resultsonly in a
slightdecreas@n virulence.PIcA seemgo actsynegeticallywith listeriolysinwithin the
acidifiedphagosomabacuoleof the hostcell to mediatdysis of thevacuolarmembrane.
However, PICA aloneis notableto promotebacterialrelease.

In additionto PIcA (PI-PLC),L. monocytgenesproducesa secondohospholipas€
encodedoy the plcB genewhich specificallyhydrolyzesphosphatidylcholin€lecithin).
This lecithinasetermedPIcB or PC-PLCfor phosphatidylcholin-specifiphospholipase
C,isazinc-dependentnzymewith pH optimumbetweert and7. ThegeneplcB s part
of anoperonwhichincludesin additionthe genesmpl, actAandthethreesmall ORFsX,
Y andZ. ThededucedIcB proteinhasamoleculamweightof 32 KDa andis inactive until
its maturationnto a29 KDa active enzymewhichis accomplishedy themetalloprotease
encodeddy the mpl gene(Poyart et al., 1993). Interestingly plcB mutantsare unableto
lysethe doublemembraneof the vacuolewhich is formedduringcell-to-cellspreadof L.
monocytgenes but they arefully invasive andreplicateandmove within the hostcell as
efficiently asthewild type strain(Vazquez-Bolanétal., 1992;Raveneatetal., 1992).

As mentionedabore, L. monocytgeness ableto inducenucleationof hostactinfila-
mentsandformationof actintails which areusedby the bacteriato move in the hostcell
cytosol. Theseprocessesre mediatedby the actA geneproduct(Domannet al., 1992;
Kockset al., 1992). ActA is a proline-richproteinof 610 aminoacidsanchoredn the
bacterialsurfaceby a hydrophobicregion at the C-terminuswhich actsasmembranen-
chor Mutationsin actAresultin the lossof virulence,in the lack of intracellularactin
polymerizationandin the inability of intracellularmovement. Insidethe hostcells, the
actA mutantforms microcoloniesocatednearthe nucleus(Domannet al., 1992). The
internalproline-richrepeatsareessentiafor the actinnucleationactvity of ActA (Pistor
etal., 1994). Varioushostcell proteinswerefound associatedvith the actin tails, such
asprofilin, VASP the Arp2/Arp3 comple, a-actinin,tropomyosinyinculin andtalin (re-
viewedby IretonandCossart]1997). VASPwasshaown to bind purified ActA andprofilin
in vitro, thusestablishinghelink betweenActA andthe cytoskeleton(Chakrabortyetal.,
1995). Phosphorylatiorof ActA within hostcells seemdo be animportantstepin mod-
ulation of theintracellularactivity of ActA (Brundageetal., 1993). Actin tail formation
and cell-to-cell spreadhasalso beenreportedin L. ivanovii by an ActA-relatedprotein
(Kreft etal., 1995b;Karunasagaetal., 1993)andin Shigella flexneriby IcsA, an ActA-
analogprotein encodedby the icsA gene,which is also called virG (Bernardiniet al.,
1989).

The genesof the virulencegeneclusterareregulatedby the transcriptionakctivator
PrfA, a cytoplasmicproteinof 27 KDa encodedby the prfA (positive regulatory factor
A) gene,which is part of the virulencegenecluster(LeimeisterWachteret al., 1990).
A prfA-like geneis alsopresentin L. ivanovii, whereit regulatesvirulencegenessim-
ilar to thoseof L. monocytgenes(Lampidis et al., 1994). PrfA is a memberof the
Crp/Fnrfamily of prokaryotictranscriptionategulatorswhich have beendetectednainly
in Gram-ngative bacteria(lLampidiset al., 1994; Kreft et al., 1995a),and sharescon-
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sened functionaldomainswith Crp. In its C-terminalpart, PrfA containsa consered
helix-turn-helixmotif alsopresentin othermembersof the Crp/Fnrfamily. In addition,
PrfA carriesa leucinezipperanda seconcdhelix-turn-helixmotif atits N-terminus. The
prfA geneis transcribedothmonocistronicallyandbicistronicallytogethemith the plcA
gene(Freitagetal., 1993). PrfA regulatesits own transcriptionandthat of the othervir-
ulencegenesby a very complex mechanism.Under someculture conditions,PrfA can
be presentut inactive, which suggestsheinvolvementof a cofactoror post-translational
modificationsfor fully actvity (Renzonietal., 1997). Recentevidencesndicatethe ex-
istenceof sucha PrfA-activating factor termedPaf (Bockmannet al., 1996; Dickneite
et al., 1998)andthat PrfA is upregulatedduring interactionof L. monocytgeneswith
mammaliarcellsandeukaryoticcell extracts(Renzonietal., 1999). PrfA activatestran-
scriptionof mostvirulencegenedy bindingto a 14-bppalindromicconsensusequence,
termed‘PrfA-box”, whichis centeredataboutposition—40 from thetranscriptionaktart
site (Freitagetal., 1993;Sheeharet al., 1995). Mismatcheswithin this sequenceeduce
binding affinity andtranscriptionactivation. Transcriptionof virulencegeness alsoin-
fluencedby temperatureand nutrients. It was shavn that expressionof PrfA-regulated
geness low whenbacteriaaregrown in rich culturemediasuchasBHI (brain-hearinfu-
sion),but canbeinducedwhenbacteriaareshiftedfrom this brothinto MEM, aminimum
essentiamedium(Sololovic etal., 1993;Bohneetal., 1994).

As shavnin Fig. 1.2,theinlAB operonis transcribednto two transcripts:a 5,000-nt
long transcriptwhich spandhothinlA andinlB genesanda smaller2,900-ntonethatcov-
ersonly inlA (Dramsietal., 1995). Transcriptionof thesegeneds only in partcontrolled
by PrfA andis ratherrepresseth MEM (Dramsietal., 1993;Lingnauetal., 1995;Bohne
etal., 1996). In contrastthe smallinternalingenesseemto be understrict PrfA control
andareup-regulatedafteraMEM shift, similarly to the otherknown PrfA-dependentir-
ulencegenegEngelbrechetal., 1996;Engelbrechetal., 1998b). Furthermorethereis
evidencethatexpressiorof thesmallinternalingenesnaybeinducedduringintracellular
replicationof the bacteria,in contrastto the large internalinswhich are betterexpressed
extracellularly(Engelbrechetal., 1996;Dramsietal., 1993;Dickneiteetal., 1998).

Aims of this study

In a previouswork (Raffelsbauer1997)a genelocuscontaininginternalin-relatedyenes
was detectedon the chromosomenf L. monocytgenesEGD. The aims of the present
studywereto identify and characterizéheseinternalingenesin detail, determinetheir

nucleotidesequencesstudytheir occurrencen otherL. monocytgenesserotypeschar

acterizetheir expressiorpatternsand,in collaborationwith B. Bergmann(doctoralthesis
in progress)studytheir functionin vitro andin vivo by constructingisogenicin-frame
deletionmutantslacking thesegenesindividually or in combinationwith other known

internalingenes.



CHAPTER 2

Results

Invasionof the pathogenidacultative intracellularbacteriunListeriamonocytgenesnto
non-phagoygtic mammaliancells in vitro was shovn to dependon the internalinsinlA
andInIB (Gaillard et al., 1991; Dramsiet al., 1995). However, deletionof the inlAB
geneclusterdid not reveala significanteffect on the bacterialvirulencein mice (Dramsi
etal., 1997;Dramsietal., 1995),suggestinghatthe presencef theseproteinsin vivois
not essentiafor pathogenesier might be circumwentedby othervirulencefactors.Early
studiesrevealedby Southernblot hybridizationthe presenceof otherrelatedinternalin
genesonthechromosomef L. monocytgenesn additionto theinlA andinIB genesand
indicatedthe existenceof aninternalinmultigenefamily (Gaillardetal., 1991). Later, a
third memberof this family, termedinlC, wasidentifiedusingdifferentstrateies(Engel-
brechtetal., 1996;Domannetal., 1997).InIC seemdo beanimportantvirulencefactor
of L. monocytgenes sincethe absencef this proteinleadsto anincreased.Ds in the
mousemodel(Engelbrechetal., 1996).

Previously, achromosomatragmenttermediisM51 shoving 60%identity to theinlA
genewasdetectedn the clinical isolateL. monocytgenesJBL 1231 (serotypedb) ap-
plying a subtracteprobehybridizationmethodto recover L. monocytgenesspecificvir-
ulencesequencefChenetal., 1993). In a previous study (Raffelsbauer1997),a DNA
fragmentwasamplifiedfrom the chromosomef L. monocytgenesEGD by polymerase
chainreaction(PCR) using oligonucleotidesderived from the lisM51 sequence Nu-
cleotidesequencingf this PCR productrevealed92% identity to the fragmentderived
from L. monocytgenesJBL 1231, indicatingthe presenceof this chromosomalegion
in strain EGD, which belongsto the serotypel/2a. However, no productwas obtained
by performingthe samePCRusingchromosomabDNA isolatedfrom the closelyrelated,
otherpathogenid_isteria specied.. ivanovii strain ATCC 19119. ThelisM51 sequence
amplified from L. monocytgenesEGD containedan openreadingframe (ORF) with
high identity to inlA andrepresentethereforea putative new internalingene which was
termedinlY. Using oligonucleotidesderived from this gene,successie inversePCRs
wereperformedn both5’ and3’ directions.Nucleotidesequencingf the obtainedPCR
productsdetectedthe presenceof further internalin geneslocatedup- and downstream
frominlY, which weredesignatedsinlX andinlZ, respectiely (Raffelsbauer1997).

Thenucleotidesequencef lisM51 wasdepositedn the databas&enEMBLundertheaccessiomum-
berL16018.

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

In the presentstudy the chromosomalocuscontainingthe putative new internalingenes
detectedpreviously (Raffelsbauer1997)wasexaminedin moredetail. In orderto verify
and completethe existing nucleotidesequencelata,a chromosomalegion of 6,786bp
comprisingtheentiregenelocusandits flankinggenesvasamplifiedby PCRusingchro-
mosomalDNA isolatedfrom L. monocytgeneseEGD. This region wasdividedinto five
overlappingfragments which were amplifiedin threeindependenteactionseach. The
obtainedPCR productswere clonedinto the vectorpUC18andindividually sequenced,
yielding nucleotidesequencealataof approx.21 kb in length. The completenucleotide
sequencef theinlGHE geneclusterandits flanking geneds shovn in App. B.1 andis
availablein the EMBL nucleicaciddatabasenderthe accessiomumberAJ007319.

2.1.1 The newinternalin geneclusterinlGHE

As showvnin Fig. 2.1,thechromosomattegion of L. monocytgenesEGD characterizeeh
thepresenstudycarriesageneclustercontainingthreenew internalingenes This cluster
is flanked by two listerial house-leepinggenescodingfor proteinswith homologyto the
6-phosphos-glucosidasandthesucciryl-diaminopimelatelesucciglase(69%and26%
identity to theenzyme®f E. coli, respectiely). ThesegenesveretermedascBanddapE
in analogyto the correspondingt. coli genes.While this studywasin progressa similar
geneclusterwasreportedalso shaving threenew internalingenes,termediniC2, inlD
andinlE, which were flanked by the samehouse-keepinggenes(Dramsiet al., 1997).
The sequencesf two (inlC2 andinID) of the threereportedinl geneswere, however,
differentfrom thoseidentifiedhere. A comparisorof the completesequenc®f the two
geneclustersrevealedinterestingfindings: first, thereis anotherORF downstreamfrom
theascBgeneencodinginlG, a new largeinternalindifferentfrom the hithertodescribed
large internalins. Secondly the inl geneclusteridentifiedin the presentstudy doesnot
containthe previously reportedinlC2 andinlD genesbut insteada new one,inlH, which
is apparentlygeneratedy an in-frame deletionremoving the 3’-terminal part of inlC2
andthe 5’-terminal partof inID. The deletionseemdo be generatedy recombination
betweerthe almostidenticalfirst repeatunits of the B region of inlC2 andinIlD. A com-
parisonof the new inIGHE geneclusterto the inIC2DE locusshowving the deletionsite
andanaminoacid sequencalignmentof the proteinsinlC2, InID andInlH aredepicted
in Fig. 2.2.

The hereidentified genesinlG, inlH andinlE are preceededy potentialribosome
binding sites (AAGGAG) located8, 7 and 8 bp upstreamfrom the start codon ATG,
respectrely. Putatvetranscriptiorterminatorsveredetected. 1,11 and9 bpdownstream
from the stopcodonsTAA, suggestinga monocistronidranscriptionof the genesof the
inIGHE cluster Intergenicregionswereof 137 and207 bp betweennlG andinlH and
betweennlH andinlE, respectiely. IntergenicregionsbetweertheinlGHE clusterand
theflankinggenesascBanddapEwereof 273and134bp, respecitiely.

Most virulencegenesof L. monocytgenes including internalingenesareregulated
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Figure2.1: Geneticorganizationof the inlGHE geneclusterof L. monocytgenes The
stratgy usedfor molecularcloning and nucleotidesequencingf the genesinlG, inlH

andinlg, andtheflankinghouse-lkeepinggenesascBanddapEis shovn. Codingregions
of thefive genesaredepictedasarrowns. Putatve transcriptionaterminatorsareindicated
asstem-loopstructureq ). Tamgetsitesof restrictionenzymesusedto prepargemplate
DNA for inversePCRsare indicated. Usedoligonucleotidesand obtainedPCR prod-
uctsareshowvn. The FigurealsocontainsPCR productsalreadyshown in Raffelsbauer
(1997). The DNA fragmentamplifiedwith the primerslism51-3andlism51-4(top) cor

respondgo thelisM51 sequenceAll PCRproductswereclonedinto the vectorpUC18
andsequencedThenucleotidesequencef theinlGHE genecluster includingthe3’ end

of ascBandthe dapE gene,wasdepositedn the EMBL databaseinderthe accession
numberAJ007319 Figurein scale.
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A B

BESTFIT of: inlGHE check: 5678 from 1 to: 6786 1 50

to: inl C2DE check: 1127 from 1 to: 5746 InlC2 ‘MKKEWNSVFK LVLMVTAILG LSLYVTTSQG VEVRAESITQ PTAINVIFPD‘
LOCUS LMJ77368 5746 bp DNA BCT 29- AUG 1997 InlH [MKKRWNSVFK LVLMVTAILG LSLYVTTSQG VEVRAESITQ PTAINVIFPD
DEFI NI TION Listeria nonocytogenes internalin (inlC2), inlD, InlD .MKRNKTALR ILVTLAVVMA ISFWVGTS.S KEVQAAEIGQ PTPINEIFTD
and inl E genes, conplete cds. 51 100
ACCESSION U77368 InlC2 [PALANAIKIA AGKSNVIDTV TQADLDGITT LSAFGTGVIT IEGVQYLNNL
NID g2347103 nlH ‘PALANAIKIA AGKSNVTDTV TQADLDGITT LSAFGTGVTT IEGVI}YLNNL‘
Gap \eight: 50 Average Match: 10.000 InlD ENLANAIKTT LSKPSTASAV SQVELDSVRD VTAESSNIAS LEGVQYLNNL

Length Wei ght: 3 Average M smatch: -9.000 101 150

Qali ty 32118 Lengt h 5746 InlC2 [IGLELKDNQI TDLTPLKNLT KITELELSGN PLKNVSAIAG LQSIKTLDLT

Ratio: 8.379 Gaps: 3 TnlH ‘IGLELKDNQI TDLTPLKNLT KITELELSGN PLKNVSATAG LQSIKTLDLT‘

Percent Similarity: 99.556 Percent |dentity: 99.556 InID DTLVLNNNKI TDLNPLAGLT KLSILEASNN QLSDISALSN VTNLHQLRLD
Mat ch display thresholds for the alignment(s): -
| | DENTI TY 151 200
! 5 InlC2 [STQITDVIPL AGLSNLQVLY LDLNQITNIS PLAGLTNLQGY LSIGNAQVSD
’ 1 InlH |STQITDVIPL AGLSNLQULY LDLNQITNIS PLAGLTNLGY LSIGNAQVSD)
InlD GNQIKQLNGV SNLINLETIE LSNNQITAIS PVSGLKNLVG LGIDNNKISD
3008 CAATCAGTCACTTTCAAAAATACAACAGTTCCGTTTAGTGGGACAGITAC 3057 201 250
|||||||||||||||||||||||||||||||||||||||||||||||||| TnlC2 |LTPLANLSKL TTLKADDNKI SDISPLASLP NLIEVHLKNN QISDVSPLA.
1201 CAA CACTTTCAAAAATACAACAGT TCCGTTTAGTGGGACAGTTAC 1250 InlH |LTPLANLSKL TTLKADDNKI SDISPLASLP NLIEVHLKNN QISDVSPLA.
] ] _ ) ) InlD LSPISGLSKL NHLTADSNQI SDLRPLSNLA AMEVMRLDGN QISDVTPIAN
3058 ACAACCATTAACAGAAGCTTACACTGCGGTTTTTGACGT GGACGGGAAGC 3107 251 300
|||||||I|||||||||||I||||II||||||||||||||||II|||||| IIC2 [ i NTSNLF IVILTNQTIT NQPVFYQNNL
1251 ACAACCATTAACAGAAGCTTACACTGCGGT TTTTGACGTGGACGGGAAGC 1300 InlH [ioiiiiiinn voiniiinan conn NTSNLF IVTLTNQTIT NQPVFYQNNL
. . . . . InlD LANLNYVFLA ENQISDISSL QPLFNSPNFF GITLDNQKIT SEPVLYQQEL
3108 AAACAAGTGTGACAGT CGGCGCGAATGAATTAATTAAAGAACCAACGGECC 3157 301 350
FECEELTEEEE e e e e e e e e e TnlC2 [VVPNIVKGPS GAPIAPATIS DNGTYASPNL TWNLTSFINN VSYTFNQSVT
1301 AAACAAGTGTGACAGT CGGCGCGAATGAATTAATTAAAGAACCAACGECC 1350 TnlH |VVPNVVKGPS GAPIAPATIS DNGTYASPNL TWNLTSFINN VSYTFNQSVT
. . . . . InID VVPNNIKDEM GALIAPATIS DNGVYASPNI NWNLPNYTNQ VSYTFNKGQLA
3158 OOGACGAAAGAAGET. . . . ...\ttt 3172 351 100
RN InlC2 [FKNTTVPFSG TVTGPLTEAY TAVFDVDGKQ TSVIVGANEL IKEPTAPTKE|
1351 CCGACGAAAGAAGGTTACACATTCACAGECTGGTATGATGCAAAAACTGG 1400 InlH |FKNTIVPFSG TVTQPLTEAY TAVFDVDGKQ TSVIVGANEL IKEPTAPTKE
InlD  Y....GSFSG TVIQPLENAY TATFDVDGVK TNEAVEETKL LQEPIAPTKE
401 450
InlC2 EYTFTGHYDA KTGGNKWDFG VDKMPAENIT LYAQFTINSY TASFDNDGKL
InlH g

3173 o TACACTTTCACAGGCTGGTATGAT 3196

YTFTGWYDA KTGGTKWDFA TDKMPAEDIT LYAQFTINSY TATFDIDGKL|
| | | | | | | | | | | | | | | | | | | | | | | | InlD GYTFTGWYDA KTGGNKWDFA TDKMPAEDIT LYAQFTINSY TATFDIDGKL)|
3251 AACCAATAGCACCAACCAAAGAAGGCTACACTTTCACAGGCTGGTATGAT 3300 451 500
. . . . . InlC2 TTQKVTYQSL LEEPAAPTKT GYTFKGWYDA KTGGTKWDFA TGKMPAGNIT
3197 GOGAAAACT GGCGGAACT AAAT GEGATTTTGOGACAGATAAAATGCOCAGE 3246 InlH ‘TTQKVTYQSL LEEPVAPTKD GYTFTGWYDA KTGGTKWDFA TGKMPAGNIT‘
|||||||||||||||| ||||||||||||||||||||||||||||||II| InlD |TTQKVTYQSL LEEPVAPTKD GYTFTGWYDA KTGGTKWDFA TGKMPAGNIT|
3301 GOGAAAACTGGOGGAAATAAATGGGATTTTGOGACAGATAAAATGOCAGE 3350 501 550
. . . . . InlC2 LYAQFTKNDS PNPNDPTPNT PTGNGDGTSN PSNSGGNTTL PTAGDENTML
3247 AGAGGACATCACATTATACGCGCAGTTTACGATTAATAGTTACACAGCCA 3296 TnlH [LYAQFTKNDN PNPDDPTTNT PTGNGDGTSN PSNSGGNTTL PTAGDENTML
|||||||||||||||||||||||||||||||||||||||||||||||||| InlD LYAQFTKNDN PNPDDPTTNT PTGNGDGTSN PSNSGGNTTL PTAGDENTML)
3351 AGAGGACATCACATTATACGCGCAGTTTACGATTAATAGITACACAGCCA 3400 551 574
. . . . . InlC2 PIFIGVFLLG TATLILRKTI KVK*
3297 CATTTGATATTGATGGTAAATTAACGACTCAAAAAGTCACTTATCAAAGC 3346 InlH ‘pmcvma TATLILRKTI KVK¥
RN AR R R AR RRRRRRRRREERERRRRN InlD |[PIFIGVFLLG TATLILRKTI KVK

3401 CATTTGATATTGATGGTAAATTAACGACTCAAAAAGTCACTTATCAAAGC 3450

Figure2.2: A. Nucleotidesequenceomparisorof thegeneclustersnlGHE (upperline)
andinlC2DE (underline) createdby the programBestFit (GeneticsComputerGroup,
University of Wisconsin). Pipesindicateidentical nucleotides.Dots represengapsin-

sertedo maximizethealignment.Nucleotidepositionswithin the sequencearelistedat
bothmamins. Threedotsin themiddlerepresenajumpin thealignmentdueto thedele-
tion of the 3’ terminalendof inlIC2 andthe 5’ portionof inID comparedo the new inlH

gene.B. Multiple alignmentof theaminoacid sequencesf the proteinsiniC2, InIH and
InID generatedisingthe programpileup(HUSAR, GermanCancemResearclCenter).As
indicatedby grey boxes,the aminoacid sequencef InlH is identicalto thatof InIC2 in

thefirst two-thirdsof the moleculeandidenticalto thatof InID atthe C-terminus(except
for oneaminoacidin both cases).Numbersabove the sequencendicatethe positionof
the correspondingminoacids.
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by thetranscriptionahctivatorproteinPrfA (Bohneetal., 1996;Engelbrechetal., 1996).
A computationakearchwithin theinlGHE geneclusterfor promoterlik e sequenceson-
taining the PrfA binding site TTAACANNTGTTAA was performedusing the program
findpatterngrovided by the GCG softwarepackaggGeneticsComputerGroup,Univer
sity of Wisconsin).ThesequenceSTAACANNTGTTAA(N) {125,133 ATG andTTAA-
CANNTGTTAA(N){20,30t TAANAT(N){100,11G ATG wereusedaspatternswhereas
N is any nucleotideandthe numbersn parenthesisepresenaninterval of the quantity
of thepreviousnucleotide(N). This searchyielded111finds, but only threeof themwere
locatedin intergenicregions. A sequenceavas found which containsfour mismatches
comparedo the perfectPrfA-box andis centered2 basepairsupstreanfrom the start
codonof inlH. This distanceis very shortandalsothe putatve imperfectPribnav box
is locatedvery closeto the startcodon(—22 basepairs). Therefore,it is unlikely that
this sequencsenesastranscriptionstartfor theinlH gene.Anothersequenceontaining
threemismatchesomparedo theperfectpalindromeandcenteredat position—111 from
the startcodonof inlE wasalsodetected.This sequencés locatedat position—40 rela-
tive to a putative Pribnav box detectedat position—10. A third sequencevasfound at
position—80 from the startcodonof the dapEgenewhich alsocontainsfour mismatches
in comparisorto theideal PrfA box. However, this sequencés centeredat position—30
relative to a putatve imperfectPribnav box.

2.1.2 Molecular cloning of the inIGHE genecluster

Molecularcloning of the inNlIGHE geneclusterandits flanking geneswas performedas
summarizedn Fig. 2.1. A 979-bpDNA fragmentof inlH wasamplifiedby direct PCR
from thechromosomef L. monocytgenes=EGD usingtheoligonucleotidesism51-3and
lism51-4derived from the sequencdisM51 (GenEMBL, acc.numberL16018). To ex-

tendthesequenceéownstreanof thisDNA fragmentjnversePCRswereperformedusing
SaBA- andEcdRI-cleaved andreligatedDNA astemplateandthe primer pairslisminv-

4/lisminv-52 and lisminv-1/lisminv-5, respectiely. The sequenceaipstreanof inlH was
obtainedby inverse PCRsusing as templateTaqgl, Alul and Rsd digestedDNA and
the primercombinationgisminv-1/lisminv-5, lisminv-6/lisminv-2 andlisminv-6/lisminv-

7, respectrely. The PCR productobtainedwith Tagl-digestedDNA was cleaved with

BanHI. Only the fragmentbetweenthe Tagl and BanHl restriction siteswas cloned
andsequencedTheregion downstreamof inlE containingthe dapE genewasextended
by successie inversePCRsusingthe restrictionenzymesksd, SalBA, Alul, Dral and
Rsd andthe primer pairslisminv-9/lisminv-10, lisminv-4/lisminv-10, delxy-6/lisminv-

11, delxy-6/lisminv-11 and delxy-6/lisminv-11, respectrely. The completeDNA re-
gion containingthe genesascB inlG, inlH, inlE and dapE was thendivided into five
overlappingfragmentswhich were amplified by direct PCRsusingthe primer combina-
tions pGluco-2/inlX-3,lisli-15/lisminv-6, lism51-27/inlY-2, inlY-1/delxy-6 and lisminv-

10/orfZ-2. Threeindependenteactionsvereperformedper primercombinationandthe
obtainedPCRproductswereclonedinto thevectorpUC18andsequenced.

2Primerslisminv-4 andlisminv-5 hybridizedto bothinlH andinlE genes.
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2.2 ThegenednlGandinlH arepresentin mostL. mono-
cytogenes serotypes

In orderto testwhetherinlG is specificfor strainEGD or is alsopresentn otherL. mono-
cytagenesstrains,PCRswere performedusing inlG-specificprimersand chromosomal
DNA derived from several L. monocytgenesisolatesbelongingto differentserotypes.
As shawnin Fig. 2.3, mostL. monocytgenesstrainstestedyielded PCR productsof the
expectedsize,which is 1,001 bp (Scheinpflug,1998). A similar PCR productwas not
obtainedwith chromosomaDNA isolatedfrom the avirulent, closelyrelatedspecied..
innocug suggestinghe occurrenceof inlG in L. monocytgenesbut not in L. innocua
Using anothemrimer pair that specificallyprobesfor the presencef inlC2 andinID or
inlH, which canbe distinguishedaccordingto the length of the PCR productobtained
(2,7060r 794 bp, respectirely), inlH wasdetectedn mostL. monocytgenesserotypes
tested(Fig. 2.3). Note thatin the serotypel/2b not the inlG but the inlH genecould be
detectedwhereasn serotypedc PCRwith inlH -specificprimersfailedto give a product,
but theinlG geneis presentOnly serotypetd wasnegative for bothinlG andinlH. Inter-
estingly theinlC2DE clustercouldnot bedetectedn ary of thestrainstested suggesting
thatthis clustermightbe specificfor the EGD strainusedin Dramsietal. (1997).

A schematiccomparisorof the inlGHE andinlC2DE geneclustersshaving the hy-
bridizationsitesof the usedprimersandthe expectedP CRproductsof the reactiongper
formedis depictedn Fig. 2.3B. Thechoserreactionconditionsfor amplificationof inlC2
andinIiD or inlH allow the synthesisof productsof 3 kb in length. PCRswere per
formedusingchromosomaDNA which waspreviously testedby performingPCRswith
serotype-specifiprimers(datanot shaovn). Theobtainedoroductsshavedexpectedsizes
and similar amounts(Scheinpflug,1998). Therefore,differencesn the amountof the
PCR productsobtainedwith inl-specificprimersmight reflect possiblesequencearia-
tionswithin the hybridizationsitesof the usedprimers.

2.3 Sequenceof the newinternalins InlG, InlH and InlE

TheproteinsinlG, InlH andInlE displayall featurescharacteristidor thelarge, cell wall-
boundinternalins,whoseprototypeis representedby InlA: a signal sequencef 35 or
33 aminoacids,two repeatregions (region A andregion B) anda C-terminalcell wall
anchor The aminoacid sequencesf thesethreeinternalinsareshavn in Fig. 2.4. The
principal featuresof the proteinssuchas signal peptides putatve cleavagesitesof the
signalpeptidasél, regionsA, B andD, andcell wall anchomotivesarehighlighted.

As showvnin Fig. 2.4,thenew inlG geneencodes proteinof 490aminoacids,which
containgn region A four consecutie leucine-richrepeatLRR) unitsof 22 aminoacids,
basedupona definition® adaptedrom KobeandDeisenhofei(1994). Region B is com-
posedof two repeatof 70 and49 aminoacids,which aresimilarto the B repeatsiumber

3To determinethe numberof leucine-richrepeat§LRRs),theconsensusequence L - - L -L--N-L
-D1--L--L -wasapplied,in which leucineandisoleucineresiduesareregardedasinterchangeabland
- representary aminoacid. Variationswithin this sequenceg. g. exchangeof (iso)leucineby valinewere
tolerated.
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Figure2.3: A. Detectionof the genesnIG (Al) andinlH (A2) in differentL. monocyto-
genesserotypedy PCRusingtheprimerpairspGluco-1/Xspez-aAndYC2spez-2/PinlZd,
respectrely. Thehybridizationsitesof the primersandlengthof the expectedPCRprod-
uctsareshowvn in B. Lanes:1 — 13, L. monocytgenesserotypesl/2astrainEGD (lane
1); 1/2astrainNCTC 7973(2); 1/2b (3); 1/2c (4); 1/2 ¢ strainLO28 (5); 3a(6); 3b (7);
3c(8);4a(9); 4b(10);4c(11);4d (12) and4e(13); M, DNA molecularweightstandard.
B. Schematiccomparisorof the inIGHE andinlC2DE geneclusters. TheinlH geneis
representedschimericgenegeneratedy fusionof inlC2 andinlD. PCRsperformedto
testfor the presencef inlG andinlH (or alternatvely inlIC2 andinID) areindicated.
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INIG (490 amino acids)

MKORKTSVLHVLLVWWTAI LA SLW/NASHGWKAQAESI AQPAPI NEI FT
DPALADEVKTELGKTSVTDEVTQT DLNQ TKLEADDKG NSI EG QYLT

TN TPLANDT
T

TFV 3] VTL
ASL AT

DLTVL HL EKQQ TAAPWYQTN

LVAPDI LKNAYGEVWPPTTI SNNGTFASPNI TWAL DSFTSEVSYDFN
QK| TLGDNGKVTFAGTWQPI VEAPVNY| TTFDVDGT TTTENVWDT
@%@%E GAWDAETGGNEVDFA IVPATNNI LYA I%MV@ETENQ@DBQA
VG DAKTGGTEVWDFATSKMATSDI TL YARFTKN
PSSDNSQTAPGKDDKNDKDKL TI KANDSADATSTKEPKTSDDSSM PTI LGTLFI GGAI LI LRKKTTNI *

,_

Region A

,_

Region B

InIH (548 amino acids)

MKKRWASVFKLVLMVTAI LGLSL YVTTSQGVEVRAESI TQPTAI NVI FP
DPALANAI Kl AAGKSN\/TDTVTQADLDG TTLSAFGIGVTTI EGVQYLN

TST

L

Region A
9
Ccrr

LWPNVVKGPSGAPI APATI SDNGTYASPNL TWNL TSFI NNVSYT
NQSVTFKNTTVPFSGTVTQPL TEAYTAVFDVDGKQT SVTVGANE
{@j T GYTETG\N(DAKTGGTKV\DFATEKI\/PA | TLYAQFT| INSYTATFDI [DGKLTTIGKVITVIGS

TGN(DAKTGGTKV\DFATGKI\/PAGNI TLYAQFT@
DNPNPDDPTTNTPTGNGDGTSNPSNSGGI\IT'I']MENTNLPI FI GVFLLGTATLI LRKTI KVK*

Region B

InlE (499 amino acids)

MKRNKTALRI LVTLAWLAI TFW/GVSSKEVQAAVI EHPTPI NEI FT
DPVLTDI\NKTLLGKADVTDEVTQT DLDSVTHLSAKSAGQ TTI EGLQYLT

Region A

Pl VPNVVTGLSGELI APDTI SDNGTYTSPNL TWDLNSFI NSVSYT
FN(;BVTFKNTTAPFSGTVTQDLTEVYAWFDVDGEQTSAM/GVNE
Reg. BEN@WI DAKTOGNKWORG [DKMPASDI TLYAKET]
{ EPNASP@ ({DI\NB
DNAEPNASSS NGTINE

G NNLNSSGEDKVNI KEPT.TGDKLNVLPI FVGAVLI G| GLVLFRKKRQTK*

Region D

Figure 2.4: Amino acid sequence®f the new internalinsinlG, InlH andInlE. Signal
sequenceareunderlined Putatve signalpeptidasd. cleavagesitesaremarkedby vertical
arrovs. Regions A, B and D areindicated. Amino acidsof the leucine-richrepeats
correspondingo the consensusequence L --L-L--N-L-DIl--L--L-and
consered amino acidsof the regionsB and D (comparedo the region B of InlA) are

indicatedby grey boxes. The cell wall anchormotifs LPKTS, LPTAG andLPITG are
boxed.
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2 and3 of InlA, respectiely. At the C-terminus,InlG possessea putative cell wall an-
chorsimilar to thatof InlA with the motif LPKTS, followed by a region of hydrophobic
aminoacidsandatail of positively chagedresiduesSurprisingly this motif differsfrom
theconsensusequenc&PXTG by the exchangeof glycine by serine.ThededucednIG
proteinshavs 50%identity (57%similarity) to InlA. However, InlG is muchsmallerthan
InlA (490 amino acidscomparedo 800). This differencein sizeis mostly dueto the
lackin InIG of 10 LRR unitsin region A andonerepeatof 70 aminoacidsin region B
comparedo the InlA protein. A computerbasedsequencalignmentof both proteins
revealedthatthe LRRsof InlG correspondo the InlA repeatsnumberl, 4, 5+9 and 10,
whereab+9representa LRR unit generatedby thefusionof InlA repeatsiumbers and
9 with the concomitantdeletionof therepeats, 7 and8 (App. C). Thisfinding suggests
thatdifferentinternalinsmayariseby varyingthenumberof LRRsandB repeatswhereas
theinter-repeatregion aswell asthe N- andC-terminalpartof the proteinsarebasically
consered.

TheinlH genecodesfor a proteinof 548aminoacidswith sevenLRR unitsin region
A and likeInlG, two repeat®of 70and49 aminoacidsin region B. The A repeatf InlH
aresimilarto theLRRsnumberl, 2, 3, 4,5+9,10and11 of InlA (App. C). The putatve
cell wall anchorof this protein containsthe motif LPTAG. Although the deducednlH
proteinhasthe sameengthasthe previously describednlC2 (Dramsietal., 1997),these
proteinsarenotidentical. As shavnin Fig. 2.2A, theaminoacidsequencesf InIC2 and
InIH arethesamein thefirst two-thirdsof the moleculeqexceptfor oneaminoacid), but
differ considerablyat the C-terminus. Surprisingly in this region the sequencef InlH
is identicalto thatof InID (alsoexceptfor oneaminoacid),althoughthe overall identity
betweenthe entire proteinsis only 65%. It is worthwhile noting thatall threeproteins,
InIC2, InID andInlH, displaythesamecell wall anchomotif LPTAG, in whichthreonine
is exchangedy alaninecomparedo the consensupentapeptide PXTG.

The inlE genecharacterizedn this studyrevealed99.6% identity to the previously
describednlE gene(Dramsietal., 1997). Sequencalignmentshows that the two pro-
teinsareidenticalexceptfor threeaminoacids(exchangeof K by T, | by N andE by K at
positions115,440and472,respectiely, relativeto InlE of theinlC2DE genecluster).As
shown in Fig. 2.4, thededucednlE proteinis composedf 499 aminoacids.Like InlH,
InlE containssevenLRR unitsin region A which displaythe samesimilarity to the LRRs
of InlA asthatshowvn by therepeatf InlH (App. C). InlE is anchoredo the cell wall by
the pentapeptidé PITG, which perfectlyfits the consensumotif LPXTG. Interestingly
comparedo the otherinternalinsinlE possessea smallerregion B with only onerepeat
of 47 aminoacidsandadditionallya third region of two repeatscomposedf 20 amino
acidseach designatedsregion D. Computerbasedaminoacid sequencalignmentge-
vealedthatregion D shows similarity to the B repeatsandmight be thereforegenerated
by deletioneventswithin thesehomologougepeats.
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2.4 Theinternalin family consistsof highly consewredpro-
teins

Thestructureof theinternalinsis highly consered. As shovn in Fig. 2.5, all large mem-
bersof this proteinfamily arecomposeaf similar structuralelementsasignalsequence,
a leucine-richrepeatregion (LRR or A region) consistingof 4 to 14 LRR units, a con-
senedinter-repeategion,aregion B containingl to 4 repeatsandacell wall anchomwith
the pentapeptidé.PXTG asconsensusequencelniB is the only large internalinwhich
lacksthis anchorsequenceandis linkedto the bacterialsurfacevia the GW modulesof
the C repeatgBraunetal., 1997).

Large Internalins

leucine-rich repeats (LRR) interrepeat region B repeats
InlA e 5 5 5 s s B I I R R e
InIB C D —Es
InIC2 1+ eeee—— - —
InID I —
D repeats
InlE N — - -

InlF e S s S B s s s SO
NG O eo—— — e

InNH . ——— - — I -

Figure2.5: Comparisorof thestructureof thelargeinternalinsof L. monocytgenesEGD
basednmultiplealignmentof theaminoacidsequencegeneratedby theprogrampileup
(HUSAR, GermanCancerResearctCenter). The structuralelementssignal sequence,
leucine-richrepeatdLRR), inter-repeatregion, B repeatsC repeatqof InIB), D repeats
(of InlE) andcell wall anchorare indicated. LRR units were determinedapplyingthe
definition adaptedrom (Kobe and Deisenhofer1994) and displayedconsecutiely ac-
cordingto theirnumber All otherstructuresareorganizedbasednaminoacidsequence
similarities. Dashedinesindicateinsertedgaps.

A pairwisecomparisorof the aminoacid sequencef theinternalinsperformedwith
theprogramBestFitprovidedin the GeneticsComputeiGroupsoftwarepackagas shavn
in Table2.1. This studyrevealedthatthe proteinsiniC2, InID, InlE, InIG andInlH shav
themostpronouncediomologyamongtheinternalins.The percentsimilaritiesvary from
98%betweennlC2 andInlH to 58%betweennlG andInID. Amongtheproteinsderived
from theinlGHE genecluster similarity washighestbetweennlH andInlE (68%).This



2.5. Transcriptionaktudiesof the genesnl|G, inlH andinlE 21

striking conserationwasalsoobseredpreviously atthe DNA level (Raffelsbauer1997).
The high identity betweerthe genesof the InNIGHE cluster especiallybetweennlH and
inlE, suggestshatthis clustermay have arisenby geneduplication.High similarity rates
werealso detectedbetweenthe proteinsiniC2, InID andInlE (Dramsiet al., 1997). In
generaltheproteinsinlC2 to InlH seemto bemorerelatedto InlA thanto InIB. Interest-
ingly, InIB is the mostdivergentmemberof theinternalinfamily andthe smallinternalin
InIC is moresimilar to InIB thanto InlA. Fig. 2.6 shavs anaminoacid sequencalign-
mentof the proteinsinlG, InlH andInlE. In addition,a sequencalignmentof all large
internalinsof L. monocytgenesEGD is includedin App. C.

Table2.1: Comparisorof the aminoacid sequencesf internalinsof L. monocytgenes
EGD.

Similarity of aminoacid sequencem percent

Inl protein(size) InIG InIH InlEP InIC2 InID InlA InIB
InIH (548aa) 63 (555)
InIEP (499aa) 59(417) | 68(549)
InIC2 (548aa) | 59(411) | 98(548) | 74(411)
InID (567aa) 58(416) | 72(571) | 62(436) | 75(572)
InlA (800aa) 57(378) | 59(426) | 50(348) | 71(800) | 69(799)
InIB (630aa) 47(322) | 49(421) | 50(408) | 53(611) | 55(637) | 60(835)
InIC (297 aa) 47(294) | 49(331) | 49(340) | 59(343) | 61(369) | 64(493) | 64(318)

aSimilarities were calculatedbasedon alignmentsof the amino acid sequenceperformedwith the
programBestFitprovidedin the software packageof the GeneticsComputerGroup of the University of
Wisconsin. The lengthin aminoacidsof the sequencealignedis givenin parenthesesGapsinsertedto
maximizealignmentsvereconsideredn thelength. Comparison®f Inl proteinsnotinvolving InlG, InlH
or InlE wereobtainedfrom Dramsietal. (1997).

bThesequencef theInlE proteinaspublishedn Raffelsbaueretal. (1998)wasusedfor comparison.

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

The previous report (Dramsiet al., 1997) shaved a very weak expressionof the three
genesjnlC2, inID andinlE. Therefore,a moresensitve GFP-baseaxpressionsystem
describedn Bubertetal. (1999)wasusedto testfor transcriptionof thegenesnlG, inlH
andinlE. As depictedin Fig. 2.7, a Listeria-E. coli shuttlevectorwas constructedoy
fusingthevectorspUC18andpBCE-16.ThecreatedolasmidpLSV16gfp (Bubertetal.,
1999)carriesthe cDNA gfp-mut2 encodingthe greenfluorescenproteinGFP (Cormack
etal., 1996).

In the presenstudy the expectedregulatoryregionsupstreanof thethreegenesnlG,
inlH andinlE wereamplifiedby PCRusing primerswhich carry Xba restrictionsites.
ThesePCRproductswereclonedinto thereportemplasmidpLSV16gfp via Xbd, yielding
the plasmidsPinlG-gfp, PinlH-gfp and PinlE-gfp, respectiely (Fig. 2.7). The putatve
promotermrregionsof theinl geneswverelinkedto the promoterlesgfp cDNA flankedby a
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Figure 2.6: Multiple alignmentof the amino acid sequencesf the proteinsinIG, InlH

andInlE generatedisingthe programsileupandprettyboxof theHUSAR resourcdrom

the GermanCancerResearctCenter Identicalandsimilar aminoacidsareindicatedby

blackandgrey boxes,respectrely. Numbersat the right magin indicatethe positionof

the correspondin@minoacids.Insertedgapsarerepresentedy dots.
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ribosomebindingsite (AGGAG). Correctcloningwasconfirmedby sequencanalysisof
the plasmids. GFP-mediatediuorescenceould be seenmacroscopicallyn E. coli due
to the high copy numberof the plasmidsin this strain. In L. monocytgenes wherethe
copy numberof the plasmidsis approximately30 per bacterium,no fluorescenceould
bevisualizedmacroscopically

The plasmidsPinlG-gfp, PinlH-gfp and PinlE-gfp were introducedeither into the
strainL. monocytgeneswild type or into anisogenicAprfA mutant(Bockmannet al.,
1996)by electroporationIn addition,wild type strainscarryingthe GFP plasmidswere
complementedvith additionalcopiesof prfA encodedon the plasmidpERL3502(Lei-
meisterWachteretal., 1990). Cloneswereselecteduy tetragcline (for pLSV16gfp de-
rived plasmids)or erythromycin(for pERL3502)resistanceand screenecdoy PCR. As
shown in Fig. 2.8, PCRscreeningusingappropriateprimersyielded DNA fragmentsof
the expectedsizes,demonstratinghat the selectedclonesharboredthe corresponding
plasmids.

