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ZUSAMMENFASSUNG

In der vorliegenden Arbeit wurden die Genetik, @eansport und die Regulation deg/o
Inositol-Metabolismus vornSalmonella entericaserovar Typhimurium § Typhimurium)
molekular charakterisiert.

Die iol-Gene vonS. Typhimurium, die ammycInositol-Metabolismus beteiligt sind, liegen
auf der genomischen Insel GEI4417/4436. Durch eisanalysen wurden die GertdA,
iolB, iolC1, iolC2, iolD2, iolE, iolG1 und STM4423 als essentiell fir das Wachstumnmyie
Inositol als einziger Kohlenstoffquelle identifieieBis auf STM4423 kodieren die genannten
Gene fur Enzyme, dienyolnositol in Dihydroxyaceton-Phosphat, Acetyl-CoAdi CGQ
umwandeln. Laut RT-PCR Analyse bilden die Gé&lé undiolB, iolC1 undiolC2, iolD1
und iolD2, sowieiolE undiolG1 jeweils transkriptionelle Einheiten. Durch Fusider iol-
Promotoren an die Luciferase konnte gezeigt werdiass die Promotoren voolA/B,
i0IC1/C2 i0lD1/D2 und iolE/G1 beim Wachstum mimycInositol als Kohlenstoffquelle
stark induziert werden. In LB-Medium oder Minimaldiem mit Glukose werden diml-
Promotoren mit Ausnahme dedE/G1 Promotors durch den Regulator IolR reprimiert. In
Protein-DNA Bindestudien konnte zudem gezeigt weydkass IolR sowohl die Ubrigeol-

als auch seinen eigenen Promotor bindet und sictit @atoreguliert. Die Induktion der Gene
iI0lE/G1 wird héchstwahrscheinlich durch den Regulator S#RB! vermittelt, da deren
Expression den Wachstumsdefekt der STM4423-Delstipprimieren kann.

Als myacInositol Haupttransporter i8 Typhimurium konnte 1olT1 (STM4418) identifiziert
werden. In Aufnahmeexperimenten mit radioaktiv nentkem myclnositol wurde ein
Aktivitatsoptimum von 10IT1 bei pH 5,5 und eik,, Wert zwischen 0,49 und 0,79 mM
gemessen. Die stark reduzierte Aufnahme in Anwesernbn Protonophoren deutet zudem
darauf hin, dass lolT1 alsycInositol/H -Symporter operiert. Als schwachemyo4nositol-
Transporter konnte 10IT2 (STM4419) ausgemacht werfge Expression beider Transporter
wird wahrend des Wachstums mmitycInositol stark induziert und in LB-Medium und in
Minimalmedium mit Glukose durch IolR-Bindung an ddeomotoren voriolT1 undiolT2
reprimiert, was durch DNA-Protein Bindestudien ggize/urde.

Der Begriff der biologischen Bistabilitat beschtedas unterschiedliche Verhalten isogener
Organismen unter identischen Bedingungen. Ein solbtstabiler Phanotyp zeigt sich fur das
Wachstum von S Typhimurium in  Minimalmedium mit myoInositol als einziger
Kohlenstoffquelle in der Variabilitat einzelner Bel beziglich des Ubergangs von der
Anlauf- in die Wachstumsphase. Auf zellularer Ebekmnnte der bistabile Phanotyp
beispielhaft an defolE-Promotorinduktion mit Fluoreszenzmikroskopie undréhfluss-
zytometrie qualitativ und quantitativ gemessen wardSowohl die Deletion des Repressors
loIR als auch C@Hydrogencarbonat im Medium heben die Bistabilaéf. Dabei wirkt
CO,/Hydrogencarbonat nicht direkt auf lolR, sondernhkgaheinlich durch Bindung an
STM4423, der dann das lolR-unabhéngige Opeéotl/G1 induziert. Dieses Beispiel zeigt
zum ersten Mal einen Einfluss von gBydrogencarbonat auf die Genregulation in
S Typhimurium. Die doppelte Regulation durch IolRAUSTM4423 ist fur demyaInositol-
Metabolismus der bisher untersuchten Organismezigairtig. Aus den Daten dieser Arbeit
konnte ein Modell fur diese Regulation da&yoInositol-Metabolismus irS. Typhimurium
erstellt werden.



SUMMARY

In this study, the genetics, the transport andréigellation of themyoinositol metabolism of
Salmonella entericaerovar Typhimurium§ Typhimurium) are characterized on a molecular
level.

The iol genes, which are involved in thmaycinositol metabolism, are encoded by the
genomic island GEI4417/4436. By deletion, the gan#s, iolB, i0lC1, iolC2, iolD2, iolE,
iolG1 and STM4423 were identified to be essential fawgh with myainositol as the sole
carbon source. Except for STM4423, the mentionedegieencode the enzymes, which
degrademyaoinositol to dihydroxyacetone phosphate, acetyl-Gofl CQ. As investigated
by RT-PRCR, the geneslA andiolB, iolC1 andiolC2, iolD1 andiolD2, as well asolE and
I0lG1 form transcriptional units. By fusing thel-promoters with the luciferase, it was shown
that the promoters ablA/B, i0lC1/C2 iolD1/D1 andiolE/G1 are highly expressed during
growth usingmyainositol as a C-source. In LB medium or in mininmaédium containing
glucose, alliol promoters except for the promoteriofE/G1 are repressed by the regulator
lolIR. Using DNA-protein studies, IolR was shown Ibind the remaining and its own
promoter indicating its auto-regulation. The indoiet of the genesolE/G1 is probably
mediated by the regulator STM4423, since its exgiassuppresses the growth defect caused
by the STM4423 deletion.

[0IT1 (STM4418) could be identified to act as theaim myoinositol transporter in

S Typhimurium. An optimum of activity of lolT1 at5,5 and &, value between 0,49 and
0,79 mM was measured in uptake experiments usitig-tabelledmyainositol. The strong
reduction of the uptake in the presence of protbnogs suggests that 1olT1 operates as a
myainositol/H™ symporter. 10IT2 (STM4419) was identified to bewaak myoinositol
transporter. The expression of these two transgorm@s strongly induced in cells growing
with myainositol as a carbon source and repressed bydwoiBing to their promoters in LB
medium or minimal medium containing glucose, asnshby DNA-protein binding assays.
The term biological bistability describes the diffietial behaviour of isogenic organisms
under identical conditions. Such a bistable phgmotyould be observed f& Typhimurium

in minimal medium containingyainositol as the sole carbon source resulting vaable
transition of each single cell from the lag to @p@wth phase. On the cellular level, the
bistable phenotype was measured as exemplifiechéyrtduction of theolE promoter by
fluorescence microscopy and flow cytometry in alig@é/e and quantitative manner. The
deletion of iolR as well as addition of Cfbicarbonate to the medium abolishes the
bistability. CQ/bicarbonate does not act on IoIR, but probablyiated induction of the iolR-
independent operoiolE/G1 by binding STM4423. This example shows for thetfirme an
influence of CQ/bicarbonate on the gene expressio®s.ofyphimurium. The dual regulation
of themyainositol metabolism by 10IR and STM4423 is unidaeall organisms investigated
so far. A model of the regulation of thmycinositol metabolism derived from the data
presented in this study is postulated.



DIE GATTUNG SALMONELLA

Salmonellen sind Gram-negative, fakultativ anaergizgitrich begeil3elte, stdbchenformige
Bakterien. Aus der Familie der Enterobacteriacand aus der Gattun&almonellazwei
Arten bekanntSalmonella entericand Salmonella bongor{13). Die Salmonellen sind nach
dem amerikanischen Veterindr Daniel Elmer Saim@&»011914) benannt, der zusammen mit
seinem Kollegen Theobald Smith (1859-1934) Salmenel(das Schweinepathogen
Salmonella choleraesyizum ersten Mal beschrieb (75). Die Aalmonella entericaeilt
sich zudem in sechs Subspezies auf, die jeweilemér romischen Ziffer gekennzeichnet
werden (Tabelle 1). Die jeweiligen Subspezies wemignn anhand ihrer O- und H-Antigene

in Serotypen (Serovare) weiter unterteilt.

Tabelle 1: Einteilung der Salmonellen in Spezied 8abspezies nach dem Kauffmann-White
Schema (68); Stand aus dem Jahr 2000 (Abbildurindert, Quelle (13))

Anzahl der
SalmonellaSpezies und SubspeziesSerotypen innerhalb Habitat
einer Subspezies

S entericasubspenterica(l) 1.454 Warmbliter

S entericasubspsalamag(ll) 489 Kaltbltter und in der Umwelt
S entericasubsparizonae(llla) 94 Kaltbllter und in der Umwelt
S entericasubspdiarizonae(llIb) 324 Kaltbluter und in der Umwelt
S entericasubsphoutenaglV) 70 Kaltbliter und in der Umwelt
S entericasubspindica (V) 12 Kaltbluter und in der Umwelt
S. bongori 20 Kaltbliter und in der Umwelt
Insgesamt 2.463