The promoteractivity of eachof the genesnlG, inlH andinlE of L. monocytgenes
grown in BHI to the logarithmicphasewasdeterminedoy measuringhe GFP-mediated
fluorescenceas describedn detail in section5.3.1. The GFP plasmidscontainingthe
promotersof the L. monocytgenesgenesinlA, actA andhly describedn Bubertet al.
(1999)wereusedin this studyfor comparisonAs shavnin Fig. 2.9A the DNA fragment
containingthe regulatoryregion of inlG yieldedthe highestGFP expressionwhile the
two otherregulatorysites,theintergenicregionsbetweennlG andinlH andbetweerinlH
andinlg, resultedin a significantlylower expression.In front of all threeinl genesand
especiallyupstreanof inlG, thereare several putatve promotersequencesvhich could
sene asstartsitesfor transcriptiorof eachof thesegenesin addition,theDNA sequences
of theintergenicregionsbetweennlG andinlH, andbetweennlH andinlE alsocontain
putative transcriptionaterminatorgseeFig. 2.1), suggestinghe monocistronimatureof
thethreeinl genetranscripts.

Severalvirulencegenesof L. monocytgenesincludinginlA, inIB andinlC areregu-
latedby thetranscriptionabhctivator proteinPrfA (Bohneetal., 1996;Engelbrechetal.,
1996). A searchor the 14-bpdyad-symmetricsequenceéermedPrfA-box, whichis rec-
ognizedby this regulator, failedto detectthe conseredtarget sequencd TAACANNT-
GTTAA. Accordingly, GFPexpressionn noneof thethreeconstructinlG-gfp, PinlH-
gfp andPinlE-gfp wasaffectedin the prfA-negatve mutantor in the straincomplemented
with additionalcopiesof prfA. Thesedatasuggesthattranscriptionof the genesnlG,
inlH andinlE is notdependenon PrfA. To furtherexcludea putative activation of these
geneshy PrfA, aMEM shift experimentwasperformed.This shift from therich medium
BHI into MEM (minimum essentiaimedium)leadsto the transcriptionalactivation of
mostPrfA-regulatedgenegBohneetal., 1994;Bohneetal., 1996). Again no activation
of theinl genescould be detectedFig. 2.9A), confirmingthe independencef the new
genednlG, inlH andinlE on PrfA. Interestingly transcriptionof inlE wasreducedn the
AprfA mutant,but notincreasedn theprfA complementedtrainnor afterthe MEM shift.

To examineexpressionof the genesinlG, inlH andinlE underintracellularcondi-
tions, the wild type strainsharboringthe GFP constructsvere usedin cellularinvasion
assaywith the epithelialcell line Caco-2.As shavn in Fig. 2.9B noneof the constructs
yieldedasignificantexpressiorof GFR suggestinghattranscriptionof thethreeinl genes



24 2. Results

EcoRI
BanmH|

Digestion withBarH|
Ligation
Amplification of promoter regions

< ©
R =
pLSV16gfp === PinlG
7.6 kb g §
R TcR
Ampr, Te === PinH
g g
X x
PinlE
Digestion withXbd
Ligation

Pstl

ofp

mr— Xbal
Xbal

Figure2.7: Constructiorof the GFPexpressiormplasmidsPinlG-gfp, PinlH-gfpandPinlE-
gfp. ThecDNA gfp-mut2 (Cormacket al., 1996)encodingthe greenfluorescenprotein
wasclonedinto thevectorpUC18,which wasthenfusedto the vectorpBCE-16,yielding
the shuttlevectorpLSV16gfp (Bubertet al., 1999). The promoterregionsof the genes
inlG, inlH andinlE were amplified by PCR and clonedinto pLSV16gfp via the Xba
restrictionsite linkedto the promoterlesgfp cDNA flanked by a ribosomebinding site,
yielding the plasmidsPinlG-gfp, PinlH -gfp andPinlE-gfp, respectely.
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Figure2.8: PCRanalysisof L. monocytgenesclonescarryingGFPexpressiomplasmids.
A. PCRscreenindo detectheplasmidsPinlG-gfp (lanesl-4), PinlH-gfp (5-8) andPinlE-
gfp (9-12)in thewild typestrain. B. PCRscreeningo detectcloneswith wild type prfA
(lanesl-3) andmutantprfA (lanes4-6) carryingthe plasmidsPinlG-gfp (1 and4), PinlH -
gfp (2 and5) and PinlE-gfp (3 and6). C. PCRscreeningf strainscomplementedvith
additional copiesof prfA carriedon the plasmid pERL3502,harboringin additionthe
plasmidsPinlG-gfp (C1), PinlH-gfp (C2) andPinlE-gfp (C3).
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is not activatedduring intracellularreplicationin thesecells, in contrastto otherknown
PrfA-regulatedvirulencegenegBubertet al., 1999). Experimentausing GFP-basedx-
pressionplasmidswere performedtogetherwith Dr. A. Bubertand Dr. A. Simm from
the University of Wurzkurg, Germary. Thecorrespondinglata,which werepublishedn
Raffelsbaueretal. (1998),arecited herewith their kind permission.

2.6 Construction of an in-frame inlGHE deletion mutant

The previous studydid not reveal ary effect of inlC2, inID andinlE on the virulenceof
L. monocytgenes(Dramsietal., 1997). In orderto assess putative contribution of the
newly identifiedgenesnlG andinlH to the bacterialvirulence,anin-framedeletionmu-
tantwhich hadlostthegenesnlG, inlH andinlE wasconstructe@gsdescribedn Raffels-
bauer(1997). A schematiaepresentationf the stratgy usedto constructthis mutantis
showvnin Fig. 2.10.1n brief, deletionwasachiaredby doublecross-@er usingapLSV1-
basedknock-outvectortermedpLSVAINIGHE. To constructthis plasmid,short DNA
fragmentg GA andEB) wereamplifiedfrom the 5’ regionsof theinlG anddapEgenes,
respectrely, ligatedvia a PspAl restrictionsiteandclonedinto thevectorpLSV1, which
carriedin additionan erythromycinresistancegene(EmR) and a temperature-sensie
Gram-positve origin of replication(Oris). Integrationof theknock-outvectorin thechro-
mosomevasinducedby incubatingbacteriaat42°C in the presencef erythromycin.Ho-
mologousrecombinatioratthe5’ end(betweerfragmentsGA andGA) wasselectedoy
PCRscreeningwith appropriateprimers. A secondcross-@er eventbetweerfragments
EB andEB’ led to the excision of the genesnlG, inlH andinlE from the chromosome,
togethemwith theinterveningvectorsequenceBY this deletionthefirst 56 bp of the cod-
ing region of inlG werefusedin-frameto thelast34 bp of inlE, yielding a mutantinlGE
fusiongenewhichis preceededby theinlG promoterandencodes 29-aminoacidslong
residualpeptide. The correctin-frame deletionwas confirmedby PCR and nucleotide
sequencanalysisof the shortened®CR product,asshavn in App. B.2. Furtherdetails
ontheconstructiorof the AinlGHE mutantaregivenin section5.2.1.

2.7 Characterization of the L. monocytogenes AinlGHE
mutant

To investigatea putative contribution of the inlIGHE geneclusterto the virulenceof L.
monocytgenesthe AinlGHE mutantwas examinedin vivo in the mousemodelandin
vitro usingdifferentcell lines.

2.7.1 Deletionof the inlIGHE genecluster reducesvirulence

C57BL/6micewereinfectedorally with 2 x 10® bacteriaof thestrainsL. monocytgenes
AiInlGHE orwild type. Thecolory formingunitsin liverandspleenwerethendetermined
1 and5 dayspost-infection.As showvn in Table2.2 thereis areductionof approximately
3 and2.5log,, unitsin bacterialcountsin liver andspleen,respectrely, of the mutant
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Figure 2.9: Fluorescencéntensitiesin arbitrary units (a. u.) of L. monocytgeneswild

type(WT), WT complementeavith additionalcopiesof prfA (PrfA+-+) andstrain AprfA
(PrfA—), all carryingthe plasmid-encodedfp cDNA undercontrol of theinlG, inlH,

inlE, inlA, actAandhly promotersrespectrely. A. L. monocytgenesstrainsweregrovn

in BHI to the logarithmicphase.Fluorescencavasdeterminedasdescribedn detailin

section5.3.1. For the MEM shift experiments bacteriaweregrown to the log phasen

BHI andthenshiftedfor 1 h into MEM. B. Fluorescencéntensitiesof bacteriagrown

in Caco-2cells. Cellswereinfectedwith L. monocytgenesstrainstransformedvith the
indicatedGFP plasmidsat a MOI of 50 bacteriaper cell. Thetime pointspost-infection
areindicated.Fluorescencéevelsof strainsin measurementd8 andB cannotbe directly
comparedbecausdifferentnumbersof bacteriaand differentblankswere used. Note
thatthe PactA andPhly constructsvereusedascontrolfor MEM shift experimentsand
AprfA strains respectrely, in additionto BHI-grown wild type strains.
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Figure2.10: Stratgy usedfor constructiorof the in-framedeletionmutantL. monocyto-
genesAInIGHE by doublecross-aer. To constructhe knock-outvectorpLSVAINIGHE
shortfragments(GA and EB) wereamplifiedfrom the 5’ regionsof the inlG anddapE
genesrespectiely, ligatedvia a PspAl restrictionsiteandclonedinto thevectorpLSV1,
which carriedin addition an erythromycinresistancegene (Enf®) and a temperature-
sensitve Gram-positve origin of replication(Oriy). Integration of the knock-outvec-
tor in the chromosomeawas inducedby incubatingbacteriaat 42°C in the presenceof
erythromycin.Homologousrecombinatioratthe5’ endvia fragmentsGA andGA' was
selectedby PCRscreeningvith appropriatgrimers.Excisionof thegenesnlG, inlH and
inlE from the chromosometogetherwith the interveningvectorsequencevasachiesed
by homologousrecombinatiorvia fragmentsEB and EB’ and confirmedby PCR.The
resulting AinlIGHE deletionmutantcarriesa truncatednlGE chimericgeneencodinga
29-aminoacidsresidualpeptide. The in-frame deletionwas verified by nucleotidese-
guenceanalysisasshovnin App. B.2.
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comparedo the wild type strainon day 1 after infection. This significantreductionof
viable bacteriacountsin liver and spleensuggestghat the inIlGHE deletionmutantis
impairedin the proficiententry and/orreplicationin thesetwo organsandarguesfor an
importantrole of theinlGHE geneclusterin virulence.Thisexperimentwasperformecdby
Dr. J. HessandProf. Dr. S. H. E. Kaufmannfrom the Max-Planck-Institutdor Infection
Biology, Berlin, Germary.

Table2.2: Oralinfectionof micewith L. monocytgenesstrainsAinIGHE andwild type.
Datacited with kind permissiorof Dr. J. HessandProf. Dr. S. H. E. Kaufmann(Raffels-
baueretal., 1998).

Bacterial Day | log,, CFU (mean+ SD) in?
strain p.i. livers spleens

L. monocytgenes| 1 1.92 £1.80 2.60£1.70
AInIGHE 5 2.24 £0.45 2.174+0.41
L. monocytgenes| 1 4.79 £ 1.01 0.02£1.01

Wild type 5 3.75 +0.42 3.90 £0.35

aDeterminationof colony forming units (CFU) atday 1 and5 p. i. in liversand spleensof C57BL/6
miceinfectedorally with 2 x 10® bacteria.The meanst SD pertime point of five animalsare presented.
CFU resultsof both groupswere statisticallydifferenton day 1 andday 5 asanalyzedby unpairedt test
(p < 0.05).

2.7.2 Invitro studiesusing the AinlGHE mutant

In orderto examinethereductionof virulenceobsenedwith theL. monocytgenesEGD
AinlGHE mutantin themousemodelin moredetailandto determinevhetherthe mutant
is impairedin theability to invadeinto or grow in mammaliarcells, this strainwastested
in vitro for uptale andreplicationin the humanenterogte-like cell line Caco-2,which
is routinely usedfor the analysisof invasion,intracellularreplicationand intercellular
spreadingf L. monocytgenes Theintracellulargrowth of thebacteriavasstudiedusing
theplasmidPactA-gfp, in which expressiorof GFPis undercontrolof theactApromoter
a listerial promoteractivatedin the hostcell cytosol (Dietrich et al., 1998). As shavn in
Fig. 2.11,in the non-phagoytic cell line Caco-2no significantdifferencen intracellular
replicationand cell-to-cell spreadingbetweenthe wild type and the mutantstrainwas
obsenred 18 h post-infectionusing the GFP expressionvector PactA-gfp. This result
indicatesthat the AinlGHE mutantreplicateswithin Caco-2cells as efficiently asthe
wild type strain. Note that the invasionrate of the bacteriawas not determinedn this
assay

Next, invasionandreplicationof the AinlGHE mutantwereexaminedusingthemurine
professionaphagogtic cellline J774.In contrasto theobsenationobtainedwith thecell
line Caco-2,in themacrophage-lig J774cellsthe numberof gfp expressingnutantbac-
teriavisualizedl8 h post-infectionwvassignificantlylower thanthatof thewild typestrain
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Figure 2.11: A-D. Invasion, intracellular replication and cell-to-cell spreadingof L.
monocytgeneswild type (A, B) and AinlGHE mutant(C, D) in Caco-2cells. Both
strainswere previously transformedwith the PactA-gfp plasmidandusedin a MOI of
20 bacteriapercell for thesemicroscopicaktudies.(A, C) combinedphasecontrastand
fluorescenceictures,and(B, D) fluorescenceicturesof the sameregionsof the mono-
layersdocumentedL8 h postinfection. Picturesshavn with kind permissionof Dr. A.
Bubert(Raffelsbaueretal., 1998).
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(datanot shavn). A FACS analysisof the intracellularreplicationof the AinlGHE mu-
tantcontainingthe plasmidPactA-gfp in thesecells confirmedthatthe total fluorescence
intensitiesof the mutantwerelower thanthatof the parentaktrainatdifferenttime points
post-infection(Fig. 2.12). This moredetailedstudyalsorevealedthat the numberof in-
fectedcellswassimilar for both strains,suggestinghat the mutantwastaken up by the
J774cellsasefficiently asthewild type. However, the fluorescencentensityemittedby
the mutantin eachof the infectedcellswasstronglyreducedyesultingin the lower total
fluorescenc@bsened with this strain. The ability of the AinlGHE mutantto adhereto
andinvadeinto phagogtic cellsof thecell linesJ774andP388wasthenexaminedin ad-
hesionandcellularinvasionassaygndwasindeedsimilar to thatof thewild typestrain.
Fig. 2.13showvs theability of the AinlGHE mutantto invadeP388cellsin comparisorto
wild typestrain.
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Figure2.12: FACS analysisof J774cellsinfectedwith L. monocytgeneswild type and
AInlIGHE mutantstrainscontainingthe GFPexpressiomplasmidPactA-gfp. Graphsshav
the numberof fluorescenceositive, i. e. infectedcells (area)andthe total fluorescence
intensity (F.I.), which is the productof the areaandthe meanof fluorescenceer cell.
20,000cells were analyzedper sample. Fluorescencéntensitiesare given in arbitrary
units(a. u.). Experimentwasperformedn triplicate. Barsrepresenstandardieviations.

Internalizationof L. monocytgenesinto non-phagogtic cells dependson the inter-
nalinsinlA andInIB (Gaillardetal., 1991;Dramsietal., 1995). To examinewhetherthe
identifiedinternalinsinlG, InlH andInlE areinvolvedin this entry processthe AinlGHE
mutantwastestedor internalizationinto thehumanrenterogte-like Caco-2andthemurine
hepatogte-like TIB73 cells. As shavn in Fig. 2.13,the invasionrate of the mutantinto
thesecell lineswastwo- to three-foldhigherthanthatof the wild type strain. A similar
increaseof invasvenessn the absencef inlGHE wasalsoobsened with humanbrain
microvascularendothelialcells (Greiffenbeg, 2000). The above datathus suggesthat
InlG, InIH andInlE do nottrigger uptake into non-phagogtic mammaliarcells directly,
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but seemto negatively interferewith InlA- and/orinIB-mediatedbacterialinternalization.
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Figure2.13: Uptake of theL. monocytgenesstrainsAinIGHE andwild typeby different
mammaliancells. Entry of the mutantstrainis given asthe rate of invasionrelative to
thatof thewild type strain,which wassetto 100. The cell linesusedwere P388(murine
macrophage-lig), Caco-2(humanenterogte-like) and TIB73 (murine hepatogte-like).
Experimentavereperformedn triplicate. Barsrepresenstandardieviations.

2.8 Construction of new AinlGHE mutant strains

To rule out additionalmutationson the chromosomef the AinlGHE mutantthat could

eventuallyaffect bacterialuptale, threenew AinlGHE mutantstrains(termedS57,S58
andS59)wereconstructedisingthe samestrateyy appliedfor the constructiorof thefirst

AInIGHE mutant(S14)showvn in Fig. 2.10anddescribedn detailin section5.2.1. By

doublecross-@erusingthe knock-outplasmidpLSVAInIGHE, mostof theinlGHE gene
clusterwasremoved. Integrationof pLSVAINIGHE into the chromosomenddeletion
of the genesby homologousrecombinationwere confirmedby PCR screeningwhich

yieldedproductsasdepictedn Fig. 2.14.By this deletionthefirst 56 bp of thecodingre-

gionof inlG werefusedin frameto thelast34 bp of inlE, yielding a mutantinlGE fusion

genewhichis preceededby theinlG promoterandencodes 29-aminoacidslong resid-
ual peptide. The correctin-frame deletionswere confirmedby DNA sequenceanalysis
of the shortened®CR products. The nucleotidesequencesf the constructedAinlGHE

mutantstrainsareshavn in App. B.2. Whentestedin cellularinvasionassaysthe new

AinlGHE mutantstrainS57alsoshavedincreasednvasionratesin non-phagoytic cells

similarto thoseobsenredwith thefirst AinlGHE mutantS14(B. Bergmann,unpublished
data).Theseresultsindicatethattheincreaseof invasvenesss specificallycausedy the

deletionof theinlGHE geneclusterfrom the L. monocytgenesEGD chromosome.
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Figure2.14: Constructiorof new L. monocytgenesAinlGHE mutantstrains.PCRanal-
ysis to isolate single and double cross-@er mutants. A. Integration of the knock-out
plasmidpLSVAInIGHE into the chromosomevas detectedoy PCR using the primers
pGluco-1landORFZ-1,which hybridizedto theascBgeneof thewild type sequencand
to the homologoudragmentEB of the knock-outplasmid,respectiely. The sizeof the
expectedPCR productis 703 bp. Integrationwas performedin two independenexper

iments(Al and A2). From eachexperiment,one single cross-@er clone was usedto
constructa doublecross-@er mutant. B. Deletionof the inlGHE geneclusterwasde-
tectedby PCRwith the primersPinlXu anddelxy-7, which hybridizedto the ascBand
dapEgenesof thewild type sequencerespectrely. Deletionof theinlGHE genecluster
yieldeda PCR productof 728 bp insteadof a 5,602-bplong DNA fragmentof the wild

type.Lanesl, 2 and3 correspondo the L. monocytgenesAinlIGHE mutantstrainsS57,
S58andS59,respectiely. PCRproductsshavn in B weresequence@App. B.2). M is
the DNA molecularweightstandard.
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2.9 Construction and characterization of the L. monocy-
togenes single mutants AinlG, AinlH and AinlE

In orderto testwhetherdeletionof a single genefrom the inIGHE geneclusterhasa
similar stimulatoryeffectoninvasvenes®f L. monocytgenesasthedeletionof thecom-
pletegenecluster singlein-framedeletionmutantdackingeitherinlG, inlH or inlE were
constructedn the presentstudy First, a AinlG mutantwas constructedapplying the
samestrateyy usedto constructthe AinlGHE mutantusingthe pLSV1-basednock-out
plasmidpLSVAInIGI. This mutantwasconstructedn duplicateandthe obtainedstrains
weretermedAinlGI-1 (S38)and AinlGlI-2 (S37). As depictedin Fig. 2.15,whentested
in cellularinvasionassaysbothinlG deletionmutantstrainsshaveda reductionin inva-
sivenessnto the two non-phagogtic cell lines Caco-2andTIB73. Theinvasionratesof

thesemutantsvary from 20%to 50% comparedo thatof thewild typestrain.Nucleotide
sequencanalysigevealedthatdeletionof theinlG genein thesestrainswasnotin frame.
Duringtheconstructiorof plasmidpLSVAInIGI, digestionof fragmentsGA andGB with

theenzymePspAl causedhedeletionof onenucleotidein therestrictionsite,leadingto

a frameshift. TheresultingInlG peptidederived from the performedinlG deletionon

thechromosomevas10aminoacidsshorterthandesired.To rule outthatthis shorterbut

muchmorehydrophobigeptideaffectsproteinsecretiorandthattheframeshift mutation
alterstheexpressiorof thefollowing genesasecondAinlG mutanttermedAiniGll, was
constructedisinga new knock-outplasmidpLSVAInIGII. In addition,thesinglemutants
AinlH andAinlE wereconstructed.

A schematigepresentatioof the stratgy usedto constructhe singlemutantsAinlG
(I andll) is showvn in Fig. 2.16. The mutantsAinlH and AinlE were constructedus-
ing the samemethod. In brief, deletionof the genesnIG, inlH andinlE wasachieved
by doublecross-oer usingthe pLSV1-basedknock-outplasmidspLSVAInIG (1 or I1),
pLSVAInIH and pLSVAInIE containingthe homologyfragmentsGAGB, HAHB and
EAEB, respectiely, which wereusedto deletethe correspondinggeneshy homologous
recombination.To constructeachof theseplasmids,shortDNA fragmentswere ampli-
fied from the 5’ and 3’ regions of the geneto be deleted,ligated to eachothervia a
PspAl restrictionsite, PCR amplified, digestedand clonedinto pLSV1 asdescribedn
detailin section5.2.2. This shuttlevectorcarriesan erythromycinresistancgene(Em?)
andatemperature-sensie Gram-positve origin of replication(Oris). Integrationof the
knock-outplasmidsinto the chromosomevasinducedby incubatingbacteriaat 42°C in
the presencef erythromycin.Homologousecombinatioratthe 5’ endvia fragmentsA
andA’ wasdetectedby PCR screeningwith appropriateprimersasshownn in Fig. 2.17.
Theseconccross-wervia fragmentsB andB’ leadingto the excisionof mostof thewild
type genefrom the chromosometogethemwith the interveningvectorsequencevasac-
complishedby subculturinghebacterian theabsencef antibiotics.Deletionof thewild
typegenesvasscreeneddy PCRasdepictedn Fig. 2.18,andconfirmedby nucleotidese-
guenceanalysisof the obtainedPCRproducts.The nucleotidesequencesf theresulting
singlemutantsareincludedin App. B.2. Deletionswerein frameexceptfor AinlGl. The
mutantsAinlGl, AinlGll, AinlH andAinlE carrytruncatedgenesncoding22-, 32-,47-
and49-aminoacidsresidualpeptidesyespectrely. All single mutantswere constructed
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Figure2.15: Internalizationof L. monocytgenesstrainswild type, AinlGHE and AinIGl
into humanenterogte-like Caco-2cells(A) andmurinehepatogte-like TIB73 cells (B).
Cells wereinfectedfor 1 h at a MOI of 20 or 30 bacteriaper Caco-2or TIB73 cell,
respectrely. Invasvenessof the mutantstrainsis given asthe rate of invasionrelative
to that of the wild type strain, which was setto 100. Experimentswere performedin
triplicate. Barsrepresenstandardieviations.
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in duplicate. Both selectectlonesof eachsingle mutantwere geneticallycharacterized.
Theseclonesweredesignatedsfollows: AinlGl: strainsS37andS38; AinlGlI: strains

S53andS54;AinlH: strainsS41andS42;andAinlE: strainsS39andS40.A schematic
representatioshoving thegeneticorganizatiorof theinlGHE geneclusterin thedeletion

mutantsAinIG, AinlH, AinlE andAinlGHE comparedo thewild typestrainis depicted

in Fig. 2.19.

ThesingledeletionmutantsAinlGlI, AinlH andAinlE weretestedor internalization
by HepG-2cells. Theseexperimentsvereperformedoy B. Begmannfrom theUniversity
of Wurzhurg, Germaly (Bergmann,Raffelsbaueret al., manuscriptsubmitted). These
cellularinvasionassaysyhich arecited herewith the kind permissionof B. Bergmann
(ongoingdoctoralthesis),revealedthat, similarly to the AinlGHE mutant,eachof the
singlemutantstestedwasalsotwo- to three-foldmoreinvasive thanthe wild type strain
(Table2.3). Thus,usingthe internalinmutantsconstructedn the presentstudyit could
be shavn thateitherdeletionof the completeinlGHE geneclusteror of the singlegenes
inlG, inlH andinlE increasefmvasivenes®f L. monocytgenesnto non-phagoygtic cells,
suggestinghattheinternalinsinlG, InlH andInlE mayform afunctionalcomple.

2.10 Construction and characterization of the L. mono-
cytogenesrevertant strains inlG™, inlH* and inlE™

In orderto confirmthatthe increasednvasivenessof the mutantsdefectve in the genes
inlG, inlH orinlE is causedy the desireddeletionsandnot by additionalmutationsthe
singlemutantsAinIG (I andll), AinlH and AinlE wererestoredby insertinga copy of
the respectre intact geneinto theregion of the previous chromosomatieletionby dou-
ble cross-wer, therebyreverting the mutantsto the wild type genotype.Reversionwas
achieved usingagainthe vectorpLSV1 asshavn in Fig. 2.20anddescribedn detailin
section5.2.2.1n brief, thegenesnlG, inlH andinlE wereamplifiedfrom thechromosome
of L. monocytgeneswild typeusingthe primerpairsmutresG-1/lismirv-1, delH-1/delH-
4 anddelE-1/delxy-6bwhichwerepreviously usedio generatéhehomologougragments
GAGB, HAHB and EAEB appliedto constructthe deletion mutantsAinIGll, AinlH
and AinlE, respectrely. The wild type geneswere clonedinto the vector pLSV1 via
EcaRl (inlG) or BanHlI (inlH andinlE) restrictionsites,yielding the knock-in plasmids
pLSVINnIG, pLSVinlH andpLSVInIE. Integrationof theseplasmidsnto thechromosome
by homologousrecombinatiorat the 5’ side, i. e. via fragmentsGA/GA, HA/HA’ and
EA/EA, wasdetectedoy PCRwith appropriateprimersasshowvn in Fig. 2.21. Restora-
tion of thewild type geneafterexcisionof thetruncatedgeneandthevectorsequencéy
homologousrecombinatiorvia fragmentsGB/GB’, HB/HB’ andEB/EB’ wasscreened
by PCRusingdifferentprimer combinationswhich yieldedproductsspanninghe com-
pletegeneat onceandadditionallyin smalleroverlappingfragmentsasdepictedin Fig.
2.22and2.23. AppropriatePCR productsweresequencedndthe nucleotidesequences
in the recombinatiorregionswereidenticalto thoseof the wild type strain (App. B.2).
Bacterialstrainsusedfor reversionwere S38(AinlGl), S54(AinlGll), S41(AinlH) and
S40(AiInlE). Thetruncatedyeneof bothmutantstrainsAinlGl andAinlGll wasreplaced
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Figure 2.16: Stratgyy usedfor constructionof the deletion mutantsL. monocytgenes
AinlGIl andAinlGll by doublecross-@er. To constructheknock-outvectorpLSVAINIG
shortfragment GA andGB) wereamplifiedfrom the5’ and3’ regionsof theinlG gene,
ligatedvia aPspAl restrictionsiteandclonedinto thevectorpLSV1,whichcarriedin ad-
dition anerythromycinresistancgene(EmR) anda temperature-sensit Gram-positve
origin of replication(Ori). Integrationof the knock-outvectorin the chromosomevas
inducedby incubatingthe bacteriaat 42°C in the presenceof erythromycin. Homolo-
gousrecombinatioratthe5’ end(betweerfragmentsGA andGA) wasdetectecby PCR
screeningwith appropriateprimers. A secondcross-o@er event betweenfragmentsGB
and GB’ led to the excision of mostof the inlG genefrom the chromosometogether
with theinterveningvectorsequenceTheresultingAinlGl andAinlGll deletionmutants
carry truncatedinlG genesencoding22- and 32-aminoacidsresidualpeptides respec-
tively. The deletionswereconfirmedby nucleotidesequencanalysisasshavn in App.

B.2.
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Figure2.17: Constructiorof theL. monocytgenessinglemutantstrainsAinlGl, AinlGll,
AinlH and AinlE. PCR analysisto isolate single cross-oer mutants. Integration
of the knock-outplasmidspLSVAInIGI (A), pLSVAInIGII (B), pLSVAInIH (C) and
pLSVAInIE (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 the expectedPCR productsare671 bp (AinlGl), 599 bp (AinIGll),
630bp (AinlH) and490bp (AinlE). Two independensinglecross-aercloneswereused
to constructdoublecross-@er mutants.
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Figure2.18: Constructiorof theL. monocytgenessinglemutantstrainsAinlGl, AinlGll,
AinlH and AinlE. PCRanalysisto isolatedoublecross-eer mutants. Deletion of the
genesnlG (A andB), inlH (C) andinlE (D) wasdetectedoy PCRwith the primer pairs
pGluco-1/inlYC2spez-UinIGl), PinlXu/lism51-24 (AinlGll), PinlYu/delE-2 (AinlH)
andinlYseq-1/delxy-7(AinlE). As expected,the lengthof the obtainedPCR products
is 866,647,727and836bp insteadof 2234,2021,2230and2187dervedfrom thewild
typesequencesf inlG, inlH orinlE, respectrely. Mutantswereconstructedn duplicate.
PCRproductsof selectecclonesweresequence@App. B.2).
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Figure2.19: Geneticorganizationof theinlGHE geneclusterof L. monocytgenesn the
wild type(A), AinlG (B), AinlH (C), AinlE (D) andAinlGHE (E) mutantstrains.Genes
aredepictedasarranvs. Deletionsarerepresentethy dashedines. Lengthof the coding
regionsareindicatedin basepairs(bp). Figurein scale.

by anintactcopy of theinlG gene.Reversionof the AinlE mutantwasperformedn two
differentapproachessingstrainS40in bothcasesRevertantstrainswereconstructedn
duplicateanddesignatecsS61(inlGI*), S62andS63(inIGll *), S79andS80(inlH ™),
S60andS70(inlE™).

The revertantstrainsinlGIl ¥, inlH* andinlE* were testedfor internalizationinto
themicrovascularendotheliakell line HBMEC. Thesecellularinvasionassaysvereper
formedin a doctoralthesisby B. Begmannfrom the University of Wiirzburg, Germary
(Bergmann,Raffelsbaueret al., manuscriptsubmitted). As shavn in Table2.3, the re-
vertantstrainstestedyielded invasionrateswhich are significantly lower than thoseof
the singlemutants.Thus,reversionof the AinlGll, AinlH and AinlE mutantsby double
cross-@er with the correspondingvild type genegresultedin a decreas®f invasveness
to alevelwhichis comparabléo thatof thewild typestrain,confirmingthattheenhanced
invasionratesobseredwith the singlemutantsarespecificallycausedy the deletionof
theinternalingenesandcanbereversedoy restoringthewild typegenotype.

2.11 Construction and characterization of L. monocyto-
genesinl combination mutants

It waspreviously shovn thatdeletionof inlA or inlB reducesr evenabolisheghe ability
of L. monocytgenesto invademammaliarcellsin vitro (reviewed by KuhnandGoebel,
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inIG*
Integration of the knock-in vector
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homologous recombination
ascB inlG inlH

Excision of the truncateihlG gene

and the vector sequence
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Figure2.20: Strateyy usedfor constructiorof theL. monocytgenesevertantstraininlG™*
by doublecross-@er usingthe knock-invectorpLSVinIG. InlG wasamplifiedfrom the
chromosomef L. monocytgeneswild type usingthe primersmutresG-1 andlisminv-1.
The amplifiedintactgene ,whichincludesatthe 5’ and3’ endsthe homologyfragments
GA and GB usedto constructthe AinlG mutant,wasclonedinto the vectorpLSV1 via
EcaRI restrictionsites. Integrationof the knock-invectorinto the chromosomevasin-
ducedby incubatingbacteriaat 42°C in the presencef erythromycin. Homologousre-
combinatiomatthe5’ end(betweerfragmentsGA andGA)) wasdetectedy PCRscreen-
ing with appropriateprimers. The secondcross-@er betweenfragmentsGB and GB’
resultedin the excision of the truncatedinlG geneandthe interveningvectorsequence
from the chromosomerestoringthe wild type inlG gene. Reversionwas confirmedby
PCRandnucleotidesequencanalysisasshowvn in Fig. 2.22andApp. B.2.
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Figure 2.21: Constructionof the L. monocytgenesrevertantstrainsinlG™, inlIH* and
inlE*. PCRanalysido isolatesinglecross-@ermutants.Integrationof theknock-inplas-
mMidspLSVinIG into the AinlGI (A) andAinIGlIl (B), of pLSVinIH into AinlH (C) andof
pLSVInIE into AinlE (D andE) chromosomevasdetectedy PCRusingtheprimerpairs
PinIXu/RTG7Bdawn (inlG), PinlYu/inlYC2spez-1inlH) andinlYseq-1/inlZseq-3inlE),
respectrely. NotethatbothinlG deletionmutantsAinIGl and AinlGIl wererevertedand
thatreversionof the AinlE mutantwasperformedn two differentapproaches.
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Figure2.22: Constructionof the L. monocytgenesrevertantstrainsinlG*. PCRanaly-
sisto isolatedoublecross-oer mutants. Reversionof AinlGl and AinlGll by inserting
a copy of the correspondingyeneinto the chromosomewas verified by PCR screening
usingprimersthatyieldedproductsspanninghecompletegeneatonce(A andB) andad-

ditionally in smalleroverlappingfragmentgC, D andE). Thelong PCRproductsshovn

in A andB, which indicatethe presencef the wild typeinlG gene,wereobtainedwith

the primer pairs PinIXu/inlYC2spez-land RTG1up/inlX-1, yielding DNA fragmentsof

2,098bp and1,541bp, respectrely. Lanesl, 2 and3 correspondo therevertantstrains
S61,S62,S63,respectrely. As control,the samereactionsvereperformedusing DNA

from the singlemutantAinIGII (A andB, lane4).
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Figure 2.23: Constructionof the L. monocytgenesrevertantstrainsinlH* andinlE™.

PCRanalysido isolatedoublecross-oer mutants .Reversionof thesinglemutantsAinlH

(A) andAinlE (B andC) by insertinga copy of the correspondingeneinto the chromo-
somewas verified by PCR screeningusing primersthat yielded productsspanningthe
completegenein small overlappingfragments(A.1-3, B.1-3, C1.1-3)or at once(A.4,

B.4-5,C2.1). Thelong PCRproductsndicatingthe presencef thewild typegenesvere
obtainedwith the primer pairsPinlYu/delE-2(inlH; A.4) andinlYseq-2/lism51-14inlE;

B.5,C2.1),yielding DNA fragmentsof 2,230and1,618bp, respectiely. As control,the
samereactionswere performedusing DNA from the single mutantsAinlH and AinlE
(A.5, C2.2).Revertantsshovnin A, B andC correspondo the strainsS80,S70andS60,
respectely.
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Table 2.3: Invasionof L. monocytgenesstrainswild type, single deletion mutants
AInIGll, AinlH andAinlE, andthe correspondingevertantsinIGII, inl[H* andinlE*

into HepG-2cellsandhumanbrainmicrovascularendotheliacells(HBMEC). Datacited
with kind permissiorof B. Begmann(B. Begmann,doctoralthesisandBergmann, Raf-

felsbaueretal., manuscripsubmitted).

HepG-2cells HBMEC
Bacterialstrain | Invasionrate | Bacterialstrain | Invasionrate
Wild type 100+ 10 | Wild type 100 + 23
AInIGHE 360 + 32 AInIGHE 269 + 31
AInlGlI 306 + 39 AinIGlI 260 £ 50
AinlH 328 + 36 AinlH 205 4+ 33
AiInlE 200 + 23 AinlE 265 + 50

inlGII+ 159 £ 28
inlH* 79 + 22
inlE* 66 + 21

2000). Surprisingly deletionof the inIGHE geneclusterleadsratherto anincreasen
invasivenesf L. monocytgenesinto severalnon-phagogtic cell lines, suggestinghat
theseinternalins,unlike InlA andInIB, do not directly actasinvasinsfor internalization
into mammaliarcells, but seento negatively interferewith this entryprocessin orderto
testwhetherandhow deletionof inIGHE in combinationwith otherinternalingenesaf-
fectsinvasvenes®f L. monocytgenesin the presenstudytheinlGHE geneclusterwas
removedfrom mutantswvhich alreadycarrieddeletionsn thegenesnlA, inlB and/orinIC,
thuscreatingthe inl combinationmutantstrainsAinlA/GHE, AinIB/GHE, AinlC/GHE,
AInlA/B/GHE and AinIB/C/GHE. Deletion of inlIGHE was achieved using the knock-
out plasmidpLSVAInIGHE, which wasalsoappliedto constructthe AinlGHE mutant
strainsas showvn in Fig. 2.10 anddescribedn detail in section5.2. In addition, using
the pLSVAINIC knock-outplasmid,the inIC genewas deletedfrom the strainsAinlA
and AinlA/GHE, thuscreatingthe strainsAinlA/C and AinlA/C/GHE. PLSVAInIC was
constructedn the presenstudyby cloningthe truncatednlC genewhich wasamplified
from the AinlC mutant(Engelbrechetal., 1996)into thepLSV1vector Integrationof the
knock-outplasmidsanddeletionof thegenesvereconfirmedby PCRscreeningTheob-
tainedPCRproductsareshovnin Fig. 2.24,2.25and2.26. Thecorrectin-framedeletions
wereverifiedby PCRandDNA sequenceanalysis. The chromosomategionscompris-
ing the deletionswereamplifiedby PCR,clonedinto the vectorpUC18andsequenced.
Nucleotidesequencesf the constructednl combinationdeletionmutantsare showvn in
App. B.2. Internalincombinationmutantswere constructedn duplicateanddesignated
asfollows: AInlA/GHE (S27 and S28), AinIB/GHE (S67 and S68), AinlIC/GHE (S29
and S30), AinlA/B/GHE (S34 and S35), AinIB/C/GHE (S36), AinlA/C (S71and S73)
andAinlA/C/GHE (S75andS76). A schematiagepresentatioshaving the geneticorga-
nizationof the genesanlA, inIB andinIC in the deletionmutantsAinlA, AinlB, AinlA/B
andAinlC comparedo thewild typestrainis depictedn Fig. 2.27.
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Figure 2.24: Constructionof L. monocytgenesinl combinationmutantstrains. PCR
analysisappliedto isolatesinglecross-@er mutants.Integrationof theknock-outplasmid
pLSVAInIGHE into the chromosomef the inl deletionmutantsAinlA (A), AinlB (B),
AinlC (C), AinlA/B (D) and AinIB/C (E). Integrationwas detectedby PCR usingthe
primerpairspGluco-1/ORFZ-1yielding a PCRproductof 703bp.
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Figure2.25: Constructiorof L. monocytgenesnl combinatiormutantstrains.PCRanal-
ysisto isolatedoublecross-@er mutants. Constructionof the mutantsAinlA/GHE (A),
AinIB/GHE (B), AinIC/GHE (C), AinlA/B/GHE (D, lanesl1 and2) and AinIB/C/GHE
(D, lane 3). Deletion of the inlGHE gene cluster 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 shovn were se-
guencedNucleotidesequencesf theinl combinatiormutantsAinlA/GHE, AinIB/GHE,
AinlC/GHE, AinlA/B/GHE, AinIB/C/GHE areshonn in App. B.2.
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Figure 2.26: Constructionof L. monocytgenesinl combinationmutantstrains. PCR
analysisto isolatesingleanddoublecross-oer mutants.A-C. Integrationof the knock-
out plasmid pLSVAInIC into the chromosomeof the inl deletionmutantsAinlA (A),

AiInlA/GHE (B) andAinIGHE (C). Integrationwasdetectedy PCRusingtheprimerpair
InIC-3/delCseq-2yielding a PCR productof 362 bp. D-E. Constructionof the double
cross-oer mutantsAinlA/C (D) and AinlA/C/GHE (E). Deletion of inlC was verified
with the primersiniC-3 andInlC-4. The obtainedoroductwas578bplong, in contrasto
the1,229bp long fragmentderivedfrom thewild typesequencePCRproductsshovn in
D andE weresequencedNucleotidesequencesf theinl combinationmutantsAinlA/C
andAinlA/C/GHE areshovnin App. B.2.
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Figure 2.27: Schematiaepresentatiomf the genesinlA, inIB andinIC in the deletion
mutantsAinlA, AinlB, AinlA/B and AinlC comparedo the wild type strain. Genesare
depictedas arronvs. Deletionsare representedy dashedines. Lengthof the coding
regionsareindicatedin basepairs(bp). Figurein scale.

To determineaputative contribution of theinternalinsinlG, InIH andInlE to theentry
of L. monocytgenesinto mammaliarncells, the inl combinationmutantslacking theinl-
GHE geneclusterconstructedn the presenivork weretestedogethemwith thewild type
strain,the AinlGHE mutantandthe correspondingarentaimutantstrainsAinlA, AinIB,
AInlIC, AinlA/B, AinlB/C and AinlA/C for their capacityto invadethe non-phagoygtic
cell inesHBMEC andCaco-2.Thesecellularinvasionassaysvereperformedn a doc-
toralthesisby B. Begmannfrom the Universityof Wirzkurg, Germary (Begmann Raf-
felsbaueret al., manuscriptsubmitted). As shovn in Table 2.4 all mutantslacking the
inlB genewereimpairedto invadecells of the HBMEC cell line, confirming previous
studieswhich shavedthatinternalizationof L. monocytgenesnto HBMEC dependsx-
clusively on InIB (Greiffenbeg etal., 1998). Deletionof inl genesotherthaninlB does
not affect invasionability, asmutantslackinginlA, inlC and/orinlGHE aresitill invasive
for HBMEC, showing thatthis InIB-mediatedinvasiondoesnot requireadditionalinter-
nalins. Interestingly deletionof inlGHE aloneor in combinationwith otherinl genes
leadsto a two- to three-foldincreasen invasvenessanto HBMEC in all mutantscon-
structed,exceptin strain AinlIC/GHE. Thesedataindicatethatthe presencef inIlGHE
inhibits InIB-mediatedinvasionandsuggesthattheseinternalinsmight competefor the
samereceptoron thecell surface(Bergmann Raffelsbauelet al., manuscripsubmitted).

Entry of L. monocytgenesnto Caco-2cellswasshown to requiremainly InlA (Gail-
lardetal., 1991;Dramsietal., 1995;Mengaudetal., 1996),but alsoto someextentInIB
(Lingnauetal., 1995). As shavn in Table2.5, this previous obsenation wasconfirmed,
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sincedeletionof inlA or inIB reducesnvasvenesgo a very low level, and deletionof

both genestogetherimpairs L. monocytgenesto enterCaco-2cells at all (Bergmann,
Raffelsbaueret al., manuscriptsubmitted). In the absenceof inIB, the additionaldele-
tion of iNlIGHE or especiallyof inIC leadsto a significantreductionin invasvenessThe
mutantsAinIB/C and AinIB/C/GHE are nearly non-irvasie for Caco-2cells, although
thesestrainscarry an intact inlA gene. However, invasvenessof thesemutantsis re-
storedin the presencef inlB, asthe mutantsAinlC andAinlC/GHE shaw invasionrates
similar to thoseof thewild type strain. Takentogetheythesedataindicatethatthe InlA-

mediatedinvasioninto Caco-2cells requiresthe function of InIB, InIC, InIG, InlH and
InlE (Begmann,Raffelsbauetetal., manuscripsubmitted).

Table2.4: Invasionof L. monocytgenesnternalindeletionmutantsnto humanbrainmi-
crovascularendotheliakells(HBMEC). Datacitedwith kind permissiorof B. Bergmann
(B. Begmann,doctoralthesisandBergmann Raffelsbaueret al., manuscripsubmitted).

Bacterialstrain | Invasionrate | Bacterialstrain | Invasionrate
Wwild type 100 £13 | AinlIGHE 294+ 24
AinlA 91 +6 AInlA/GHE 141 + 31
AinIC 86 + 26 AInIC/GHE 80+ 13
AiInlA/C 82+ 12 AInlA/C/GHE 248 £+ 30
AinIB 0 AinIB/GHE 0
AinlA/B 0 AiInlA/B/GHE 0
AinIB/C 0 AinIB/C/IGHE 0

Table 2.5: Invasionof L. monocytgenesinternalin deletionmutantsinto Caco-2cells.
Data cited with kind permissionof B. Bergmann (B. Bergmann, doctoral thesisand
Bemgmann,Raffelsbaueretal., manuscripsubmitted).