Die Bezeichnung des Serotyps wird dem Gattungs-Anmiamen wie folgt angeschlossen:
S enterica subsp.enterica serotype (oder serovar) Typhimuriur8. Typhimurium). Etwa
60% der knapp 2500 Serotypen gehoéren der Subsp8zesterica subsp. | & enterica
subsp.entericg an, die fur fast alle Infektionen von Salmonellggim Menschen und bei
warmblitigen Tieren verantwortlich sind. In dies&ruppe finden sich auch die bekannten
humanpathogenen Serovaé@eTyphi, S Enteritidis undS. Typhimurium. Wéahren& Typhi
eine fur Menschen und héheren Primaten spezifi$ofektionskrankheit auslost, sinfl
Enteritidis und S. Typhimurium flr Erkrankungen bei verschiedenen rvditern
verantwortlich. Alle weiteren Subspezies wurdern fassnahmslos von Kaltblitern und aus

der Umwelt und nur in wenigen Ausnahmen von wariidpgih Organismen isoliert (27).



DIE INFEKTION MIT SALMONELLEN —

DIE SALMONELLOSE

Die Infektion mit Salmonellen, die so genannte Samdellose, ist eine der haufigsten
Infektionskrankheiten weltweit. Salmonellosen beMenschen werden meist durch den
Verzehr von kontaminierter Nahrung, hauptsachlitiseh, Geflugel, Eier und Milch, aber
auch in den letzten Jahren vermehrt durch Frisoenvaie Obst und Gemuse ausgeldst (12,
85). Der Verlauf der Krankheit richtet sich nachrsahiedenen Faktoren, wie etwa der
Pradisposition des Infizierten oder dem aufgenom8amonellen-Serovar.

Als haufigste klinische Isolate |6sen die Serovangphimurium und Enteritidis beim
Menschen eine meist unkomplizierte Gastroenterdise lokale Infektion des terminalen
lleum und des Colons, aus, die auch ohne Behandhingntibiotika nach wenigen Tagen
abklingt (70, 76). Die Symptome sind in der Redeltas Fieber, Bauchschmerzen, Diarrhde,
Ubelkeit und gelegentlich Emesis. Schwerere Vedskdinn die Salmonellose jedoch bei
jungen, alten und immunsupprimierten Menschen ameeh die bei Kindern und alten
Menschen mit der starken Dehydrierung durch die rrBiee zusammenhangen. In
immunsupprimierten Menschen kann dagegen der Dittather Salmonellen aus dem Darm
in die Blutbahn in einer lebensbedrohlichen Bakimre und Sepsis resultieren (76).

Das ,fact sheet N°139” der World Health Organizat{gVHO) von 2005 berichtet, dass es in
den USA jahrlich etwa 1,4 Millionen dieser nichphpidalen Salmonellosen (NTS) auftreten
(89). Die 1,4 Millionen Erkrankten resultieren in68l000 Arztbesuchen, 15.000
Hospitalisierungen und 580 Opfern als Folge deeknbn, wobei Kosten von etwa 3
Milliarden US-Dollar entstehen.

Die exklusiv in Menschen oder hoheren Primatenquhen Serovare Typhi und Paratyphi
konnen dagegen eine systemische Erkrankung, degesannten Typhus (auch typhiodes
Fieber, enterisches Fieber oder Typhus abdomindlsy. Paratyphus, auslésen (66, 77).
Nach der Aufnahme mi& Typhi verlauft die Infektion fur 7-14 Tage asyropiatisch.
Danach folgen jedoch erste Anzeichen des Unwoldsent Fieberausbriiche. Die weiteren
Symptome sind durch verschiedenste im Zusammenhaigder Infektion stehende
Komplikationen sehr divers (66). Eine Studie aesidlahr 2004 schatzt fir das Jahr 2000 ca.
20 Millionen Typhus-Félle weltweit, wovon ca. 20000tddlich geendet haben, und ca. 5,5
Millionen Paratyphus-Falle (21). Dabei sind voreall Entwicklungsregionen betroffen.
Sidostasien und das zentrale Sidasien verzeictaien die hochste Inzidenz von mehr als
100 Fallen pro 100.000 Einwohner pro Jahr. Einélené Inzidenz (10-100 Falle pro 100.000
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Einwohner pro Jahr) wurde fur das restliche Asiinika, die Karibik und Ozeanien (ohne

Australien und Neuseeland) gemessen. Weniger af&l® pro 100.000 pro Jahr wurden im
Jahr 2000 in Europa, Nordamerika, Australien undiddeland verzeichnet. Wie auch fur
andere Infektionskrankheiten hat sich die Situatidon eine erfolgreiche Behandlung von
Typhus mit Antibiotika durch eine Zunahme von R&sigen und Multi-Resistenzen gegen
verschiedene Wirkstoffe (z.B. Ampicillin, Chloramgaticol, Co-Trimoxazol und Quinolonen)

in den letzen Jahren verschlechtert (32). Es exesti einige Impfstoffe von denen bisher
jedoch keiner einen vollstéandigen, lang anhalterfidrutz bietet (32, 100).

DERINFEKTIONSZYKLUS VON SALMONELLA ENTERICA

Nach der Aufnahme der Salmonellen durch den Wind sliese zunéachst dem niedrigen pH
im Magen ausgesetzt, den sie Uberstehen und sidrm gelangen. Im Darm kénnen die
Salmonellen auf unterschiedliche Weisen das Darimelpiiberwinden, und persistieren oder
vermehren und verbreiten sich in unterschiedlichafirtszellen. Sie induzieren ihre
Aufnahmen in die M-Zellen der Peyer-Plaques im [Darm oder in andere nicht-
phagozytierenden Darmepithelzellen (20, 49). Far Ailhasion und Invasion bendtigen sie
ein Zusammenspiel aus den GenprodukterSaémonellaPathogenitatsinseln 1 und 4 (SPI-1,
SPI-4).

Abb.1: Cryoelektronenmikroskop-Aufnahmen der Adhasion und Invasion des
S. Typhimurium Wildtyp-Stamms in polarisierte MDCK-Z ellen. Gezeigt ist die apikale
Seite eines MDCK-Monolayers. Gut zu erkennen singe dAusstilpungen der
Wirtszellmembran. Die Salmonellen sind nachtragtmtheingefarbt worden. Quelle: (37)

Die SPI-1 kodiert ein Typ 3 Sekretionssystem (T3S8¢lches Effektorproteine in die
Wirtszelle transloziert, die dort unter anderemeeidmstrukturierung des Aktincytoskeletts
der Wirtszelle fihren (101). Die Wirtszellmembraitdét dadurch Ausstilpungen an seiner

Oberflache (,membrane ruffling“), die die Salmoeeltelle umschlieBen und schlieflich in
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eine membrangebundene Vakuole aufnehmen (,Triggechnismus® (30, 44)). Erst
kirzlich wurde jedoch gezeigt, dass die Induktien Ausstulpungen nicht essentiell fur die
Aufnahme zu sein scheint (42). Die SPI-4 spieltedmm bei der Adhasion an die Wirtszelle
eine entscheidende Rolle. Sie kodiert ein Typ lr&mlnssystem (T1SS) und sein Substrat
SiiE, ein riesiges Adhéasin, welches den engen Karaar Wirtszelle herstellt, den es fur die
Injektion der Effektorproteine durch das SPI-1-levth T3SS bendtigt (Abb. 1 und (37, 39)).
Beide Pathogenitatsinseln werden zudem durch deseglobalen Transkriptionsfaktoren
HilA und SirA koreguliert (38).

Von der membrangebundenen Vakuole (S@Galmonellacontaining vacuole) aus kann
Salmonella entericadie Apoptose der infizierten Epithelzelle indueser(52), wodurch
zunachst keine inflammatorische Reaktion eingeld®8). Den Salmonellen wird so der
Eintritt und die Verbreitung in tieferes Gewebe éghicht, wo sie von Makrophagen oder
dendritischen Zellen (DC) phagozytiert werden kdmnk beiden Zelltypen werden die
Salmonellen jedoch nicht vernichtet, sondern si@nk® sich in der SCV vermehren
(Makrophagen) oder persistieren (DC) (14, 48). Qevioh leiten infizierte Makrophagen
die Pyroptose ein, eine bestimmte Art des prograrten Zelltods der Makrophagen, die
eine Immunantwort einleitet. Um Zeit fur die eigeReplikation zu gewinnen, verlangsamen
die Salmonellen diesen Prozess (29). Fur die ielidare Vermehrung vorsalmonella
entericain Epithelzellen und in Makrophagen und fir dieteggsche Infektion, sind die
Gene der SPI-2 essentiell, die unter anderem fir weiteres T3SS und einige
Effektorproteine kodieren (46, 57, 65). Das T3S$ 8PI-2 transloziert Effektorproteine,
welche die Physiologie der Wirtszelle verandern diedSCV aufrechterhalten, weshalb SPI-
2 Mutantenstamme beziglich der systemischen Imfiekim Mausmodell hochgradig
attenuiert sind (63, 80). Einige Salmonellen kénaefferdem direkt aus dem Darmlumen
z.B. durch eingewanderte CD18-exprimirende Phagoz¥ellen aufgenommen werden, und
gelangen so schon nach Minuten in die Blutbahn wwodit zu den bevorzugten
Replikationsorten wie die Leber und Milz (87, 93uch die Persistenz in dendritischen
Zellen wird von Salmonella entericaals ,Trojanisches Pferd* benutzt, da sie die

Antigenprasentation der DC verhindern, um dem Imsgatem zu entgehen. (19).