Bacterialstrain | Invasionrate | Bacterialstrain | Invasionrate
Wild type 100 =23 | AinlGHE 310+ 9
AinlA 12 +4 AInlA/GHE 19+ 11
AinIC 88 £+ 5 AInIC/GHE 60 + 14
AiInlA/C 10+ 5 AInlA/C/GHE 23+ 2
AinlB 36 £+ 2 AinIB/GHE 21+ 2
AinlA/B 0 AiInlA/B/GHE 0
AinIB/C 2+1 AinIB/C/IGHE 2+2
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2.12 Deletion of inlGHE enhancesadhesionof L. mono-
cytogenes to differ entiated Caco-2cells

To examinewhethertheenhancethvasvenes®bsenedwith theinlGHE deletionmutant
is causedoy anincreasdan the ability of this mutantto adhereto mammaliancells, ad-
hesionassaysvereperformedusingconfluentmonolayersf Caco-2cellswhich shaved
fully differentiatedcell morphology Theseexperimentswere performedby Prof. Dr. I.
Karunasagaat the University of Wiirzlurg, Germaly. As listedin Table2.6,thenumber
of AinlGHE mutantbacteriawhich adheredo theseCaco-2cellswasthree-to four-fold
higherthanthatof thewild typestrain. A similarincreasevasalsoobsenedin theinva-
sivenes®f theadherenmutantbacteriaJeadingto atotalinvasionratewhichwasconsid-
erablyhigherthanthatof thewild type. Whereasadherencef the AinlB mutantwasnot
affected,the numbersof adherentAinlA and AinlC bacteriawere considerablyeduced
(approx.20% and 60%, respectiely, comparedto the parentalstrain), suggestinghat
thesegenesareinvolvedin adhesiorto Caco-2cells. Interestingly relative to the number
of adherenbacteriaall threeinl mutantsshovedinvasionrateswhichweresimilarto that
of thewild type, indicatingthatdeletionof the genesnlA, inIB andinlC doesnot affect
invasioninto confluentdifferentiatedCaco-2cells. In addition,the AinlA/C mutantcon-
structedin the presentwork wasnearlyimpairedto adhereto thesecells (Karunasagar
personakommunication)suggestinghatboth InlA andInIC proteinsmay acttogether
to mediateefficientadhesior{KarunasagaandRaffelsbauerunpublishediata).

Table2.6: Adhesionandinvasionof L. monocytgenesinternalin deletionmutantsinto

Caco-2cells(confluentmonolayers)Adherenceatewascalculatedelative to theinocu-

lum. Invasionratewasdeterminedelative to the numberof adherenbacteria.Datacited

with kind permissionof Dr. |. KarunasagafKarunasagaandRaffelsbauerunpublished
data).

L. monocytgenes| Adherenceate | Invasionrateof
strain adherenbacteria
Wild type 0.30 1.9
AInIGHE 1.10 8.2

AinlA 0.05 1.8

AinlB 0.28 1.9

AinlC 0.19 1.8

Theresultsobtainedby plating out adherenviable bacteriawere confirmedby scan-
ning electronmicroscoyy, sincemore bacteriaof the AinlGHE mutantthan of the wild
type strainwere seenfirmly attachedo the apical side of the Caco-2monolayer(data
not shawn). In contrast,only few bacteriaof the AinlA and AinlA/C mutantscould be
seensuggestinghatinlA, eitheraloneor togethemwith InlC, mediatesadhesiorto differ-
entiatedCaco-2cells (Karunasagaand Raffelsbauerunpublisheddata). In general,no
significantdifferencen theway bacterisadheredo cellswasobseredbetweertheinter-
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nalin mutantsandthewild typestrain. Thesescanningelectronmicroscopicstudieswere
performedby Prof. Dr. . Karunasagain a cooperatiorwork with Prof. Dr. G. Krohneat
the Universityof Wiurzkurg, Germauy.

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

In orderto investigatewhetherthe alteredinvasvenessof the inl deletionmutantsstud-
ied above is causedby a modifiedexpressionof the internalingeneswhich in turn may
influencethe bacterialuptale into non-phagoytic cells, transcriptionof the inlA, inlB
andinlC genesn thesemutantsin comparisorto the wild type strainwasstudiedusing
a semi-quantitatie RT-PCR assay L. monocytgenesstrainsweregrown in BHI to the
logarithmicphaseandRNA wasisolatedasrecentlydescribedDietrich etal., 2000). To
comparedifferent preparationsequialentnumbersof bacteriaand equal quantitiesof
total RNA wereusedfor reversetranscription(RT). To guaranteg¢he sameRT efficiency
for all genegestedtheinlA, inIB andinlC genesverereversetranscribedogethelin one
RT reaction. In addition,the sod gene,which encodeghe superoxidedismutaseandis
constitutvely expressedinderextracellulargrowth conditions wasusedasinternalstan-
dard. For RT-PCRs,gene-specifiprimersweredesignedafter computeranalysisof the
nucleotidesequences.The specificity of the primerswas verified in control PCRsus-
ing chromosomaDNA astemplate which yieldedsingle PCR productsof the expected
sizes. All RNA preparationsvere free of DNA, asshovn by PCR performedprior to
the reversetranscription(Fig. 2.28). IsolatedRNAs werereversetranscribedusingthe
molongy murine leukemiavirus reversetranscriptaseind5 ug total RNA astemplate.
Thegenerate@DNAs weredilutedin exponentialstepsfrom 1:2to 1:2048anddifferent
dilutions weretestedfor optimal PCR conditionsasshawn in Fig. 2.29. For subsequent
amplificationsby PCRthe highestdilutions of the cDNAs which still yieldedvisible in-
saturated”CR productswere used. Sincethe genestestedare transcribedat different
levels,the optimaldilutionswere1:32for inlA andinIC, 1:8for inIB and1:1024for sod
At leastthreeindependenPCRswereperformedpersample.

2.13.1 Deletionof inlGHE alters expressionof theinlA andinlB genes

The RT-PCRtechniqueappliedin this studydemonstratethattherearedifferencesn the
level of transcriptsbetweenthe internalinmutantsandthe wild type strain. Deletion of
inIGHE andinIB eitheraloneor in combinationwith eachotherinducestranscriptionof
theinlA gene.As shown in Fig. 2.30, higheramountsof the inlA transcriptcould be de-
tectedin the mutantstrainslackinginlGHE and/orinlB comparedo thewild type strain.
Ontheotherhand,deletionof singlegenedrom the inlGHE geneclusterapparentlydid
not affect transcriptionof inlA. A similar effect wasobseredwhentranscriptionof inlB
was examined. The levels of the inIB transcriptwere higherin the AinIGHE, AinlA,
AInlA/GHE, AinlA/C and AinlA/C/GHE mutantstrainsthanin the wild type. Interest-
ingly, no increaseof this transcriptcould be detectedn the AinlC and AinlIC/GHE mu-
tants. Again, the amountsof the inIB transcriptin the singlemutantsAinlG, AinlH and
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Figure2.28: PCRanalysisusingRNA isolatedfrom differentL. monocytgenesstrains
afterdigestionof DNA with RNase-freeDNaseprior to reversetranscription.PCRwas
performedusing primersthe SOD-N and SOD-C derived from the sod gene. None of
the aliquotsyielded a PCR product,indicatingthat DNA was completelydigested. As
positive control,chromosomaDNA isolatedfrom L. monocytgenesEGD wild typewas
used(lane7).

AInlE, andin therevertantstraininlG* weresimilar to thatof thewild type. In contrast
to theinlA andinIB genesno significantdifferencen thetranscriptionpatternof theinIC

genewasobsenedbetweenheinternalindeletionmutantsandthewild type. Similarly,

the control RT-PCRsusingthe sod primersyieldedthe sameamountof PCRproductsin

the strainstested jndicatingthat similar quantitiesof total RNA wereusedin this assay
Therefore,differencesobsened in the amountof PCR productsobtainedwith the inlA

andinlB specificprimersare causedy differentlevels of transcriptsof theseinternalin
genedn themutantstrainsin comparisorto thewild type.

Next it wasexaminedwhetherthe increasedranscriptionof the genesnlA andiniB
obseredin the AinlGHE mutantduringthe mid-log phasecould alsobe detectedat dif-
ferenttime pointsof the growth curve. The AinlGHE mutantandwild type strainswere
grown in BHI to the optical densities0.5, 1.0 and 1.4 at 550 nm, which correspondo
the early-, mid- andlate-logarithmicphasesrespectiely. At thesetime points, equva-
lentnumberf bacteriawerehanested.To remove remainingDNA, RNA aliquotswere
treatedwith RNase-fre@dNaseandthe completeDNA digestionwasconfirmedby PCR
using samplesof the RNA aliquotsprior to the reversetranscriptionas template(Fig.
2.31). IsolatedRNAs werereversetranscribedusing5 ug total RNA astemplate,and
for subsequenPCR amplificationscDNAs were usedin the dilutions describedabove.
As shavn in Fig. 2.32, higherlevels of both inlA andinIB transcriptswere detectedn
the AinlIGHE mutantat all threetime points chosen jndicatingthat the enhancedran-
scription of thesegenesis not transientbut continuousalong the logarithmic phaseof
bacterialgrownth. Again, no differencein transcriptionof inlC or the standardgenesod
wasobsened. Interestingly a slightincreasan transcriptionof inlC in thelatelog phase
comparedo theearlylog phasecouldbedetectedn bothstrains.
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Figure2.29: PCRsusingprimersderivedfrominlA (A, lanesl-12),inIB (B, 1-3)andinIC
(B, 4-6) to testfor optimal dilutions of cDNAs from L. monocytgeneswild type. RNA
wasisolatedat opticaldensitiesof 0.5(A, 1-4),1.0(A, 5-8;B, 1-6)and1.4(A, 9-12)and
reversetranscribedasdescribedn section5.3.2. A. The cDNAs werediluted 1:8 (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).



2.13. Transcriptionaktudiesof thegenesnlA, inIB andinlC by RT-PCR 55

inlA
= —1.00kb
w— —0.75kb
W) - - e e W e - e ame @ e -~ —050kb

—0.25kb

1 2 3 4 5 6 7 8 9 12 13 14 15 16 17 18 19 20 M

1 2 3 4 5 6 7 8 9 11 13 14 15 16 17 18 19 20 M

inlC
E
W = = = = - - — — —— - —— —
m—

1 2 3 4 5 6 7 8 9 10 11 13 15 16 17 18 19 20 M

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 M

Figure2.30: Comparisorby semi-quantitatie RT-PCRsof thetranscriptionof the genes
inlA, inlB, inlC andsodin theL. monocytgeneswild typeandinternalindeletionmutant
strains. Bacteriawere grown in BHI to the mid-log phase. The cDNAs were prepared
from 5 ug total RNA andusedin subsequersamplificationsby PCRin the following di-
lutions: 1:32for inlA andinIC, 1:8 for inIB and 1:1024for sod PCR productsof inlA
(515bp), inIB (525 bp), inlC (532 bp) andsod (471 bp) were obtainedwith the primer
pairsRTALup/RTA2down, RTB1up/RIB2down, RTC1lup/RFC2dovn andSOD-N/SOD-
C, respectiely. The DNA fragmentsvereamplifiedfrom the5’ endof the codingregion
of the correspondingyenes.20 from 100 pl total volume of eachPCRwereloadedon
agarosegels. Gelsphotographedvith the sameintensity were matchedby comparing
eithersinglebandsof the DNA moleculamweightstandardr PCRproductsrom thewild
type. Lanes: Control PCRwith chromosomaDNA (lanel), RT-PCRsof L. monocyto-
genesstrainswild type (lane 2), AinlIGHE (3), AinlA (4), AinlA/GHE (5), AinIB (6),
AInIB/GHE (7), AinIC (8), AinIC/GHE (9), AinlA/B (10), AinlA/B/GHE (11), AinIB/C
(12), AinIB/CIGHE (13), AinlA/C (14), AinlA/C/GHE (15), wild type (16), AinlG (17),
AinlH (18), AinlE (19) andinIlG* (20).
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Figure2.31: PCRanalysisusingRNA isolatedfrom L. monocytgenesstrainswild type
(lanesl, 3 and5) and AinIGHE (2, 4 and 6) in the early-, mid- and late-logarithmic
phasestespectiely, afterdigestionof DNA with RNase-fred®dNaseprior to reversetran-
scription.PCRwasperformedusingtheprimersSOD-NandSOD-Cderivedfrom thesod
gene.Noneof the aliquotsyieldeda PCRproduct,indicatingthat DNA wascompletely
digested.As positive control,chromosomaDNA of thewild type strainwasused(lane
7).
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Figure2.32: Comparisorby semi-quantitatie RT-PCRsof thetranscriptionof thegenes
inlA, inlB, inIC andsodin the L. monocytgenesstrainswild type (lanesl, 3 and5)
and AinIGHE (lanes2, 4 and6) in the early (1 and2), mid (3 and4) andlate (5 and
6) logarithmic phasesf bacterialgrownth. The cDNAs were preparedandamplifiedas
describedabore. 20 from 100 ul total volumeof eachPCRwereloadedon agaroseyels.
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2.14 Transcriptional studiesof the inlIGHE genecluster
using the semi-quantitative RT-PCR technique

The transcriptionaktudiesof the inlGHE geneclusterperformedusingthe GFPexpres-
sion plasmidsasreportershaved thatthe inlG promoteris the mostactive promoterof
this cluster but lower actuities of the inlH andinlE promoterswerealsodetectedFig.
2.9). However, thesestudiesdid not examinewhetherinlH andinlE aretranscribednly
by their own promotersor additionallyaspolycistronictranscriptsstartingfrom the inlG
promoter Therefore transcriptionof inlG, inlH andinlE wasagaindeterminedoy the
semi-quantitatie RT-PCR assay(Altrock, 1997; Bubertet al., 1999) using RNA from
BHI grown L. monocytgeneswild type and AinlG, AinlH and AinlE mutantstrains,
with the sod geneasinternalcontrol. Again, RNA samplesveredigestedwith RNase-
freeDNaseto avoid DNA contaminationsindthecompletedigestionwasverifiedby PCR
asshowvnin Fig. 2.33.IsolatedRNAs werereversetranscribedisingthe moloney murine
leukemiavirus reversetranscriptaseand 10 ug total RNA astemplate. Diluted cDNAs
weretestedby PCRto determineoptimal dilution for eachgene(Fig. 2.34). For subse-
guentPCRamplificationscDNAs wereusedn thedilutions1:16for thegenesnlG, inlH
andinlE and1:1024for sod
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Figure2.33: PCRanalysisusingRNA isolatedfrom theL. monocytgeneswild type(lane
2) andthe mutantstrainsAinlG (4), AinlH (6) and AinlE (8) after digestionof DNA
with DNaseprior to reversetranscription. PCRswere performedusingthe primer pairs
RTG1lup/RFG7Bdovn or RTH4Bup/RTH6down (for AinlG). Noneof the RNA samples
yieldedaPCRproduct,ndicatingthatDNA wascompletelydigested As positivecontrol,
chromosomaDNA from thewild typestrainwasused(lanesl, 3,5 and7).

2.14.1 Deletion of singlegenesfrom the inlGHE genecluster did not
alter transcription of the remaininginl genes

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

andinlE yielded productsof the expectedsizes,demonstratinghat all threegenesare
expressedalbeitatlow efficiency comparedo sod Reactionswvith primersderivedfrom

inlG yielded higher amountsof product, confirming previous datawhich shoved that
transcriptionof this geneis strongerthanthatof inlH or inlE (seeFig. 2.9A). Transcrip-
tion of the genesof the inlGHE clusterwasnext examinedin the singlemutantsAinIG,

AinlH and AinlE. The RT-PCRsshawn in Fig. 2.35 demonstratedhat the inlG gene
wastranscribedn the mutantsAinlH and AinlE asefficiently asin thewild type strain,
shawing thatdeletionof inlH or inlE doesnot influencetranscriptionof inlG. Similarly,

transcriptionof inlH in the strainsAinlG and AinlE, andof inlE in thestrainsAinlG and
AinlH yieldedthe samelevel of transcriptsasin thewild type strain,demonstratinghat
no alterationin geneexpressiorresultedrom the deletionevents.

Next, a putative polycistronictranscriptionof theinlGHE geneclusterwasexamined.
As shown in Fig. 2.36, basicallyno productwas obtainedby RT-PCRsusing different
primer pairswhich shoulddetectpossibleinlG-inlH, inl[H-IinlE or inlG-inlH-IinlE poly-
cistronictranscriptsgxcepta faint but reproduciblebandobtainedwith primersto detect
aninlG-inlH bicistronictranscript. Thus,thesedatasuggesthatthe inlG, inlH andinlE
genesaretranscribedmainly asmonocistronicranscripts. This is supportedoy the oc-
currenceof promoter andterminatorlik e structuresip- anddownstreanof eachof these
geneswhich argue for their monocistronictranscription. However, the possibility that
thesegenesaretranscribedoolycistronicallyat levels belov thosedetectableoy the ap-
plied RT-PCRmethodcannotbe excluded.
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Figure 2.35: RT-PCRs. Transcriptionof the genesinlG, inlH, inlE andsodin the L.
monocytgenesstrainswild type (lane 2), AinlG (3), AinlH (4) and AinlE (5) in the
logarithmicphase.The cDNAs were preparedrom 10 ug total RNA andusedin sub-
sequentmplificationsby PCRin the dilutions 1:16 for inlG, inlH andinlE and1:1024
for sod PCR productsof inlG (432 bp), inlH (709 bp), inlE (606 bp) andsod (471
bp) were obtainedwith the primer pairs RTG1lup/RFG7Bdavn, RTH3up/RTH5down,
RTE3Aup/RTE3Ddovn andSOD-N/SOD-Crespectrely. TheDNA fragmentsveream-
plified from the 5’ endof the codingregion of the correspondingyenes.30 from 100 ul
total volumeof eachPCRwereloadedon agarosayels. Lane1: Control PCRwith chro-
mosomabDNA.
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Figure2.36: RT-PCRsto detecta polycistronictranscriptionof the inlGHE genecluster
in form from inlG-inlH, inlH-inlE andinlG-inlH-InlE transcriptsusingcDNA from the
L. monocytgeneswild type strainin the dilutions 1:2 (lanes2 and5) and 1:4 (lane 3
and 6). The cDNAs were preparedfrom 10 pg total RNA. PCRsof inlG-inlH (971
bp), inlH-InlE (932 bp) andinlG-inlH-InIE (2,298bp) were performedwith the primer
pairsinlX-2/RTH5down, inlYseq-1/inlZseq-3and Xvorw-6/PinlZ, respectiely. 30 from
100 pl total volumeof eachPCRwereloadedon agaroseels.Lanel: ControlPCRwith

chromosomabDNA.
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2.15 Transcription of the genednlG, inlH andinlE is not
activatedby HepG-2cells

Transcriptiorof thegenesnIG, inlH andinlE is veryweakwhenL. monocytgenesyrows
extracellularlyin rich culturemedia(BHI). Therefore it wasexaminedwhetherexpres-
sion of thesegenesis inducedafter contactof the bacteriawith mammaliancells. For
thisassayL. monocytgenesstrainswild typeandAinlA/B mutantcontainingthe GFPre-
porterplasmidsPinlG-gfp, PinlH-gfp andPinlE-gfpwereused.Plasmidsvereintroduced
into L. monocytgenedy electroporationCloneswereselectedy tetrag/clineresistance
andscreenedyy PCRasshown in Fig. 2.37.
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Figure2.37: PCRanalysisof clonesof the L. monocytgenesAinlA/B straincontaining
the GFPexpressiomplasmidsPinlG-gfp (lanesl-5), PinlH-gfp (6-10) and PinlE-gfp (11-
15). PCRscreeningvasperformedwith the primer pairsdelseq-1/gfp230nlX-2/gfp230
anddelE-1/gfp230.

As describedn detailin section2.7,the plasmidsPinIG-gfp, PinlH-gfp andPinlE-gfp
carrythe putatve promoterregionsof eitherinlG, inlH or inlE fusedto the promoterless
gfp cDNA encodingthe greenfluorescenprotein GFP. The promoteractivity of eachof
thesegenesmeasureasthe GFP-mediatedluorescencevasmonitoredby fluorescence
microscopy while the bacteriawereincubatedn the presencef the humanhepatogte-
like HepG-2cells. Internalizationof bacteriaby thesecells can be mediatedby both
internalinsinlA andInIB. Bacteriawerepreparedor infectionandappliedto thecellsas
describedn detailin section5.4.4. As showvn in Fig. 2.38for L. monocytgenesstrains
carryingthe plasmidPinlH -gfp, virtually no fluorescencevasdetectediuringanincuba-
tion periodof 5 h post-infection,neitherin the AinlA/B mutant,which was seenextra-
cellularly adheredo the cells, nor in the wild type strain. Similar resultswere obtained
with strainscontainingthetwo otherplasmidsPinlG-gfp andPinlE-gfp (datanot shown).
Theseresultsindicatethatexpressiorof inlG, inlH andinlE is notactivatedby contactor
internalizationof the bacteriainto mammaliarhostcellsof thecell line HepG-2.Similar
resultswere obtainedby FACS-analysiof Caco-2cells infectedwith the L. monocyto-
geneswild typestraincarryingthe sameGFPexpressiorplasmidsusedhere(Fig. 2.9B).
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Figure 2.38: Adhesionandinvasionof L. monocytgenesstrainsharboringthe GFPre-
porter plasmid PinlH-gfp into HepG-2cells. No fluorescenceould be detectedn an
incubationperiodof 5 h post-infection(Fluorescencgicturesnot shovn). Photographs
show phase-contraghicroscoly imagesof HepG-2monolayersontainingbacteriaof the
strainswild type (upperpanel)and AinlA/B (lower panel)transformedwith the plasmid
PinlH -gfp. Similarresultswereobtainedwith strainscontainingtheotherGFPexpression
plasmidsPinlG-gfp andPinlE-gfp.
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2.16 ldentification of the inlF geneof L. monocytogenes
EGD

In a previous study (Dramsiet al., 1997),a new inl genewasidentifiedin L. monocy-
togenesin additionto theinlAB, inIC2DE andinlGHE geneclusters.This gene,termed
inlF, encodeslargeinternalinof 821aminoacidssimilarto InlA. Nucleotidesequencing
of thechromosomategion surroundingnlF revealedthatthis geneis not clusteredwith
furtherinternalingenes.Upstreanof inlF thereexistsan ORFwith no similaritiesto se-
guencesn the databasesyhile downstreanmof inlF an ORFwasdetectedvhich encodes
a proteinsimilar to the phosphoenolgruvate synthaseof E. coli. Similarly to the other
large internalingenesjnlF is maximally expressediuring the early exponentialgrownth
phaseunderextracellularconditions.Deletionof inlF did notaffectentryof L. monocyto-
genesinto non-phagoytic cellsin vitro. Also, virulenceof theinlF deletionmutantwas
notalteredin themousemodel(Dramsietal., 1997).

Sincethe geneclusterinlC2DE identified previously (Dramsiet al., 1997)was not
detectedn otherL. monocytgenesstrains(seeFig. 2.3),the occurrencef theinlF gene
in other strainsthanthat usedin Dramsiet al. (1997)wastestedin the presentstudy
Oligonucleotidesderived from the publishedinlF sequencevere usedto amplify the
completenlF geneby PCRfrom L. monocytgenesstrainsEGD,NCTC 7973andLO28.
Noneof thereactiongerformedwith inlF-specificprimersyielded products put control
PCRswith the L. monocytgenesspecificprimersMonoA andMonoB resultedin bands
of the expectedsizes.To investigatewhethertheinlF geneis absenin the strainstested,
furtherinternalprimersweredesignedhatallowed amplificationof inlF in two overlap-
ping fragmentstermedinlF1 andinlF2. AgaininlF1 could not be amplified, while the
secondPCRgave a product,which washowever smallerthanexpected. The PCRprod-
uctinlF2 from strainEGD, which wasobtainedwith the primersinlF-2 andinlF-6, was
clonedinto thevectorpUC18andsequencedThenucleotidesequencef this DNA frag-
mentrevealeda highidentity to the existing inlF sequenceTo extendthe sequencérom
the strainEGD, inversePCRswereperformedin both up- anddownstreandirectionsas
previously described Raffelsbauer1997)using Alul-, Dral- andRsd-cleaved chromo-
somalDNA andthe primer pair inlFinv-1/inlFinv-2. The PCR productsobtainedwere
clonedinto pUC18andsequencedBy this procedureachromosomategion of 1,201bp
wasamplifiedwhich containedan ORFencodinganinternalin-like protein. As shovn in
Fig. 2.39,thesequencef theDNA regionamplifiedwasnearlyidenticalto the previously
determinednlF sequencéDramsietal., 1997),showving thatthis geneis alsopresenin
strainEGD. The completenucleotidesequencef the fragmentof the inlF genefrom L.
monocytgenesEGD amplifiedin this studyis shovnin App. B.3.

2.17 TheinlGHE genecluster in L. monocytogenes clini-
cal isolates

The L. monocytgenesEGD strain usedin this study provided by S. H. E. Kaufmann
(University of Ulm, Germaly), belongsto the serotypel/2a. This strain causessep-



64

2. Results

684 A

51

734

101

784

201

884

251

934

301

984 G,

351

1034

401

1084 AA(

801

851

1534

901

951

1634 T,

1001

1684

1051

1734

1101

1784 TT.

1151

1484 ATGGTTGGTACGACGCAGAAACA

1584 TAGCTACCAAGCAAA

1834 AAT(

to: inlF.seq check: 1679 from 1 to: 2466

Gap Weight: 50 Average Match: 10.000

Length Wi ght: 3 Average M smatch: -9.000
Quality: 11953 Lengt h: 1201
Ratio: 9.953 Gaps: 0

Percent Similarity: 99.750 Percent Identity: 99.750

Mat ch di splay thresholds for the alignnent(s):
| = I DENTITY

AGCTGGCTTGACAAAATTGGACAATATAGCAGCATATTCGAATAAAATCA
||||||||||||||||||||||||||||||||||||||||||||||||||
GCTGGCTTGA

CAAAATTGGACAATATAGCAGCATATTCGAATAAAATCA 7

CTGATATTACTCCTGTGACCAATTTAACAAGACT CCAGTATTTGGATTTA

R R AR AR AR RNy
CTGATATTACTCCT GTGACCAAT TTAACAAGACTCCAGTATTTGGATTTA

GGTAGT AATGAAATCACTGATTTAAGT CCTGTGGCTAATCTGCAAAAAT T

R AR AR AR AR
GGTAGTAATGAAATCACT GATTTAAGT CCTGTGGCTAATCTGCAAAAATT

AAGATTTAACAAATTTAACT TCGT TGGGT TTACAAAACAATAAAATTAGT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
AAGATTTAACAAAT TTAACT TCGT TGGGT T TACAAAACAATAAAATTAGT

GATATATCOGTTTTGAAAAATCTAACCCAT GTGACTTATTTGCAGCT GGG

IIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIII
GATATATCCGT TTTGAAAAATCTAACCCATGT!

GTATAACCAAATAGT GGATGTGAAAAT AATCGGAGGACTAACTAATTTAA

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
AACCAAATAGT GGATGT GAAAATAAT CGGAGGACTAACTAATTTAA

CAAGTTTGCAGTTAACACAAAACCAT ATTACTGACATAAGTCCTTTAGCS

AR R R AR AN A AR AR
CAAGT TTGCAGT TAACACAAAACCATATTACTGACATAAGTCCTTTAGCC

AACTTAACCAAAATACAATACTCTGACTTCTCTAATCAGATGATAACAAA

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
AACCAAAATACAATACTCTGACTTCTCTAATCAGATGATAACAAA

ATGGTTGGT ACGACGCAGAAACAGGOGGAACAAAAT GBGACT TCACAACC

R R N AR RN
GGCGGAACAAAAT GGGACT TCACAA(

GGOCAAATGCCTGCAAAT GACCTCACACTATATGOCCATTTTTCOGTAAA

A R AR AR
GGGCAAAT GCCTGCAAAT GACCTCACACTATATGCCCATTTTTCOGTAAA

TAGCTACCAAGCAAATTTTGATATAGACGGT GT GGTAACGAAT GAAGCGG
|

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTTTGATATAGACGGT GTGGTAACGAAT

TAGTATACGATACCTTACT CAATGAACCGACCACT CCAACCAAACAAGES

IIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
AGT ATACGATGOCT TACTCAAT GAACCGACCACTCCAACCAAACAA(

TATACATTTGATGGCT GGT AT GACGCAGAAACAGGOGGT AATAAGT GGGA

IIIIIIIIIIIIII||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TATACATTTGATGGCTGGTAT CAGGCGGTAA

TTTCAAAACAATGAAAATGOCOGOGAATGATGTTGCTTTTTATGCACATT

IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTTCAAAACAAT GAAAAT GOCOGOGAATGATGT TGCTTTTTATGCACATT

TTACTATCAACAACTATCAAGCAAATTTTGATATAGATGGTGAGGTAAAG

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CTATCAACAACTATCAAGCAAAT TTTGATATAGATGGTGAGGT.

AATGAAACGATAGCATACGATACCT TACT CAATGAACCGACCACTCCAAC

R R NN AR AN AR
GAAACGATAGCATACGATACCT TACT CAATGAACCGACCACTCCAAC

BESTFIT of: inlF (EGD) check: 5078 from 1 to: 1201

CC 1533

900

1583

950

GAAGCGG 1633

1000

GGC 1683

1050

GGGA 1733

1100

1783

1150

G 1833

1200

1883

Figure2.39: Nucleotidesequenceomparisorof theinlF geneamplifiedfrom the EGD
(1997) determinednlF
sequencdunderline) createdby the programBestFit (GeneticsComputerGroup, Uni-
versity of Wisconsin). Pipesindicateidenticalnucleotides.Nucleotidepositionswithin
thesequencearelistedatbothmamgins.

strainusedin this study (upperline) andthe by Dramsiet al.
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ticaemiaand infectionsof the centralnerwus systemlike meningitisand meningoen-
cephalitis. OtherL. monocytgenesstrainswere however describedwhich cancausea
localizeddiseasen form of gastroenteritisThreeof thesestrainswereusedin thepresent
studyto investigatehe occurrencef Inl proteinsandputative variationsin theinternalin
equipmentn comparisorto the strainEGD. The following L. monocytgenesgastroen-
teritisisolateswereused:Strain1724,aclinical isolatefrom Denmark(1995),belonggo
serotypetb (Heitmannetal., 1997). Strain35264 ,alsoa clinical isolate(Germaly), was
ascribedo the serotypel/2a(H. Hof, University of Mannheim,Germaly). Strain1727
wasisolatedfrom milk in theUSA (1995)andbelonggo theserotypel/2b(Daltonetal.,
1997).In addition,threeothersepsiscausing.. monocytgenedsolatesnvereused.Strain
579wasisolatedin the USA (1985)from cheesdLinnanetal., 1988). Strains535 and
536 areclinical isolatesfrom the blood of patientsfrom Switzerland(1983-1987)Bille,
1998).All threesepsisstrainsbelongto the serotypethb.

In the presentstudythe questionwasraisedwhetherthe L. monocytgenesgastroen-
teritis strainsare impairedto spreadthroughthe organismdueto the lack of somein-
ternalins,resultingin a form of listeriosiswhich is restrictedto the region of the entry
portal, the gastrointestinairact. Therefore the occurrencef theinlGHE geneclusterin
the gastroenteritistrainscomparedo the sepsissolatesdescribecabore wasexamined
by PCR.As control,strainEGD wasused.

As shavnin Fig. 2.40,PCRsusingoligonucleotideshatspecificallydetectthe occur
renceof theinlG geneunequvocally shovedthatthis geneis presentn thegastroenteritis
strains1724,35264and1727. Strain35264yieldedtwo- to four-fold higheramountsof
PCRproductthanthe controlstrainEGD. Faint DNA bandswerealsodetectedn thesep-
sisstrains535 (A1) and579 (A2), whereasstrain536 wasnegative in both PCRassays.
PCRswith inlH specificprimersshaveddivergentresults.As depictedn Fig. 2.40,in the
firstassayB1) theinlH genecouldbedetectednly in thegastroenteritistrain35264.In
contrastthesamePCRyieldedin theremainingstrainsseveralbandsof lowerintensities.
Theseresultswereconfirmedby a secondPCRperformedwith anotherprimer pair (data
notshavn). However, athird assayB2) revealedthe presencef inlH in thestrainsl724,
35264and535. In all threeassayghe control strain EGD yielded specificproducts.In
accordanceavith the dataobtainedwith inlG andinlH specificprimers,theinlE genewas
detectedn the strains1724,35264and535. As shavn in Fig. 2.40C,faint DNA bands
werealsoobtainedwith the remainingstrains579,1727and536. The control PCRwith
L. monocytgenesspecificprimersderivedfrom theiap geneyieldedin all strainstested
productsn theexpectedsize(2.40D).Theabove datademonstratéhatatleasttwo of the
threegastroenteritistrainstestedshav to possessheinlGHE genecluster However, the
genesnlG, inlH orinlE could not be clearly detectedn the sepsisstrains579 and536.
Takentogethertheseresultsgive evidenceof variationswithin thesequencesf thegenes
from theinlGHE geneclusteramongthe L. monocytgenessolatesestedandsuggesthe
occurrencef differentequipment®f internalinsin thesestrains.
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Figure2.40: PCRsto detectthegenesnIG (Al andA2), inlH (B1 andB2), inlE (C) and
iap (D) in theL. monocytgenesisolates1724(1), 579(2), 35264(3), 1727(4), 535(5),
536(6) andEGD (7). Strainsl, 3 and4 causegastroenteritiswhereasstrains2, 5 and6
causesepsis.StrainEGD (7) wasusedascontrol. PCRswereperformedwith following
primer pairs. Lengthof the obtainedPCR productis indicated. A1l. pGluco-1/inlX-3
(inlG; 664 bp). A2. pGluco-1/inIXspez-LinlG; 1,001bp). B1. inlX-2/inlYC2spez-1
(inlH; 397 bp). B2. inlYC2spez-2/PinlZdinIH; 794 bp). 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 the L. monocytgenesclinical isolatesdescribedabore to invadeandgrow
in mammaliancells in vitro was examinedin detail somavhere else (Wagneret al.,
manuscriptin preparation). This study revealeddifferencesin adhesion,invasveness
andintracellularreplicationin the cell lines Caco-2,TIB73, J774and P388amongthe
strainstestedwhich could at leastpartially explain the distinctbehaiors of thesestrains
during a humanlisteriosis. In the presentstudy the fate of cells infectedwith theseL.
monocytgenesstrainswasinvestigated.In particular the aspectsell viability andcell
deathwereexamined.

Induction of cell death(necrosisor apoptosis)y infection with L. monocytgenes
hasbeenpreviously obsened in lymphogytes, dendritic cells and hepatogte-like cells
(Merrick etal., 1997; BarsigandKaufmann,1997; Guznmanet al., 1996; Rogerset al.,
1996). The presenstudyinvestigatedvhetherthedistinctL. monocytgenesclinical iso-
latesdescribedabove affect cell viability by inducingapoptosior necrosisn cellsof the
epithelialcell line Caco-2andthemacrophage-ligcell line J774.TheL. monocytgenes
isolatesusedherediffer from eachotherby causinga localized(gastroenteritispr agen-
eralized(septicaemiajorm of listeriosisin vivo. Inductionof cell deathwith releaseof
the bacteriato the extracellularervironmentcouldimpair bacterialreplicationand prop-
agation. In addition, cell deathby necrosisbut not by apoptosilicits an inflammatory
response.

Necrosisandapoptosishave distinctmorphologicalandbiochemicahallmarks.One
biochemicalfeaturethat characterizesell deathby apoptosiss the activation of anen-
dogenousendonucleasthat clearesgenomicDNA at the region betweennucleosomes
(Wyllie, 1980; Duke, 1983), thus generatingmono- and oligonucleosomaDNA frag-
mentswhich can be detectedin the cytoplasmof dying cells hoursbefore membrane
breakdevn. Here,inductionof apoptosisdue to infection with L. monocytgeneswas
studiedby photometricallydeterminingthe amountsof histone-associateBNA frag-
mentspresentin the cytoplasmof infectedCaco-2and J774cells usingthe Cell Death
DetectionELISATLUS Kit (Roche)asdescribedn detailin section5.4.5. Furthermore,
evidencesof cell disintggrationcauseckitherby necrosisor asa later eventof the apop-
totic procesgsecondarynecrosisWwereobtainedby simultaneousnalysisof the culture
supernatantTheseexperimentsvereperformedogethemwith Dr. M. Wagnerat the Uni-
versity of Wirzlurg, Germayy.

As summarizedn Fig. 2.41, no significantdifferencesin the amountof histone-
associatedNA fragmentswere obsered betweenstrain EGD and non-infectedcells
(NC), suggestinghatinfection of Caco-2andJ774cellswith this straindoesnot elicit
apoptosisHowever, considerablalifferencesveredetectecamongthedistinctL. mono-
cytagenesisolatesconcerningtheir ability to inducecell deathin comparisonto strain
EGD. As shovn in Fig. 2.41A, a two- to three-foldincreasein the level of histone-
associatedNA fragmentsin comparisorto strain EGD was detectedn the cytosol of
Caco-2cellsinfectedwith the strains535and1724,suggestinghattheseisolatesnduce
apoptosign this epithelial cell line. The photometricdeterminationof the DNA frag-
mentsin thesesamplesyielded optical densitiesof nearly 2.0, which are similar to the
valuesobtainedwhenthe apoptosis-inducingubstanceampothecirwasusedin control
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experimentslin contrastyery few nucleosomesouldbefoundin the culturesupernatant
(datanot shawvn), indicatingthat no significantchangesn cell membranentegrity were
measurablat lest at the time point of analysis.High amountsof DNA fragmenty(1.6-
fold increasan comparisorio EGD)werealsodetectedn thecytoplasmof cellsinfected
with strain1727,whereasstrain579 apparentlydid not have ary effect on cell viability.
Infection of Caco-2cells with the AinlGHE mutantled to a two-fold increasein DNA
fragmentationyhich correlatedo the increasednvasivenesf the mutantinto this cell
line. In contrastjnfectionwith the AinlC mutantshavsareducecamountof nucleosomes
(45%comparedo strainEGD). A correlationbetweertheamountof DNA fragmentgde-
tectedin the presentstudy and the bacterialinvasvenesgWagneret al., manuscriptn
preparation)wvas alsoobsened for the L. monocytgenesclinical isolatestested. Inter-
estingly thewild type strainEGD failedto elicit anincreasedNA fragmentatiorunder
the conditionsusedin comparisorto non-infecteccells. Thisresultis in accordancevith
microscopicaktudiesusingthedyesHoechst33342andpropidiumiodidewhich shoved
thatinfection of Caco-2cells with strainEGD led to anintensve spreadingof the bac-
teria without signsof significantcell death,in contrastto strain 1724, which causeda
pronouncedell destruction(Wagneret al., manuscriptin preparation).In J774cellsno
significantalterationin theamountof DNA fragmentsvasobsenedbetweerstrainsEGD
andAinIGHE, whichwasonly slightincreasedn comparisorto the non-infecteccontrol
cells. However, strainsAinIC, 1727,1724,579and535shav agrowing increasén DNA
fragmentationlin this casenodirectcorrelationbetweerinductionof cell deathandbac-
terial invasvenesscould be obsered. However, strainswith high levels of nucleosomes
wereshowvn to spreadmnoreefficiently in J774cells.
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Figure 2.41: Analysisof cell deathby apoptosisnducedby infection with differentL.
monocytgenesisolates. Quantitatve photometricdeterminationof histone-associated
DNA fragmentsafterinfection of Caco-2(A) andJ774(B) cellswith L. monocytgenes
strains535,579,1724,1727,EGD, AinlC andAinIGHE. NC andPCrepresenthe neg-
ative controlusingnon-infecteccellsandthe positive controlsuppliedby thekit, respec-
tively. Cellswereinfectedfor 1 h ataMOI of 20 (Caco-2)or 0.5(J774)bacterigpercell.
After anincubationtime of 9 h (Caco-2)or 6 h (J774),contentsof histone-associated
DNA fragmentswere determinedohotometricallyusingthe enzyme-immunoassagell
DeathDetectionELISAPLUS (Roche). Graphpresentsneanst standarddeviations of
four independensampleger strainfrom onerepresentatie experiment.
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CHAPTER 3

Discussion

In thepresenstudythreenew geneof Listeriamonocytgenedelongingto theinternalin
multigenefamily were identified and characterizedRaffelsbaueret al., 1998). These
genestermedinlG, inlH andinlE, encodeproteinsof 490,548 and499 aminoacids,re-
spectvely, which shaw all featurescharacteristidor thelarge internalins.InlA andInlB
werethefirst membersf this family to bedescribedGaillardetal., 1991).Botharesur
faceproteinsrequiredfor invasionof L. monocytgenesinto mammaliarcells (reviewed
by KuhnandGoebel 2000).InlA mediateentryinto theenterogte-like cell line Caco-2
(Gaillard et al., 1991), whereadnIB triggersinvasioninto several othercell lines, in-
cludingendotheliakells, hepatogtesandsomeepithelialcellslines (Greiffenbeg et al.,
1998;Paridaetal., 1998;Iretonetal., 1996;Dramsietal., 1995;Lingnauetal., 1995).A
third memberof this family, termedinIC or IrpA, wasidentifiedlater (Engelbrechetal.,
1996; Domannetal., 1997). InIC is a small extracellularproteinof unknovn function,
but seemdo be importantfor virulenceof L. monocytgenes sincethe absenceof this
proteinleadsto anincreased.D 5, in themousemodel(Engelbrechetal., 1996).

As reportedin Raffelsbaueret al. (1998), the internalinsInlG, InlH and InlE dis-
play all featurescharacteristidor the large, cell wall-boundinternalins whoseprototype
is representedby InlA: a 33 to 35-aminoacidssignalsequenceharacteristidor Gram-
positive bacteriashoving atypical signalpeptidasel clearagesite, a leucine-richrepeat
(LRR) region or region A, a consered inter-repeatregion, a further repeatregion con-
taining the B repeatsanda putative cell wall anchorat the C-terminuswhich fixesthe
proteinson the bacterialcell surface.

The leucine-richrepeatswhich are characteristidor the superéimily of leucine-rich
repeat(LRR) proteins,are built by consecutre repeatunits of regularly spacedeucine
or isoleucineresiduedisplayinga characteristiconsensusequencékobeandDeisen-
hofer, 1994;KobeandDeisenhofer1995).LRRscorrespondo S—« structuralunitscon-
sistingof ashorts-strandandanopposingantiparallela-helix connectedo eachotherby
coils (Marino etal., 2000). Thesestructuregesultsin a non-glolular, horseshoe-shaped
molecule wherethe -strandgorm the concae andthe a-helicesthe corvex faceof the
molecule. The LRR region of internalinsconsistsof varying numbersof LRR units of
22 aminoacidseach.The numberof theseunitsrangesrom four in InIG and14in InlA
(Raffelsbaueret al., 1998). Interestingly in the internalinsinIB, InIC2, InID, InlE, InIG
andInlH the LRRs number5 and 9 were fusedto eachother leadingto the complete
deletionof therepeats, 7 and8, andreducingthe numberof LRRsin unitsof four. This
deletionwasonly partially obsened in the largerinternalinInlF (821 aminoacids). In
addition,repeat2, 3 and11 wereabsenin InlG (4 LRRs), but presenin InlH andInlE
(both7 LRRs),whereasepeatsiumberl2, 13and14 aremissingin all threeinternalins.
Suchinternaldeletionof LRR unitsmayariseby homologousecombinatiorbetweerthe
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highly similar nucleotidesequencesncodingtheserepeatsThesevariationsin thenum-
berof repeatdy intragenicrecombinatiommaygenerataew proteins.A similarexample
of internaldeletionof LRRswasalsoobsenredin i-InlE, asmallinternalinof L. ivanovii
which hasonly two repeatsn contrasto the remainingsmallinternalinswith five LRRs
(Engelbrechetal., 1998b).Thereforejt is temptingto speculatéhattheinternalinmulti-
genefamily arisedby geneduplicationfollowed by homologougecombination]jeading
to deletionsandvariationsin the structureof thesehighly similar proteins.A comparable
mechanismvaspreviously suggestedor theevolution of eukaryotidLRR proteinswhich
comprisesunequakross-@ersandduplicationsof genefragmentscorrespondingo pro-
totypic leucine-richbuilding blocks(KobeandDeisenhofer1994). Interestingly InlA is
mostly conseredin a wide variety of L. monocytgenesstrains(Poyart et al., 1996). It
wasshavn thattheregion A of InlA derivedfrom 68 L. monocytgeneswild typestrains
displaysa DNA polymorphismwhich arisesexclusively from point mutationsjndicating
thatthe geneticheterogeneityexhibited by theserepeatds not causedoy intragenicre-
combinations.The conseration of InlA, which pointsto the importanceof this protein
dueto its function,andtheintragenicrecombinatiorbetweerLRRsobsenedin otherinl
proteinssuggesthatinlA maybeaprototypefrom which theinternalinmultigenefamily
arises.