DAS GENOM VON S TYPHIMURIUM LT-2

Das Genom des Stammeés Typhimurium LT-2 wurde 2001 von McClellandt al.
sequenziert (60). Neben dem etwa 4,8 Megabasermrigi©Rromosom enthalt der Stamm LT-
2, wie einige weitereS. Typhimurium Stdmme, noch ein 93 Kb grof3es Plasmieses
Plasmid tragt im Stamm LT-2 den Namen pSLT undilauf sind unter anderem auch einige
wenige Virulenzgene kodiert sind. Je nach Wachsbeatisgungen liegt pSLT in 1-3 Kopien
(40, 59). Auf dem Virulenzplasmid befinden sich ¥0BProteine kodierende Sequenzen und
es besitzt einen GC-Gehalt von 53%. In anderen hpathogenen Serovaren wie Typhi,
Paratyphi A und B ist dagegen kein ahnliches Vimafgasmid vorhanden (69).

Das Chromosom vo8. Typhimurium LT-2 besitzt einen GC-Gehalt von 58%d beinhaltet
4489 fur Proteine kodierende Sequenzen. 62 genbmisitseln bzw. Prophagen wurden
identifiziert, welche sich aus einer Spanne vor24aenen zusammensetzen (60). Darunter
befinden sich die zum Teil detailliert charakterrsenSalmonellaPathogenitéatsinseln (10, 31,
34, 39, 45, 46, 67, 91), die Prophagen Gifsy-1s¥s# und Fels-2, sowie weitere noch
unbeschriebene genomische Inseln (15, 28, 54). &eser unbeschriebenen Inseln ist die
GEI4417/4436, die laut Vorhersage Gene beinhadliietin denmyaoInositol-Metabolismus
involviert sein kénnten. Die Vorhersage basiertalauf Sequenzvergleichen niit subtilis

dessen Enzyme desycInositol-Metabolismus bereits identifiziert sind.

DERBAKTERIELLE MYO-INOSITOL-METABOLISMUS

Erste Reaktionen damycInositol-Metabolismus wurden 1966 von Bermaatral und 1971
von Andersonet al flir das Gram-negative Bakteriuderobacter (heute: Enterobactey
aerogenesxperimentell gezeigt (3, 4, 8, 9). Obwohl das Aumgs- und die Endprodukte
durch diese Arbeiten bekannt waren, konnten ershidaet al kirzlich den vollstadndigen
Abbauweg experimentell irB. subtilis belegen, der in Abbildung 2argestellt ist und
nachfolgend beschrieben wird (96): Nach der Aufr@ahvon myclinositol Gber diemyo
Inositol-Transporter lolT und lolF in das Cytoplasi(®7) wird zunachst die Hydroxylgruppe
am C2-Atom durch die Inositol-Dehydrogenas®Q) dehydriert, wobei 2-ketaaycInositol
(2-KMI) entsteht und ein Molekiil NADzu NADH reduziert wird. Im néchsten Schritt wird
in einer Dehydratation ein Molekil ,B von 2-KMI durch die 2-ketoayolnositol

DehydrataseidlE) abgespalten. Der Ring des daraus resultierenQe3,5/4)-Trihydroxy-
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Abb.2: Die Degradation von myo-Inositol. Nach der Aufnahme vomyacInositol in die

Zelle wird es in sieben enyzmatischen Reaktionehritbeeise in je ein Molekil

Dihydroxyaceton-Phosphat, Acetyl-CoA und £Q@mgewandelt. Dabei werden zwei
Molekiile NAD' reduziert und ein Molekiil ATP verbraucht. Abbildugeandert; Quelle:
(96).



cyclohexan-1,2-dion (THcHDO) wird dann durch die CHHDO Hydrolase i6ID) unter
Einbau eines Molekils 1 gespalten, wobei 5-Deoxyglucoronsaure (5-DG) tehts
welches dann durch die 5-DG IsomerastB) zu 2-Deoxy-5-keto-D-Glucuronséure (DKG)
isomerisiert wird. Die membranstandige DKP Kinaggd(Q) phosphoryliert im nachsten
Schritt DKG unter Verbrauch eines Molekills ATP z#D@oxy-5-keto-D-Glucoronséaure-
Phosphat (DKP), welches dann durch die DKP Aldo(ad8) in Dihydroxyaceton-Phosphat
(DHAP) und Malonat-Semialdehyd (MSA) gespalten wivtldhrend DHAP anschlie3end
direkt in die Glykolyse einflieBen kann, wird MSAeh durch die MSA Dehydrogenase
(iolA) dehydriert, wobei ein weiteres Molekiil NARzu NADH reduziert, ein Molekiil CO
abgespalten wird und Coenzym A auf den Acetyl-Resttragen wird, wodurch Acetyl-CoA
entsteht. Die Nettobilanz denyolnositol Degradation resultiert demnach in jewalsem
Molekil DHAP, CQ und Acetyl-CoA pro MolekiimyaInositol, wobei ein Molekul ATP
verbraucht wird und zwei Molekille NADH entsteheh,(96).

In einer Studie von Gutnic&t al. 1969 wurde ein metabolisches Profil v@nTyphimurium
LT-2 erstellt. Etwa 600 Substanzen wurden hingchtlihrer Fahigkeit als alleinige
Kohlenstoff- (C-) oder Stickstoffquelle (N-) fiB. Typhimurium LT-2 zu dienen getestet,
wobei 73 verwertbare C- und 25 N-Quellen ident#iziwurden (41). Unter den C-Quellen
befindet sich unter anderem auamyclnositol (in der Originalarbeit alsneselnositol
aufgefuhrt). Die Fahigkeitmyclnositol bei bestimmten Temperaturen in Peptonesags
verwerten, wurde lange Zeit als ein Biotypisierungsker fir Salmonellen verwendet (64).
Der mycInositol-Metabolismus wurde auch bei weiteren Rakin untersucht. NebeB.
subtilis und Enterobacter aerogenekdnnen mitmyaolnositol als einziger C-Quelle auch
Corynebacterium glutamicurgs5), Clostridium perfringeng51), Lactobacillus caseBL23
(94), Pseudomonas putidé/2), Rhizobiumleguminosarumbv. viciae (33), Sinorhizobium
meliloti (35), Caulobacter crescentud 1), Klebsiella pneumonigéserratia liquefaciensind

S marcesceng58) undYersinia enterocoliticg56) wachsen. Da noch viele weitere Bakterien
Homologe deriol-Gene besitzen, wird diese Auflistung sicherlich Zokunft erweitert

werden.

DIE REGULATION DESMYO-INOSITOL-
STOFFWECHSELS INGRAM-POSITIVEN BAKTERIEN

Bisher wurde die Regulation desyolnositol-Metabolismus ausschlief3lich in den Gram-

positiven OrganismeB. subtilis C. glutamicumund Clostridium perfringensintersucht, wo
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sie sich als wenig komplex erwies (51, 55, 99). Regyulation deiol-Gene verlauft dabei in
allen drei Arten &hnlich. lhnen ist gemeinsam, ddigsiol-Gene in einem langen Operon
unidirektional angeordnet sind und somit von nmea Promotor zur einer einzigen mRNA
transkribiert werden (98). Die Regulation diesesnfutors steuert dadurch in einfacher und
gleichzeitig effektiver Weise den Groldteil Gene deyclnositol-Metabolismus der
genannten Organismen. In Abwesenheit woyoInositol wird dieser Promotor durch das
DNA-Bindeprotein IoIR reprimiert. Nach der Aufnahmren myaoInositol wird es in funf
Schritten enzymatisch zu 2-Deoxy-5-keto-D-Glucoguns-Phosphat konvertiert, das dann
durch Bindung an IolR die Repression delGene freigibt (96). Die Expression einiger
weniger aul3erhalb der groB3et-Operons liegenden Gene, wie digclnositol-Transporter
iolT in B. subtilis und iolT1 und iolT2 in C. glutamicum werden ebenfalls durch IoIR
reprimiert (55, 97).

DiE GENOMISCHEINSELGEI4417/4436

Wie beschrieben, wurde die Biochemie dewyolnositol-Abbaus bisher nur in zwel
OrganismenEnterobacteraerogenesindBacillus subtilis gut untersucht (3, 4, 8, 9, 96). Da
die Arbeiten zuEnterobacter aerogeneshne Kenntnis des genetischen Hintergrundes
erfolgten, wurde die Benennung der myaclnositol-Metabolismus involviertenigl“-Gene
von S. Typhimurium dementsprechend Bnsubtilisangelehnt (Tabelle 2 und (56)).