LRR proteinsaremostlyinvolvedin protein-proteinnteractionsandacteitherasad-
hesve proteins,like the small proteoglycansiglycan, fioromodulinand decorin,or as
receptorsn signaltransductioncascadedike CD14 and gonadotropirnreceptorgKobe
andDeisenhofer1994; Kobe and Deisenhofer1995). Theseproteinbinding functions
seemto beperformedby the LRR structuresindeed it wasrecentlyshavn thatthe LRR
regionsof InlA andInIB areessentiafor interactionswith mammaliancells by binding
to the correspondingeceptorqLecuitetal., 1997;Braunetal., 1999). The LRR region
of InIB, whosex-ray crystalstructurewasrecentlydeterminedMarino et al., 1999),is
necessargndsufficientfor theactivationof phosphoinositid@-kinase yearrangemeruaf
theactincytoskeletonandinvasionof permissve cellsin vitro (Braunetal., 1999). Simi-
larly, the LRR region of InlA is necessaryo mediateinvasionin mammaliarcell in vitro
but requiresthe presencef the inter-repeatregion for this actwity (Lecuitetal., 1997).
The specificity of theseinteractionswas demonstratedavith E-cadherinthe cellular re-
ceptorof InlA. Substitutionof onesingleaminoacid at position 16 (which is prolinein
the humanE-cadherinjabrogatesnteraction(Lecuit et al., 1999). Therefore,it will be
interestingto studythefunctionof the smallerLRR regionsof the newly identifiedInIG,
InlH andInlE andelucidatewhetherandhow variationsin sequencandsizeof theLRR
regionsinfluencetheability of internalinsto interactwith mammaliarcells.

Whereagherole of theLRR regionsof InlA andInIB is well characterizedyery little
is known aboutregion B. InlA hasthreeB repeatsf 70, 70 and49 aminoacids,respec
tively (Gaillardetal., 1991).In InlG andInlH thefirst B repeats missing. Surprisingly
comparedo all otherlarge internalins,InlE possessea smallerregion B with only one
repeatof 47 aminoacids,andadditionallya third region of two repeatssomposedf 20
aminoacidseachdesignateésregion D, whichis similar to the B repeatgRaffelsbauer
etal., 1998). This may be anotherexampleof intragenicrecombinatiorbetweerhomol-
ogousrepeatf the internalins.Interestingly InIB hasalsoonly oneB repeatconsisted
of 56 aminoacids,andin additiona third repeatregion termedregion C (Dramsiet al.,
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1997). Whereaghe function of the B and D repeatsemainsunknown, it wasrecently
shavnthattheregionCisinvolvedin theanchoragef InIB to thebacteriakurface(Braun
etal., 1997;Jonquiere®tal., 1999).It is interestingto notethat,whenerer a third repeat
region (region C of InIB or region D of InlE) is presentyegion B is shorterand consists
of only onerepeat.t is alsointriguing thatthe similarity of InlE is higherto InIB thanto
InlA (in contrasto InIG andInIH), but InlE is anchoredo the bacterialsurfacesimilarly
to InlA via aLPXTG motif andnot by arepeatregion asinlB (Raffelsbauertal., 1998;
Braunetal., 1997).

ExceptInlC, L. monocytgenesnternalinsaresurface-boungroteins.Theinternalin
cell wall anchorconsistsof a pentapeptidevith the consensusequencéPXTG, which
is followedby aregion of about20 hydrophobicaminoacidsspanninghecell membrane
anda shorttail of positively chagedresiduesvhich actasstoptransfersignal (Gaillard
etal., 1991;Lebrunetal., 1996). This signatures characteristidor surfaceproteinsof
Gram-positve coccisuchasproteinA of StaphylococcuaureusandM-proteinof Strep-
tococcuspyogenes(reviewed by Navarre and Schnewind, 1999). Anchoringseemso
occurby acovalentlinkagebetweerthecarboxylgroupof thethreoningrom the LPXTG
motif andafreeaminogroupof thepeptidoglycar(Schnewind etal., 1995;Navarreand
Schnewind, 1994). Sortasethe enzymeresponsibldor surfaceproteinanchoringwas
recentlypurified from S.aureusandits actiity andmechanisncharacterizedTon-That
etal., 1999;Mazmaniaretal., 1999). Sortasas a transpeptidase/hich clearesthe pro-
tein betweenthreonineandglycine of the LPXTG motif andlinks the N-terminalpartof
theproteinto thepeptidoglycarof thecell wall by anamidelinkagebetweerthe carboxyl
groupof threonineanda free aminogroupof oneof the glycinesfrom the pentaglycine
crossbridgeof S.aureus(Schnewind et al., 1995; Mazmaniaret al., 1999). In caseof
InlA of L. monocytgeneslinkageis establishedetweerthecarboxylgroupof threonine
andafreeaminogroupof themeso-diaminopimeliacidcrossbridg®f thepeptidoglycan
(Dharetal., 2000).

Similarly to InlA, all new threeinternalinsinIG, InlH andInlE possesshe cell wall
anchorLPXTG motif at the C-terminalpart of the molecule,which probablyattaches
theseproteinsto thebacteriakcell surface(Raffelsbaueetal., 1998).Interestingly InlE is
theonly oneof thesenternalinswhosepentapeptid& PITG correspond$o theconsensus
motif. In InIG andInlH the correspondingentapeptidesPKTS andLPTAG differ from
the consensusequencéy the exchangeof glycine by serineat position5 andthreonine
by alanineat position 4, respectrely. Since antibodiesagainsttheseproteinsare not
available,it couldnot be verified whetherthesesubstitutionsaffect proteinassociatiorat
thecell surface.However, it is worthwhile notingthatbothInlC2 andInID have thesame
pentapeptidasiniH (Raffelsbaueretal., 1998;Dramsietal., 1997).

Smallamountf InlA weredetectedn thesupernatantyut this extracellularfraction
maybederivedfrom proteolyticclearageof surface-boundnlA. In contrast)nIB is found
in the supernatanin much larger amounts,which indicatesa looseranchorageof this
proteinto the bacterialsurface(Dramsiet al., 1993;Lingnauet al., 1995). Indeed,InIB
existsin secretecandsurface-boundorms. Both forms cantrigger signalingin the host
cells, but eliciting differentevents. While surface-boundnlIB triggersinternalizationof
L. monocytgeneswithout causingsignificantmorphologicalchangesn the cell surface,
solubleInIB promotesmembraneuffling of the cell, a processobsened in the trigger
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mechanismof entry commonlyusedby Salmonellaand Shigella (Braunet al., 1999;

Iretonetal., 1999;Braunetal., 1998; SwansonandBaer 1995). InIB is the only large

internalin that displaysa mechanisnof protein associatiordifferentfrom the LPXTG

anchormotif. The proteinis attachedo the bacterialcell surfaceby a 232-aminoacid

region locatedat the C-terminalpart of the molecule. This cell surfaceanchorregion,

previously calledregion C, is organizedn 3 repeatof 80 aminoacidsbeginningwith the

sequenc&W, i. e.glycine-tryptophariBraunetal., 1997;Jonquieregtal., 1999).These
GW repeatsor modulesrepresent novel anchormotif which is alsopresentn Ami, a

newly identifiedsurface-associatdubcteriolysirof L. monocytgenesandin lysostaphin,
a bacteriocinof S.simulans(Braunetal., 1997). Interestingly whenexogenouslyadded
to the medium,purified InIB canassociatdo the bacterialsurfaceof L. monocytgenes
andevenof otherGram-positve bacterissuchasBacillusandStaphylococcuspp.(Braun
etal., 1997). This associatiorof InIB at the bacterialsurfaceuseslipoteichoicacidsof

the cellmembranesligands(Jonquieregtal., 1999).

ThegenesnlG, inlH andinlE areclusteredogetheiin the sameorientationin a5 kb
longregion of thechromosomeandareflankedby two housekeepinggenesncodingoro-
teinswith homologyto the 6-phosphos-glucosidasendthe succiryl-diaminopimelate
desucciglaseof E. coli (Raffelsbaueretal., 1998). In the samepositionon the chromo-
someof anotherl.. monocytgenesEGD strainasimilar geneclusterwasidentifiedwhich
alsocontainsthreeinl genesnlC2, inID andinlE (Dramsietal., 1997). The compari-
sonof both geneclusters,inlGHE andinlC2DE, revealssomeinterestingnev aspects.
Firstly, theinl geneclusteridentifiedin the presentsstudybeginswith inlG, anovel gene
encodinga large internalinwhich was apparentlynot recognizedn the previous study
Secondlythereis anothemew inl genein this genecluster termedinlH. Thisgeneseems
to begeneratedhy homologougecombinatiorbetweertwo identicalrepeatsequencem
the B regionsof inlC2 andinID, respectrely. Thesetwo genesarelocatedadjacentto
eachotherin the previously describednlC2DE cluster The newly generatednlH gene
henceencodesa chimericinternalin consistingof the N-terminal part of InIC2 andthe
C-terminalpartof InID. TheinlG geneis mostlikely alsopresentn the inIC2DE gene
clustersincethe sequencelepositedn the GenBank databasshavs the 3'-terminalend
of inlG. Furthermord?CRanalysisusingchromosomaDNA derivedfrom L. monocyto-
genesisolatesof mary of the known serotypegsietectedhe presencef inlG andinlH in
moststrainstested(Raffelsbaueretal., 1998).In contrasttheinlC2DE clustercould not
be detectedn ary of the strainstested,suggestinghatthis clustermight be specificfor
the EGD strainusedin the previous study (Dramsiet al., 1997). In addition,the inIC2
andinlD genesseento bealsoabsenin therecentlysequencedl. monocytgenesstrain
EGDe,whereaghe remaininginternalingenesnlA, inlB, inlg, inlF, inlG andinlH are
presen{TheEuropeariisteria GenomeConsortium).

The proteinsiniC2, InID, InlE, InIG andInlH shav the mostpronouncechomology
amongthe internalinfamily. The percentsimilaritiesvary from 98% betweennlC2 and
InlH to 58% betweennlG andInlD. Amongthe proteinsderived from theinlGHE gene
cluster similarity washighestbetweeninlH andInlE (68%). This striking conseration
wasalsoobsenred previously at the DNA level (Raffelsbauer1997). The high identity
betweernthe genexf theinlGHE cluster especiallybetweennlH andinlE, suggestshat
this clustermayhave arisenby geneduplication.High similarity rateswerealsodetected
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betweerthe proteinsinIC2, InID andInlE (Dramsietal., 1997). In generalthe proteins
InIC2 to InIlH seento bemorerelatedto InlA thanto InIB. Interestingly InIB is the most
divergentmemberof theinternalinfamily andthe smallinternalininiIC is moresimilar to
InIB thanto InlA.

Multigene families are very commonin eukaryotes.However, few exampleswere
found so far in prokaryotes. The identificationof inlG andinlH bringsthe numberof
membersof the internalinmultigenefamily in L. monocytgenesto a total of nine, but
theresultsobtainedin this studyindicatethe occurrenceof strain-specificityconcerning
internalins. Interestingly over 40 differentgenesencodingproteinswith signal peptide
and LPXTG motif were detectedn the L. monocytgenesstrain EGDe (The European
Listeria GenomeConsortium).Most of theseproteinscontainLRRs, therebyhighly in-
creasinghenumberof memberf theinternalinmultigenefamily. Thefunctionof these
proteinsis yet unknavn. Thereforeit will be mostimportantto further studythe possi-
ble variability in the structureandexpressiorof internalinsandinternalin-relategroteins
andtheirimpactoninvasionof differentcell typesandonin vivo virulencein appropriate
animalmodels.

The generatiorof inlH by a deletioneventwhich leadsto an in-framefusion of the
5’-portion of inlC2 with the 3’-terminal partof inID is the first evidencefor the variabil-
ity of internalingenedn L. monocytgenesby intergenicrecombination.The generation
of variable surface proteinsdue to homologousrecombinationof multiple genecopies
hasbeenpreviously demonstratedor the anti-phagogtic M-proteinsof pyogenicstrep-
tococci(Fischetti,1989; Podbielskiet al., 1994; Haanesand Cleary 1989)andfor the
Opaproteinsof the pathogenispecieNeisseriagonorrhoeaeandN. meningitidis(Mal-
orny etal., 1998; Kupschet al., 1993). The Opaproteinsareinvolved in adherenceo
differentcells suchasto humanleucogtesandepithelialcells,dependingon thetype of
OpaproteinsexpressedKupschetal., 1993). Furthermoreit wasshavn thatexpression
of thesegenescanbe turnedon andoff independently A similar cell tropismwasalso
postulatedor the listerial internalinmultigenefamily (Dramsiet al., 1995). However,
thisis apparentlynotthe case sincesomeinternalinsseento interactwith eachotherand
the presencef the interactingpartnersis requiredfor efficient internalizationinto host
cells(Begmann,Raffelsbaueretal., manuscripsubmmited).

In additionto L. monocytgenes anotherinternalinmultigenefamily is alsopresent
in L. ivanovii, the other pathogenicspeciesof the genusListeria. Most of theseinter-
nalins belongto the classof smallinternalins. Characteristidor this groupis the lack
of the the C-terminalpart of the moleculescomprisingthe B region and the cell wall
anchor Due to the absenceof sequenceshat canfix the proteinsto the bacterialcell
surface, theseinternalinsare much smaller (< 30 KDa) and found exclusively in the
culturesupernatantWhereadnlC is the only smallinternalincharacterizegofarin L.
monocytgenes(Engelbrechtet al., 1996; Domannet al., 1997), four membersof this
classof internalins,namelyi-InIC, i-InID, i-InlE andi-InlF, were previously described
in L. ivanovii (Engelbrechtet al., 1998a; Engelbrechtet al., 1998b). In addition, six
new smallinternalingenestermedi-inlG, i-inlH, i-inll, i-inlJ, i-inlK andi-inlL, andtwo
inIB-relatedgenesdesignate@si-inlB andi-inlB2, wererecentlydetectedn this Listeria
speciegDominguez-Bernal001). Thefunctionof thesmallinternalinsremainaunclear
but in vivo studiesusingthe mousemodelshow thatthey representmportantvirulence
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factors(Engelbrechetal., 1996;Engelbrechetal., 1998b).

Interestingly L. monocytgenesandL. ivanovii, the two pathogenid.isteria species,
possesdoth the PrfA-regulatedvirulencegeneclusterwhich enableghema proficient
intracellularlife cycle (Tilney and Portng, 1989; Karunasagaet al., 1993; Lampidis
et al., 1994; Gouin et al., 1994). However, thesebacteriadiffer considerablyin their
internalinequipmentAll inl geneof L. monocytgenescharacterizegofarbelongto the
groupof large,surface-boundnternalins with exceptionof inIC. In contrastmoresmall,
secretednternalinsarepresentn L. ivanovii andthereis no evidencefor the presencef
largeinternalinsin this speciesexceptthe two inIB-relatedgenesdetectedecently This
variationin the internalinequipmenimay be responsibldor the differencesobseredin
hostrangeandpathogenesief theselisteriaspecies.

Most LRR proteinsarefoundin eukaryotesbut therearealsoa few otherexamples
in bacteria.ln additionto thegenudl.isteria, threeotherpathogenibacteriacontainLRR
proteins: YopM of Yersinia pestis(Leungand Stralgy, 1989), IpaH of Shigella flexneri
(Hartmanetal., 1990)and SspHof Salmonellatyphimurium(Miao etal., 1999). YopM
inhibits plateletaggreationby binding thrombin,which normally bindsto the GPIbre-
ceptor anotherLRR protein (Leungand Straley, 1989; Leunget al., 1990). The func-
tion of IpaH is unknavn, but this proteinis animmunodominanantigenduring shigel-
losis. SspH1land SspH2were recentlyidentified as importantvirulencefactorsof S.
typhimuriumin the calf infectionmodel,althoughtheir function could not be exactly de-
termined(Miao et al., 1999). Interestingly the ipaH geneis found in multiple copies
on the chromosomendvirulenceplasmidof S.flexneri (Buysseet al., 1987; Hartman
etal., 1990),and might thereforeconstituteanotherfamily of LRR proteinsin this fac-
ultative intracellularpathogenwvhoseintracellularreplicationcycle resembleghat of L.
monocytgenes

In the presentstudy two differentmethodswere usedto investigatetranscriptionof
thegenesnlG, inlH andinlE. First,a GFPbasedeportersystemwasappliedto measure
promoteractiity. The regulatoryregionsupstreanof thesegeneswerefusedto gfp in
thereportemplasmidpLSV16-gfp andthe GFP-mediatefluorescencemittedby listeriae
grown extra- or intracellularlywasdeterminedusinga fluorimeteror a fluorescencec-
tivatedcell sorter(Raffelsbaueret al., 1998). To comparethe actvity of the promoters
of theinlGHE geneclusterto thatof othergenesthevirulencegenesnlA, actA andhly
wereused. In a subsequenstudy the semi-quantitatie RT-PCRtechniquewasusedto
measurehesteady-statamountf transcriptof differentinl genesynthesize@xtracel-
lularly in varioustime-pointsof the growth curve. Theisolatedtotal RNA wassubjected
to RT-PCRsusingappropriatedilutions of cDNA underinsaturatecconditionsin order
to revealevenslight differencesn the amountof transcripts.Furthermoreto ensurethat
equivalentamountsof total RNA wereapplied,the constitutvely expressedodgenewas
usedasinternalstandard.While the RT-PCRtechniqguemeasureshe steady-statéevel
of transcriptsthe GFP-mediatedluorescenceletermineshe promoteractvity averaged
over a periodof time. Both procedureprovide a measureof up-regulationof transcrip-
tion. The RT-PCRtechniquealsoallows detectionof down-regulationof transcription.
However, it is difficult to measurea down-regulationusingthe GFP methoddueto the
stability of GFR whichin additionis distributedto thedaughteicellsduringcell division.

Both methodsappliedto studytranscriptionof the genesnlG, inlH andinlE yielded
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comparableesults.All threegenesaretranscribedalbeitatlow levelscomparedo other
virulencegeneqRaffelsbaueret al., 1998andthis study). Therefore they arenot pseu-
dogenes As revealedby both GFP expressionrand RT-PCR, the inlG promoteris under
extracellulargrowth conditionsthe mostactive promoterof the inIGHE clusterandtran-
scription of the two remaininggenesinlH andinlE is significantly lower. In front of

all threeinl genesandespeciallyupstreanof inlG, thereare several putatve promoter
sequencesvhich could sene as startsitesfor transcriptionof eachof thesegenes. In

addition,the DNA sequencesf the intergenicregionsbetweeninlG andinlH, andbe-
tweeninlH andinlE also containputative rho-independentranscriptionalterminators,
suggestinghemonocistronimatureof thethreeinl genetranscripts RT-PCRsto detecta
polycistronicexpressiorof theclusterfailedto give significantproducts gxceptafaintbut

reproduciblebandderivedfrom aninlG-inlH bicistronictranscript.However, onecannot
excludea potentialpolycistronictranscriptionof inlH andinlE from theinlG promoterat
levels below thosedetectabldoy the appliedmethod. An exampleof polycistronictran-
scriptionof inl genesprovidesthe inlAB genecluster The genesnlA andinlB form an

operon,whosetranscriptionstartsfrom four promoterdocatedupstreanfrom inlA and
resultsin monocistronidnlA or bicistronicinlAB transcriptgDramsiet al., 1995; Ling-

nauetal., 1995;Bohneetal., 1996). However, aninlB monocistronidranscriptstarting
in front of inIB wasalsoreported(Lingnauetal., 1995).

Transcriptionof theinlAB operonis only in partunderthe control of PrfA, sinceonly
one of the four promotersin front of inlA is regulatedby this transcriptionalactivator
which regulatesexpressionof mostvirulencegenegLingnauetal., 1995; Bohneet al.,
1996). The PrfA-regulatedpromoterof the inlAB operonshaws in its PrfA-binding site
(PrfA box) two mismatchesomparedo theconsensusequencd TAACANNTGTTAA.
It waspreviously suggestedhatmismatchesvithin PrfA bindingsitesreducethe affinity
of this transcriptionaregulatorto the promoter(FreitagandPortng, 1994). Thereis no
evidencefor a consered PrfA-box in front of any of the geneanlG, inlH andinlE, and
expressionof GFP underthe control of the expressionsitesof thesegenesoccurswith
thesamaeintensityin a prfA deletionmutantandin a straincomplementeavith additional
copiesof prfA asin thewild type. Thesedatasuggesthattranscriptionof thegenesnIG,
inlH andinlE is notdependenon PrfA. Neverthelessa putative PrfA binding site could
be detectedn the promoterregion of inlE which shavs threemismatchesn comparison
to theperfectPrfA box.

In contrastto the new large internalingenestranscriptionof inlC is fully dependent
on PrfA (Engelbrechetal., 1996). TheinlC genehasonly onepromotermwhichis strictly
PrfA-dependentinceexpressiorof InlC is notdetectablen theprfA deletionmutantand
is increasedn a straincomplementedvith additionalcopiesof PrfA (Engelbrechetal.,
1996). A similar PrfA-dependentranscriptionakegulationis alsoobsenedin the other
smallinternalingenesdescribedrom L. ivanovii (Engelbrechetal., 1998a;Engelbrecht
etal., 1998b)andin the virulencegeneshly, plcA, actA andplcB (LeimeisterfWachter
etal., 1990; Bohneet al., 1994; Bohneet al., 1996). The productsof thesegenesare
requiredfor the intracellularreplicationcycle (reviewed by Cossartand Lecuit, 1998;
Goebeland Kuhn, 2000). The releaseof the bacteriafrom the hostcell phagosomas
mediatedby the productsof hly (LLO) andplcA (PIcA). LLO (listeriolysin O), a pore-
forming hemolysin,is activatedin acid ervironmentssuchasthe phagosome.PIcA is
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a phosphatidylinositol-specifiphospholipasé& alsoinvolved in lysis of the phagoso-
mal membrangCamilli etal., 1993). Intracellularmovementin the hostcell cytoplasm
andcell-to-cellspreads mediatedoy ActA, alisterial surfaceproteinwhich recruitsand
polymerizescellularactin,allowing listeriaeto move (Domannetal., 1992;Kocksetal.,
1992). In additionto ActA, spreadingrom cell to cell alsorequiresLLO andPIcB, a
secondphospholipas€ with lecithinaseactvity (Geddeet al., 2000; Vazquez-Boland
etal., 1992). The later proteinsare responsibleor the lysis of the doublemembrane
which involvesthe spreadingoacteria.Recentstudiesshaved thattranscriptionof these
geness inducedwithin the hostcells (Bubertetal., 1999;Moor etal., 1999),whichis in
agreementvith their functionin theintracellularreplicationcycle. Furthermoreit could
be showvn thatthis inductionis differentialanddependenbn the time post-infectionand
thelocationof the bacteriawithin the hostcells. Consequentlythe promotersof hly and
plcA are predominantlyinducedwithin the phagosomatompartmentwhereasthat of
actAis activatedin the hostcell cytosol (Bubertetal., 1999).A similarinductionof gene
transcriptionunderintracellularconditionsor whenbacteriaareincubatedn thepresence
of mammaliancells could not be detectedwith the genesnlG, inlH andinlE usingthe
sensitve GFPbasedxpressiorsystemRaffelsbaueetal., 1998andthis study),suggest-
ing that transcriptionof thesegenesoccurspredominantlyextracellularly in contrastto
otherknown PrfA-regulatedvirulencegeneqBubertetal., 1999). Similarly to thegenes
inlG, inlH andinlE, theinlAB operonis only poorly transcribedwvithin macrophage-lig
andepithelialcells (Bubertetal., 1999). In both cell typestranscriptionwaslower than
underextracellulargrowth conditionsin rich culture media. This is in agreementvith
theassumptiorthattheinlA andinlB geneproductsarenot requiredduringintracellular
bacterialgrowth. In contrasttranscriptionof inIC is inducedintracellularly(Engelbrecht
etal., 1996). Using a semi-quantitatie RT-PCR assayan induction of transcriptionof
inlC was detectedwithin J774macrophageandreacheda maximumapprox.5to 6 h
post-infection,at time-pointwhen bacteriabegin to spreadfrom cell to cell. However,
theinlC mutantwasnot affectedin the ability to spreadneitherin homologmonolayers
of epithelial Caco-2cells or J774macrophagegEngelbrechtet al., 1996), nor in het-
erologousplagueassaysisingmacrophageand several non-phagogtic cells astamgets
(Greiffenbeg etal., 1998).

Expressionlevels of PrfA-regulatedgenesare ratherlow when bacteriaare grown
in rich culture media. Only the geneshly andplcA, which arerequiredat early stages
of thebacterialintracellularcycle, areexpressedaxtracellularlyin considerablemounts.
However, transcriptiorof prfA andmostPrfA-regulatedgenescanbeinduceduponashift
from rich into minimal essentiamediumMEM (Bohneetal., 1994;Bohneetal., 1996).
In thismedium transcriptiorof theactA—-plcB operonis inducedmostefficiently, whereas
thatof hly is only slightly induced.Interestingly transcriptionof inlA is ratherrepressed
afterthis shift (Bohneetal., 1996),while thatof inIC andtheothersmallinternalingenes
of L. ivanovii is inducedundertheseconditions(Engelbrechet al., 1996; Engelbrecht
et al., 1998b). Recentstudiesshaved thatin MEM PrfA is corvertedinto a form that
hasa higheraffinity to the PrfA-binding sitesof PrfA-regulatedgenegBockmannetal.,
1996).TheinlG, inlH andinlE genesarenotactvatedafterashiftinto MEM, whichisin
line with their PrfA-independencéRaffelsbauertal., 1998). A downregulationof gene
expressiorsimilarto thatobseredwith InlA in Northernblotscouldnotbeobsenedwith
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the GFPexpressiorsystemprobablydueto the high stability of GFP

Therole of theinternalinsinlA andInIB in mediatinginvasionof L. monocytgenes
into mammaliancellsin vitro hasbeenunequvocally demonstratedreviewed by Kuhn
and Goebel,2000). However, the importanceof theseinvasinsin bacterialvirulencein
vivo hasbeenunderdebateor mary years.It waspreviously shavn thatoral infection of
BALB/c micewith anin-frameinlAB deletionmutantresultsin similar numbersof viable
bacterieof themutantcomparedo thewild typein liver, spleerandlymphnodegDramsi
etal., 1995).SincelnlA is necessarfor invasionof epithelialCaco-2cells(Gaillardetal.,
1991),theseresultsquestionedherole of this internalinin vivo andsuggesteeitherthe
existenceof generedundang or alternatve waysto passthe intestinal epitheliumand
infect underlyingcells andtissues. This was confirmedlater as the inlAB mutantwas
shown to translocatérom the gut lumento deeperorgansasefficiently asthe parental
strainafterinoculationof ligatedintestinalloops(Pronetal., 1998).In the previousstudy
(Dramsiet al., 1995), a reductionof colony forming units (CFU) of the inlAB mutant
comparedo thewild typein liveron day 3 post-infectionwasdetectedyhich arguesfor
arole of theinlAB genelocusin hepatogte invasionin vivo. Similarresultswereobtained
with aninlAB transposomutant,which wascompletelyeliminatedfrom liver on day 4
p.i. (Galllard et al., 1996). SincethesestudiesusedinlAB doublemutants,they could
not determinethe in vivo role of InlA andInIB separately Another study using single
mutantsreportedthat both inlA andinlB mutantsare strongly attenuatedor virulence
in the mousemodel, sincethey yieldedreducednumbersof viable bacteriain liver and
spleenl, 3and6 daysafterintraperitoneainjection(Lingnauetal., 1995). Thesefindings
werehowever not confirmedby subsequernitivestigationsvhich shovedthattheabsence
of theinlAB geneproductdid notaffecttheability of L. monocytgenedo invadehepatic
cellsandcolonizetheliver of infectedanimals(Gregory etal., 1996). The controversial
dataconcerningherole of InlA in vivo wererecentlyelucidatedby studieswhich shav
thatmurineE-cadherinin contrasto humanandguineapig E-cadherinsgoesnotinteract
with InlA (Lecuit et al., 1999; Lecuit et al., 2001). Furthermore,n guineapigs and
transgeniamice expressinghumanE-cadherin,InlA wasfound to mediateinvasionof
enterogtes and crossingthe intestinalbarrier revealing the importanceof this protein
in vivo and excluding the mouseas model organismfor studyingthe function of InlA
(Lecuitetal., 2001). Whetherthe mousemodelis appropriateo studytherole of other
internalins whosereceptorsareunknownn, requiresfurtherinvestigations.

No decreasef virulencein BALB/c miceafteri. v. inoculationwasreportedfor mu-
tantslackingtheinlC2DE genecluster(Dramsietal., 1997).In addition,theLD5, of an
inl mutantlackinginlA to inlF wassimilar to that of inlAB, which wasonly slightly in-
creasedn comparisorto thewild typestrain. Theseresultssuggesthatthe genesniC2,
inID, inlE andinlF do not play arole in bacterialvirulence. Whenthe numberof viable
bacteriain liver andspleenwasdetermined3 daysafteri. v. injection of strainslacking
inIC2DE eitheraloneor in combinationor inlA-inlE or inlA-inlF, no differencescould
be detectedbetweenthesemutantsandthe parentalstrain(Dramsiet al., 1997). This is
intriguing sincenoneof thetwo latermutantsshoveda decreasé bacterialcountsin the
liver similar to thatwhich hadbeenobsened previously with the inlAB mutant(Dramsi
etal., 1995).

In contrastto the inIC2DE mutant, the AinlGHE mutantshowved a significantre-
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ductionof up to 3 log units of viable bacteriain liver and spleenafter oral infection of

C57BL/6micein comparisorto theisogenicwild typestrain(Raffelsbauertal., 1998).
This notablereductionof bacterialcountsin liver and spleensuggestshat the inlGHE

deletionmutantis impairedin the proficiententry and/orreplicationin thesetwo organs
andarguesfor animportantrole of the inlGHE geneclusterin virulence. Similar reduc-
tionsin virulencewerealsoobsened with strainsdefectve in the smallinternalinsinlC

of L. monocytgenesandi-inlE andi-inlF of L. ivanovii (Engelbrechetal., 1996;Engel-
brechtetal., 1998b).Wheninjectedintravenouslyin mice,the LD, of theinlC deletion
mutantwasincreasedy 1.5log units,indicatingthatInlC contributesto virulencein the
mousemodel(Engelbrechetal., 1996). This contribution wasevenmorepronouncedn

mutantdackingi-inlg, i-inlF or i-inlFE, which failedto kill C57BL/6 mice evenat high
i. v. infectiousdosesof 10° bacterigpermouse.

It waspreviously reportedthatInlA is necessaryor entryinto Caco-2cells (Gaillard
etal., 1991; Dramsiet al., 1995),while InIB is requiredfor entryinto othercell lines,
including the epithelialcell linesHelLa, CHO andVero (Iretonet al., 1996),the hepato-
cytic cell linesHepG-2andTIB73 (Dramsiet al., 1995),andespeciallythe endothelial
celllinesHBMEC andHUVEC (Greiffenbeg etal., 1998;Paridaetal., 1998).However,
anothereportshovedthatbothInlA andInIB arerequiredfor invasioninto the epithelial
cell linesCaco-2 HelLa, Ptk2 andHEp-2 (Lingnauetal., 1995). In addition,in orderto
mediateentryinto HepG-2cells,InIB needghesupportvefunctionof InlA (Dramsietal.,
1995). Deletionof the inlAB operonabolisheghe ability of L. monocytgenesto invade
non-phagoytic cells, suggestinghatInlA andInIB arethe only invasinsof this faculta-
tive intracellularbacterium.Indeed previousstudiesshaovedthatlatex beadscoatedwith
purified InlA or InIB proteinsand non-irvasve bacteriaexpressingtheseproteinscan
invadeseveral cell types,indicatingthattheseinternalinsare sufficient to promoteinter-
nalizationof L. monocytgenesnto non-phagogtic cells(Gaillardetal., 1991;Mengaud
etal., 1996;Lecuitetal., 1997;Braunetal., 1998). However, the rateof internalization
in thesestudieswhendeterminedwasvery low anddifficult to compareto the situation
usingL. monocytgeneswild type. Whentestedn cellularinvasionassayaisingthecell
lines Caco-2,TIB73, HepG-2and S180the invasionratesof inlIC2DE singleandtriple
mutantswerenot reducedccomparedo thewild type,indicatingthattheseinternalinsare
notrequiredfor entryin thesecell lines(Dramsietal., 1997).

To study whetherthe internalinsinlG, InlH and InlE are alsoinvolved in invasion
of L. monocytgenesEGD into mammaliancells, mutantscarrying chromosomalin-
frame deletionsin the inlGHE geneclusterandin otherinl geneswere constructedn
the presentstudy Constructionof the inl mutantswas performedusingthe mutagenesis
vectorpLSV1 (Wuenscheet al., 1991), which hasbeensuccessfullyusedin our labo-
ratoryto constructsereralmutants(Engelbrechetal., 1996;Engelbrechetal., 1998b).
The shuttlevectorpLSV1 carriesa genefor erythromycinresistancenda temperature-
sensitve origin for Gram-positve bacteria. The stratgy usedfor deletionis basedon
homologousecombinatiorandappliesthe useof erythromycinasselectve marker and
incubationof bacteriaata non-permissie temperaturef 42°C. Theuseof thesemutants
in cellularinvasionassaygerformedin a doctoralthesisby B. Bergmanncould reveal
that, in contrastto InlA andInIB, the internalinsinlG, InlH and InlE are not invasins
by themseles. Deletion of the completeinlGHE geneclusteror of the single genes
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inlG, inlH andinlE leadsto anincreasen invasvenes®f L. monocytgenesnto all non-
phagogtic cellstestedjndicatingthatthe productsof thesegeneslo nottriggerbut rather
inhibit internalizatiorof the bacterianto non-phagogtic mammaliarcells(this studyand
Bergmann,Raffelsbaueretal., manuscripsubmmited) Theincreasen invasvenessas
abolishedvhenthe singlemutantswererevertedto thewild type genotypedy insertinga
copy of therespectre wild type genesnto the chromosomedemonstratinghatthe en-
hancednvasvenessvasspecificallycausedy thedeletionof the correspondingnl gene
(Begmann Raffelsbauertal., manuscripsubmmited).

Theincreasean invasvenesobsenedwith the AinlGHE mutantseemdo be specific
for non-phagoytic cells,sincethis mutantwasinternalizednto professionaphagogtes
of thecell line P388asefficiently asthewild typein cellularinvasionassaysn vitroin the
absencef serum.Undertheseconditionsuptale of L. monocytgenedy phagogteswas
shaovnto dependatleastto alow extent,ontheinvasionfactorsinlA, p60andActA (Hess
etal., 1995; Sawyer et al., 1996; Alvarez-Domingueet al., 1997),andadditionallyon
lipoteichoicacid,whichwasshown to bind to themacrophagecarengerreceptor(Green-
bemg etal., 1996). Thesedatasuggesthatin the absencef opsonind.. monocytgenes
usesa pathway to enterprofessionaphagogteswhich involvesin partthe sameinvasins
requiredfor entryinto non-phagogtic cells. Interestingly in the presencef serum,up-
take of opsonizedL. monocytgenesby macrophagess mediatedby the complement
receptor3 (CR3)of thecomplementomponenC3 (DrevettsandCampbell, 1991)andis
mostlyindependentf internalins.This C3-CR3interactionleadsto anefficientkilling of
intracellularlisteriaeby the macrophagesBesidesC3 the complementomponentC1lq
wasalsoshavn to beinvolvedin phagogtosisof L. monocytgenesby macrophageand
this C1g-C1qgRpathway seemdo berelevantin vivo (Alvarez-Domingueetal., 1993).

It waspreviously shovn thattheinlB mutantis ableto adhereo the endotheliakcells
HBMEC asefficiently asthe wild type strain, suggestinghat InIB is not necessaryor
adherencef L. monocytgenesto thesecells (Greiffenbeg et al., 2000). Also the ap-
athogemon-irvasve specied.. innocuais ableto adhereao HBMEC (Greiffenbeg etal.,
2000).Sincethisbacteriumseemso lackinternalinsjt waspostulatedhatadhesiorof L.
monocytgenesatleastto HBMEC doesnot requireinternalins.Indeed severalbacterial
surfaceproteinsotherthaninternalinshave beenpreviouslyidentifiedwhich arenecessary
for adhesiorof L. monocytgenedo mammaliarcells,suchasp60,ActA, Ami, p104,also
calledLAP, anddifferentfibronectinbinding proteins(KuhnandGoebel 1989;Alvarez-
Dominguezet al., 1997; Milohanic et al., 2000; Pandiripally et al., 1999; Gilot et al.,
1999). It is interestingthat two of theseadhesinspnamelyp60 and Ami, areautolysins
(Wuenscheetal., 1993;Braunetal., 1997;Milohanic etal., 2001). Expressiorof LAP
(Listeria adhesiorprotein)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 the LAP expressiorby the growth temperatur€Santiagoet al., 1999). Although
this expressionvariesdependingon thetemperaturendgrowth phasegnhancedxpres-
sion doesnot resultin increasednvasivenessprobablybecausea few LAP molecules
are sufficient to mediateadherenceéo Caco-2cells. Surprisingly the inlGHE mutant
shaws a three-to four-fold enhancedhbility to adhereto confluentCaco-2monolayers,
in contrastto the inlA mutant,which adhereonly poorly to thesedifferentiatedCaco-2
cells (Karunasagaand Raffelsbauerunpublisheddata). A dependencef adherence¢o
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Caco-2cells on InlA hasbeenobsered before (Gaillard et al., 1991), suggestinghat
InlA not only mediatesinternalizationbut also adhesionto thesecells. The efficiency

of internalizationof L. monocytgenesinto Caco-2cells was shovn to dependon the
stateof polarizationanddifferentiationof thecells,decreasingubstantiallywvhenCaco-2
monolayerggronn beyond conflueny areused(Gaillard and Finlay, 1996). It waspre-
viously reportedthatinvasionof L. monocytgenesinto polarized differentiatedCaco-2
cellsfrom the apicalsideinvolvesthe interactionof cellularmicrovilli with the bacterial
surface(Karunasagaet al., 1994). This processseemdo be lessefficient thaninvasion
of non-differentiatedCaco-2cells, which occursvia the zippermechanismandpredomi-
nantly atthe basolateraside(Mengaudet al., 1996). Thisis in line with the obsenation

that E-cadherinthe receptorfor InlA, is locatedat this side of the cell (Mengaudet al.,

1996;HermistonandGordon,1995).ThelnlA-dependenadherencef L. monocytgenes
to differentiatedCaco-2cells seemdo be supportedoy InIC, sincethe AinlA/C mutant
wasnearlyimpairedto adhereo thesecells (KarunasagaandRaffelsbauerunpublished
data).

The existenceof aninlAB-independeninvasionpathway hasbeenpostulated A pre-
viousreportshovedthatfibroblastsof the cell linesWI-38 andHEL 299 arepermissve
for inlA andinIB deletionmutants,suggestinghat there exist other factorswhich can
mediatenvasionof L. monocytgenesnto non-phagogtic cells(Lingnauetal., 1995).1t
wasalsodemonstratethata proteinotherthaninternalinsis involvedin adhesiorandin-
vasionof L. monocytgenesnto fibroblastsof thecell line 3T6 (KuhnandGoebel 1989).
This protein,termedp60, is encodedby the iap (invasionassociategrotein) geneand
hasin additiona secondfunction asa murein hydrolaseinvolved in septumseparation
(Wuenscheet al., 1993). Expressiorof the iap geneis independentf PrfA andregu-
lated at the posttranslationalevel by a still unknovn mechanism(Kohler et al., 1991).
Spontaneoup60 mutantswhich producereducedievels of this proteinform long cell
chainswhich arenon-invasive (KuhnandGoebel,1989). It is however unclearwhether
p60mediateadherencandinvasionby bindingto a specificcellularreceptoror whether
this strongly basicprotein simply neutralizesnegative chageson the hostcell surface,
therebyallowing a betterbacterialadhesion.P60is a secretedproteinmostly found in
the culturesupernatantyut a small portion of the proteinis alsopresenibon the bacterial
cell surface(Ruhlandet al., 1993). It wasrecentlyshovn that secrete¢p60 specifically
bindsto the cell membraneof Caco-2cellsin a uniform distribution (Park et al., 2000).
This suggestshe existenceof specifichostcell receptordor p60. This interactionmay
elicit a cellularsignalthattriggersinternalizationof L. monocytgenesinto Caco-2cells.
Whethercell-boundp60is alsoableto bind to mammaliancellsis yet unknavn. Inter-
estingly p60 mutantswereshowvn to adherenormally to Caco-2cellsandto beinvasive
after disruptionof the bacterialcell chainsby ultrasonicationBubertet al., 1992),sug-
gestingthatp60is not necessaryor efficient bacterialadherencandthatthe mechanism
of actionof this proteinmight be morecomplex andinvolve interactionswith hostcells.
A previouswork suggestedhatalsoActA may play arole in adhesiorandinvasioninto
mammaliarcells (Alvarez-Dominguertal., 1997). ActA is responsibldor therecruit-
mentand polymerizationof actin filamentsthat enablelisteriaeto move in the cytosol
andspreadrom cell to cell (Domannetal., 1992;Kocksetal., 1992).This large surface-
boundproteinseemsn additionto mediateadhesiorof L. monocytgeneso mammalian
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cellsby bindingto hepararsulfate proteoglycanAlvarez-Domingueet al., 1997). Re-
cently, it wasshown thatan actA deletionmutantis impairedto invadeendothelialcells
of the HBMEC line (Greiffenbeg, 2000). The involvementof a proteinencodedby a
PrfA-regulatedgenefrom the virulencegeneclusterin listerial invasionwas previously
postulatedbasedntheobsenationthata L. monocytgenesmutantlackingboththeprfA
operonandtheinlA geneshows reducednvasvenessn mammaliancells (Kuhnetal.,
1997;Engelbrechetal., 1996).

The hypothesighatthe internalinsinlG, InlH and/orInlE arefurtherinvasinsof the
inlAB-independeninvasionpathway of L. monocytgenescould not be confirmed,since
deletionof the completeinlGHE geneclusteror of the singlegenesatherstimulatesn-
ternalizationof L. monocytgenesby variousnon-phagoytic cell typesmorethantwo
fold (this study and Begmann,Raffelsbaueret al., manuscriptsubmmited). Using the
inl combinationmutantsconstructedn the presenstudyit could be shown thatthe InIB-
mediatedentry of L. monocytgenesinto mammaliancells doesnot requireotherinter-
nalins(Bergmann,Raffelsbaueret al., manuscripsubmmited).In contrast)nlA aloneis
unableto triggerefficientinternalizationinto Caco-2cellsandneedghe supportof InIB,
InIC, InIG, InlH andInlE. This obsenation shaws that internalizationof L. monocyto-
genesinto non-phagogtic mammaliancells is more comple< than previously assumed
andrequiresthe participationof smallandlargeinternalins.

Theexpressiorof inlA andinlB is only in partdependentn PrfA andthereis evidence
thatthe two PrfA-independenpromotersn front of inlA play majorrolesin expression
of both genesunderextracellularconditions(Lingnauetal., 1995; Dramsietal., 1993).
In addition,expressionof the inlAB operonis alsomodulatedby the growth stateandby
the temperaturepeing maximal during the logarithmic phaseand at 37°C. The PrfA-
independentranscriptionof the threenew genesinlG, inlH andinlE arguesfor their
predominanexpressionunderextracellularconditions(Raffelsbaueret al., 1998). The
absencef expressionof thesegeneswhenthe bacteriagrow within hostcellsis in line
with this assumption Furthermorethe genesnlG, inlH andinlE arenot activatedafter
bacterialcontactto cells of the HepG-2cell line, whoseinternalizationis dependenbn
both InlA andInIB proteins.Whetherthesegenesareexpressedn vivo is unknavn. Up
to now, in vivo expressionof listerial virulencefactorshasbeendemonstrateanly for
listeriolysin, InIC, InIB andActA (Grenninglohetal., 1997). Transcriptionof the genes
inIC2, inID andinlE of BHI grown bacteriawasshown to occurat an early stageof the
exponentialgrowth phaseand seemgo be transientlyandlessefficient thanthat of the
inlAB operon(Dramsiet al., 1997). Similarly, the intensityof transcriptionof the genes
from theinlGHE geneclusteris lower thanthatof theinlA andinlB geneqRaffelsbauer
etal., 1998andthis study).

The presentstudy shaws that deletionof the inlGHE geneclusterinducestranscrip-
tion of theinlA andinIB geneshput notof inlC (Begmann Raffelsbaueetal., manuscript
submmited).In addition,deletionof inlA enhancesranscriptionof inIB andvice-versa.
A reductionof expressiorof inlA in the presencef theinlB genewaspreviously demon-
stratedin a L. innocuastraincarrying plasmidscontainingeitherinlAB or inlA (Dramsi
etal., 1993). Theenhancedevel of inlA andinIB transcriptds not solelyresponsibldor
theincreasen invasvenes®f theinlGHE mutant,sincethesinglemutantanlG, inlH and
inlE alsoshawv increasednvasionratesalthoughtranscriptionof theinlA andinlB genes



84 3. Discussion

in thesemutantsis not altered(Bergmann,Raffelsbaueret al., manuscriptsubmmited).
This suggestghe existenceof a mechanisnthat regulatestranscriptionof the large inl
genesAn up-rggulationrequiresdeletionof all threeinternalins whereagleletionof one
singlegenesufficesto enhanceheinvasionability.

Recently it was shovn that expressionof the genesinlA, inIB and actA is modu-
latedby ClpC, an ATPaseinvolvedin virulenceof L. monocytgenesby promotingearly
bacterialescapdrom the phagosomatompartmenbf macrophageéNair et al., 2000).
The reducedexpressionof theseinvasionfactorsin the clpC mutantimpairedbacteria
to adhereto and invademurine hepatogtesin vivo andin vitro. This ClpC-dependent
modulationoccursatthetranscriptionalevel, sinceRNA slotblot analysisusingtheclpC
mutantrevealeda reductionof transcriptionof inlA, inIB andactA but not prfA. There-
fore, expressiorof virulencegenesn L. monocytgenesseemso beregulatedby amore
complex mechanismandinvolved new alternatve transcriptionalregulatorsin addition
to PrfA. The participationof Clp chaperones the modulationof virulencefactorshas
beenpreviously proposed.This is the casefor ClpR, a sutunit of the Clp proteasevhich
modulatesexpressionof Ail, a cell surfaceproteininvolvedin adhesiorandinvasionof
Yersinia entepcolitica (Pedersoret al., 1997). RecentlyanotherchaperoneSicA, be-
longing to the type Il secretionsystemof Salmonellatyphimuriumwas shown to act
togethemwith InvF in theactivationof expressiorof the SalmonellanvasionproteinSigD
(DarwinandMiller, 2000).

No effect on virulencewasobseredwhenmicewereinfectedi. v. with mutantshar
boringsingleor combinationateletionsn inlC2, inID andinlE (Dramsietal., 1997).In
contrastthe presenstudyrevealedthatdeletionof theinlGHE geneclustersignificantly
reducesvirulenceof L. monocytgenesin the mousemodelafter oral infection (Raffels-
baueret al., 1998). The positioningof the strongespromoterupstreamfrom inlG may
explain the differenceregardingthe contrikbution of this geneclusterto virulence. Since
both studiesdiffer in the route of infection, it is alsothinkablethatthe internalinsinIG,
InIH andInlE arenecessaryjor efficientpassagef the gutepithelium.However, thehigh
ability of theinlGHE mutantto invadeCaco-2epithelialcellscontradictghis hypothesis.
Using the GFP expressionvectorit could be shavn that the inlGHE mutantis ableto
replicateandspreadn epithelialCaco-2monolayersasefficiently asthewild type strain
(Raffelsbaueret al., 1998), indicating that deletionof theseinternalinsdoesnot affect
replicationandspreadingof listeriaebetweenhostcells of the sametype. However, the
ability of theinlGHE mutantto spreacbetweerdifferentcell typeswasnot investigated.
Onemay speculatehatthis geneclustermay be involvedin heterologouspreadingoe-
tweendifferent cell typesduring infection in vivo, suchas betweenmacrophagesnd
hepatogtes,endothelialcells or others.A critical point during systemidisteriosisis the
ability of L. monocytgenego survive andreplicatein phagogtic cells,in whichthebac-
teriaaretransportedrzia lymph andblood to distinctorgans(Raczet al., 1972). Indeed,
it wasrecentlydemonstratethatinfectedphagogteshave a majorrole in dissemination
of L. monocytgenesduringinfectionin miceby representing moreefficient pathway of
infectionof organssuchasliverandbrainthanthedirectinvasionof blood-bornebacteria
into hepatogtesor endotheliakells(Drevets,1999;Drevetsetal., 2001). Thefirst report
shows thatinoculaof L. monocytgenesinfectedmacrophagekadto highernumberof
viablebacterian liverthaninfectionwith broth-gravn bacteria.The presenstudyshowvs
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thatthe inlGHE mutantis taken up by phagogtic cellsin vitro asefficiently asthe wild

type. However, along-termsurvival andreplicationof this mutantin thesecellshave not
beenyetdemonstratedt is temptingto speculatéhatthe mutantis impairedto replicate
within thesephagogtes. This couldexplain thereducedsirulenceobseredwith themu-
tantin themousemodel.However, amorerapideliminationof themutantbacterian liver
andspleenby cells of theimmunesystemcannotbe ruled out formally. Takentogethey
the enhancednvasivenessf the inlGHE mutantinto non-phagogtic cellsin vitro and
thereducedvirulenceobseredin the mousemodelsuggesta morecomples function of

theinternalinsinlG, InlH andInlE, which may alsoinvolve additionallisterial virulence
factorsincludingotherinternalinsandtranscriptionategulators.

Most L. monocytgenesstrains,suchasthe EGD strainusedhere,causesepticaemia
and infectionsof the centralnenwous systemlike meningitisand meningoencephalitis.
However, L. monocytgenesisolateshave beenreportedwhich causea localizeddisease
in form of gastroenteritigHeitmannetal., 1997;Daltonetal., 1997).In thepresenstudy
the questionwasraisedwhetherL. monocytgenesgastroenteritistrainsareimpairedto
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
the early bacterialspreadingprocessn vivo, the occurrenceof the inlGHE genecluster
wasinvestigatedn threegastroenteritistrains. In addition,strainEGD andthreeother
L. monocytgenesclinical isolateswhich causesepsiswere usedfor comparison. The
presentstudyrevealedthat at leasttwo of the threegastroenteritistrainstestedpossess
the INIGHE genecluster excluding a correlationbetweenthis geneclusterandthe gas-
troenteritisform of disease . However, the genesnlG, inlH or inlE could not be clearly
detectedn two sepsisstrains. Theseresultsgive evidenceof variationswithin the se-
quencef the genesfrom the inlIGHE geneclusteramongdistinct L. monocytgenes
isolatesandsuggesthe occurrencef differentequipment®f internalinsin thesestrains.

Eukaryoticcell deathoccurseitherby apoptosi®r necrosis.Somebacteriapathogens
wereshovnto beableto inducehostcell death(reviewedby Mossetal., 1999;Weinrauch
andZychlinsky, 1999). Activationor preventionof cell deathmay be a critical factorin
the outcomeof an infection. Programmedaell deathhasbeenobsered asresponsdo
infection by a large numberof animalandplantpathogensit hasbeenreportedthatin-
fectionof differentcell typeswith L. monocytgenesmayelicit cell deathby apoptosir
necrosisMost of thesestudiesnvereperformedwith professionaphagogtes.L. monocy-
togenesnfectioninducesapoptosisn vivoin mousdymphog/tesderivedfrom thespleen
andlymph nodes(Merrick et al., 1997)andin murinebut not in humandendriticcells
in vitro (Guzmanetal., 1996;Kolb-Maureret al., 2000). Interestingly listeriaeinfected
murinebonemarrov-derived macrophageandego ratherecroticcell death(Barsigand
Kaufmann,1997). Infectionwith L. monocytgenesalsodid not causeapoptosiof J774
macrophagegZychlinsky etal., 1992). In contrast,Shicella flexneri hasbeenshown to
kill murine macrophageby inducingapoptosigZychlinsky et al., 1992). Induction of
programmedell deathis dependenbn the Shigella proteinIpaB, which directly binds
andactiatesthe interleukin-13-cornvertingenzymel CE, alsocalledcaspase-{Zychlin-
sky etal., 1994; Chenet al., 1996). A mechanisticcognateof IpaB hasnot yet been
identifiedin L. monocytgenes(Barsigand Kaufmann,1997). Interestingly S. flexneri
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fails to inducecell deathin epithelialcells, asthis cell type represents habitatfor this
enterobacteriunfMantis et al., 1996). Thus, bacterialpathogenshot only usedifferent
stratgiesto kill mammaliancells by apoptosisor necrosisbut they arealsoableto do
thisin acell type-specifiovay.

Whereasnductionof cell deathin phagogtesby L. monocytgeneshasbeenstudied
to someextent,verylittle is known aboutcell viability of non-phagoytic cellsafterinfec-
tion with thisintracellularbacterium.Up to now, inductionof apoptosisn non-phagogtic
cellsby L. monocytgeneshasbeenreportedonly for hepatogtes,the majorreplication
site of the bacteriain vivo (Rogerset al., 1996). It hasbeenpostulatedthat suppres-
sion of the cell deathpathway may facilitatethe proliferationof intracellularpathogens
(Weinrauchand Zychlinsky, 1999). Thus, inductionof cell deathmay inhibit pathogen
dissemination. Thereforeit was supposedhat a localizedL. monocytgenesinfection
in form of gastroenteritibsened with someisolatesmay be dueto cell deathat the
portal of entry (the gastrointestinatract), which impairsthe bacteriato proliferateand
disseminateo distantorgans.

In the presentstudy the ability of differentL. monocytgenesclinical isolatesand
internalinmutantstrainsto inducecell deathin epithelial Caco-2and macrophage-lig
J774cellswasinvestigatedy detectionof DNA fragmentationyvhich is oneof the hall-
marksthatcharacterizeapoptosigWyllie, 1980;Duke, 1983). This studyclearly shavs
thatL. monocytgenesstrainEGD doesnot induceapoptosisn bothcell linesunderthe
conditionsused. This resultis in accordancevith previous reports(Zychlinsky et al.,
1992)andwith microscopicalstudiesusingthe dyesHoechst33342and propidiumio-
dide which shaved thatinfection of Caco-2cells with strainEGD leadsto anintensie
spreadingf thebacteriawithout signsof significantcell death(Wagneretal., manuscript
in preparation)In contrastconsiderablaifferencesveredetectecamongthedistinctL.
monocytgenesclinical isolatesconcerningtheir ability to inducecell deathin compari-
sonto strainEGD. Both gastroenteritisndsepsisausingL. monocytgenesisolatesare
ableto induceapoptosisalbeitto differentextents.In Caco-2cells,the highestlevels of
DNA fragmentswere detectedwith the isolates535 (sepsisstrain) and 1724 (gastroen-
teritis strain). The secondyastroenteritistrain1727is alsoableto induceapoptosishut
atalower intensity Sepsisstrains535,579andEGD differ considerablyin their ability
to inducecell death.Whereadsolate535is ableto efficiently kill cellsthroughapopto-
sis, 579 behaesratherlik e strainEGD anddoesnot differ significantlyfrom uninfected
controlcells. Thereforegffecton cell viability alonecannotexplain alocalizationof bac-
teriaduringthegastrointestindiorm of listeriosis,atleastnotusingtheepithelialcell line
Caco-2asmodel.A correlationcouldbeobsenedbetweertheamountof DNA fragments
detectedn Caco-2cellsandthebacterialinvasvenes®f thestrainstestedWagneretal.,
manuscripin preparation)indicatingthatinductionof apoptosisn thesecellsis propor
tional to the numberof internalizedbacteriaasreportedin arecentstudy(Valentietal.,
1999). Interestingly the two-fold increasein DNA fragmentatiormeasuredn Caco-2
cellsinfectedwith the AinlGHE mutantalso correlateswith the two-fold enhancedn-
vasivenesbsened with this mutantin this cell line. Whetherthe differencesn DNA
fragmentationobsened betweenthe strainstestedand the control strain EGD are only
thereflectof differentinvasionabilitiesor arecausedy interactionswith specificfactors
requiresfurtherinvestigations.



CHAPTER 4

Material

This Chapterdescribeshe materialspecificallyusedin the presentstudy suchasbac-
terial strains,plasmids,cell lines, commercialkits and oligonucleotides.For chemicals
and solutionsof more generalusein standardyenetic,biochemicaland cell biological
proceduresot listed hereseethe givenreference®r standargrotocols.

4.1 Bacterial strains and plasmids

Bacterial strainsusedin the presentstudy are listed in Tables4.1, 4.2, 4.3 and 4.4.
Most Listeria monocytgenesstrainsusedwere obtainedfrom the AmericanType Cul-
tureCollection(ATCC; Rockville,Md., USA), from theNationalCollectionof Type Cul-
tures(NCTC; London,England)or from the SpecialListeria Culture Collection(SLCC,;
Wirzkurg, Germairy). L. monocytgenesEGD wasprovidedby S.H. E. Kaufmann,Uni-
versity of Ulm, Germary. L. monocytgenesL99 was obtainedfrom T. Chakraborty
Institute of Medical Microbiology, University of GieRen,Germary. L. monocytgenes
strain 35264 (H) was provided by H. Hof, Institute of Medical Microbiology and Hy-
giene,University of Mannheim,Germary. L. innocuaserotype6b wastakenfrom our
institute’'sculturecollection.OtherL. monocytgeneswild typestrainsusedaredescribed
in thegivenreferenceg¢Table4.1). All L. monocytgenednternalindeletionmutantsused
wereconstructedn the presenstudystartingfrom thewild typestrainL. monocytgenes
EGD asdescribedn section5.2, exceptthe mutantsAinlA, AinIB, AinlC, AinlA/B and
AinIB/C, which were constructedvhereelse accordingto the given referenceqTable
4.2). BacterialstrainsharboringGFPexpressiornvectorswereconstructegsdescribedn
section5.3.1or in Bubertetal. (1999)(Table4.3). Esdherichia coli DH5a wasobtained
from BethesdaRes.Labs,BethesdaMD, USA, andusedascloning hostfor nucleotide
sequencanalysisandconstructiorof knock-outandknock-inplasmidgTable4.4). Bac-
terial strainswere keptin own culture collectionat —80°C. Designationof eachstrain
in this collectionis representety the numberin parenthesebeginningwith eitherS, G
or C. A list of thesestrainsis includedin App. A. Vectorsand plasmidsusedhereare
listedin Tables4.5and4.6. In general plasmidswere derived from the vectorspUC18
(Pharmaciaiotech),pLSV1 (Wuenscheetal., 1991),pLSV16gfp (Bubertetal., 1999)
or pERL3(LeimeisterWachteretal., 1990).For clearnesseasonsplasmidsconstructed
for nucleotidesequenceleterminatiorarenotincludedin theseTables.
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Table4.1: Bacterialwild typestrainsusedin this study

Species Strain Serotype| Sourceof reference
Listeriamonocytgenes| EGD wild type(S1) | 1/2a S.H. E. Kaufmann
L. monocytgenes NCTC7973(S3) 1/2a NCTC

L. monocytgenes SLCC2755(S4) 1/2b SLCC

L. monocytgenes NCTC5348(S5) 1/2c NCTC

L. monocytgenes NCTC5105(S6) 3a NCTC

L. monocytgenes SLCC5543(S7) 3b SLCC

L. monocytgenes SLCC2479(S8) 3c SLCC

L. monocytgenes L99 (S9) da T. Chakraborty

L. monocytgenes SLCC4013(S10) | 4b SLCC

L. monocytgenes ATCC19116(S11) | 4c ATCC

L. monocytgenes ATCC19117(S12) | 4d ATCC

L. monocytgenes ATCC19118(S13) | 4e ATCC

L. ivanovii ATCC 19119 5 ATCC

L. innocua 6b institutes collection
L. monocytgenes 1724 4b (Heitmannetal., 1997)
L. monocytgenes 579 4b (Linnanetal., 1988)
L. monocytgenes 35264(H) 1/2a H. Hof

L. monocytgenes 1727 1/2b (Daltonetal., 1997)
L. monocytgenes 535 4b (Bille, 1998)

L. monocytgenes 536 4b (Bille, 1998)

4.2 Media for bacterial growth and antibiotics

Mediausedfor bacterialgronth areshovn in Table4.7. Listeria spp.strainsweregrowvn
aerobicallyin brain-heart-infusiorbroth (BHI; Difco LaboratoriesDetroit Mich. USA,;
Life TechnologiesKarlsruhe,Germaly; ScharlauMicrobiology, Barcelona,Spain). E.
coli strainsweregrown in 2x YT broth. Agar platesweremadeby addingl.5%agarto
themedia,i. e. 15 g agarin 1 liter broth. For the growth of bacterialstrainscontaining
plasmids,antibiotics were addedto the mediaas shavn in Table 4.8. More detailed
informationaboutbacterialgrowth conditionsis givenin section5.4.1.

4.3 Mammalian cell lines and mediafor cell culture

In this studyfollowing mammaliarcell lineswereused:

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

J774cells: ATCCTIB-67, murinemacrophages.
P388cells: ATCCTIB-63, murinemacrophages.
TIB73 cells: ATCCTIB-73, murinehepatogtes.

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

Species Strain Serotype| Source

L. monocytgenes| EGD AInIGHE (S14) 1/2a This study

L. monocytgenes| EGD AinIGHE (S57) 1/2a This study

L. monocytgenes| EGD AinIGHE (S58) 1/2a This study

L. monocytgenes| EGD AinIGHE (S59) 1/2a This study

L. monocytgenes| EGD AinIGI (S37) 1/2a This study

L. monocytgenes| EGD AinlIGI (S38) 1/2a This study

L. monocytgenes| EGD AinIGll (S53) 1/2a This study

L. monocytgenes| EGD AinIGll (S54) 1/2a This study

L. monocytgenes| EGD AinlH (S41) 1/2a This study

L. monocytgenes| EGD AinlH (S42) 1/2a This study

L. monocytgenes| EGD AinlE (S39) 1/2a This study

L. monocytgenes| EGD AinlE (S40) 1/2a This study

L. monocytgenes| EGDInIGIT (S61) 1/2a This study

L. monocytgenes| EGDInIGII T (S62) 1/2a This study

L. monocytgenes| EGDinIGII ™ (S63) 1/2a This study

L. monocytgenes| EGDinlH* (S79) 1/2a This study

L. monocytgenes| EGDinlH™ (S80) 1/2a This study

L. monocytgenes| EGDInlE™ (S60) 1/2a This study

L. monocytgenes| EGDInlE™ (S69) 1/2a This study

L. monocytgenes| EGDInlET (S70) 1/2a This study

L. monocytgenes| EGD AinlA (S18andS64) 1/2a (Greiffenbeg etal., 1997)
L. monocytgenes| EGD AinIB (S65) 1/2a (Greiffenbeg etal., 1997)
L. monocytgenes| EGD AinIC (S19andS66) 1/2a (Engelbrechetal., 1996)
L. monocytgenes| EGD AinlA/B (S20) 1/2a (Greiffenbeg etal., 1997)
L. monocytgenes| EGD AinIB/C (S22) 1/2a (Greiffenbeg etal., 1997)
L. monocytgenes| EGD AiInlA/C (S71) 1/2a This study

L. monocytgenes| EGD AInlA/C (S73) 1/2a This study

L. monocytgenes| EGD AInlA/GHE (S27) 1/2a This study

L. monocytgenes| EGD AinlA/GHE (S28) 1/2a This study

L. monocytgenes| EGD AinIB/GHE (S67) 1/2a This study

L. monocytgenes| EGD AinIB/GHE (S68) 1/2a This study

L. monocytgenes| EGD AinIC/GHE (S29) 1/2a This study

L. monocytgenes| EGD AinlC/GHE (S30) 1/2a This study

L. monocytgenes| EGD AinlA/B/GHE (S34) 1/2a This study

L. monocytgenes| EGD AinlA/B/GHE (S35) 1/2a This study

L. monocytgenes| EGD AinIB/C/GHE (S36) 1/2a This study

L. monocytgenes| EGD AinlA/C/GHE (S75) 1/2a This study

L. monocytgenes| EGD AinlA/C/GHE (S76) 1/2a This study

L. monocytgenes| EGD AprfA (S15) 1/2a (Bockmanretal., 1996)
L. monocytgenes| EGD wild type x pERL3501(S16) | 1/2a (LeimeistesW. etal., 1990)
L. monocytgenes| EGD AprfA x pERL3502(S17) 1/2a
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EGD wild type x PinlA-gfp (G13)
EGDwild type x PinlC-gfp (G19)
EGD wild type x PactA-gfp (G10)
EGDwild type x Phly-gfp (G16)
EGD AprfA x PinlA-gfp (G14)
EGD AprfA x Phly-gfp (G17)
EGD wild type x pERL3502x PinlA-gfp (G15)

(Bubertetal., 1999)
(Bubertetal., 1999)
(Bubertetal., 1999)
(Bubertetal., 1999)
(Bubertetal., 1999)
(Bubertetal., 1999)
(Bubertetal., 1999)
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Table4.3: BacterialstrainscontainingGFPexpressiorplasmids.

Species Strain Source

L. monocytgenes| EGDwild type x PinlG-gfp (G1) This study

L. monocytgenes| EGDwild type x PinlH-gfp (G4) This study

L. monocytgenes| EGDwild type x PinlE-gfp (G7) This study

L. monocytgenes| EGD AinlA/B x PinlG-gfp (G22) This study

L. monocytgenes| EGD AinlA/B x PinlH-gfp (G23) This study

L. monocytgenes| EGD AinlA/B x PinlE-gfp (G24) This study

L. monocytgenes| EGD AprfA x PinlG-gfp (G2) This study

L. monocytgenes| EGD AprfA x PinlH-gfp (G5) This study

L. monocytgenes| EGD AprfA x PinlE-gfp (G8) This study

L. monocytgenes| EGDwild type x pERL3502x PinlG-gfp (G3) This study

L. monocytgenes| EGDwild type x pERL3502x PinlH-gfp (G6) This study

L. monocytgenes| EGDwild type x pERL3502x PinlE-gfp (G9) This study

L. monocytgenes| EGD wild type x pLSV16withoutgfp (G20) This study

L. monocytgenes| EGD AInIGHE (S14) x pLSV16withoutgfp (G21) | This study

L. monocytgenes| EGD AinlIGHE (S14)x PactA-gfp This study

L

L

L

L

L

L

L

L
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EGDwild type x pERL3502x PactA-gfp (G12)

(Bubertetal., 1999)

Table4.4: E. coli recombinanstrains.

Species Strain Sourceof reference
Esderichia coli | DH5« BethesddRes.Labs

E. coli DH5a x pLSVAInIGHE (Raffelsbauer1997)

E. coli DH5a x pUC18AinIGI (G35) | Thisstudy

E. coli DH5a x pLSVAINIGI (G36) | Thisstudy

E. coli DH5a x pUC18AinIGII (C4) | Thisstudy

E. coli DH5a x pLSVAINIGII (C5) This study

E. coli DH5a x pUC18nIG (C6) This study

E. coli DH5a x pLSVinIG (C7) This study

E. coli DH5a x pUC18AinIH (C8) This study

E. coli DH5a x pLSVAInIH (C9) This study

E. coli DH5a x pUC18AInIE (C10) | Thisstudy

E. coli DH5a x pLSVAInIE (C11) This study

E. coli DH5a x pLSVinlH (C12-C14)| Thisstudy

E. coli DH5a x pLSVInlE (C15) This study

E. coli DH5a x PinlG-gfp (G32) This study

E. coli DH5a x PinlH-gfp (G33) This study

E. coli DH5a x PinlE-gfp (G34) This study

E. coli DH5a x pLSV1(G37) (Wuenscheetal., 1991)
E. coli DH5a x pERL3502(G38) (Leimeiste+W. etal., 1990)
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Table4.5: Plasmidsusedin this study

Plasmid Properties Source

pLSV1 Shuttle vector 6.3 kb, ColE1-Origin, temperature{ (Wuenscher
sensitve origin (Orii) from pEI94, erythromycinresis-| etal., 1991)
tancegene(erythromycir¥)

pLSVAINIGHE | pLSV1 basedknock-out plasmid containing fragment| (Raffelsbaue
GAEB for deletionof theinlGHE geneclusterby homol- | 1997)
ogousrecombination

pLSVAInIGI pLSV1 basedknock-out plasmid containing fragment| This study
GAGB (notin-frame)for deletionof theinlG geneby ho-
mologousrecombination

pLSVAInIGII pLSV1 basedknock-out plasmid containing fragment| This study
GAGB (in-frame)for deletionof theinlG geneby homol-
ogousrecombination

pLSVinIG pLSV1 basedknock-in plasmidcontainingthe inlG gene| This study
for reversionof the AinlG mutantby homologousecom-
bination

pLSVAInIH pLSV1 basedknock-out plasmid containing fragment| This study
HAHB for deletionof the inlH geneby homologousre-
combination

pLSVinIH pLSV1 basedknock-in plasmidcontainingthe inl[H gene| This study
for reversionof the AinlH mutantby homologousecom-
bination

pLSVAInIE pLSV1 basedknock-out plasmid containing fragment| This study
EAEB for deletionof the inlE geneby homologousre-
combination

pLSVinlE pLSV1 basedknock-in plasmidcontainingthe inlE gene| This study
for reversionof the AinlE mutantby homologousecom-
bination

puC18 Cloningvector 2,686bp,lacZt, ColE1-Origin,ampicillin | Pharmacia
resistancgene(ampicillin®) Biotech

pUCL18AInIGI | pUC18basedlasmidcontainingfragmentGAGB (notin- | This study
frame)for deletionof theinlG gene

pUC18AInIGIlI | pUC18 basedplasmid containing fragmentGAGB (in- | This study
frame)for deletionof theinlG gene

puUC18nIG pUC18basedplasmidcontainingthe inlG genefor rever- | This study
sionof the AinlG mutant

pUC18AinIH pUC18 basedplasmid containing fragmentHAHB for | This study
deletionof theinlH gene

pUC18AInIE pUC18 basedplasmid containing fragment EAEB for | This study
deletionof theinlE gene
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Table4.6: Plasmidg Continuation).
Plasmid Properties Source
pLSV16&gfp | Shuttlevectorcontainingthe gfp cDNA encoding| (Bubertetal., 1999)
the greenfluorescenprotein GFR fusion product
of the vectorspUC18and pBCE-1, ampicillin?,
tetrag/clin®
PinlG-gfp | pLSV16gfp basedplasmidwith gfp undercontrol | This study
of theinlG promoter
PinlH-gfp | pLSV16gfp basedplasmidwith gfp undercontrol | This study
of theinlH promoter
PinlE-gfp | pLSV16gfp basedplasmidwith gfp undercontrol | This study
of theinlE promoter
PactAgfp | pLSV16gfp basedblasmidwith gfp undercontrol | (Bubertetal., 1999)
of theactApromoter
PinlA-gfp pLSV16gfp basedplasmidwith gfp undercontrol | (Bubertetal., 1999)
of theinlA promoter
PinIC-gfp | pLSV16&gfp basedblasmidwith gfp undercontrol | (Bubertetal., 1999)
of theinIlC promoter
Phly-gfp pLSV16gfp basedplasmidwith gfp undercontrol | (Bubertetal., 1999)
of thehly promoter
pLSV16 Shuttle vector without gfp, fusion product of | (Bubertetal., 1999)
pUC18andpBCE-1,ampicillin?, tetragclin®
pERL3 Shuttlevector erythromycir¥, kanamycift (Hartmanetal., 1990)
pERL3501 | pERL3derived plasmidcontainingthe prfA gene| (LeimeistefW. etal., 1990)
from L. monocytgenesNCTC 7973
pERL3502 | pERL3 derived plasmidcontainingthe prfA and | (LeimeistefW. etal., 1990)
plcAgenedrom L. monocytgenesNCTC 7973

Table4.7: Mediafor bacterialgrowth.

Name Components Quantity
BHI BHI 3849
(brain-heart-infusiomroth) | ad 1,000 ml H;Ogejon.
2x YT broth | TryptoneoderPeptone 16 g
Yeastextract 109
NacCl 109
ad 1,000 ml H3Ogeion.
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Table4.8: Antibiotics.

Name Conc.of stocksolution Final Conc. Application
ampicillin 100 mg/ml  in HyOster 100 pg/ml | E. coli
erythromycin| 100 mg/ml in 70%EtOH 400 pg/ml | E. coli
erythromycin| 5 mg/ml in 70%EtOH 5 pg/ml | Listeriaspp.
tetrag/cline 10 mg/ml in 70%EtOH | 4or 7.5 ug/ml | Listeriaspp.

Eukaryoticcell lineswerecultivatedin RPMI 1640mediumsupplementeavith 10%
heat-inactratedfetal calf serum(FCS) accordingto standardprocedures. Media and
chemicaldor cell culturewereobtainedirom Life TechnologiessmbH (Karlsruhe Ger

mary).

4.4 Enzymes,chemicals plastic material, commercial kits
and instruments

Enzymesusedn thisstudywerepurchasedrom AmershanPharmaci@iotech(Freikurg,

Germay), Life TechnologiesGmbH (Karlsruhe,Germaty), Promega (Madison,USA),

New EnglandBiolabs(Schwalbach Germary), Q-BiogengHeidelbeg, Germary), Roche
DiagnosticsGmbH (Mannheim,Germaly) and StratagengHeidelbeg, Germaly; La

Jolla, USA, andCedarCreek,USA). UsedDNA molecularweight standardsvere sup-
plied by Life TechnologiessmbH (Karlsruhe Germaiy) andStratagené¢lLa Jolla,USA).

Sizesof single DNA bandsare showvn in Table 4.9. Chemicalswere obtainedfrom

Aldrich Chemie(Steinheim,Germaury), Carl Roth GmbH (Karlsruhe,Germaly), Difco

(Augshurg, Germaly), Fluka(Neu-Ulm,Germaly), Life Technologie$smbH(Karlsruhe,
Germary), Merck (Darmstadt,Germaly), Oxoid (Wesel, Germaly), Riedel de Haen
(SeelzeGermary), RocheDiagnosticssmbH(Mannheim Germaly), Sena(Heidelbeg,

Germalry) and Sigma(DeisenhofenGermaiy). Plasticmaterialsuchas plates,tubes,
flasks, dishesand pipetteswere purchasedrom Becton Dickinson (Heidelbeg, Ger

mary), Greiner(FrickenhausenGermary), Noras(Wurzkurg, Germary), Nunc (Wies-

badenGermaly) andSarsted{NUumbrechtGermaiy). Commerciakits andinstruments
usedarelistedin Tables4.10and4.11,respectiely.

4.5 Oligonucleotides

Oligonucleotidesusedin this study listedin Tables4.12and4.13,werepurchasedrom
MWG-BiotechGmbH(Ebersbg, Germary) or ARK ScientificGmbHBIiosystemgDarm-
stadt,Germary). Nucleotidesequencés givenin the5’ — 3’ direction. Restrictionsite,
if any, isindicated.
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Table4.9: DNA molecularweightstandards.
Name 1 kb Ladder(Life Technologies) kb DNA Ladder(Stratagene
Sizeof band| 12, 216 bp 1,635 bp | 12,000 bp 1,000 bp
11,198 bp 1,018 bp | 10,000 bp 750 bp
10,180 bp 516/506 bp | 9,000 bp 500 bp
9,162 bp 394 bp | 8,000 bp 250 bp
8,144 bp 344 bp | 7,000 bp
7,126 bp 298 bp | 6,000 bp
6, 108 bp 220 bp| 5,000 bp
5,090 bp 200 bp | 4,000 bp
4,072 bp 154 bp | 3,000 bp
3,054 bp 142 bp | 2,000 bp
2,036 bp 1,500 bp
Table4.10: Commerciakits usedin this study
Application Name Manufacturer
Purification of DNA | GFX PCR DNA and gel | Amersham Pharmacia

Biotech(Freilurg, Germaiy)
QIAGEN (Hilden, Germary)

Macherg-Nagel(Duren,Ger

mary)
QIAGEN (Hilden, Germary)

BIO-RAD (Minchen, Ger

mary)
Macherg-Nagel(Duren,Ger

mary)
Perkin Elmer (Weiterstadt,
Germary)

PEQLAB Biotechnologie
GmbH (ErlangenGermary)
Stratagene (Cedar Creek,
USA)

Roche Diagnostics GmbH
(Mannheim,Germary)
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Table4.11: Instrumentsusedin this study

Tablecentrifuges
Thermoblocks
Thermogclers

UV photoapparatus
UV light

Vortex

Waterbath

Name Manufacturer

Autoclaves WebecoMiincheneMedizin Mechanik
Balances LaborAlliance, Sartorius Mettler
Centrifuges BeckmannHeraeus
Centrifugedor cell culture HeraeusSonall
Cleanbenches Nuaire,Gelaire,Envirco
ELISA Reader BioRad
Electrophoresishambers cti

Enegy suppliers Bio-Rad,Desaga
FACSEpicsElite ESPcell sorter| Coulter
FastPred@P120Shaler BIO101-Saantinstruments
Fluorescencenicroscope Leica

Fluorimeter SPEX

Incubators HeraeusSalvis
Incubatorfor cell culture NuncCellstar

Klett photometer Summerson
Magneticstirrer Gerhardt

Micropipettes Gilson,Eppendorf
Microwave AEG

Photometers Zeiss,Pharmacidiotech
pH meter WTW pH 523

Shalers Infors AG

Sonifier BransonSonic

SpeedvAC concentrator Eppendorf

Stoves Heraeus

EppendorfHeraeusHettich
Liebisch,Eppendorf
bio-med,PerkinElmer, TechneProgene
CybertechCS1Mitsubishi

Desaga

Heidolph,Boskamp

Memmert
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Table4.12: Oligonucleotidesisedin this study

Name Sequencés’ — 3') Restrictionsite
lism51-1 | ACGACAAGTCAAGGT GCGG

lism51-2 | GTAGCAGGTGCAATAGGCG

lism51-3 | CTAGTTTTAATGGTACCTGCTATTCTCGG Kpnl
lism51-4 | CTGTTCCACTGCAGGGAACCGITG Pst
lism51-11 | CCCATTTAGT TCCACCCG

lism51-14 | TCTCTATAAAGGCAAACTCC

lisli-15 CAAGTCATGGGCTGCAGGCTCAGGCAGAGAG Pst
lism51-24 | CTGCGTGATGCTCTCTGCCC

lism51-27 | GAGAGGGATTCTGCAGAAACGGT GG Pst
lisminv-1 | CCACACCTTGGATCCTCGITACATATAGG BanHl
lisminv-2 | CGCAGCCAACTGCAGTTAATGTGATTTTCCC Pst
lisminv-4 | ATAAGATTAGGGTACCTAGCAAGTGGECG Kpnl
lisminv-5 | GTTAGTTATACTTGGTACCAATCAGTCACTTTC | Kpnl
lisminv-6 | CCTTGGCTTGTGGTACCATATAGGECTAAGCC Kpnl
lisminv-7 | CTACTTTATCTGCAGT TGGGACTGGAGTAAC Pst
lisminv-8 | TTATCTATCCTGCAGTCCCATTTATTCCCG Pst
lisminv-9 | CAATTTATCTGCAGT AATCGGTAACTTGATG Pst
lisminv-10 | TAAGAAGGAGGTACCCTTTATAGAGAACGG Kpnl
lisminv-11 | GAAACTATACT GCAGCGGCGCAACGG Pst
delxy-2 CCCACAAGGATCCAATTCTGCAATCG BarH|
delxy-3 AACTAATTCCCGGGATAGCTGTCAC PspAl
delxy-4 CGGAATTGGCCCGGGTTTATTCCGC PspAl
delxy-5 GATTGGTTTATTTTGTTTGACG

delxy-6 CGTTACTGGTACCAATTTCGCTTAC Kpnl
delxy-6b | CGTTACTGGATCCAATTTCGCTTAC BarH|
delxy-7 TATGCCCTGCAGATGCCAAAACC Pst
delxy-8 ACATCTTTCGTGTAGAAGGG

delxy-9 TTTATTCCGCAAAAAACGTC

delseg-1 | AACCAATTCTGCAATCGCTG

inlX-1 CCAAGITCCGTCTTCACCTC

inlX-2 TTAGGAACGCTTTTCATCGG

inlX-3 AGTTATCTGGTACCAATCTGTTTGCG Kpnl
orfZ-1 AATCAATATTTACCAAGTCC

orfz-2 GTACTAAACTGCAGT AAAAGCAAG Pst
pGluco-1 | AGTAAGIGCCTCCACAAGCG

pGluco-2 | GTAAGTGCCTGCAGAAGCGAAATGTCC Pst
inly-1 CATTTGATACTGCAGGTAAATTAACGAC Pst
inly-2 GCTTTGATAGGTACCTTTTTGAGTCG Kpnl
Xspez-1 GTAAAACCGTTAAATCAGTC

YC2spez-2| GGGAAGCAAACAAGT GTGAC

PinIXu GGTGAAGATCTAGAT TAATAGGTAGAGTAC Xba
PinIXd TTTATCGTCTCTAGATAATTTGACTGAG Xba
PinlYyu ACTAAACTTCTAGAAACAAGTGATGATTC Xba
Pinlyd ATAATCCCTCTAGATTTATTTAAATTAG Xba
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Table4.13: OligonucleotidegContinuation).

Name Sequencés’ — 3') Restrictionsite
PinlZu CGGGGTTTTCTAGATAGGAACAGCGACGC | Xba
Pinlzd CTATCTCCTCTAGAAAGTAATTCTGC Xbd
Pinlz CCTTTATAAAGTAATTCTGC

mutrerG-1 TTTACGCGAATTCCCACAAGAAACC

delG-1 GCTTTTCATCCCGGGTGCAATACTAATC

delH-1 TCATCGGAGGATCCATACTAATCITACG

delH-2 CCTCCACACCCGEGCTTGICGTTAC

delH-3 GATTTTTATCCCGGGITTCTTGCTAGG

delH-4 AGTGACTAGGATCCTTAATCCTGTTTTG

delE-1 TAGGAACAGGGATCCTAATTCTCCGC

delE-2 TTAATAGGGECCCGGGTGT TCAATCACC

InIC-1b AAACATCTCGGATCCTTGCTAACATATAAG
InIC-2b TTTGITCAAGAATTCATTAAGACTTAC

IniC-3 ATAGCAGACAACAAGGAAGG

IniC-4 ATAGITTCTTCATCTCTTGG

delCseq-2 CTTCATCTGTATAAACTGEC

Xvorw-6 CATTTGTAGGATGGTATGAT

inlYseg-1 CCCAAGTAATTCAGGAGEC

inlYseq-2 AGAATTACTTTATAAAGGAG

inlZseq-3 CACTTACTTGAGTACTTCCG

lism51-14 TCTCTATAAAGGCAAACTCC

RTG7Bdovn | AATGTTAACTGIGT CAATCC

RTH5daowvn GACAATAAATAAGT TTGAAG

RTE3Ddavn | CAATAGATAAGT TGGGTAAT

RTA2down CTAGT TAAACCTGAAAGCGC

RTB2down AGT TAAACGTGAAAGAACCG

RTC2dawvn TTACCATGCAAATCTAATAC

SOD-C GITCCCAAACATCTAAGCC

RTG1lup ACAGAGAAAAACCT CAGTAC

RTH3up AATGCAATTAAAAT AGCGEC

RTE3Aup ATAATGTAAAAACACTGCTC

RTAlup ATATTAGTATTTGGCAGCGG

RTBlup TGITTAATCTCAGGTTTAGC

RTClup TGTTAATTGTAGGTCTGTGC

SOD-N CTTATGATGCTTTGGAGCCG

inlF-2 GCAGI TGGGGTACCACCAAATAGT GG Kpnl
inlF-6 GCCTGITTCTGCAGCATACCAGCCATC Pst
inlFinv-1 TAAGT TGGECTGCAGGACTTATGTCAG Pst
inlFinv-2 ATGTAGAAGGTACCACAAGTGAAGTAG Kpnl
MonoA CAAACTGCTAACACAGCTACT

MonoB GCACTTGAATTCGCTGITATTG

gfp75 CAAGAATTGGGACAA

gfp230 TGCTGTTTCATATGATCTGG

Reverse CAGGAAACAGCTATGAC

Universal GTAAAACGACGGCCAGT
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CHAPTER 5

Methods

This Chapterdescribesnethodsandstratgiesusedin thepresenstudy In particular ex-

perimentsconcerningthe molecularcloning of the inlGHE genecluster constructionof

L. monocytgenesinternalindeletionmutants transcriptionaktudiesusinga GFPbased
expressionsystemand a semi-quantitatie RT-PCR technique cellular invasionandin-

tracellulargrowth assaysfluorescencemicroscoyy, detectionof cell death,andin vivo

studiesusing the mousemodel are describedn detail. For more generalgenetic,bio-

chemicalandcell biologicalmethodsseethe givenreference®r standardgrotocols.

5.1 Geneticmethods

5.1.1 Preparation of DNA

ChromosomaDNA was isolatedfrom Listeria spp. as describedin detail in Raffels-
bauer(1997). Bacteriahanestedfrom 14 ml overnightcultureweretreatedwith 20 mg
lysozyme(Merck) in a 20% sucrosebuffer andlysedwith 1% SDS. The chromosomal
DNA was extractedto purity with phenol/chloroformand precipitatedwith ethanol. In
somecases,chromosomaDNA wasisolatedfrom L. monocytgenesby using 0.5 ml
DNAzol ReageniLife Technologiespsrecommendedby the manubcturerafter treat-
mentof bacterigharvestedrom 3 ml overnightculturewith 1 mglysozymefor 30 min at
37C.

L. monocytgenesDNA waspreparedor inversePCRsusinga methodadaptedrom
Ochmanet al. (1990) as describedin Raffelsbauer(1997). ChromosomaDNA was
completelydigestedvith therestrictionenzymeslul, Dral, EcoRI, EcoRV, Rsd, SalBA
or Tagl. ThedigestedDNA wasthenreligatedwith T4 DNA ligase(Life Technologiesjo
createcircularDNA moleculeswhichwereusedin inversePCRsasdescribedn 5.1.2.

For screeningof L. monocytgenesstrainsby PCR,genomicandplasmidDNA was
isolatedas follows: bacteriawere scrapedfrom agar platesand resuspendeth 50 ul
polymeraséuffer (Q-Biogene).Approx. 0.2 mg lysozyme(Merck) wasaddedandbac-
terial suspensions/ereincubatedl5 min at 37°C. After additionof 15 g proteinaseK
(Merck), samplesvereincubatedor further 10 to 20 min at 55°C andthenfor 10 min at
105°C. Cell debriswerepelletedby centrifugation.

For PCRscreeningplasmidDNA wasisolatedfrom Esderichia coli by incubating
bacteriain 50 ul dH,O for 10 min at 110°C. For restrictionand nucleotidesequence
analysis,E. coli plasmidDNA wasisolatedby usingthe commercialkits QIAprep spin
plasmidkit (QIAGEN), the QuantumPrepPlasmidMiniprep kit (Bio-RadLaboratories
GmbH,MunchenGermaly) or the NucleoBondPC 100kit (Macherg-Nagel)asrecom-
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mendedoy the manufcturers.