Im Gegensatz zu den unidirektional transkribierfgiycistronischemol-Operons der Gram-
positiven Bakterien, sinml-Gene in Gram-negativen Bakterien divers orgartigfdnb.3). In

S Typhimurium kodiert die genomische Insel GEI44B6 fir 20 Gene, die laut
Vorhersage ammyaolnositol Stoffwechsel beteiligt sind (Tabelle Btwa die Hélfte jener
Gene kodiert dabei fur Enzyme, digycInositol in sieben Schritten zu je einem Molekdl
Dihydroxyaceton-Phosphat, Acetyl-CoA und £d&gradieren.

In den bisher sequenzierten Salmonellen ist diesel Inur inS. Typhimurium LT-2, 14028,
SL1344,S Paratyphi BS Saintpaul und. Weltevreden gefunden worden, wéhrend sie in
den sequenzierten Stdmmen der Serovare Typhi,itiiserDublin, Diarizonae, Gallinarum,

Paratyphi A und C, sowie iBalmonella bongomicht vorkommt.
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Tabelle 2: Ubersicht tiber die GEI4417/4436 voB. Typhimurium

Gen Protein Funktion Essentiell*
i0IR - STM4417 Transkriptionsregulator Hauptrepresss d nein

Inositolabbaus
iolT1 - STM4418 Permease myaInositol Transporter nein
i0lT2 - STM4419 Permease myaInositol Transporter nein
iolB - STM4420 Isomerase 5DG/DKG Isomerisierung ja
iolA - STM4421 Dehydrogenase MSA Konvertierung zu Aeety ja

CoA + CQ
STM4422 unbekannt unbekannt neh.
STM4423 Transkriptionsregulator Induktion des Praom®von

iolEG1?
iolE - STM4424 Dehydratase 2KMI/THcHDO Dehydratation ja
i0lG1- STM4425 Dehydrogenase MI/2KMI Dehydrierung ja
srfJ- STM4426 putative lysosomale unbekannt, Induktion der nein

Glykosylceramidase (53) Expression durch SsrB (92)

iolll - STM4427 Isomerase 2KMI/1-keto-DCI Isomerase nein
STM4428 Permease unbekannt nein
i0IC2 - STM4429 Kinase Phosphorylierung von DKG zu ja

DKP
iolC1 - STM4430 Kinase Phosphorylierung von DKG zu ja

DKP
iolD1 - STM4431 Hydrolase Ringbruch THcHDO/5DG R.b.
i0lD2 - STM4432 Hydrolase Ringbruch THcHDO/5DG ja
10lG2 - STM4433 Dehydrogenase unbekannt nein
STM4434 Permease unbekannt nein
ioll2 - STM4435 Isomerase 2KMI/1-keto-DCI isomerase nein
iolH - STM4436 Isomerase/Dehydratase unbekannt nein

*essentiell fur das Wachstum in Minimalmedium migolnositol als einziger C-Quelle bei 37°C
$n.b. = nicht bekannt

Interessanterweise konnte ausschliel3lictEingol-Stamm ED1a eine zur GEI4417/4436 fast
identische genomische Insel nachgewiesen werdennwedie Homologe zu den letzten
beiden Generoll2 undiolH fehlen, was auf einen horizontalen GentransferGlefteils der
GEI4417/4436 vorSalmonellain E. coli ED1a oder umgekehrt hindeutet. Allen weiteren
K-12 oder
enterohamorrhagischda coli 0157:H7 (EHEC) fehlt diese Insel. Bemerkenswartl sauch

bisher sequenziertenkE. colrStammen, wie zum Beispiel auch dem

die iol-Gencluster der verschieden&iersiniaArten. Die Anordnung inY. enterocolitica

Y. intermedia und Y. frederiksenii ist komplett anders, als inY. pestis und

Y. pseudotuberculosis Hier wurden die beiden unterschiedlicherol-Gencluster

wahrscheinlich separat voneinander akquiriert uedesgegeben.
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GEI4417/4436 (22.6 Kb)

STM4422
STM4423

iolA

iolB

S.Typhimurium LT-2/14028/SL1344,
S.Paratyphi BS. Saintpaul.
S.Weltevreden

#— K. pneumoniae

B. abortus, R. leguminosarum,
S. melilott

P. profundum
Y. enterocolitica, Y. intermedia,
Y. frederiksenii, Serratia proteamaculans

E. carotovora,
C. koseri, Y. pestis CO92,
Y. pseudotuberculosis, P. luminesc&i®©1?

B. subtilis

Abb. 3: Schematische Darstellung der GEI4417/4436 vda Typhimurium im Vergleich

mit anderen iol-Divergons aus Gram-negativen Bakterien undB. subtilis. Im Gegensatz
zum iol-Operon ausB. subtilis sind dieiol-Gene in Gram-negativen Bakterien divers
angeordnet. Fur die GEI4417/4436 (oberste Reiha) slie fir denmycInositol-Abbau
essentielle Gene aus dieser Arbeit in rot, Trapsibnsfaktoren in blau, die Gene dayo
Inositol-Transporter in grin und nicht essenti€éllene in weil3 dargestellt. In den Ubrigen
Reihen sindiol-Gene in grau eingefarbt, potentielle Gene filycInositol-Transporter
schraffiert und weitere Gene weil3. 1, 3nmeliloti ist iolG umgedreht orientiert. 2, IR.
luminescengehlen die drei eingezeichneten Permeasen. Abimjdieandert, Quelle: (56)