5.1.2 PolymeraseChain Reaction(PCR)

Chromosomaland plasmid DNA of L. monocytgeneswas amplified by Polymerase
ChainReactionPCR)accordingo standargrocedure¢Saikietal., 1988;0chmaretal.,
1990)usingTaq DNA polymeras€Q-Biogene Heidelbeg, Germaly), the ExpandHigh
Fidelity PCRsystemenzymemix (RocheDiagnosticsGmbH, Mannheim,Germairy) or
DeepVentDNA polymeras€New EnglandBiolabs,Schwalbach,Germary). Reactions
wereperformedasdescribedn detailin Raffelsbaue(1997). A Standard®CRandpro-
gramusedwith the Tag DNA polymerasereshovn in Tables5.1 and5.2, respectiely.
Oligonucleotidesusedin this studyto amplify DNA by PCRarelistedin Chap.Mate-
rial, Tables4.12and4.13. For cloning purposesrestrictionsiteswereinsertedin some
oligonucleotides.

| Componeng& Concentration | Volume |

dH,Oster 77,5 pl
10x TaqPolymerasduffer 10,0 ul
25mM MgCl, 6,5 pl
20mM dNTPs 1,0 pl
Primera (1 pg/pl) 1,0 pl
Primerb (1 ug/ul) 1,0 pl
chromosomabNA (0,2 — 0,4 ug/ul) 2,0 pl
Taq DNA Polymerasés U/ pul) 1,0 pl

100, 0

Table5.1: Standard®CRwith Taqg DNA polymerase

| Step| Event | Duration| Temperaturg Cycles]
1. | Firststepdelay 3 min 94C
2. | Denaturatiorof dsDNA | 1 min 94°C
3. | Annealingof primers 1 min 55°C 30x
4. | Elongation 1 min 72C
5. | Laststepdelay 3min 72C

Table5.2: Standardgorogramfor directPCRs.

To amplify DNA fragmentsvith unknovn sequencéocatedup-anddownstreanfrom
DNA regionswhosesequencesvere available, inversePCRswere performedas previ-
ously describedRaffelsbauer 1997; Ochmanet al., 1990). Tables5.3 and5.4 shav a
standardeactionandprogramfor inversePCRs.
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| Componeng& Concentration | Volume |

dHyOster 68,5 pl
10x TaqPolymerasduffer 10,0 pl
25mM MgCl, 6,5 pl
20mM dNTPs 1,0
Primera (1 pg/ul) 1,5 ul
Primerb (1 g/ ul) 1,5 ul
religatedDNA 10,0 pl
Taq DNA Polymerasé5 U/ ul) 1,0 pl

100, 0 ul

Table5.3: StandardnversePCR

| Step| Event | Duration | Temperaturg Cycles|
1. | Firststepdelay 3 min 94°C
2. | Denaturatiorof dsDNA 55sec 94°C
3. | Annealingof primers 1 min 57°C 44x
4. | Elongation 1 min 30sec 72C
5. | Laststepdelay 3 min 72C

Table5.4: Standargprogramfor inversePCRs.

5.1.3 Generaltechniquesof molecular cloning

Molecular cloning was performedas describedpreviously in Raffelsbauer(1997)or in
standardprotocols(Sambrooket al., 1989) or as recommendedy the manufcturers
of the enzymesand commercialkits used. PCR productswere purified directly or af-
ter electrophoreticseparatioron agarosegels using the QIAquick PCR purification kit
(QIAGEN, Hilden, Germary), the GFX PCRDNA andgel bandpurificationkit (Amer-
shamPharmaci@iotech)or theNucleoTrapextractionkit (Macherg-Nagel,Duren,Ger
mary) asrecommendedly the manugcturers After purification,the obtained®CRprod-
uctsweredigestedwith appropriateestrictionenzymesandthenligatedinto the chosen
cloningvectorwith T4 DNA ligase(Life Technologies)DNA restriction,treatmeniwith
alkaline phosphatasand ligation were performedaccordingto standardproceduresas
describedn detailin Raffelsbauei(1997).

E. coli DH5« wasusedascloninghostfor constructionanalysisandamplificationof
all plasmidsusedin this work. Plasmidswereintroducedinto E. coli by transformation
afterMgSQO, treatmentndinto L. monocytgenesby electroporatiorusinga methodde-
scribedpreviously by Alexanderet al. (1990)andoptimizedby Bambach(1993). The
nucleotidesequencef obtainedPCRproductswasdeterminedyy sequencinggitherthe
purified productsdirectly or after cloninginto the vectorusingthe ABI PRISM dye or
the dRhodamingerminatorcycle sequencingeadyreactionkits (PerkinElmer, Weiter
stadt,Germaiy) accordingto protocolssuppliedby the manutcturer
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5.2 Construction of L. monocytogenes internalin deletion
mutants

5.2.1 Construction of inlIGHE deletion mutants

The L. monocytgenesmutantstrainslistedin Table4.2 carryinganin-framedeletionin

theinlGHE genelocuswereconstructedrom theparentaktrainsL. monocytgenesEGD
wild type, AinlA, AinlB, AinIC, AinlA/B and AinIB/C by doublecross-aer basedon a
proceduredescribedn Raffelsbaue (1997)usingthetemperature-sensie shuttlevector
pLSV1 (Wuenscheet al., 1991). The appliedstratgy is representedn Fig. 2.10. In

brief, DNA fragmentsGA (291 bp) andEB (364 bp), homologougo the 5’ regions of

theinlG anddapE genesespectrely, wereamplifiedfrom L. monocytgeneswild type
chromosomaDNA by PCRusingtheprimerpairsdelxy-2/delxy-3anddelxy-4/delxy-6b,
respectiely. After restrictionusingthe PCR-insertedPspAl sites,fragmentsGA andEB

weresticky-ligatedto yield fragmentGAEB (632 bp). The precipitatedigation reaction
was usedastemplateDNA in a new PCRwith the external primersdelxy-2/delxy-6b
The thusamplified fragmentGAEB was clonedinto pUC18via the insertedBarnHI re-

striction sites,andthenreclonedinto pLSV1 via BanHlI. This shuttlevectorcarriesan
erythromycinresistancgene(EmR), a Gram-ngative andatemperature-sensite Gram-
positive origin of replication(Oriis). Theresultingknock-outvectorpLSVAINIGHE was
screenedy restrictionanalysisand nucleotidesequencindeforebeingintroducedinto

therecipientL. monocytgenesstrainsby electroporatioraspreviously described Bam-
bach,1993; Alexanderet al., 1990). Screeningof erythromycinresistantcloneswas
performedoy PCRusingthe primer pair delxy-8/ORFZ-1.Integrationof the vectorinto

the chromosoméyy homologousrecombinationwas inducedby incubatingbacteriaat
42°Cin the presencef erythromycin(5 xg/ml). Obtainedcloneswerescreenedy PCR
usingthe primerspGluco-1land ORFZ-1, which selectedntegrationat the 5’ side (via

fragmentGA). The secondcross-wer (via fragmentEB) leadingto the excision of the
vectorandwild typesequencérom thechromosomevasaccomplishedby subculturinga

selectedntegrationstrain10to 20 timesin BHI at 30°C in theabsenc®f erythromycin.
Appropriatedilutions of this strainwere platedonto BHI agarand cloneswere picked

onto BHI plateswith andwithout erythromycin.Sensitve cloneswereanalyzedy PCR
screenindor thedeletionof inIGHE usingthe primersPinlXu anddelxy-7,which gener

ateashortenedCRproductof 728bp insteadof the5.6-kbwild typesequenceObtained
PCRproductswvereclonedinto pUC18andsequencedrlhecorrectin-framedeletionson

the chromosomaevereverified by nucleotidesequencanalysisof the PCRproducts.By

thedeletionof inlIGHE, thefirst 56 bp of the codingregion of inlG werefusedin-frameto

thelast34 bp of inlE. TheresultinginlGE fusiongeneis preceededby theinlG promoter
andencodes shortpeptideof 29 aminoacids.

All remainingmutantstrainswere obtainedby using a similar stratey appliedfor
the constructionof the AinIGHE deletionmutantsdescribedabove. The mutantstrains
L. monocytgenesAinlA/C and L. monocytgenesAinlA/C/GHE were constructedby
deletingthe inlC genefrom the L. monocytgenesmutantsAinlA and AinlA/GHE, re-
spectvely. A 243-bplong truncatedinlC genecarriedby the strainL. monocytgenes
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AinlC (Engelbrechtet al., 1996) was amplified by PCR using the primer pairs InlIC-
1b/InIC-2bandclonedinto pLSV1viatherestrictionsitesBanHI andEcaRl, whichwere
insertedn the primers.Correctcloningwasconfirmedby sequencingheinsertof there-
sulting vectorpLSVAINIC. Selectionof positive clonesafter electroporatiorandvector
integrationinto the chromosomevasachiezed by PCRscreeningusingthe primer pairs
InIC-1b/InIC-2bandInlC-3/delCseq-2respectrely. Erythromycinsensitve deletionmu-
tantswereisolatedby PCRscreeningvith the primersinlC-3 andInlC-4, which generate
a578-bplong productcontainingthetruncatednlC gene(243bp). Sequencingf theob-
tainedPCR productsrevealedthe samenucleotidesequencasin the L. monocytgenes
AinlC mutantstrain.

5.2.2 Construction of inlG, inlH and inlE single mutants and rever-
tants

Thesingledeletionmutantd_. monocytgenesAinlG, AinlH andAinlE wereconstructed
by deletingthe correspondingyenesfrom the strainL. monocytgeneseGD wild type.
To generatehomologyfragmentdor deletionof inlG (GA andGB), inlH (HA andHB)
andinlE (EA andEB), following primer pairswereused: GA (mutrevG-1/delxy-3),GB
(delG-1/lismirv-1), HA (delH-1/delH-2),HB (delH-3/delH-4),EA (delE-1/delE-2)and
EB (delxy-4/delxy-6b). Thesefragmentswere cut with PspAl andligatedto yield the
fragmentsGAGB, HAHB and EAEB, which were amplifiedin subsequenPCRsusing
the correspondingxternalprimers.The obtainedfragmentsvereclonedinto pLSV1via
EcoRI (GAGB) or BanH|l (HAHB andEAEB) restrictionsites,resultingin theknock-out
plasmidspLSVAInIG, pLSVAInIH andpLSVAInIE, respectiely.

To constructpLSV1-basedknock-in vectorsin orderto complementhe single mu-
tantsL. monocytgenesAinlG, AinlH andAinlE with a copy of the correspondinggene
integratedinto the chromosomeandthusrevert thesemutantsto thewild type genotype,
the genesinlG, inlH andinlE were amplified from L. monocytgeneswild type chro-
mosomalDNA usingthe sameexternalprimersusedfor the constructiorof the deletion
strains,i. e. mutrevG-1/lismirv-1 for inlG, delH-1/delH-4for inlH anddelE-1/delxy-6b
for inlE. The obtainedproductswere clonedinto pLSV1 via Ecarl (inlG) or BanHI
(inlH andinlE) restrictionsites, yielding the knock-in plasmidspLSVinIG, pLSVinIH
andpLSVInIE. The correctconstructiornof all mutagenesisectorsdescribedabore was
confirmedby nucleotidesequencanalysis.Selectiorof positive clonesafterelectropora-
tion, chromosomaintegrationof the vectorandallelic exchangeonthechromosomevas
performedusingerythromycinasselectionmarker andby PCRscreeningwvith appropri-
ateprimers. The correctin-framedeletionsandreversionswere confirmedby nucleotide
sequencanalysisof the obtainedPCRproducts.The DNA sequencesf the constructed
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 schematicepresentationf the constructiorof the GFPexpressiorplasmidsPinlG-gfp,
PinlH-gfpandPinlE-gfpis shavnin Fig. 2.7. Briefly, theputatve promoterregionsof the
genesnlG, inlH andinlE wereamplifiedby PCRusingthe primer pairsPinIXu/PinlXd,
PinlYu/PinlYdandPinlZu/PinlZd,respectrely. Theobtained®CRproductsverecleaved
with the restrictionenzymeXba andclonedinto the shuttlevectorpLSV16-gfp (Bubert
etal., 1999)via the Xba restrictionsite. The plasmidpLSV16-gfp is a fusion product
of puC18andpBC16-1which carriesin additionto theampicillin andtetragcline resis-
tancegeneghe geneencodinghe greenfluorescenproteinGFP(Cormacketal., 1996),
flanked by aribosomebindingsite (AGGAG) atthe5’ end(Bubertetal., 1999). Thethus
constructegblasmidsPinlG-gfp, PinlH -gfp andPinlE-gfp wereamplifiedin E. coli DH5«
cells.Nucleotidesequencanalysisof theinsertsof theseplasmidsevealedwild typenu-
cleotidesequencesTheplasmidswerethenintroducednto L. monocytgenesEGD wild
type strainandinto anisogenicprfA deletionmutant(Bockmannet al., 1996) by elec-
troporationaspreviously describedBambach,1993; Alexanderet al., 1990). EGD wild
typestrainsharboringGFPconstructaverecomplementedvith additionalcopiesof PrfA
by introducingthe wild type prfA geneclonedinto the vectorpERL3 50-2 (Leimeister
Wachteretal., 1990). Obtainedcloneswereselectedvith correspondingntibioticsand
screenedy PCR.Primerpairsusedto detectplasmidsweredelseq-1/gfp7%PinlG-gfp),
inlX-2/gfp75 (PinlH-gfp), PinlZu/gfp75(PinlE-gfp) andPrfA1l/PrfA2 (pERL350-2). To
detectchromosomawild typeor mutantprfA primersCO2andprs3wereused.Bacterial
strainscontainingGFPbasedexpressiorvectorsusedin thiswork arelistedin Table4.3.
The promoteractiities basedon GFP expressionweredeterminedasfollows: over-
night cultureswerediluted in freshBHI mediumandgrown at 37°C in the presencef
tetrag/cline (4 pg/ml) to anoptical densityof 1.2 at 550 nm. Two ml sampleof each
culturewerecentrifuged(12,000x g, 1 min, roomtemperature)the cellswerewashed
twice with PBS,resuspendeth 2 ml PBSandthendiluted 1:100in PBS.Fluorescence
wasmeasuredn a SPEXfluorimeterwith afixed excitationwavelengthof 480nmanda
fixedemissionwavelengthof 508 nm usingthe strainsL. monocytgenesEGD wild type,
AprfAorwild typecomplementedavith prfA asblankvalues.Forthe MEM shift, bacteria
weregrown asdescribedbove, washedvith PBSandresuspendeth 2 ml of prevarmed
MEM. Bacteriawerethenincubatedat 37°C in 5% CGO, for 1 h. After this incubation,
bacterialcellswerecentrifugedwashedanddiluted 1:100in PBSasdescribedbore.

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

For transcriptionaktudiesof the genesnlG, inlH andinlE, RNA wasisolatedbasically
usingamethoddevelopedby Oelmiller etal. (1990)anddescribedn Altrock (1997).To
studytranscriptiorof thegenesnlA, inlB andinlC, L. monocytgenescellswerelysedus-
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ing afastmethodrecentlydescribedy Dietrichetal. (2000)andRNA wasisolatedusing
the E.Z.N.A. BacterialRNA Kit (PEQLAB BiotechnologieGmbH, ErlangenGermary)
accordingo instructionsof the supplierwith following modifications:L. monocytgenes
wild type andinternalinmutantstrainsweregrown to anopticaldensityof 1.0at600nm.
3 ml of eachculturewere centrifugedandbacteriawere storedat —80°C for 2 h. Bac-
terial pelletswereresuspendeth 200 ul of BRL buffer (PEQLAB). 1 ml of lysis buffer
TRK (PEQLAB) containing2% S-mercaptoethanolasadded. Cell suspensionsvere
transferredo FastRNA BLUE Tubes(BIO 101Inc., CarlsbadCA, USA) andprocessed
for 2 x 45 secat speed6.5 in a FastPreg=P120Shaler (BIO 101-SaantInstruments,
Holbrook, NY, USA). The tubeswere centrifugedfor 1 min at 8,000 x g and4°C. Su-
pernatantsveretransferredo Eppendorftubes,0.8 vol of ethanolwasaddedandsolu-
tionswereappliedto a HiBind column(PEQLAB). The RNA wasboundto the column,
washeddriedandelutedin 2 x 100 ul RNase-fredH,0 asrecommendy the manufc-
turer RNA aliquotswerestoredat —80°C. To analyzetranscriptionof the genesinlA,
inIB andinIC alongthe growth curve, L. monocytgenesstrainswild type and AinlGHE
weregrown to opticaldensitiesof 0.5,1.0and1.4at550nm. At eachtime pointappro-
priatevolumesof the bacterialculturescorrespondingo 2 x 10° cellswerehanestedoy
centrifugationand RNA wasisolatedapplyingthe above describednethod. To remove
remainingDNA, RNA aliquotsweretreatedwith RNase-freeDNase(AmershamPhar
maciaBiotech)andthecompleteDNA digestionwasconfirmedby PCRusingsamplef
the RNA aliquotsprior to the reversetranscriptionastemplate. The RNA concentration
of eachaliquotwasdeterminedoy measuringhe optical densityat 260 nm in threein-
dependensamplesandcalculatingthe mean.Reversetranscription(RT) wasperformed
with theProSTAR First-StrandRT-PCRKIit (StratageneCedarCreek,TX, USA) accord-
ing to theinstructionsof the supplierusingthe Moloney Murine LeukemiaVirus reverse
transcriptasand5 g total RNA astemplate(exceptRT of theinlG, inlH andinlE genes,
for which 10 ug total RNA wereused). For synthesisof 1st-strandcDNA the oligonu-
cleotidesRTG7Bdonvn, RTH5dovn, RTE3Ddovn, RTA2down, RTB2down, RTC2dowvn
andSOD-Cwereused(for sequenceeeTable4.13). For subsequeramplificationof the
cDNA by PCR,the oligonucleotidesRTG1up, RTH3up, RTE3Aup, RTAlup, RTB1lup,
RTClupandSOD-N andthe aforementionegrimerswereused. Oligonucleotidespe-
cific for the inlG, inlH, inlE, inlA, inIB andinlC geneswere designedafter nucleotide
sequenceanalysisusing programsof the HUSAR resource(GermanCancerResearch
Centey Heidelbeg, Germaly). The specificity of the designedprimerswas verified in
control PCRsusingchromosomabDNA astemplate.

5.4 Methodsfor bacteria and cell culture

5.4.1 Media and growth conditions of bacterial strains

Bacterialstrainsand plasmidsusedin this studyarelistedin Tables4.1to 4.6. Listeria
spp.strainsweregrown aerobicallyin brain-heart-infusiorbroth (BHI; Difco Laborato-
ries, Detroit Mich. USA; Life TechnologiesKarlsruhe,Germary; ScharlauMicrobiol-
ogy, BarcelonaSpain)at37°C, exceptstrainscontainingpLSV1 (Wuenscheetal., 1991)
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vectorderivatives,which weregrown at either30°C or 42°C in the presencef 5 pg/ml
erythromycin. For the growth of L. monocytgenesstrainscontainingpLSV16gfp (Bu-
bert et al., 1999) derived plasmids,tetrag/cline was addedto a final concentratiorof
4 pg/ml to liquid mediaor 7.5 pg/ml to solid media. L. monocytgenesstrainscon-
taining the vector pERL350-2(LeimeisterWachteret al., 1990) were incubatedin the
presencef 5 ug/ml erythromycin.Esderichia coli strainsweregrown in 2x YT broth
at 37°C. For strainscontainingpUC18 (AmershamPharmaciaBiotech, Freilurg, Ger
mary) or pLSV16gfp, the mediawere supplementeavith 100 pg/ml ampicillin. E. coli
strainscontainingpERL350-20r pLSV1 vector derivativesweregrown in the presence
of 400 pg/ml erythromycin. To keepthe bacterialstrains,overnightcultureswere di-
luted 1:1 in a solutioncontaining50% glyceroland2.9% NaCl andstoredat —80°C. To
preparebacteriaaliquotsfor infectionassaysndto isolateRNA overnightculturesof L.
monocytgenesstrainswere diluted 1:25in freshBHI andgrown to the desiredoptical
densities. The shift to minimum essentiamedium(MEM; Life TechnologiesPaisley,
Scotlandwasperformedasdescribedn section5.3.1.

5.4.2 Cell culture, cellular invasionand intracellular growth assays

All cellsusedin this studywere cultivatedat 37°C in a humid atmospher®f 5 % CO,
accordingto standardmethods. Cells of the cell lines Caco-2,J774,P388and TIB73
wereculturedin RPMI 1640medium(Life Technologiesysupplementeavith 10% heat-
inactivatedfetal calf serum(FCS;Life Technologies)For the cultureof HepG-2cells,a
completeHepG-2mediumwasused.Beforeandafterinfectionassaysgellswerewashed
with 1x phosphate-bfferedsaline(PBS)complementeavith 1x CaCl, and1x MgCl,.
Bacteriausedfor infectionweregrown to the mid-log phasg180Klett units), harested
by centrifugation,washedwice with PBSandthenstoredin aliquotsin PBSwith 20%
glycerol(v/v) at—80°C. Thenumberof bacteriag CFU) perml wasdeterminedy plating
on BHI platesserialdilutions of thebacteriaaliquotsin PBS.For cellularadhesioninva-
sionandintracellulargrowth assayscellsweresplit 48 h prior to infectionandseedednto
60 mm-diametetissuecultureplates. The cell densitiesmmediatelyprior to the assays
were approximatelyl(® cells per plate (semi-confluenmonolayer)To reachthe desired
multiplicity of infection(MOI) appropriatesolumesof the bacteriaaliquotswerediluted
in RPMI 1640mediumandthe bacterialsuspension& ml perplate)wereaddedo each
monolayer Cellswereinfectedin FCS-freemediumfor 1 h (J774andP388cellsfor 45
min) at variableMOiIs of 10 (for J774andP388cells), 20 (for Caco-2andHepG-2cells)
and 30 (for TIB73 cells) bacteriaper cell. After infectionthe monolayersverewashed
threetimeswith PBSandoverlaidwith completemediacontaining50 pg/ml gentamicin
(Sena, Heidelbeg, Germaiy) to kill extracellularbacteria After 1 h of incubationmono-
layerswereagainwashedwith PBSandcellswerelysedby additionof ice-colddistilled
waterandsonicationfor 3 x 1 secwith a Bransonsonifiet The numberof intracellular
bacteriawasdeterminedy plating appropriateserialdilutions of the cell lysateson BHI
plates.
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5.4.3 Quantification of GFP fluorescencef intracellular bacteria

Caco-2andJ774cellswereseeded!8 h prior to infectionin 60 mm-diametetissuecul-
ture plates,washedwith PBS,andinfectedwith listeriaeat a MOI of 50 (Caco-2cells)
or 10 (J774cells) bacteriaper cell in FCS-freeRPMI 1640 medium. Bacteriausedfor
infectionweregrown to themid-log phasg180KIett units),washedvith PBS,andstored
in PBSwith 15% glycerolat —80°C. The numbersof CFU per ml were determinedoy
10-fold serialdilutionsof thebacterian PBSandplatingontoBHI agarplatescontaining
7.5 pg/ml tetragcline. For infection, frozen aliquotswere thaved and appliedto the
culturedmammaliarcells. After 60 min (Caco-2cells)or 45 min (J774cells)incubation
to allow optimal uptale of the bacteriathe plateswerewashedhreetimeswith PBSand
overlaid with supplemented®RPMI mediumcontaining25 pg/ml gentamicinto kill ex-
tracellularbacteriaandto preventreinfection. To determineGFP-mediatedluorescence
intensitiesof bacteriagrown in mammaliancells at varioustime pointsof infection, the
gentamicincontainingRPMI mediumwas removed from the infectedhostcells. Cells
weretrypsinizedandtransferrednto a plastictube. GFPfluorescenc®f bacteriain live
infectedcellswasmeasuredby flow cytometryusinganEpicsElite ESPcell sorter(Coul-
ter, Krefeld, Germary) usingthe 488 nm line of anargonion laser Quantificationwas
achiezedby usingthegreenlight channel525/ 10 nmbandpasféilter), while theredlight
channel(630/ 20 nm bandpassilter) wasusedto excludedeadcellsfollowing staining
with propidiumiodide(PI, 2 ug/ml). A thresholdf 0.1%wassetto discriminatebetween
GFP-positve and-negative cellsusingcontrolcellsinfectedwith L. monocytgeneswith-
out carryingthe gfp gene. Analyzing 20,000cells per infection, the total fluorescence
valuewascalculatedoy multiplying the numberof fluorescentells with the meanfluo-
rescencef the GFP-positve/Pl-n@ative cells. Then,the numberof bacteriain thesame
samplevolumeasanalyzedy flow cytometry(approx.300 ul) wasdeterminedy lysing
the mammaliancells and platting out appropriatedilutions of the cell lysatesonto BHI
agarplatescontaining7.5 ug/ml tetragcline. The fluorescencéntensity per bacterium
wascalculatedrom the total fluorescencealueandthe numberof viable bacteria.

5.4.4 Fluorescencanicroscopicstudies

TheGFPexpressiorvectorsPinlG-gfp, PinlH -gfpandPinlE-gfp describedn section5.3.1
containingthe putative promoterregion of inlG, inlH andinlE, respectrely fusedto the
geneencodingthe greenfluorescentprotein (GFP; Cormacket al., 1996) clonedinto
the shuttlevectorpLSV16gfp (Bubertet al., 1999)wereintroducedinto the L. monocy-
togeneswild type andthe AinlA/B mutantstrainsby electroporationBambach,1993;
Alexanderetal., 1990). Positve cloneswereselectedwith tetragcline (7.5 pg/ml) and
screenedy PCRusingthe primer pairsdelseq-1/gfp23@for PinlG-gfp), inlIX-2/gfp230
(for PinlH-gfp) anddelE-1/gfp230Q(for PinlE-gfp). 24 h prior to infection HepG-2cells
weresplit andseedednto 24-well tissueculture platesat a densityof 2 x 10° cells per
well. Overnightculturesof both L. monocytgenesstrainscontainingthe GFP expres-
sion vectorswerediluted 1:25in freshBHI supplementedvith tetragcline and grown
to anoptical densityof 180 Klett units. 2 ml samplesof eachculturewere centrifuged,
washedwice with PBS,resuspendeth PBSanddilutedin Minimal EssentiaMedium
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(MEM; Life Technologies)An appropriateszolumeof thebacteriasuspensionwasgiven
to eachwell (containingapprox.3 x 10 cells)to reacha multiplicity of infectionof 20
bacteriaper cell. Eachstrainwasappliedto threeindependentvells. The cultureswere
incubatedor 1 h to allow the bacteriato invadethe cells. After infectionthe cell mono-
layerswerecarefullywashedwice with PBS,overlaidwith MEM supplementedvith 10
% FCSandincubatedfor further5 h at 37°C. During this time the GFP fluorescence
actvity of the bacteriaincubatedwith andwithout cells was monitoredusinga fluores-
cencemicroscopgLeica). Caco-2cellswereinfectedwith L. monocytgeneswild type
and AinlIGHE strainstransformedwith the GFP expressiorplasmidPactA-gfp (Dietrich
etal., 1998)in aMOI of 20 bacterigpercell. GFP-mediatedluorescencevasmonitored
18 h post-infectionusingafluorescencenicroscope.

5.4.5 Detectionof apoptosisin Caco-2and J774cellsinfected with L.
monocytogenes

Caco-2and J774cells were seededn 96-well tissueculture dishesat a densityof 10*

cells/wellin a total volumeof 200 ul of RPMI 1640 medium(Life Technologiessup-
plementedvith 10% heat-inacttatedFCS,andincubatedunder5 % CO, atmospherat
37°C for 48 h. Cellswereinfectedat a MOI of 20 (Caco-2)and0.5 (J774)bacteriaper
cellfor 1 hin FCS-freemedium.After infectioncompletemediumcontaininggentamicin
(25 pg/ml) was addedto the culturesto kill extracellularbacteria. Quantitatve deter

minationof histone-associateddNA fragmentsvasperformedby usingthe photometric
enzyme-immunoass&ell DeathDetectionELISAPLUS (RocheDiagnosticspccording
to theinstructionsof the manugcturer

5.5 Other methods

5.5.1 Invivo studies

C57BL/6micewerekeptunderspecific-pathogen-freeonditionsin isolatorsandfed au-
toclavedfood andwateradlibitum atthecentralanimalfacilitiesof theUniversityClinics
of Ulm. In agivenexperimentmicewereageandsex matched Five micepergroupwere
orally infectedwith 2 x 10® bacteriaof L. monocytgenesEGD or L. monocytgenes
AiInIGHE. At day 1 and5 postinfection colorny forming units (CFU) of infectedmice
were determinedby plating serial dilutions of organ homogenatesn tryptic soy agar
(Life Technologies).

5.5.2 Computer sequenceanalysis

For computationahnalyse®f nucleotideandpeptidesequenceatathe programpackage
CloneManagel(Scientific& EducationaBoftware),the programpackagef the Genetics
ComputerGroup (GCG) of the University of Wisconsin,USA, or the HUSAR resource
provided by the GermanCancerResearclCenter Heidelbeg, Germaly, wereused.The
CloneManagemwasappliedto managenucleotidesequenceandto searchfor restriction
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sites. To searchfor homologoussequences the databasehe fastaprogramwasused
(GCG).Peptidesequencewerededucedvith thetranslatgorogram(GCG).For sequence
alignmentsandcalculationof percentidentity andsimilarity, the bestfitprogram(GCG)
wasused. Multiple sequencalignmentswere performedwith the programspileup and
prettybox(HUSAR). To designoligonucleotidesspecificfor theinlA, inlB, inlC, inlG,
inlH andinlE genessequencewereanalyzedusingthe programspileup and prettybox
(HUSAR) or findpatterngGCG).
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APPENDIX A

Strain collection

TableA.1: Listeriamonocytgenesstrains.

No. | Strain Characteristics Reference

S1 | EGDwild type? serotypel/2a S.H. E. Kaufmann

S2 | EGD serotypel/2a

S3 | NCTC7973 serotypel/2a NCTC

S4 | SLCC2755 serotypel/2b SLCC

S5 | NCTC5348 serotypel/2c NCTC

S6 | NCTC5105 serotype3a NCTC

S7 | SLCC5543 serotype3b SLCC

S8 | SLCC2479 serotype3c SLCC

S9 | L99 serotypeda T. Chakraborty

S10| SLCC4013 serotypedb SLCC

S11| ATCC19116 serotypedc ATCC

S12| ATCC19117 serotypedd ATCC

S13| ATCC 19118 serotypede ATCC

S14| EGD AinIGHE firstinlGHE mutant| Raffelsbauesetal., 1998
S15| EGD AprfA mutantA42 Bockmannretal., 1996
S16 | EGDWT x pERL3501 Emresistant LeimeisterW. etal., 1990
S17 | EGD AprfA x pERL3502| Emresistant

S18| EGD AinlA Greiffenbeg etal., 1997
S19| EGD AinIlC Engelbrechetal., 1996
S20 | EGD AinlA/B Greiffenbeg etal., 1997
S21| EGD AinIB Greiffenbeg etal., 1997
S22 | EGD AinIlB/C Greiffenbeg etal., 1997
S23| EGD AinlA/GHE mutantA2 This study

S24 | EGD AinlA/GHE mutantA3 This study

S25| EGD AinIC/GHE mutantC11 This study

S26 | EGD AinlIC/GHE mutantC12 This study

S27| EGD AinlA/GHE mutantA2 This study

S28 | EGD AinlA/GHE mutantA3 This study

S29| EGD AinIC/GHE mutantC11 This study

S30| EGD AinIC/GHE mutantC12 This study

S31| EGD AinlA/B/IGHE mutantAB12 This study

S32| EGD AinlA/B/IGHE mutantAB14 This study

S33| EGD AinIB/C/GHE mutantBC16 This study

S34 | EGD AinlA/B/IGHE mutantAB12 This study

S35| EGD AinlA/B/IGHE mutantAB14 This study

S36 | EGD AinIB/C/IGHE mutantBC16 This study

awild typestrainusedfor constructiorof all inl deletionmutants.
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TableA.2: Listeriamonocytgenesstrains(continuation).
No. | Strain Characteristics Reference
S37 | EGD AinIGl 2 mutantFG12 This study
S38| EGD AinIGI 2 mutantFG2 This study
S39 | EGD Ainle mutantAinlE 2-1 This study
S40| EGD AinlE mutantAinlE 6-4 This study
S41 | EGD AinlH mutantAinlH 3-2 This study
S42 | EGD AinlH mutantAinlH 3-4 This study
S43 | EGDWT x pLSVAinIH clone5, Emresistant30°C This study
S44 | EGD scon® pLSVAInIH clone3, Emresistant42°C This study
S45 | EGD scompLSVAinIH clone5, Emresistant4d2°C This study
S46 | EGDWT x pLSVAInIE cloneEP1-6,Emresistant30°C | This study
S47 | EGDWT x pLSVAInIE cloneEP3-3,Emresistant30°C | This study
S48 | EGD scompLSVAInIE clone6, Emresistant42°C This study
S49 | EGD scompLSVAInIE clone2, Emresistant42°C This study
S50 | EGDWT x pLSVAInIGII clone4, Emresistant30°C This study
S51 | EGD scompLSVAInIGII clone4, Emresistant42°C This study
S52 | EGD scompLSVAInIGII clone5, Emresistant42°C This study
S53| EGD AinIGlI © mutantAinlG 4-3 This study
S54 | EGD AinIGII € mutantAinlG 5-3 This study
S55| EGDWT x pLSVAInIGHE | clonel, Emresistant30°C This study
S56 | EGDWT x pLSVAInIGHE | clone4, Emresistant30°C This study
S57 | EGD AinIGHE nev mutantAinlIGHE 1-2/8 This study
S58 | EGD AInIGHE new mutantAinlGHE 4-3/33 This study
S59 | EGD AinIGHE nev mutantAinlGHE 4-3/55 This study
S60 | EGDinlE™ d revertantE3-4/11 This study
S61| EGDinIGIT ¢© revertantB4-4/3 This study
S62 | EGDinIGII* f revertantC2-2/34 This study
S63| EGDinIGII* f revertantC2-2/38 This study
S64 | EGD AinlA obtainedfrom M. Kuhn Greiffenbeg etal., 1997
S65| EGD AinIB obtainedfrom M. Kuhn Greiffenbeg etal., 1997
S66 | EGD AinlIC obtainedfrom M. Kuhn Engelbrechetal., 1996
S67 | EGD AinIB/GHE mutantB4-4/6 This study
S68 | EGD AinIB/GHE mutantB4-6/11 This study
S69 | EGDinlE* d revertantE4-1/1 This study
S70| EGDinlE* d revertantE4-2/4 This study
S71| EGD AinlA/IC mutantAC3-6 This study
S72 | EGD AinlA/C mutantAC4-7 This study
S73| EGD AinlA/IC mutantAC4-8 This study
S74 | EGD AinlA/C mutantAC4-10 This study
S75| EGD AinlA/GHE/C mutantAGC3-5 This study
S76 | EGD AinlA/GHE/C mutantAGC4-14 This study
S77| EGDinlH* 9 revertantHD6-1/5 This study
S78| EGDinlHT 9 revertantHD6-5/0 This study
S79| EGDinlH* 9 revertantH17 This study
S80| EGDinlHT 9 revertantH19 This study

aDeletionof inlG notin frame.
bTheabbreviation“scom” meanssinglecross-eer mutant.
¢Deletionof inlG in frame.
dStraininlE+ wasconstructedy complementingnutantstrain AinlE (S40)with inlE.
eStraininlG1* wasconstructedy complementingnutantstrain AinlGl (S38)with inlG.
fStraininlGll + wasconstructedy complementingnutantstrain AinlGll (S54)with inlG.
9StraininlH+ wasconstructedy complementingnutantstrain AinlH (S41)with inlH.
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TableA.3: Listeriamonocytgenesstrains(continuation).

No. Strain Characteristics Reference
A2 EGD AinlA x pLSVAInIGHE Emresistant30°C | This study
C2 EGD AinIC x pLSVAInIGHE Emresistant30°C | This study
G2 EGDWT x pLSVAInIGI Emresistant30°C | This study
AB1 EGD AinlA/B x pLSVAInIGHE Emresistant30°C | This study
BC4 EGD AinIB/C x pLSVAInIGHE Emresistant30°C | This study
SCA2 | EGD AinlA scompLSVAInIGHE Emresistant42°C | This study
SCG1 | EGDWT scompLSVAInIGI Emresistant42°C | This study
SCC3 | EGD AinlC scompLSVAInIGHE Emresistant42°C | This study
SCAB2 | EGD AinlA/B scompLSVAInIGHE | Emresistant42°C | This study
SCBC2 | EGD AinIB/C scompLSVAInIGHE | Emresistant42°C | This study

TableA.4: ListeriamonocytgenesstrainscontaininigGFPexpressiomplasmids.

No. | Strain Characteristics Reference
Gl | EGDWT x PinlG-gfp Tcresistant This study
G2 | EGD AprfA x PinlG-gfp Tcresistant This study
G3 | EGDWT x pERL3502x PinlG-gfp EmandTc resistant| Thisstudy
G4 | EGDWT x PinlH-gfp Tcresistant This study
G5 | EGD AprfA x PinlH-gfp Tcresistant This study
G6 | EGDWT x pERL3502x PinlH-gfp EmandTc resistant| Thisstudy
G7 | EGDWT x PinlE-gfp Tcresistant This study
G8 | EGD AprfA x PinlE-gfp Tcresistant This study
G9 | EGDWT x pERL3502x PinlE-gfp EmandTc resistant| Thisstudy
G10 | EGDWT x PactAgfp Tcresistant Bubertetal., 1999
G12 | EGDWT x pERL3502x PactA-gfp EmandTc resistant| Bubertetal., 1999
G13 | EGDWT x PinlA-gfp Tcresistant Bubertetal., 1999
G14 | EGD AprfA x PinlA-gfp Tcresistant Bubertetal., 1999
G15 | EGDWT x pERL3502x PinlA-gfp EmandTc resistant| Bubertetal., 1999
G16 | EGDWT x Phly-gfp Tcresistant Bubertetal., 1999
G17 | EGD AprfA x Phly-gfp Tcresistant Bubertetal., 1999
G19 | EGDWT x PinIC-gfp Tcresistant Bubertetal., 1999
G20 | EGDWT x pLSV16withoutgfp Tcresistant This study
G21 | EGD AInIGHE (S14) x pLSV16withoutgfp | Tcresistant This study
G22 | EGD AinlA/B x PinlG-gfp Tcresistant This study
G23 | EGD AinlA/B x PinlH-gfp Tcresistant This study
G24 | EGD AinlA/B x PinlE-gfp Tcresistant This study
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TableA.5: E. coli recombinanstrains.

No. | Strain Characteristics Reference

Cl | DH5a x pCYB2:inlG cloneG0-1 | Amp resistant Impactsystem

C2 | DH5a x pCYB2:inIG cloneG0-9 | Amp resistant Impactsystem

C3 | DH5a x pCYB2:inlG cloneG1-18 | Amp resistant Impactsystem

C4 | DH5a x pUC18&AInIGII Amp resistant This study

C5 | DH5a x pLSVAInIGII Emresistant This study

C6 | DH5a x pUC18nIG Amp resistant This study

C7 | DH5a x pLSVInIG Emresistant This study

C8 | DH5a x pUC1&AinIH Amp resistant This study

C9 | DH5a x pLSVAInIH Emresistant This study

C10 | DH5a x pUC18AInlE Amp resistant This study

C11 | DH5a x pLSVAInIE Emresistant This study

C12 | DH5a x pLSVinIH cloneH2 Emresistant This study

C13 | DH5a x pLSVinlH cloneH3 Emresistant This study

C14 | DH5a x pLSVinIH cloneH13 Emresistant This study

C15 | DH5a x pLSVinlE Emresistant This study

G32 | DH5a x PinlG-gfp Amp andTc resistant| Thisstudy

G33 | DH5a x PinlH-gfp Amp andTc resistant| Thisstudy

G34 | DH5a x PinlE-gfp Amp andTc resistant| This study

G35 | DH5a x pUC18AInIGI Amp resistant This study

G36 | DH5a x pLSVAInIGI Emresistant This study

G37 | DH5a x pLSV1 Emresistant Winscheetal., 1991

G38 | DH5a x pERL3502 Emresistant LeimeisterW. etal., 1990
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Nucleotidesequences

B.1 Nucleotide sequenceof the inlGHE genecluster and

RBS
start

stop

61

121

181

241

301

361

its flanking genes

TCGACCTAGT
D L

ACCAAGATGA
D QD

ATAAAAAAGT
Y K K
CTTTGECGCEGE
ACGAAAAAGT

TGGCGGECAT

TCCAAGATAG

RBS
421 PAGGAGACGA

481

541

601

661

721

CAGCTATCTT
T A |

AGAGTATTCC
E S |

AGGTGAAGAC
E V K

ATCAGATAAC
N Q |

ATTTAACTAA

AAGTGCCTCC
VvV S A S

CTGGGGCAAA
D W G K

AATTGAAACA
v I E T

GCTGITTTTT
TCAATTAATT
CTTCTGITAT

TGCAGATCCA

start
inlG

TAAAATCGAAA
M K

GCGAATTAGT
L G1 S

GCAACCAGCG
A QP A

GGAACTTGA
T E L G

TAAACTTGAA
T K L E

TTTGAATATG

putative ribosomebindingsite
startcodon
stopcodon
endof theprotein

ACAAGCGAAA
T S E

TGTCCAAACG
M S K

TTACGCCTTC
R Y G F

GGAACATTAG AACGCTCCCG CAAAGATTCA

G T L

N G E
TACGCTACTT

GICACATCTT

AATTATTCAT

AGGTGTATTT

CAGAGAAAAA
Q R K

TTATGGGTAA
L WV

CCAATTAACG
P I N

AAAACTAGTG
K T S

GCAGACGACA
A D D

TTGGGTGTAT

115

E R S

R K D S

stop
ascB

AATGGTGAAG ATTTAGATTA ATAGGTAGAG

D L D

CCCACAAGAA

TCGTGTAGAA

CAAAGACTAG

AATGATGAAT

CCTCAGTACT
T S V

ATGCAAGTCA
N A S

AAATTTTCAC
E I F

TCACTGATGA
vV T D

AAGGAATAAA
K G |

CTTCCAATCA

*

ACCAATTCTG

GGGTCTAATG

TAATATTTTA

TATCTACTCA

ACATGITTTA
L HV L

TGGGATGAAA
H G M K

GGATCCAGCA
T D P A

AGTTACGCAA
EV T Q

TTCAATAGAG
N S | E

GATTACTAAT

ATCTACGTAG
I Y V

TTCTTCTGGT
F F W

TACAGCCCCG

CAATCGCTGA

CGAGAAAAAA

CGCCAAGTCA

GICAAATTAT

CTTGTAGTGA
L VvV V

GCTCAGGCAG
A Q A

TTAGCGGACG
L A D

ACAGATTTGA
T D L

GGAATACAAT
G 1 Q

ATTACACCTC
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781

841

901

961

1021

1081

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

1741

1801

1861

Y L T

TTGCCAATCT
L A N

CCCCACTTTC
T P L

ATGTGACACC
D V T

TAAGTGATGC
I S D

AACAAATAAC
Q QI

AAAATCCTTA
K N A

GTCCAAATAT
S P N

AAAAAATCAC
Q K I

TAGTAGAAGC
I V E

AAAACGTGGT
E N V

CTTTTTCTGG
T F S

AAATGECCGEEC
K M P

CATTTGATGT
T F D

AACCGACTCC
E P T

GIGGAACTGA
G G T

CTAGATTTAC
A R F

AAAACGACAA
K N D

AACTTCCAAA
K L P

TCGGAGGTGC
I G G

N L N M

TACTAATTTA
L T N L

AGGATTGACA
S G L T

TCTTGCTAAT
P L A N

AAGTCCTTTA
A S P L

AGCCGCGCCA
T A AP

TGGTGAAGTA
Y G E V

CACTTGGAAC
I T W N

ACTAGGTGAT
T L G D

GCCCGTGAAT
A P V N

AGTGGATACA
V V. D T

TTGGTATGAT
G WY D

TACGAATATG
AT N M

GGATGGTGAA
vV D G E

TCCGACGAAA
A P T K

ATGCGATTTC
E WD F

TAAAAATCCT
T K N P

AGATAAACTA
K D K L

AACAAGTGAT
K T S D

AATACTAATC
A I L |

L G V

GATTCTTTAT
D S L

CAGTTAACAT
QL T

CTAACGAAAT
L T K

GITAATATGA
V. N M

GTCGTATATC
vV VY

GTACCACCAA
V P P

TTAGATAGIT
L D S

AATGCGAAGG
N G K

TACATTACTA
Y I T

TTAATAACCG
L I T

GCGGAAACTG
A E T

ACACTTTACG
T L Y

ACAACTAATC
T T N

GATGCCTACA
D G Y

GCAACTAGCA
A T S

AGCTCAGACA
S S D

ACAATTAAAG
T I K

GATTCAAGTA
D S S

TTACGAAAAA
L R K

S S N

ATTTAGGAGA
Y L G

TCGTACAATT
F V Q

TAAATTATTT
L N Y

CTGATTTAAC
T D L

AAACTAATTT
Q T N

CAACGATTAG
T T |

TCACGAGTGA
F T S

TAACTTTTCC
vV T F

CATTTGATGT
T F D

AACCTGCTGA
E P A

GTGGGAATGA
G G N

CACAGTTCAC
A Q F

AAAAAGTAGA
Q K V

CATTTGTAGG
T F V

AAATGCCAAC
K M P

ATTCTCAAAC
N S Q

CTAACGACAG
A N D

TGATTCCTAC
M1 P

AAACTACTAA
K T T

QI T N

TAATAAAATT
D N K |

ATCTATCAAT
L S I N

AGATTTACGA
L DL R

GGITTTACAT
T V L H

AGTTGCACCA
L V A P

TAATAACGGA
S N N G

GGITAGITAT
E V S Y

AGGAACTGIT
A G TV

GGATGGAACG
Vv D G T

ACCGACAAAA
E P T K

ATGCGATTTT
E WD F

GATAAACAGC
T 1 N S

TTACCAAGCT
DY Q A

ATGGTATGAT
G WY D

TAGTGATATA
T S D |

AGCTCCCGGA
T A P G

CCCAGATCCG
S A D A

TATTTTAGGA
T I L G

stop
inlG

CATTTAAGAT
N | *

I T P

AGTGATGTGA
S DV

CAAATAAAAG
QI K

GAAAATCAAA
E N Q

TTAGAAAAAC
L E K

GATATTTTGA
DI L

ACCTTTGCTA
T F A

GATTTTAATC
D F N

GTTCAACCGA
vV Q P

ACGACGACAG
T T T

GAAGGTTATA
E G Y

GCAGTAGATA
AV D

TACACAGCGA
Y T A

CTGCTACAAG
L L Q

GCAAAAACGG
A K T

ACTTTATATG
T L Y

AAAGATGATA
K D D

ACGAGTACTA
T S T

ACGCTTTTCA
T L F

AAAGTAGATT
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1921

1981

2041

2101

2161

2221

2281

2341

2401

2461

2521

2581

2641

2701

2761

2821

2881

2941

3001

TGGITTCTAT

TATTATTAAT

start
inlH

GATTATGAAA

M K

CGGEGECTTAGC
L G L S

GCAGCCAACC
T Q P T

AGCGGECTGGA
I A A G

TACTTTATCA
T T L S

TTTGATAGGG
N L I G

AACGAAAATA
L T K |

TGGGTTACAA
A G L Q

ACTTGCAGGT
P L A G

AAGCCCGCTT
I S P L

TGATTTAACC
S DL T

AATAAGTGAT
K I S D

TAATCAAATT
N N Q I

AACGAATCAA
L T NOQ

TGTAGTAAAA
N V V K

ATACGCAACC
T Y A S

TTTTAACCAA
T F N Q

TTTCAGTAGA

GACTTATTTA

AAACGGTGGA
K R W

CTATATGTAA
L Y V

GCAATTAATG
A I N

AAATCTAATG
K S N

GCATTTGGRA
A F G

TTAGAACTTA
L E L

ACAGAACTTG
T E L

AGCATAAAAA
S I K

CTTTCCAATT
L S N

GCAGGACTAA
A G L

CCACTTCCTA
P L A

ATTTCGCCAC
I S P

AGTGATGITA
S DV

ACAATTACCA
T 1 T

GGICCTTCTG
G P S

CCAAATTTAA
P N L

TCAGTCACTT
S V. T

GACCAAATTT

GAAGAATAAT

ATTCAGTATT
N S V

CGACAAGCCA
T T S

TGATTTTCCC
vV | F

TAACAGATAC
vV T D

CTGGAGTAAC
T G V

AAGATAACCA
K D N

AATTATCTGG
E L S

CGCTAGACCT
T L D

TGCAGGTATT
L Q V

CTAATTTACA
T N L

ATTTATCTAA
N L S

TTGCTAGITT
L A S

GCCCACTTGC
S P L

ACCAACCTGT
N Q P

GCGCGCCTAT
G A P

CATGGAATTT
T W N

TCAAAAATAC
F K N

TTTTGTTAAT

TAGIGAATCT

CAAACTAGIT
F K L V

AGGTGTGGAG
Q G V E

TGATCCAGCT
P D P A

TGTCACGCAA
T VT Q

AACGATAGAA
T T I E

AATAACTGAT
QI T D

AAACCCGTTA
G N P L

AACTTCTACG
L T S T

ATATTTGGAT
L Y L D

ATACTTATCA
Q YL S

ACTAACTACT
KL T T

ACCTAATCTT
L P N L

GAATACTTCA
A N T S

GTTTTATCAA
V F Y Q

TGCACCCGCT
I A P A

AACTAGITTT
L T S F

AACAGITCCG
T T V P

TTGGTCTAAA AAAGGGTATC

RBS
AATTTAAATA ABAGGAGAGG

TTAATGGTAA CTGCTATTCT
L MV T A

GITCGGEGCAG AGAGCATCAC
VvV R A E S |

CTTGCGAATG CAATTAAAAT
L AN A1l K

GCGGATTTAG ATGGAATAAC
A D L D G |

GGAGTGCAGT ACTTAAATAA
GV Q Y L N

TTAACTCCTC TTAAAAATTT
L T P L K N

AAAAATGTGA GCGCGATTGC
K NV S A

CAAATTACAG ATGTGACCCC
QI T DV T

CTCAATCAAA TAACCAATAT
L NQ I T N

ATCGGAAATG CCCAAGTAAG
|l G N A QV

TTAAAAGCTG ATGATAATAA
L K A D D N

ATAGAAGITC ATTTGAAAAA
I E V H L K

AACTTATTTA TTGICACTTT
N L F I vV T

AATAATCTTG TCGITCCCTAA
N NL V V P

ACTATTAGIG ACAATGGAAC
T 1 S D N G

ATTAATAATG TTAGITATAC
I NN V S Y

TTTAGTGGGA CAGITACACA
F S G TV T
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3061

3121

3181

3241

3301

3361

3421

3481

3541

3601

3661

3721

3781

3841

3901

3961

4021

4081

4141

ACCATTAACA GAAGCTTACA
QP LT EAY

AGTCGGECGECG AATGAATTAA
T V GA NEL

CACAGECTGG TATGATGCGA
F T GW Y D A

GCCAGCAGAG GACATCACAT
M P A E DI T

TGATATTGAT GGTAAATTAA
F DI D G K L

AGTAGCGCCA ACGAAGGATG

CTGCGGTITTT
T AV

TTAAAGAACC
I K E

AAACT GECCG
K T G

TATACGCGCA
LY A

CGACTCAAAA
T T Q

GCTATACGTT

TGACGTGGAC GGGAAGCAAA
F DVD G K Q

AACGECCCCG ACGAAAGAAG
P T A P T K E

AACTAAATGG GATTTTGCGA
G T K W D F A

GITTACGATT AATAGITACA
Q F T | N S Y

AGTCACTTAT CAAAGCTTCC
K v TY Q S L

CACAGGTTGG TATGATGCTA

PV AP
AACTAAATGG

T K D
GATTTTGCGA

G T KW D F A

GITCACTAAA
Q F T K

TGGTGATGGT
N G D G

TGACGAAAAT
G D E N

AATTCTCCGC
L I L R

TCTATAGECT

TTAACAAGIC

ACTACGAGAA

GAAAAGAAAC
M K R N

TTTTTGGGTA
T F WV

TATTAACGAA
P I N E

AGCGGATGTA
K A DV

AAAATCAGCA
A K S A

AATGACAACC
N D N

ACAAGTAACC
T S N

ACCATCCTTC
T M L

AAAACAATCA
K T |

TCAGCTTTTT

TAATTTTAGT

CATACAAATT

AAAACAGCAT
K T A

GGGATGAGCT
G M S

ATTTTTACTG
I F T

ACAGACGAAG
T D E

GGAATAACAA
G I T

G Y T

CAGGGAAAAT
T G K

GCCAGCGGEA
M P A G

CGAATCCCGA
P N P

TGATCCAACT
D DP T

CAAGTAATTC
P S N

AGGAGCCAAT
S G G N

CGATTTTTAT CGGEGITTTC
P I F I G V F

stop
inlH

AAGTAAAATA ACAACAAAAA
K v K *

TATTAGTAGA TAAATTCATC

GATTAAACGA AATCCTACTA

TCTAAAAAGC AGAATTACTT

TAAGAATCTT AGTCACTTTA
L R | L V T L

CAAAAGAAGT ACAAGCACCG
S K E V Q A A

ATCCAGTGCT TACTGATAAT
D PV L T DN

TTACGCAAAC CGACTTAGAT
v T Q T D L D

CAATAGAAGG ATTGCAGTAT
T I E G L QY

F T GW Y D A

AATATAACAC
N I T

ACCAATACCC
T N T

ACCACACTTC
T T L

TTGCTAGGAA
L L G

AAGCTGAGGT
TAAACGTCAC

CCCTATAATA

RBS

TATARAGGAG

GCTGTAGTAT
AV V

GIGATTGAAC
vV | E

GIAAAAACAC
vV K T

AGTGTAACTC
S VT

CTAACTAATT
L T N

CAAGTGTGAC
T S V

GITACACTTT
G Y T

CAGATAAAAT
T D K

CAGCCACATT
T A T

TAGAAGAACC
L E E

AAACGEGT GG
K T G

TATACGCCCA
LY A

CAACAGGAAA
P T G

CAACAGCTGG
P T A

CAGCGACGCT
T AT

CTATAGITTT
AACTAAATCG

TAGTGACTTA

start
inlE

ATAGTTTAAT

TGGCAATTAC
L A |

ACCCAACCCC
H P T

TGCTCGGAAA
L L G

ATTTATCACC
H L S

TATCGGAATT
L S E
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4201

4261

4321

4381

4441

4501

4561

4621

4681

4741

4801

4861

4921

4981

5041

5101

5161

5221

5281

5341

AGAATTAATA
L E L I

AGAACTTAGA
T E L R

TCTAAAAACG
N L K T

TTCCAATTTA
L S N L

AGGACTATCT
A G L S

ACTTGCTAAT
P L A N

TTCTCCACTT
vV § P L

TGATGIGAGT
S DV S

AATCACCAAC
T I T N

CCTTTCTGGT
G L S G

CAATTTAACG
P N L T

AGTCACTTTC
S VT F

AGTTTACGCT
E VY A

TGAATTAATT
N E L |

TGACGCAAAA
Y D A K

TATAACTTTA
DI T L

TGTGGAACCA
N V E P

TGTACAAGAA
N V Q E

AGTCAACATC
K V. N |

AGCAGITCTT

GATAATCAAG
D N Q

TTATCTGGAA
L S G

ATGGATCTTA
M D L

CAGGTGTTAA
Q V L

AATTTACAAT
N L Q

TTATCTAAAC
L S K

ACTGGITTAT
T G L

CCCCTTGCAA
P L A

CAACCCGTAT
Q P V

GACCTTATTG
E L |

TGGGATTTAA
W D L

AAAAATACAA
K N T

GIAGITTTTG
V V F

AACGAACCAA
N E P

ACAGACGGEGA
T D G

TATGCTAAGT
Y A K

AATGACAATA
N D N

AATGGAACTA
N G T

AAGTTACCGA
K L P

ATCGGAATTG

TAACCGATTT
V T D

ATCCGITAAA
N P L

TTTATACAGA
I Y T

ATTTAGATAT
N L D

TTTTATCGIT
F L S

TAACCACACT
L T T

CTAATCTCAC
S N L

AATTACCCAA
K L P

TTTATCAAAA
F Y Q

CACCGGATAC
A P D

ACAGCTTCAT
N S F

CGCCTCCTTT
T A P

ATGTGGACGG
D Vv D

CTGCTCCAGC
T A P

ATAAATGGGA
N K W

TCACTGAGAA
F T E

ATTCAGACAA
N S D

ACGAAGGAAT
N E G

TTACTGGAGA
I T G

GCTTAGITTT

AAATCCTCTT
L N P L

AGATGIGACGC
K DV S

TATTACGGAT
DI T D

CAATCAAATA
I N Q |

CGGAAGTACT
F G S T

AAACGCTATG
L N A M

AGAAGTITTAT
T E VY

CTTATCTATT
N L S |

TAAACCTATC
N K P |

TATTAGCGAC
T 1 S D

TAATAGIGIT
I N S V

TAGTGGAACA
F S G T

AGAGCAAACA
G E QT

CAAGGAAGGT
A K E G

CTTTGGGATA
D F G I

CGAAGAACCA
N E E P

TGCAGAACCA
N A E P

AAATAATCTG
I N N L

TAAATTGAAT
D K L N

ATTCCGCAAA

ACTAATTTAA
T N L

GCCCTTGCTG
A L A

GIGACACCAC
v T P

ACTGATATAA
T D |

CAAGTAAGTG
Q V S

AATAGTAAAG
N S K

TTGGAAGAGA
L E E

GITACTTTAA
vV T L

GITCCTAATG
vV P N

AATGGAACAT
N G T

AGTTACACAT
S Y T

GITACACAAC
VvV T Q

AGTGCGATGCG
S A M

TATATATTCG
Y | F

GATAAAATGEC
D K M

AATCCTAGTA
N A S

AATCCTAGTA
N A S

AACAGITCAG
N S S

GIGCTTCCTA
v L P

AAACGT CAAA

CGAAAATAAC
T K |

GATTAAAAAA
G L K

TTGCAGGACT
L A G

CTCCACTTGC
T P L

ATTTGACGCC
DL T

TAAGCGATGT
V S D

ATCAAATTAG
N Q |

CGAATCAAAC
T N Q

TAGTAACTGG
vV V. T

ACACTAGTCC
Y T S

TTAACCAATC
F N Q

CATTAACAGA
P L T

TAGGTGTGAA
v G V

ATGGATGGTA
D G W

CTCCTAGTGA
P A S

GICCAATTAA
S P 1

GITCAAATAA
S S N

GIGAAGATAA
G E D

TTTTTGTAGG
I F V

stop
inlE

CAAAATARAC
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5401

5461

5521

5581

5641

5701

5761

5821

5881

5941

6001

6061

6121

6181

6241

6301

6361

6421

6481

G AV L

I G |

G L V

L F R K

CAATCAATGG CTTGCECTTCT GTAAATCATG CAGAGACTAA

TATAAGAAGG AGTTTGCCTT TATAGAGAAC

AGGCCGTGAA

GATTCGACTA
D S T

CATGGTATTG
H G |

ATTGGITCCA
I G S

GGTGATGTAT
G D V

TACGGACGCG
Y G R

GAACTTCATG
E L H

GAAGAAATCG
E E |

GATGGITTAA
D G L

ATTAATTATA
I N Y

GIGAATGCGA
V N A

ATTGATCCTA
I D A

GGAAATCAAG
G N Q

CCAGAAATGG
P E M

AAACAGGAAA
K Q E

GATAAAAATT
D K N

GAAATCCCAT
E I P

start
dapE

GGGAAAACAT

ATK?@CACCA ACAAAAAAAG ATTCAAATTT

M D

ATGGGCATGA
N G H

AGTCCGAAAA
E S E

GTAACGAGAA
S N E

CTAAGTGGAA
S K W

GCGCAACGGA
G A T

AAGAAAAACA
E E K

GTGAACTTGG
G E L

TCATCGGCGA
I 1 G

CCGTTAAATC
T V K

TTGATAACTT
I D N

CTAACGAAAT
T N E

TCAATAGTAT
V N S

ATAATGAAAC
D N E

ATGTGAATCT
N V. N

CCGATTTAGT
S DL

TACTCGGTAT
L L G

Q Q K K

AGAACAAGTT
E E Q V

GGTACAATAC
K V Q Y

I Q |

GCGAACTATT
A N Y

GACCTAGACA
DL D

GGTTTTGGCA
K VvV L A

GTTCOCACCT
K F P P

TATGAAGTCA
D M K S

AAAACTAAAC
Q K L N

AGCAGAACAA
G A E Q

ACCGAGTGGA
E P S G

CACTGGTAAA
S T G K

GCTGCTATTT
L L L F

ATTAGGCCGAT
I L G D

CCCTGAAAAA
I P E K

AGTGAAACAA
T V K Q

GGAATTAATA
L E L |

CCACATTCGCT
V. H I A

TTCCGGAACA
I S G T

TTTTCAGGEC
F S G

TTTGAAGCGA
F E A

GGICTAGCGG
G L A

GGCAAGATCA
G K |

CTAACACAAA
L T Q

CACAGAATCG
H R |

AATGCCCATA
N A H

TATAATGAAG
Y N E

TTTATTCATA
F I H

GCACAACTGC
A QL

GIGCTAGIGA
vV L V

TTTGATTATG
F DY

AAGAGCGTAG
K S V

ACCGATGCAG
T D A

K R Q
GCCATTTTTT

AGAGT GGAAT

TAAAGGACTT
L K D

TGCAAAAGTT
L Q K

GAGCTAGCCT
R A S

ATATGGATGT
H M D

CAGAGCATGA
T E H

CGATGGITAT
A MYV

GATTATTAGC
R L L

AAGGITACGC
K G Y

TTTATGCGCA
V Y A

GITCGATGCC
S § M

TAGAAAAATT
V E K

ATGICACCGT
N V T

AAGGGAATAT
Q G N

AGATTATCAA
K I |

ATAAACAACC
D K Q

CAAGCGACAT
A S D

CAGAATTTAC
A E F

T K *
ATTTGGTAAT

TCATAGAAAG

GGTAAATATT
L V N |

GITAGCTGAA
L L A E

AGTAAGCGAA
L V S E

AGTTGATGCG
V V. D A

AGGGAAACTA
E G K L

TGCAATGATT
I A M |

AACAGTTGGEG
AT V G

AGATGATTTA
A D D L

TAAAGGTTCC
H K G S

GGAATTTGGT
P E F G

CGTGAAATCA
F v K S

AATTGATGGT
v I D G

TCGCTCGATT
I R S |

TAAGTTAAAC
N K L N

AGTATTTAGT
P V F S

TGTCAAAGAA
IV K E

CAAACCTAAG
T K A K
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6541 AAAGAGITCC CAGTGATTAT TTTTGGACCA GGAAACGAAA CCCCTCACCA AGTAAACGAA
K E F PVI I F GP GNE TPH QV NE

6601 AATGITTCTA TAGGAAATTA TTTGGAGATG GTAGATGITT ACAAACGGAT TGCCACCGAG
NV S I GN YL EM VDV Y KR I ATE

stop
dapE

6661 TTTTTATCTT GATGAAACTT TAACTTTACT TATTTCCCGA TATAAAATAA GTAATTAAAT
F L S *

6721 AGAAGICTAG TATTTGITTG TAAACAGGTG CTAGGCTTTT TTCTTGCTTT TAATACAGIT

6781 TAGTAC
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B.2 Nucleotidesequence®f the mutant and revertant

strains

Nucleotidesequenceof L. monocytogenes AinlGHE (S14)

Lengthof the DNA fragmentsequenced811 bp. Deletionof mostof theinlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AAACGITACG GCTTCATCTA CGTAGACCAA

61

121

181

241

301

361

421

481

541

601

661

721

781

TCCCGCAAAG ATTCATTCTT

GATTAATAGG TAGAGTACAG

AAGAAACCAA TTCTGCAATC

TAGAAGGGTC TAATGCGAGA

ACTAGTAATA TTTTACGCCA

TGAATTATCT ACTCAGICAA

GIACTACATG TTTTACTTGT

V L H V L L
ACAAAATAAA CCAATCAATG

T K *

TATTTGGTAA TTATAAGAAG

TTCATAGAAA GAGGGCGTGA

TGGTAAATAT TGATTCGACT

TGTTAGCTGA ACATGGTATT

TAGTAAGCGA AATTGGITCC

CTGGTATAAA

CCCCCCTTTG

GCTGAACGAA

AAAAATGCECG

AGTCATCCAA

ATTATAAGGA

AGTGACAGCT

vV V. T A

GCTTGECTTC

GAGTTTGCCT

AATATGGACC

AATGGCCCATG

GAGTICCGAAA

AGTAACGAGA

GATGACTGGG

AAAGTAATTG

GCGEEECTGT

AAAGTTCAAT

GCCATCTTCT

GATAGTGCAG

GACGATAAAA

ATCCCGCEGIT

I P G

TGTAAATCAT

TTATAGAGAA

AACAAAAAAA

AAGAACAAGT

AGGTACAATA

A

GCAAAGGAAC ATTAGAACGC

AAACAAATGCG TGAAGATTTA

TTTTTTACGC TACTTCCCAC

TAATTGTCAC ATCTTTCGIG

GITATAATTA TTCATCAAAG

ATCCAAGGTG TATTTAATGA

TGAAACAGAG AAAAACCTCA

M K Q R K T S
TATTCCGCAA AAAACGTCAA

L F R K KRQ
GCAGAGACTA AGCCATTTTT
CGCGGAAAACA TAGAGTGGAA
GATTCAAATT TTAAAGGACT

TGCGAACTAT TTGCAAAAGT

CGACCTAGAC AGAGCTAGCC
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Nucleotide sequenceof L. monocytogenes AinlGHE 1-2/8(S57)

Lengthof the DNA fragmentsequenced416 bp. Deletionof mostof the inlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 TCAATTAATT GICACATCTT TCGIGTAGAA GGGTCTAATG CGAGAAAAAA TGGCGGGCAT
61 CTTCTGITAT AATTATTCAT CAAAGACTAG TAATATTTTA CGCCAAGICA TCCAAGATAG
121 TGCAGATCCA AGGTGTATTT AATGATGAAT TATCTACTCA GICAAATTAT AAGGAGACGA
181 TAAAATGAAA CAGAGAAAAA CCTCAGTACT ACATGITTTA CTTGTAGIGA CAGCTATCCC

MK QRK TSV L HVL L VV TA./

241 GGGITTATTC CGCAAAAAAC GTCAAACAAA ATAAACCAAT CAATGECTTG GCTTCTGTAA
P GL F R KK R QT K *

301 ATCATGCAGA GACTAAGCCA TTTTTTATTT GGTAATTATA AGAAGGAGIT TGCCTTTATA

361 GAGAACGCGGA AAACATAGAG TGGAATTCAT AGAAAGAGGEG CGTGAAATAT GGACCA
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Nucleotide sequenceof L. monocytogenes AinlGHE 4-3/33(S58)

Lengthof the DNA fragmentsequenced422 bp. Deletionof mostof the inIGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 ATTAATTGIC ACATCTTTCG TGTAGAAGGG TCTAATGCGA GAAAAAATGG CGGGCATCTT
61 CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC CAAGICATCC AAGATAGIGC
121 AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC AAATTATAAG GAGACGATAA
181 AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT GTAGIGACAG CTATCCCGGEG

MK Q RKT SVL HVLL VVT A1l P
241 TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA TGCECTTGCCT TCTGTAAATC
G L FR KKR QT K *
301 ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA AGGAGITTGC CTTTATAGAG

361 AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGCGCGI GAAATATGGA CCAACAAAAA

421 AA
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Nucleotide sequenceof L. monocytogenes AinlGHE 4-3/55(S59)

Lengthof the DNA fragmentsequenced423bp. Deletionof mostof the inlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 ATTAATTGIC ACATCTTTCG TGTAGAAGGG TCTAATGCGA GAAAAAATGG CGGGCATCTT
61 CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC CAAGICATCC AAGATAGIGC
121 AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGIC AAATTATAAG GAGACGATAA
181 AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT GTAGIGACAG CTATCCCGGG

MK Q RKT SVL HVLL VVT AI P
241 TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA TGGECTTGECT TCTGTAAATC
G L FR KKR QT K *
301 ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA AGGAGITTGC CTTTATAGAG

361 AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGCGCGT GAAATATGGA CCAACAAAAA

421 AAG
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B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes AinlGl, FG2 (S38)

Lengthof the DNA fragmentsequencedb31bp. Deletionof theinlG genenotin frame.
Resultingmutantgenecodesfor a 22-aminoacidresidualpeptide.

1

61

121

181

241

301

361

421

481

541

601

AGCCCCCCTT TGGECEEEECT

TCGCCTGAACG AAAAAGTITCA

GAAAAAATGG CGGGCATCTT

CAAGTCATCC AAGATAGIGC

AAATTATAAG GAGACGATAA

GIAGTGACAG CTATCCGEGT

v v T A | R

ATAAAGTAGA TTTGGITTCT

AAAAAGGGTA TCTATTATTA

TAAAAGGAGA GGGATTATGA

AACTCCTATT CTCGGGECTTA

AGAGAGCATC ACGCAGCCAA

GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

ATTAATTGIC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGIC

AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

M K Q RKT S VL H V L L
GCAATACTAA TCTTACGAAA AAAAACTACT AACATTTAAG

V Q Y *
ATTTTCAGTA GAGACCAAAT TTTTTTGITA ATTTGGTCTA
ATGACTTATT TAGAAGAATA ATTAGTGAAT CTAATTTAAA
AAAAACGGTG GAATTCAGTA TTCAAACTAG TTTTAATGGT

GCCTATATGT AACGACAAGC CAAGGTGIGG AGGTTCGGEGEC

CCCCAATTAA T



B.2. Nucleotidesequencesf the mutantandrevertantstrains

127

Nucleotide sequenceof L. monocytogenes AinlGl, FG12 (S37)

Lengthof the DNA fragmentsequencedé31bp. Deletionof theinlG genenotin frame.
Resultingmutantgenecodesfor a 22-aminoacidresidualpeptide.

1

61

121

181

241

301

361

421

481

541

601

AGCCCCGCTT TGECGEEECT

TCGCTGAACG AAAAAGTITCA

GAAAAAATGG CGGGCATCTT

CAAGTCATCC AAGATAGTIGC

AAATTATAAG GAGACGATAA

GTAGTGACAG CTATCCGEGT

v v T A |l R

ATAAAGTAGA TTTGGTTTCT

AAAAAGGGTA TCTACTATTA

TAAAAGGAGA GGGATTATGA

AACTCCTATT CTCGGGECTTA

AGAGAGCATC ACGCAGCCAA

GITTTTTTAC

ATTAATTGIC

CTGTTATAAT

AGATCCAAGG

AATGAAACAG

M K Q
GCAATACTAA

V Q Y *
ATTTTCAGTA
ATGACTTATT
AAAAACGGTG

GCCTATATGT

CCGCAATTAA

GCTACTTCCC ACAAGAAACC

ACATCTTTCG TGTAGAAGGG

TATTCATCAA AGACTAGTAA

TGTATTTAAT GATGAATTAT

AGAAAAACCT CAGTACTACA

R K T S V L

TCTTACGAAA AAAAACTACT

GAGACCAAAT CTTTTTGITA

TAGAAGAATA ATCAGTGAAT

GAATTCAGTA TTCAAACTAG

AACGACAAGC CAAGGTGIGG

AATTCTGCAA

TCTAATGCGA

TATTTTACGC

CTACTCAGTC

TGTTTTACTT

H V L L

AACATTTAAG

ATTTGGICTA

CTAATTTAAA

TTTTAATGGT

AGGTTCGEEC



128 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes AinlGll, G4-3(S53)

Lengthof the DNA fragmentsequenced627 bp. In-framedeletionof mostinlG gene.
Resultingmutantgenecodesfor a 32-aminoacidresidualpeptide.

1 TCTAGATTAA TAGGTAGAGI ACAGCCCCCC TTTGECGEEG CTGITTTTTT ACGCTACTTC
61 CCACAAGAAA CCAATTCTGC AATCCCTGAA CGAAAAAGTT CAATTAATTG TCACATCTTT
121 CGTGTAGAAG GGTCTAATGC GAGAAAAAAT GGCGGGECATC TTCTGITATA ATTATTCATC
181 AAAGACTAGI AATATTTTAC GCCAAGICAT CCAAGATAGI GCAGATCCAA GGTGTATTTA
241 ATGATGAATT ATCTACTCAG TCAAATTATA AGGAGACGAT AAAATGAAAC AGAGAAAAAC

M K Q R K

301 CTCAGTACTA CATGITTTAC TTGTAGIGAC AGCTATCCCG GGTGCAATAC TAATCTTACG
T SvL HVL L VV TAI P GAI1l L I L

361 AAAAAAAACT ACTAACATTT AAGATAAAGT AGATTTGGIT TCTATTTTCA GIrAGAGACCA
R K K T T N I *

421 AATTTTTTTG TTAATTTGGT CTAAAAAAGG GTATCTATTA TTAATGACTT ATTTAGAAGA

481 ATAATTAGTIG AATCTAATTT AAATAAAAGG AGAGCGATTA TGAAAAAACG GTGGAATTCA

541 GTATTCAAAC TAGITTTAAT GGGTAACTGC TATTCTCGGG CTTAGCCTAT ATGTAACGAC

601 AAGCCAAGGT GIGGAGGTTC GGGCAGA
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Nucleotide sequenceof L. monocytogenes AinlGll, G5-3(S54)

Lengthof the DNA fragmentsequenced606 bp. In-framedeletionof mostinlG gene.
Resultingmutantgenecodesfor a 32-aminoacidresidualpeptide.

1

61

121

181

241

301

361

421

481

541

601

AGCCCCGCTT TGECGEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC

TCGCTGAACG AAAAAGTTCA ATTAATTGIC ACATCTTTCG TGTAGAAGGG

GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA

CAAGTCATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT

AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA

MK Q RKT S VL
GTAGTGACAG CTATCCCGGEG TGCAATACTA ATCTTACGAA AAAAAACTAC

v v T A1l P G A I L I L R K K T
GATAAAGTAG ATTTGGITTC TATTTTCAGT AGAGACCAAA TTTTTTITGIT
AAAAAAGGGT ATCTATTATT AATGACTTAT TTAGAAGAAT AATTAGTGAA
ATAAAAGGAG AGCGATTATG AAAAAACGGT GGAATTCAGT ATTCAAACTA

TAACTCCTAT TCTCGGGCTT AGCCTATATG TAACGACAAG CCAAGGTGTG

CAGAGA

AATTCTGCAA

TCTAATGCGA

TATTTTACGC

CTACTCAGTC

TGTTTTACTT

H V L L
TAACATTTAA

T N | *

AATTTGGICT

TCTAATTTAA

GITTTAATGG

GAGGTTCGGEG
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B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes AinlH, H3-2 (S41)

Lengthof the DNA fragmentsequenced671 bp. In-framedeletionof mostinlH gene.
Resultingmutantgenecodesfor a47-aminoacidresidualpeptide.

1

61

121

181

241

301

361

421

481

541

601

661

AAGTATGATT CCTACTATTT TAGGAACGCT

AAAAAAAACT ACTAACATTT AAGATAAAGT

AATTTTTTTG TTAATTTGGT CTAAAAAAGG

ATAATTAGIG AATCTAATTT AAATAAAAGG

GIATTCAAAC TAGTTTTAAT GGTAACTCCT

vV F K L VL MV TA

AGCCCGCGGIT TCTTGCTAGG AACAGCGACG
S P G F L L G T A T

TAACAACAAA AAAAGCTGAG GICTATAGIT

*

GATAAATTCA TCTAAACGIC ACAACTAAAT

GAAATCCTAC TACGCTATAA TATAGTGACT

GCAGAATTAC TTTATAAAGG AGATAGITTA

TTAGICACTT TAGCTGTAGT ATTGGCAATT

GTACAAGCAG C

TTTCATCGGA GGTGCAATAC TAATCTTACG

AGATTTGGIT TCTATTTTCA GTAGAGACCA

GITATCTATTA TTAATGACTT ATTTAGAAGA

AGAGGGATTA TGAAAAAACG GTGGAATTCA
M K K R WN S

ATTCTCGEEC TTAGCCTATA
I L G L S L

TGTAACGACA
Y VT T

CTAATTCTCC GCAAAACAAT CAAAGTAAAA
L I L R K T I K V K

TTTCTATAGG CTTCAGCTTT TTTATTAGTA

CGITAACAAG TCTAATTTTA GIGATTAAAC
TAACTACGAG AACATACAAA TTTCTAAAAA
ATGAAAAGAA ACAAAACAGC ATTAAGAATC

ACTTTTTGGEG TAGCGATGAG CTCAAAAGAA
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Nucleotide sequenceof L. monocytogenes AinlH, H3-4 (S42)

Lengthof the DNA fragmentsequenced671bp. In-framedeletionof mostinlH gene.
Resultingmutantgenecodesfor a47-aminoacidresidualpeptide.

1 AAGTATGATT CCTACTATTT TAGGAACGCT

61

121

181

241

301

361

421

481

541

601

661

AAAAAAAACT

AATTTTTTTG

ATAATTAGIG

GTATTCAAAC

vV F K

AGCCCGEGTT
S P G

TAACAACAAA

*

GATAAATTCA

GAAATCCTAC

GCAGAATTAC

TTAGTCACTT

GTACAACCAG

ACTAACATTT AAGATAAAGT

TTAATTTGGT CTAAAAAAGG

AATCTAATTT AAATAAAAGG

TAGITTTAAT GGTAACTGCT

L V L MV T A
TCTTGCTAGG AACAGCGACG

F L L G TAT

AAAACCTGAG GICTATAGIT

TCTAAACGTC ACAACTAAAT

TACGCTATAA TATAGTGACT

TTTATAAAGG AGATAGITTA

TAGCTGTAGI ATTGGCAATT

C

TTTCATCGGA GGTGCAATAC

AGATTTGGIT TCTATTTTCA

GTATCTATTA TTAATGACTT

AGAGGGATTA TGAAAAAACG

M K K

ATTCTCGGEEC TTAGCCTATA
I L G L S L

CTAATTCTCC GCAAAACAAT

L I L R K T

TTTCTATAGG CTTCAGCTTT

CGITAACAAG TCTAATTTTA

TAACTACGAG AACATACAAA

ATGAAAAGAA ACAAAACAGC

ACTTTTTGGEG TAGGGATGAG

TAATCTTACG

GTAGAGACCA

ATTTAGAAGA

GIGGAATTCA

R W N S

TGTAACGACA
Y VT T

CAAAGTAAAA

I K V K

TTTATTAGTA

GIGATTAAAC

TTTCTAAAAA

ATTAAGAATC

CTCAAAAGAA
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B. Nucleotidesequences

Nucleotide sequenceof L. monocytogenes AinlE, E2-1(S39)

Lengthof the DNA fragmentsequenced784 bp. In-framedeletionof mostinlE gene.
Resultingmutantgenecodesfor a49-aminoacidresidualpeptide.

1 CTTCCAACAG CTGGTGACGA AAATACCATG CTTCCGATTT TTATCGGGEGT TTTCTTGCTA

61

121

181

241

301

361

421

481

541

601

661

721

781

GGAACAGCGA

AGGTCTATAG

TCACAACTAA

AATATAGTGA

GGAGATAGTT

GTATTGGCAA

V L A
GAACACCCGG

E H P

TTCTGTAAAT

CCTTTATAGA

ACCAACAAAA

ATGAAGAACA

AAAAGGTACA

AGAA

CCCTAATTCT CCGCAAAACA

TTTTTCTATA GGCTTCAGCT

ATCGTTAACA AGTCTAATTT

CTTAACTACG AGAACATACA

TAATGAAAAG AAACAAAACA
M K R N K T

ATCAAAGTAA AATAACAACA AAAAAACCTG

TTTTTATTAG TAGATAAATT CATCTAAACG

TAGTGATTAA ACGAAATCCT ACCACGCTAT

AATTTCTAAA AAGCAGAATT ACTTTATAAA

GCATTAAGAA TCTTAGTCAC TTCACGCTGTA

I LV T S A YV

TTACTTTTTG GGTAGGGATG AGCTCAAAAG AAGTACAAGC AGCGGTGATT

I T F WYV G M

GITTATTCCG CAAAAAACGT
G L F R K K R

CATGCAGAGA CTAAGCCATT

E V. Q A AV |

CAAACAAAAT AAACCAATCA ATGGCTTGGEC

*

TTTTATTTGG TAATTATAAG AAGGAGITTG

GAACGGGAAA ACATGGAGTG GAATTCATAG AAAGAGGECG TGAAATATGG

AAAGATTCAA ATTTTAAAGG ACTTGGTAGA TATTGATTCG ACTAATGGEGEC

AGTTGCGAAC TATTTGCAAA

ATACGACCTA GACAGACCTA

AGTTGITAGC TGAACATGGT ATTGAGICCG

GCCTAGTAAG CGAAATTGGT TCCAGTAACG
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Nucleotide sequenceof L. monocytogenes AinlE, E6-4 (S40)

Lengthof the DNA fragmentsequenced779 bp. In-framedeletionof mostinlE gene.
Resultingmutantgenecodesfor a 49-aminoacidresidualpeptide.

1 AACAGCTGGT GACGAAAATA CCATGCTTCC GATTTTTATC GGGGTTTTCT

61

121

181

241

301

361

421

481

541

601

661

721

AGCGACGCTA ATTCTCCGCA

TATAGTTTTT CTATAGCCTT

ACTAAATCGT TAACAAGTCT

AGITGACTTAA CTACGAGAAC

TAGITTAATG AAAAGAAACA

M

GGCAATTACT TTTTGGGTAG

L A I T

CCCGGGITTA TTCCGCAAAA

H P G L

TAAATCATGC AGAGACTAAG

ATAGAGAACG GGAAAACATG

CAAAAAAAGA TTCAAATTTT

GAACAAGITG CGAACTATTT

K R N

F WV

F R K

AAACAATCAA AGTAAAATAA

CAGCTTTTTT ATTAGTAGAT

AATTTTAGIG ATTAAACGAA

ATACAAATTT CTAAAAAGCA

AAACAGCATT AAGAATCTTA

K T A L R I L

GGATGACGCTC AAAAGAAGTA
G MS S K E V

AACGTCAAAC AAAATAAACC
K RQ T K *

CCATTTTTTA TTTGGTAATT
GAGTGGAATT CATAGAAAGA

AAAGGACTTG GTAGATATTG

GCAAAAGI TG TTAGCTGAAC

GITACAATACG ACCTAGACAG AGCTAGCCTA GTAAGCGAAA

CAACAAAAAA

AAATTCATCT

ATCCTACTAC

GAATTACTTT

GICACTTTAG

vV T L
CAAGCAGCGG

Q A A

AATCAATGEC

ATAAGAAGGA

GGGCGTGAAA

ATTCGACTAA

ATGGTATTGA

TTGGTTCCAG

TGCTAGGAAC

AGCTGAGGTC

AAACGTCACA

GCTATAATAT

ATAAAGGAGA

CTGTAGTATT

AV V
TGATTGAACA

vV | E

TTGECTTCTG

GITTGCCTTT

TATGGACCAA

TGGGCATGAA

GTCCGAAAAG

TAACGAGAA
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B. Nucleotidesequences

Nucleotide sequenceof L. monocytogenes inlGll +, C2-2/34(S62)

Lengthof the DNA fragmentsequenced758bp. Insertionof wild typeinlG confirmed.

1

61

121

181

241

301

361

421

481

541

601

661

721

781

TTCAATTAAT

TCTTCTGITA

GIGCAGATCC

ATAAAATGAA
M

TGGCGAATTAG
L G |

CGCAACCAGC
A Q P

CGGNNNNNNN
T

NAATTAAAGC
I K

ATTCAAGTAT
D S S

TACGAAAAAA
L R K
ACCAAATTTT
AAGAATAATT

TTCAGTATTC

GACAAGCCAA

TGTCACATCT

TAATTATTCA

AAGGTGTATT

ACAGAGAAAA
K Q R K

TTTATGGGTA
S L WYV

GCCAATTAAC
A P I N

INININNNNNNNN

TAACGACACC
A N D S

GATTCCTACT
M1 P T

AACTACTAAC
K T T N
TTTGITAATT
AGTGAATCTA

AAACTAGTTT

GGTGTGGAGG

TTCGIGTAGA AGGGTCTAAT GCGAGAAAAA ATGGCGGGCA

TCAAAGACTA

TAATGATGAA

ACCTCAGTAC
T S V

AATGCAAGIC
N A S

GAAATTTTCA
E I F

INININNNNNNNN

GCAGATGCGA
A D A

ATTTTAGGAA
I L G

ATTTAAGATA

I *

TGGTCTAAAA

ATTTAAATAA

TAATGGTAAC

TTCGGCCAGA

GITAATATTTT

TTATCTACTC

TACATGITTT
L H V

ATGCGATGAA
H G M

CGGATCCAGC
T D P

NININNNNNNNN
CGAGTACTAA
T S T
CCCTTTTCAT

T L F

AAGTAGATTT

AAGGGTATCT

AAGGAGAGGG

TCGCTATTCTC

GAGCAT

ACGCCAAGTIC

AGTCAAATTA

ACTTGTAGIG
L L V V

AGCTCAGGCA
K A Q A

ATTAGCGGAC
A L A D

NININNNNNNNN
ACTTCCAAAA

K L P K
CGGAGGTGCA

I G G A
GGITTCTATT
ATTATTAATG

ATTATGAAAA

GGCCTTAGCC

ATCCAAGATA

TAAGGAGACG

ACACCTATCT
T A |

GAGAGTATTG
E S |

GAGGTGAAGA
E V K

NININNNNNNNN
ACAAGTGATG

T S D
ATACTAATCT

I L |

TTCAGTAGAG

ACTTATTTAG

AACGGTGGAA

TATATGTAAC
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Nucleotide sequenceof L. monocytogenesinlH*, H17 (S79)

Lengthof the DNA fragmentsequenced323bp. Insertionof wild typeinlH confirmed.

1

61

121

181

241

301

361

421

481

541

601

661

721

781

841

901

AACAAGTGAT

AATACTAATC

TTTCAGTAGA

GACTTATTTA

AAACGGTGGA
K R W

CTATATGTAA
L Y V

GCAATTAATG
A | N

NINNNNNNNNN

AATACCCCAA
N T P

ACACTTCCAA
T L P

CTAGGAACAG

L G T

CTGAGGICTA

ACGTCACAAC

TATAATATAG

AAAGGAGATA

G

GATTCAAGTA

TTACGAAAAA

GACCAAATTT

GAAGAATAAT

ATTCAGTATT
N S V

CGACAAGCCA
T T S

TGATTTTCCC
vV | F

NINNNNNNNNN

CAGGAAATGG
T G N

CAGCTGGTGA
T A G

CGACGCTAAT

A T L

TAGITTTTCT

TAAATCGITA

TGACTTAACT

GITTAATGAA

TGATTCCTAC

AAACTACTAA

TTTTGTTAAT

TAGIGAATCT

CAAACTAGIT
F K L V

AGGTGTGGAG
Q G V E

TGATCCAGCT
P D P A

NINNNNNNNNN

TGATGGTACA
G D G T

CGAAAATACC
D E N T

TCTCCGCAAA
I L R K
ATAGCCTTCA
ACAAGTCTAA

ACGAGAACAT

AAGAAACAAA

TATTTTAGGA

CATTTAAGAT

TTGGTCTAAA

AATTTAAATA

TTAATGGTAA
L MV

GITCGGEGECAG
V R A

CTTGCGAATG
L A N

NINNNNNNNNN

AGTAACCCAA
S N P

ATGCTTCCGA
M L P

ACAATCAAAG

T I K

GCTTTTTTAT

TTTTAGIGAT

ACAAATTTCT

ACAGCATTAA

ACGCTTTTCA

AAAGTAGATT

AAAGGGTATC

AAAGGAGAGG

CTGCTATTCT
T A |

AGAGCATCAC
E S |

CANNNNNNNN
A

NINNNNNNNNN

GIAATTCAGG
S N S

TTTTTATCGG
I F |

TAAAATAACA

vV K *

TAGTAGATAA

TAAACGAAAT

AAAAAGCAGA

GAATCTTAGT

TCGGAGGTGC

TGGITTCTAT

TATTATTAAT

GATTATGAAA
M K

CGGEGECTTAGC
L G L S

GCAGCCAACC
T Q P T
NINNNNNNNNN
NINNNNNNNNN
AGGCAATACC
G G N T
GGITTTCTTG

GV F L
ACAAAAAAAG
ATTCATCTAA
CCTACTACGC

ATTACTTTAT

CACTTTACCT
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B. Nucleotidesequences

Nucleotide sequenceof L. monocytogenesinlH*, H19 (S80)

Lengthof the DNA fragmentsequenced?63bp. Insertionof wild typeinlH confirmed.

1

61

121

181

241

301

361

421

481

541

601

661

721

781

841

AACAAGTGAT

AATACTAATC

TTTCAGTAGA

GACTTATTTA

AAACGGTGGA
K R W

CTATATGTAA
L Y V

GCAATTAATG
A | N

INININNNINNNNN
ACACTTCCAA
T L P
CTAGGAACAG

L G T

CTGAGGICTA

ACGTCACAAC

TATAATATAG

AAAGGAGATA

G

GATTCAAGTA TGATTCCTAC TATTTTAGGA ACGCTTTTCA TCGGAGGTGC

TTACGAAAAA

GACCAAATTT

GAAGAATAAT

ATTCAGTATT
N S V

CGACAAGCCA
T T S

TGATTTTCCC
vV | F

INININNNNNNNN

CAGCTGGTGA

T A G
CGACGCTAAT

A T L

TAGITTTTCT

TAAATCGITA

TGACTTAACT

GITTAATGAA

AAACTACTAA

TTTTGITAAT

TAGTGAATCT

CAAACTAGTT
F K L V

AGGTGTGGAG
Q G V E

TGATCCAGCT
P D P A

NININNNNNNNN
CGAAAATACC

D E NT
TCTCCGCAAA

I L R K
ATAGCCTTCA
ACAAGTCTAA

ACGAGAACAT

AAGAAACAAA

CATTTAAGAT AAAGTAGATT

TTGGTCTAAA AAAGGGTATC

AATTTAAATA AAAGGAGAGG

TTAATGGTAA CTGCTATTCT
L MV T A I

GITCGGEGCAG AGAGCATCAC
vV R A E S |

CTTGCGAATG CANNNNNNNN
L AN A

INININNNNNNNN - NNNNNNNNNN

ATGCTTCCGA TTTTTATCGG

M L P I F |
ACAATCAAAG TAAAATAACA

T I K V K *

GCTTTTTTAT TAGTAGATAA

TTTTAGTGAT TAAACGAAAT

ACAAATTTCT AAAAAGCAGA

ACAGCATTAA GAATCTTAGT

TGGITTCTAT
TATTATTAAT
GATTATGAAA

M K

CGGECTTAGC
L G L S

GCAGCCAACC
T Q P T
INININNNNNNNN
INININNNNNNNN
GGITTTCTITG
GV F L
ACAAAAAAAG
ATTCATCTAA
CCTACTACGC

ATTACTTTAT

CACTTTAGCT
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Nucleotide sequenceof L. monocytogenesinlE*, E4-2/4(S70)

Lengthof theDNA fragmentsequencedl,172bp. Insertionof wild typeinlE confirmed.

1

61

121

181

241

301

361

421

481

541

601

661

721

781

841

901

961

1021

1081

CCEEGITTTC

ACAACAAAAA

TAAATTCATC

AATCCTACTA

AGAATTACTT

AGTCACTTTA
L VvV T L

ACAAGCAGCG
V Q A A

TACTGATAAT
L T D N

CGACTTAGAT
T D L D

ATTGCAGTAT
G L QY

AAATCCTCTT
L N P L

NINNNNNNNNN

TAATTCAGAC
N S D

TAACGAAGEA
T N E G

GATTACTGA
P I T G

TGECTTAGIT
I G L V
CTGTAAATCA

TTTATAGAGA

CAACAAAAAA

TTGCTAGGAA

AACCTGAGGT

TAAACGTCAC

CGCTATAATA

TATAAAGGAG

GCTGTAGTAT
AV V

GIGATTGAAC
vV | E

GTAAAAACAC
vV K T

AGTGTAACTC
S VT

CTAACTAATT
L T N

ACTAATTTAA
T N L

NINNNNNNNNN

AATGCAGAAC
N A E

ATAAATAATC
I N N

GATAAATTGA
D K L

TTATTCCGCA
L F R
TGCAGAGACT

ACGCGGAAAAC

AGATTCAAAT

CAGCGACCCT

CTATAGITTT

AACTAAATCG

TAGTGACTTA

ATAGTTTAAT

TGGCAATTAC
L A |

ACCCAACCCC
H P T

TGCTCGGAAA
L L G

ATTTATCAGC
H L S

TATCGGAATT
L S E

CGNNNNNNNN
T

NINNNNNNNNN

CAAATGCTAG
P N A

TGAACAGITC
L N S

ATGIGCTTCC
N V L

AAAAACGTCA
K K R
AAGCCATTTT

ATAGAGTGGA

TTTAAAGGAC

AATTCTCCCC

TCTATAGGCT

TTAACAAGTC

ACTACGAGAA

GAAAAGAAAC
M K R N

TTTTTGGGTA
T F WV

TATTAACGAA
P I N E

AGCGGATGTA
K A DV

AAAATCAGCA
A K S A

AGAATTAATA
L E L |

NINNNNNNNNN

NINNNNNNNNN

TAGITCAAAT
S § S N

AGGTGAAGAT
S G E D

TATTTTTGTA
P 1 F V

AACAAAATAA
QT K *
TTATTTGGTA

ATTCATAGAA

TTGGTAAATA

AAAACAATCA

TCACCTTTTT

TAATTTTAGT

CATACAAATT

AAAACAGCAT
K T A

GGGATGACGCT
G M S

ATTTTTACTG
I F T

ACAGACGAAG
T D E

GGAATAACAA
G I T

GATAATCAAG
D N Q

NINNNNNNNNN

NINNINNNNNNN

AATGTACAAG
N V Q

AAAGTCAACA
K V N

GGAGCAGITC
G AV
ACCAATCAAT
ATTATAAGAA

AGAGGECECGTG

TTGATTCGAC

AAGTAAAATA

TATTAGTAGA

GATTAAACGA

TCTAAAAAGC

TAAGAATCTT
L R |

CAAAAGAAGT
S K E

ATCCAGTGCT
D P V

TTACGCAAAC
vV T Q

CAATAGAAGG
T I E

TAACCGATTT
V T D

NINNNNNNNNN

NINNINNNNNNN

AAAATGGAAC
E N G

TCAAGTTACC
I K L

TTATCGGAAT
LI G
GCCTTGECTT
GGAGITTGCC

AAATATGGAC

TAATGGCCAT
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1141 GAAGAACAAG TTGCGAACTA TTTGCAAAAG TTGITAGCTG AACATGGTAT TGAGICCGAA

1201 AAGGTACAAT ACGACCTAGA CAGAGCTAGC CTAGTAAGCG AAATTGGTTC CAGTAACGAG

1261 AAGGITTTGG CATTTTCAGG
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Nucleotide sequenceof L. monocytogenes AinlA/GHE, A3-11 (S28)

Lengthof the DNA fragmentsequenced673 bp. Deletionof mostof the inlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCCCTT TGGECGEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA
61 TCGCTGAACG AAAAAGTTCA ATTAATTGIC ACATCTTTCG TGTAGAAGGG TCTAATGCGA
121 GAAAAAATGG CGGGCATCTT CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC
181 CAAGICATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC
241 AAATTATAGG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

MK Q RKT S VL H V L L
301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA

v vT Al P GL FR KKR QT K *
361 TGCCTTGCCT TCTGIAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA
421 AGGAGITTGC CTTTATAGAG AACGGGAAAA CATAGAGIGG AATTCATAGA AAGAGGEECGT
481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA
541 CTAATGGCCA TGAAGAACAA GITGCGAACT ATTTGCAAAA GITGITAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGIT

661 CCAGTAACGA GAA
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Nucleotide sequenceof L. monocytogenes AinlB/GHE, B4-4/6(S67)

Lengthof the DNA fragmentsequenced673 bp. Deletionof mostof the inIGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCCCTT TGGECGEEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA
61 TCGCTGAACG AAAAAGTITCA ATTAATTGIC ACATCTTTCG TGTAGAAGGEG TCTAATGCGA
121 GAAAAAATGG CGGCCATCTT CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC
181 CAAGICATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGIC
241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

M K Q RKT S VL H V L L
301 GTAGIGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA

v v T Al P GL FR KKIR QT K *
361 TGCCTTGCCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA
421 AGGAGITTGC CTTTATAGAG AACGGGAAAA CATAGAGIGG AATTCATAGA AAGAGGECGT
481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA
541 CTAATGGCCA TGAAGAACAA GITGCGAACT ATTTGCAAAA GITGITAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGACCTAG CCTAGTAAGC GAAATTGGIT

661 CCAGTAACGA GAA
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Nucleotide sequenceof L. monocytogenes AinlB/GHE, B4-6/11(S68)

Lengthof the DNA fragmentsequenced702bp. Deletionof mostof the inlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 GATTAATAGG TAGAGTACAG

61

121

181

241

301

361

421

481

541

601

661

AAGAAACCAA

TAGAAGGGTC

ACTAGTAATA

TGAATTATCT

GTACTACATG

vV L H
ACAAAATAAA

T K *

TATTTGGTAA

TTCATAGAAA

TGGTAAATAT

TGITAGCTGA

TAGIAAGCGA

TTCTGCAATC

TAATGCGAGA

TTTTACGCCA

ACTCAGTCAA

TTTTACTTGT

V L L

CCAATCAATG

TTATAAGAAG

GAGGGCGTGA

TGATTCGACT

ACATGGTATT

AATTGGTTCC

CCCCCCTTTG

GCTGAACGAA

AAAAATGECG

AGTCATCCAA

ATTATAAGGA

AGTGACAGCT

vV V. T A

GCTTGECTTC

GAGITTGCCT

AATATGGACC

AATGGGCATG

GAGICCGAAA

AGTAACGAGA

GCEEEECTGT

AAAGTTCAAT

GCCATCTTCT

GATAGTCCAG

GACGATAAAA

ATCCCGGGTT

I P G

TGTAAATCAT

TTATAGAGAA

AACAAAAAAA

AAGAACAAGT

AGGTACAATA

AGGTTTTGEC

TTTTTTACGC TACTTCCCAC

TAATTGICAC ATCTTTCGTIG

GITATAATTA TTCATCAAAG

ATCCAAGGTG TATTTAATGA

TGAAACAGAG AAAAACCTCA

M K Q R K T S
TATTCCGCAA AAAACGTCAA

L F R KK RAQ

GCAGAGACTA AGCCATTTTT

CGGGAAAACA TAGAGTGGAA

GATTCAAATT TTAAAGGACT

TGCGAACTAT TTGCAAAAGT

CGACCTAGAC AGAGCTAGCC

AT
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Nucleotide sequenceof L. monocytogenes AinlC/GHE, C11-3(S29)

Lengthof the DNA fragmentsequenced673bp. GenesnlG andinlE fusedin frameto
eachother Resultingmutantgeneencodes 29-aminoacidresidualpeptide.

1 AGCCCCCCTT TGGECGEEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA
61 TCGCTGAACG AAAAAGTITCA ATTAATTGIC ACATCTTTCG TGTAGAAGGEG TCTAATGCGA
121 GAAAAAATGG CGGECCATCTT CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC
181 CAAGICATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGIC
241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

M K Q RKT S VL H V L L
301 GTAGTGACAG CTGICCCGEG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA

v v T AV P GL FR KKIR QT K *
361 TGCCTTGCCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTCATTTGGT AATTATAAGA
421 AGGAGITTGC CTTTATAGAG AACGGGAAAA CATAGAGIGG AATTCATAGA AAGAGEECGT
481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA
541 CTAATGGCCA TGAAGAACAA GITGCGAACT ATTTGCAAAA GITGITAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGACCTAG CCTAGTAAGC GAAATTGGIT

661 CCAGTAACGA GAA
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Nucleotide sequenceof L. monocytogenes AinlA/B/GHE, AB12 (S34)

Lengthof the DNA fragmentsequenced673bp. Deletionof mostof the inlGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCCCTT TGECGEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA
61 TCGCTGAACG AAAAAGTTCA ATTAATTGIC ACATCTTTCG TGTAGAAGGG TCTAATGCGA
121 GAAAAAATGG CGGGCATCTT CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC
181 CAAGICATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC
241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

MK Q RKT S VL H V L L
301 GTAGTGACAG CTATCCCGGEG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA

v vT Al P GL FR KKR QT K *
361 TGCCTTGCCT TCTGIAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA
421 AGGAGITTGC CTTTATAGAG AACGGGAAAA CATAGAGIGG AATTCATAGA AAGAGGEECGT
481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA
541 CTAATGGGCA TGAAGAACAA GITGCGAACT ATTTGCAAAA GITGITAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGIT

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

Lengthof the DNA fragmentsequenced673 bp. Deletionof mostof the inIGHE gene
cluster GenesnlG andinlE fusedin frameto eachother Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCCCTT TGGECGEEEECT GITTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA
61 TCGCTGAACG AAAAAGTITCA ATTAATTGIC ACATCTTTCG TGTAGAAGGEG TCTAATGCGA
121 GAAAAAATGG CGGCCATCTT CTGITATAAT TATTCATCAA AGACTAGTAA TATTTTACGC
181 CAAGICATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGIC
241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGITTTACTT

M K Q RKT S VL H V L L
301 GTAGIGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA

v v T Al P GL FR KKIR QT K *
361 TGCCTTGCCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA
421 AGGAGITTGC CTTTATAGAG AACGGGAAAA CATAGAGIGG AATTCATAGA AAGAGGECGT
481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA
541 CTAATGGCCA TGAAGAACAA GITGCGAACT ATTTGCAAAA GITGITAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGACCTAG CCTAGTAAGC GAAATTGGIT

661 CCAGTAACGA GAA
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Nucleotide sequenceof L. monocytogenes AinlB/C/GHE, BC16 (S36)

Lengthof the DNA fragmentsequenced673bp. GenesnlG andinlE fusedin frameto
eachother Resultingmutantgeneencodes 29-aminoacidresidualpeptide.

1

61

121

181

241

301

361

421

481

541

601

661

AGCACCGCTT TGECGEEECT GITTTTTTAC GCTACTTCCC

TCGCTGAACG AAAAAGTTCA ATTAATTGIC ACATCTTTCG

GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA

CAAGTCATCC AAGATAGIGC AGATCCAAGG TGTATTTAAT

AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT

M KQ RK T
GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC

v v T Al P GL F R K KR
TGGCTTGGECT TCTGTAAATC ATGCAGAGAC TAAGCCATTT
AGGAGITTGC CTTTATAGAG AACGCGGAAA CATAGAGTGG
GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA
CTAATGCCCA TGAAGAACAA GITGCGAACT ATTTGCAAAA

TTGAGICCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG

CCAGTAACGA GAA

ACAAGAAACC

TGTAGAAGGG

AGACTAGTAA

GATGAATTAT

CAGTACTACA

S V L
AAACAAAATA

QT K
TTTATTTGGT
AATTCATAGA
CTTGGTAAAT

GITGITAGCT

CCTAGTAAGC

AATTCTGCAA

TCTAATGCGA

TATTTTACGC

CTACTCAGTC

TGTTTTACTT

H V L L
AACCAATCAA

*

AATTATAAGA

AAGAGGGECGT

ATTGATTCGA

GAACATGGTA

GAAATTGGTT
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Nucleotide sequenceof L. monocytogenes AinlA/C 3-6 (S71)

Lengthof the DNA fragmentsequenced538 bp. Nucleotidesequencasexpected.In-
frame deletion of mostinlC gene. Resultingmutantgenecodesfor a 80-aminoacid
peptide.

1

61

121

181

241

301

361

421

481

TAGAACATGT TTTGAAAAAT TTACTGATTT TCGATTATTA TTAACGCTTG TTAATTTAAA

CATCTCTTAT TTTTGCTAAC ATATAAGTAT ACAAAGGGAC ATAAAAAGGT TAACAGCGIT

TGITAAATAG GAAGTATATG AAAATCCTCT TTTGIGITTC TAAATTTATT TTTAAGGAGT

GGAGAATGIT GAAAAAAAAT AATTGGITAC AAAATGCAGI AATAGCAATG CTAGIGITAA
M L K KN NWL QNA VI A M L VL

TTGTAGGTCT GIGCATTAAT ATGGGITCTG GAACAAAAGT ACAACCCGGEG AGITATGTAG
Il v G L CI N MGS GTIK V QPG S YV

ATGGITGTGI CCTGTGGGAA TTGCCAGTTT ATACAGATGA AGTAACCTAT AAGITTAGCG
b CcC viL WE L PV Y TUD EV SY K F S

AATATATAAA CGITGEGGAG ACTGAGGCTA TATTTGATGG AACAGITACA CAACCTATCA
E Yl NV GE TEA I FD GTVT QP I

AGAATTAGGA CTTGIGCACA CCTGTATACT TTGAGCTCTC GTATAATCAC GAGAGCTTTT
K N *

TAAATATGTA AGICTTAATT ATCTCTTGAC AAAAAGAACG TTTATTCGTA TAAGGTTA
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Nucleotide sequenceof L. monocytogenes AinlA/C 4-8 (S73)

Lengthof the DNA fragmentsequenced553 bp. In-framedeletionof mostinlC gene.
Resultingmutantgenecodesfor a 80-aminoacid peptide.

1 GGAAGGTAGA ACATGTITTTG AAAAATTTAC TGATTTTCGA TTATTATTAA CCCTTGITAA
61 TTTAAACATC TCTTATTTTT GCTAACATAT AAGTATACAA AGGGACATAA AAAGGTTAAC
121 ACGCGITTGIT AAATAGGAAG TATATGAAAA TCCTCTTTTG TGITTCTAAA TTTATTTTTA

181 AGGAGTGGAG AATGITGAAA AAAAATAATT GGTTACAAAA TGCAGTAATA GCAATGCTAG
ML K KNN WL Q NAVI A ML

241 TGITAATTGI AGGICTGIGC ATTAATATGG GITCTGGAAC AAAAGTACAA CCCGCGGAGIT
v LI vGL C I NM GS G T KWV Q P G S

301 ATGTAGATGG TTGIGICCTG TGGGAATTGC CAGITTATAC AGATGAAGTA AGCTATAAGT
Yy vb 6CVvVL WEL PVY TDZEV §SY K

361 TTAGCGAATA TATAAACGIT GGCGAGACTG AGGCTATATT TGATGGAACA GITACACAAC
F S E YI NV GET EAI FDOGT V TQ

421 CTATCAAGAA TTAGGACTTG TGCACACCTG TATACTTTGA GCTCTCGTAT AATCACGAGA
P 1 K N *

481 GCTTTTTAAA TATGTAAGIC TTAATTATCT CTTGACAAAA AGAACGITTA TTCGTATAAG

541 GITACCAAGA GAT
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Nucleotide sequenceof L. monocytogenes AinlA/C/GHE 3-5(S75)

Lengthof the DNA fragmentsequenced538 bp. In-framedeletionof mostinIC gene.
Resultingmutantgenecodesfor a 80-aminoacid peptide.

1

61

121

181

241

301

361

421

481

TAGAACATGT TTTGAAAAAT TTACTGATTT TCGATTATTA TTAACGCTTG TTAATTTAAA

CATCTCTTAT TTTTGCTAAC ATATAAGTAT ACAAAGGGAC ATAAAAAGGT TAACAGCGIT

TGITAAATAG GAAGTATATG AAAATCCTCT TTTGIGITTC TAAATTTATT TTTAAGGAGT

GGAGAATGIT GAAAAAAAAT AATTGGTTAC AAAATGCAGT AATAGCAATG CTAGTGITAA
M L K KN NWL QNA VI A M L VL

TTGTAGGTCT GIGCATTAAT ATGGGTTCTG GAACAAAAGT ACAACCCGGEG AGTTATGTAG
Il v 6 L CI N MGS GTIK V QPG S YV

ATGGTTGTGI CCTGTGGGAA TTGCCAGTTT ATACAGATGA AGTAAGCTAT AAGITTAGCG
bcCcC vL WE L PV Y TD EV SY K F S

AATATATAAA CGITGEGGAG ACTGAGGCTA TATTTGATGG AACAGITACA CAACCTATCA
E Yl NVGE TEA I FD GTVT QP I

AGAATTAGGA CTTGIGCACA CCTGTATACT TTGAGCTCTC GTATAATCAC GAGAGCTTTT
K N *

TAAATATGTA AGICTTAATT ATCTCTTGAC AAAAAGAACG TTTATTCGTA TAAGGTTA
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Nucleotide sequenceof L. monocytogenes AinlA/C/GHE 4-14(S76)

Lengthof the DNA fragmentsequenced559 bp. In-framedeletionof mostinlC gene.
Resultingmutantgenecodesfor a 80-aminoacid peptide.

1 CAACAAGGAA GGTAGAACAT GITTTGAAAA ATTTACTGAT TTTCGATTAT TATTAACGCT
61 TGITAATTTA AACATCTCTT ATTTTTGCTA ACATATAAGT ATACAAAGGG ACATAAAAAG
121 GITAACAGCG TTTGITAAAT AGGAAGTATA TGAAAATCCT CTTTTGIGIT TCTAAATTTA

181 TTTTTAAGGA GIGGAGAATG TTGAAAAAAA ATAATTGGTT ACAAAATGCA GTAATAGCAA
M L KK NNW L QNA VI A

241 TGCTAGIGIT AATTGTAGGT CTGIGCATTA ATATGGGTTC TGGAACAAAA GTACAACCCG
ML V LI VG L CI NMG S GTIK V QP

301 GGAGITATGI AGATGGITGI GICCTGIGEG AATTGCCAGT TTATACAGAT GAAGTAAGCT
GSsSYyYy vbG66C VvL W EL P VY TUD E VS

361 ATAAGITTAG CGAATATATA AACGTTGGGEG AGACTGAGCEC TATATTTGAT GGAACAGITG
Y K F S EYI NVG ETUE AI F D GTV

421 CACAACCTAT CAAGAATTAG GACTTGIGCA CACCTGTATA CTTTGAGCTC TCGTATAATC
A QP | K N *

481 ACGAGACCTT TTTAAATATG TAAGICTTAA TTATCTCTITG ACAAAAAGAA CGITTATTCG

541 TATAAGGITA CCAAGAGAT
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B.3 Nucleotidesequenceof the inlF geneof L. monocyto-
genesEGD

1 AGCTGCECTTG ACAAAATTGG ACAATATAGC AGCATATTCG AATAAAATCA

51

101

151

201

251

301

351

401

451

501

551

601

651

701

751

801

851

901

951

1001

1051

1101

1151

1201

CTGATATTAC

GGTAGTAATG

AACCTCGCTA

AAGATTTAAC

GATATATCCG

GTATAACCAA

CAAGTTTGCA

AACTTAACCA

TCTAGAACGT

GCATAGATGG

TACGACGCAC

TAAATATACG

ATAGTGECTT

ACATTTAATG

AAATCTCATT

ATGGTTGGTA

GGGCAAATGC

TAGCTACCAA

TAGTATACGA

TATACATTTG

TTTCAAAACA

TTACTATCAA

AATGAAACGA

C

TCCTGTGACC

AAATCACTGA

CATCTTGCAA

AAATTTAACT

TTTTGAAAAA

ATAGTGGATG

GITAACACAA

AAATACAATA

AATTTTTCGA

AACGCTAATT

CGAACTTGAA

TTCAGCCAAA

CATAACACAA

TAGAAGGTAA

CCAGAACCTA

CGACGCAGAA

CTGCAAATGA

GCAAATTTTG

TACCTTACTC

ATGGCTGGTA

ATGAAAATCC

CAACTATCAA

TAGCATACGA

AATTTAACAA

TTTAAGICCT

ACAACCAGAT

TCGTTGGGTT

TCTAACCCAT

TGAAAATAAT

AACCATATTA

CTCTGACTTC

AGACACTCTC

GCCGCCTGAAA

GIGGTCTTTA

AAATACCGAT

CCGITAAAAG

TACAAGTGAA

CGAGCCCAAC

ACAGGCGGAA

CCTCACACTA

ATATAGACGG

AATGAACCGA

TGACGCAGAA

CCGCGAATGA

GACTCCAGTA

GIGGCTAATC

TACTAATATT

TACAAAACAA

GIGACTTATT

CGGAGGACTA

CTGACATAAG

TCTAATCAGA

CGTTCCGAAC

CGATTAGCAA

CCGAACTATT

TGGGACAGEC

AATTACTAGA

GIAGAGACTG

CAAACAAGGT

CAAAATGCGERA

TATGCCCATT

TGTGGTAACG

CCACTCCAAC

ACAGCCGGTA

TGITGCTTTT

TTTGGATTTA

TGCAAAAATT

AGTATCCTTG

TAAAATTAGT

TGCAGCTGGEG

ACTAATTTAA

TCCTTTAGCC

TGATAACAAA

AATATAACTA

TAATGGAACC

TACCAGAAGT

ACAAGTAATT

TTACAAAGTC

TAACAGAAGA

TATACATTTG

CTTCACAACC

TTTCCGTAAA

AATGAAGCGG

CAAACAAGEC

ATAAGTGGGA

TATGCACATT

GCAAATTTTG ATATAGATGG TGAGGTAAAG

TACCTTACTC

AATGAACCGA

CCACTCCAAC



APPENDIX C

Sequencalignment of internalins

I nl C2
InlH
Inl D
InlE
Inl G
Inl A
InlF
Inl B

nl C2
InlH
InlD
InlE
Inl G
Inl A
InlF
Inl B

I nl C2
InlH
Inl D
InlE
Inl G
Inl A
InlF
Inl B

I nl C2
InlH
InlD
InlE
Inl G
Inl A
InlF
Inl B

1
MKKRWNSVFK
MKKRWNSVFK
. MKRNKTALR
. MKRNKTALR
MKQRKTSVLH
VRKKRYVWLK
. MKSKNNYFK
VKEKHNPRRK

51

PDPALANAI K
PDPALANAI K
TDENLANAI K
TDPVLTDNVK
TDPALADEVK
TDAALAEKMK
PDADLAEG R
PDDAFAETI K

101

NLI GLELKDN
NLI GLELKDN
NLDTLVLNNN
NLSELELI DN
NLNMLGVSSN
NLTQ NFSNN
NLKFLNLNGN
NVTKLFLNGN

151
LTSTQ TDVT
LTSTQ TDVT
LDGNQ KQLN
LI YTDI TDVT
LFNNQ TDI D
LVDNDI SDLR
LEHNG SDI N

201

LVLMVTAI LG
LVLM/TAI LG
| LVTLAVWNA
| LVTLAWLA
VLLWTAI LG
SI LVAI LVFG
QI TI MTWS
YCLI SGLA! |

| AAGKSNVTD
| AAGKSNVTD
TTLSKPSTAS
TLLGKADVTD
TELGKTSVTD
TVLGKTNVTD
AELCKSSVTD
DNLKKKSVTD

Q TDLTPLKN
Q TDLTPLKN
KI TDLNPLAG
QVTDLNPLKN
Q TNI TPLAN
QLTDI TPLKD
Q TDLSPLSN
KLTDI KPLTN

PLAGLSNLQV
PLAGLSNLQV
GVSNLI NLET
PLAGLSNLQV
...... NLDS
PLKNLTNLNR
PLANLTQWS
GLVHLPQLES

LSLYVTTSQG
LSLYVTTSQG
| SFW/GTS. S
| TFVWGMB. S
| SLWNASHG
SGVW NTSNG
LLI MLG QG
FSLW I | GNG

TVTQADLDG
TVTQADLDG
AVSQVELDSV
EVTQTDLDSV
EVTQTDLNQ
TVSQTDLDQV
WTKEELESI
AVTQNELNSI

LTKI TELELS
LTKI TELELS
LTKLSI LEAS
LTKI TELRLS

LTKLVDI LMN
LTKLTEI YI G
LKNLGALFLD

LYLDLN. Q T
LYLDLN. Q T
|ELSNN. Q T
LNLDIN.Q T
LYLGDN. KI S
LELSSN. TI S
LRLGGNSNI S
LYLGNN. KI T
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VEV. . RAESI
VEV. . RAESI
KEV. . QAAE]
KEV. . QAAV
MKA. . QAES
TNA. . QAATI
NNDVKAATQV
AKV. . QAETI

TTLSAFGTGV
TTLSAFGTGV
RDVTAESSNI
THLSAKSAG
TKLEADDKG
TTLQADRLG
SQLSVYAKKI
DQ | ANNSDI

GNPLKNVSA
GNPLKNVSAI
NNQLSDI SAL
GNPLKDVSAL
NNQI ADI TPL
DNKI SDI SPL
ENKI KDLSSL

NI SPLAGLTN
NI SPLAGLTN
Al SPVSGLKN
DI TPLAGLSN
DVTPLSGLTQ
DI SALSGLTN
DLNPVRNMTR
DI TVLSRLTK

50
TQPTAI NVI F
TQPTAI NVI F
GQPTPI NEI F
EHPTPI NEI F
AQPAPI NEI F
TQDTPI NQ F
APPASI NQ F
TVSTPI KQ F

100
TTI EGVQYLN
TTI EGVQYLN
ASLEGVQYLN
TTI EGLQYLT
NSI EGl QYLT
KSI DGLEYLN
AS| EGLEYLT
KSVQE QYLP

150
AGLGSI KTLD
AGLQSI KTLD
SNVTNLHQLR
AGLKNLKTMD
ANLTNLTGLT
QNLTNVTDLY
KDLKKLKSLS

200
LQYLSI G . .
LQYLSI G ..
LVGLG D. . .
LQFLSFG. . .
LTFVQLS.
LQQLSFGNQV
LNNLEVTGSI
LDTLSLE. . .

250



152 C. Sequencalignmentof internalins
LNl C2 e e e
LNl H e e e
LNl D e e e
LNl E e e e
LNl G e e e e
Inl A TDLKPLANLT TLERLDI SSN KVSDI SVLAK LTNLESLI AT NNQ SDI TPL
LNl E e e e ... LKDLTPL
LNl B . e e
251 300
Inl C2 .. e e .. NAQVSD LTPLANLSKL
InfH ... e .. NAQVSD LTPLANLSKL
INID o e .. NNKI SD LSPI SG_SKL
INLE ... e . STQVSD LTPLANLSKL
INlG . e .... I NQ KD VTPLANLTKL
Inl A G LTNLDELS LNGNQLKDI G TLASLTNLTD LDLANNQ SN LAPLSG.TKL
Inl F ADVTSLTRLT LSDNQ EDLS PLAGLTKLDN | AAYSNKI TD | TPVTNLTRL
INlB . e ....DNQ SD | VPLAGLTKL
301 350
Inl C2 TTLKADDNKI SDI SPLASLP NLI EVHLKNN Q SDVSPLA. ..........
InlH TTLKADDNKI SDI SPLASLP NLI EVHLKNN Q SDVSPLA. ..........
Inl D NHLTADSNQ SDLRPLSNLA AMEVMRLDGN Q SDVTPI AN LANLNYVFLA
Inl E TTLNAWNSKY SDVSPLTG.S NLTEVYLEEN Q SDVSPLAK L.........
Inl G NYLDLRENQ SDASPLVNMI DLTVLHLEKQ Q .. ...... ... ..
Inl A TELKLGANQ SN SPLAGLT ALTNLELNEN QLEDI SPI SN LKNLTYLTLY
Inl F QYLDLGSNElI TDLSPVANLQ KLTSLHLANN Q TNI SMLED LTNLTSLG.Q
InlB QNLYLSKNHI SDLRALAGLK NLDVLEL... .......... ..........
351 400
InfC2 .......... .. NTSNLF T e
InfH .......... o NTSNLF B
InlD ENQ SDISSL QPLFNSPNFF G ........ ... .. . it o
InfE .......... ...... PNLS I..... . .. .
LNl G e e
Inl A FNNI SDI SPV SSLTKLOQRLF FYNNKVSDVS SLANLTNI NW LSAGHNQ SD
Inl F NNKI SDI SVL KNLTHVTYLQ LGYNQ VDVK | | GALTNLTS LQLTONHI TD
LNl B e e e
401 450
InfC2 .......... .. VTLTNQTT TNQPVFYONN LVVPNI VKGP SGAPI APATI
InfH .......... .. VILTNQTT TNQPVFYQONN LVVPNWKGP SGAPI APATI
InfD .......... .. | TLDNQKI TSEPVLYQQRE LVVPNNI KDE MGALI APATI
InfE .......... .. VILTNQTT TNQPVFYQNK PI VPNWTG. SGELI APDTI
InfG .......... ... .. ... I TAAPVWWYQTN LVAPDI LKNA YGEVWWPPTTI
Inl A LTPLANLTRI TQLGLNDQAW TNAPVNYKAN VS| PNTVKNV TGALI APATI
Inl F 1 SPLANLTKI QYSDFSNQM TNLERNFSKT LSVPNNI TSI DGTLI APETI
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nl C2
InlH
InlD
InlE
Inl G
Inl A
InlF
I nl B

nl C2
InlH
Inl D
InlE
Inl G
Inl A
InlF
Inl B

I nl C2
InlH
Inl D
Inl E
Inl G
Inl A
InlF
Inl B

I nl C2
InlH
InlD
InlE
Inl G
Inl A
InlF
Inl B

451

SDNGTYASPN
SDNGTYASPN
SDNGVYASPN
SDNGTYTSPN
SNNGTFASPN
SDGGSYAEPD
SNNGTYDAPN
SDDGDYEKPN

| FNAKFHVDG
LLDYKVTFNV

KWKFSTDKMVP
KWDFTTGQVP

601

APTKEGYTFT
APTKEGYTFT
APTKEGYTFT
APAKEGY! FD
EPTKEGYTFS
PPTKEGYTFK
TPTKQGYTFD
PPTKQGYVFK

LTWALTSFI N
LTWALTSFI N
I NVNLPNYTN
LTWDLNSFI N
| TWNLDSFTS
| TWNLPSYTN
LKWSLPNYLP
VKWHLPEFTN

KETTKEVEA.
EGNTSEVETV

TNDI NLYAQF
ANDLTLYAHF

GWYDAKTGGN
GWYDAKTGGT
GWYDAKTGGN
GAWYDAKTDGN
GAWYDAETGGN
GWYDAKTGCGD
GAWYDAETGGN
GWYTEKNGGH

LNKPI NHQSN

NVSYTFNQSV
NVSYTFNQSV
QVSYTFNKQL
SVSYTFNQSV
EVSYDFNCK

EVSYTFSQPV
EVKYTFSQKI

EVSFI FYQPV

.. GNLLTEPA
TEENLI PEPT

. YTAVFD
. YTAVFD
. YTATFD
V... YAWFD
APVNY! TTFD
SI NSYTATFE
SVNSYQANFD
....YTVSYD

KWDFGVDKMP
KVWDFAT DKMP
KWDFATDKMP
KWDFG DKMP
EVIDFAVDKMP
KWDFAT SKMP
KWDFKTMKMP
EVWWFNTDYMS

LVVPNTVKNT

TF. KNTTVPF
TF. KNTTVPF

TF. KNTTAPF
TLGDNGKVTF
TI GKGTT. TF
Pl GTGTS. NY
TI GK. AKARF

KPVKEGHTFV
SPTKQGYTFD

VDGKQTSVTV
VDGKQTSVTV
VDGVKTNEAV
VDGEQTSAMV
VDGTTTTENV
NDGVTTSQTV
| DGVWTNEAV
VDGTVI KTKV

AENI TLYAQF
AEDI TLYAQF
AEDI TLYAQF
ASDI TLYAKF
ATNMTLYAQF
AKNI TLYAQY
ANDVAFYAHF
GNDFTLYAVF

DGSLVTPE! |

500
SGTVTQPLTE
SGTVTQPLTE
SGTVTQPLHN
SGTVTQPLTE
AGTWQPI VE
SGTVTQPLKA
SGFI TQPLKE
HGRVTQPLKE

GWFDAQTGGT

600
GANEL| KEPT
GANEL| KEPT
EETKLLQEPI
GVNELI| NEPT
WDTLI TEPA
DYQGLLQEPT
VYDALLNEPT
EAGTRI TAPK

650
TI NSYTASFD
TI NSYTATFD
TI NSYTATFD

TI NSYTATFD
SANSYTATFD
T1 NNYQANFD
KAETTEKTVN

700

DEKLTTQKVT YQSLLEEPAA
DEKLTTQKVT YQSLLEEPVA
DEKLTTQKVT YQSLLEEPVA
EEPNA

PTKTGYTFKG WYDAKTGGTK
PTKDGYTFTG WYDAKTGGTK
PTKDGYTFTG WYDAKTGGTK



154 C. Sequencalignmentof internalins
InNfG V......... DGETTNQKVD YQALLQEPTA PTKDGYTFVG WYDAKTGGTE
InfA V......... DGKSTTQAVD YQG.LKEPKA PTKAGYTFKG WYDEKTDGKK
InfF 1......... DGEVKNET! A YDTLLNEPTT PTKQGYTFDG WYDAETGGTK
Inl B LTRYVKYI RG NAG YKLPRE DNSLKQGTLA SHRCKALTVD REARNGGKLW

701 750

Inl C2 WDFATGKMPA GNI TLYAQFT KNDSPNP. .. .......... ..........
InlH WDFATGKMPA GNI TLYAQFT KNDNPNP. .. .......... ..........
InlD WDFATGKMPA GNI TLYAQFT KNDNPNP. .. .......... ... ......
InfE ........ SP I NVEPNDNNS DNAEPNA. .. ... ... . ... ...
Inl G WDFATSKMPT SDI TLYARFT KNPSSDN. .. . ... ..o i
Inl A VWDFATDKMPA NDI TLYAQFT KNPVAPP. .. .......... ..........
Inl F WDFKTKEMPA NDVTLYAHFT | NNYQANFDI DGAVTEEVWN YDALI PEPTS
Inl B YRLKNI GWTK AENLSLDRYD KNMEYDKGVTA YARVRNASGN SVWIKPYNTA

751 800

Nl C2 . e e N DPTPNTPTGN
Nl H o e e D DPTTNTPTGN
INID o e e D DPTTNTPTGN
LNl E o e e S SSI NVQENGT
INLG o e S QTAPGKDDKN
Nl A e e e T TGGNTPPTTN
Inl F PSKTGFTLEG WYDAEVGGTK WDFKTMKMPA NDI TLYAHFS KETPI | PSPD
Inl B GAKHVNKLSYV YQGKNWVRI LR EAKTPI TTW QFSI GGKVI G W/DTRALNTF

801 850

InlC2 GDGISNPSN .......... SGG ..NTT. .......... .. LPTAGD
InNfH G DGISNPSN .......... SGG ..NIT. .......... .. LPTAGD
InNfD G DGISNPSN .......... SGG ..NTT. .......... .. LPTAGD
INfE N.EGNNLNS .......... SGEDKVNI K. . ......... . LPI TGD
InNlG DKDKLTIKAN .......... DSADATSTK. .......... ....LPKTSD
Inl A NGGNTTPPSA Nl PGSDTSNT STGNSASTTS TMNAYDPYNS KEASLPTTGD
Inl F EG.DSDSTNG PI TI NEPSAT STPSONNNI T VTAGENTTEL ATAKLPKTGD
Inl B YKQSMEKPTR LTRYVSANKA GESYYKVPVA DNPVKRGTLA KYKNQKLI VD

851 883

Inl C2 ENTM.PI FI G VFLLGTATLI LRKTI KVK*.
InlH ENTM.PI FI G VFLLGTATLI LRKTI KVK*,

Inl D ENTM.PI FI G VFLLGTATLI LRKTI KVK*.
Inl E ELNVLPI FVG AVLI A GLVL FRKKRQTK*.
Inl G DSSM PTI LG TLFI GGAI LI LRKKTTNI *.
Inl A SDNALYLLLG LLAVGTAMAL TKKARASK* .
Inl F NAPWKTLFAG | LLSSSAFYl WRKKA*. ... ...
Inl B CQATI EGQLW YRI RTSSTFI GAMKAANLRA K*
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Abbreviations

A adenine/adenosinalanine
AMP Lo ampicillin
APP. o appendix
ATCC . AmericanType CultureCollection
ATP ............. adenosingriphosphatg
BHI ................ brainheartinfusion
bp . basepairs
C.vvvinnn. cytosine/gtidine, carboxyl
CaCl vovvviin s calciumchloride
cDNA ............ complementarypNA
CFU .............. colony forming units
Chap.........ooooiiiiiii i chapter
CC degreeCelsius
Do asparticacid
Da ..o Dalton
deion. ...l deionized
DNA ............. deoxyribonuclei@acid
DNase............... deoxyribonucleas
dNTPs. deoxyribonucleosid&iphosphatg
dsDNA ........... doublestrandedNA
E. Esderichia
ELISA ... enzyme-linledimmunosorben
assay

Em ... erythromycin
EtOH ....... ... .. ... ... ..., ethanol
FACS... fluorescence-aatatedcell sorter
FCS..oo fetal calf serum
Fig. oo figure
o gram
G ..o guanine/guanosinglycine
ofp, GFP ....... greenfluorescenprotein
o hour
HBMEC ..... humanbrainmicrovascular
endotheliakells
Lo isoleucine|
Nl .. internalin
Ve intravenous
Ko lysine

Kb oo kilo base
kDa.........ocoiiiiii.n kilo Dalton
KE .......... Klett Einheiten Klett units
Km ..o kanamycin
[ liter
Lo leucine
Lo Listeria
LD5y .. lethaldosefor 50% of theanimals
LRRs............... leucine-richrepeats
M molar, DNA molecularweightstandard
MEM ........ minimal essentiamedium
MgCl, ....ooeat magnesiunthloride
MgSO, .............. magnesiunsulfate
MIN e minute
mlho..o milliliter
MM e millimeter
MM millimolar
PMRNA ... messengeRNA
MOI ............ multiplicity of infection
ploo microliter
77 o microgram
[N ..... asparagineary nucleotide amino
N Neisseria
NaCl .................. sodiumchloride
NCTC ...... NationalCollectionof Type
Culture
NG o nanogram
NM o nanometer
OD ..ot opticaldensity
ORF................ openreadingframe
P promotery proline
PBS.......... phosphate-bifferedsaline
PCR.......... polymerasehainreaction
Pl e post-infection
Pl propidiumiodide
PC-PLC..... phosphatidylcholin-specific
phospholipas€
PI-PLC..... phosphatidylinositol-specific
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156 D. Abbreviations
phospholipas€ ssDNA ............ singlestrandedDNA
R resistancg ster ..., sterile
RBS.............. ribosomebindingsite| SV ... serovar
RNA ... ribonucleicacid| T ......... thymine/thymidinethreonine
RNase.................... ribonucleasg¢ Tah ...................ccoiiii..t. table
RPM............. revolutionsperminute{ TC ..................cov... tetragcline
RT ........... roomtemperatureseverse{ts ................. temperaturesensitve
transcription U . units
RT-PCR. reversetranscriptionpolymerasg UV ......................... ultraviolet
chainreaction VOLV o volume
S serinel W ...t trytophan
S. Shigella, StaphylococcuysStreptococcus WT ... wild type
SDS............. sodiumdodeg! sulfate{ X ...................... any aminoacid
S . i it second Y. ... Yersinia
SLCC SpecialListeriaCultureCollection| YT ...................... yeasttryptone
515 o specieg
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Feb 1975—-Dez.1978:
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Training

Aug. 1987-July 1988:

University

Studiesin Biology

Aug. 1986—July 1987and
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