Nur in den GEI4417/4436 tragenden Serovaren Salmonellahaben sicholC undiolD in
jeweils zwei offene Leserahmen geteilt. Sie denpathend alsolC1 und iolC2, sowie
iolD1 undiolD2 annotiert. Die Ursache kénnte eine Mutation gewesein, die zu einer
Leserasterverschiebung (,frameshift*) gefihrt haidem existiert inSalmonellakein Gen
innerhalb der GEI4417/4436, das SequenzéhnlictzkkeitDKP Aldolase lolJ auB. subtilis
zeigt, welche 2-Deoxy-5-keto-D-Glucoronséure-Phaspl{DKP) in Dihydroxyaceton-
Phosphat (DHAP) und Malonat-Semialdehyd (MSA) stalDa dieses Protein jedoch
essentiell fur demyoInositol-Abbau ist, muss es eine weitere Aldolasédem Chromosom
aulBerhalb der GEI4417/4436 geben, die diese Reakkatalysiert. Die grofdte

Sequenzahnlichkeit auf Aminosaureebene (38% Idéntitmit einem Protein aus
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S Typhimurium weist IolJ auB. subtilis zu einer putativen Fruktose/Tagatose Bisphosphat
Aldolase (STM3253), auf. Die Deletion dieses Geegte jedoch keinen Einfluss auf das
Wachstum vonS Typhimurium in Minimalmedium mitmycInositol, womit zumindest
ausgeschlossen werden kann, dass STM3253 esstintedinmyao Inositol Abbau ist.

Neben den Genen, deren Produkte fur die enzymatidokegradation myclnositols
verantwortlich sind, liegen noch weitere Gene aaf GEI4417/4436, die etwa an der
Regulation desnyolInositol-Stoffwechsels (STM4417 und STM4423) odiexs Transports
(STM4418 und STM4419) vomyoInositol beteiligt sind, sowie Gene von noch urdreiter
oder unzureichend beschriebener Funktion, ], das eine putative lysosomale
Glykosylceramidase kodiert. Worleyet al. konnten zeigen, dassrfJ durch das
Zweikomponentensystem SsrAB induziert wird, welchede Gene reguliert, die fur das
intrazellulare Uberleben in Makrophagen essensigitl (36, 92). Die Funktion vosrf] ist
bisher noch nicht experimentell gezeigt wordenpgkdfiihrt eine Deletion zu einer leichten

Attenuation bezuglich der systemischen VirulenaMausmodell (74).

DAS WACHSTUM VON S TYPHIMURIUM MIT

MYO-INOSITOL ALS EINZIGERKOHLENSTOFFQUELLE

Das Wachstum vo&. Typhimurium 14028 in Minimalmedium myaoInositol als einziger
Kohlenstoffquelle (C-Quelle) ist durch mehrere Mugte gekennzeichnet.

Besonders interessant und bisher so noch nichtein Ldteratur beschrieben, ist die
ungewohnlich lange Anlaufphaseengl. lag-phase) von etwa 40-60 Stunden im
Wachstumsverhalten vad Typhimurium mitmyaolnositol als einziger C-Quelle. Weder ist
diese lange Anlaufphase bei Untersuchungen mdgginositol-Metabolismus bei anderen
Prokaryonten (51, 55, 96), noch bei SalmonelleWa@nbindung mit dem Abbau anderer C-
Quellen aufgetreten. Jedoch hat D.C. Old schon 183i2der Metabolisierung vomyo
Inositol beobachten kénnen, dass verschiedene [&atyeine damalige Einteilung von
Salmonellen in Gruppen nach ihrer Fahigkeit veesddne C-Quellen zu verwerten,
unterschiedlich mitmyoInositol wachsen und sie daraufhin in 21 Fermeorat oder
Biotypen gruppiert. Bei einigen dieser Biotypen edoh es die lange Anlaufphase nicht zu
geben, da sie nach 24h schmyolnositol in Pepton-haltigem Wasser verwerten kennt
(64). Auch Sundaram berichtet nicht von einer Afphase beim Wachstum mihyc

Inositol, allerdings bezieht sich dessen Arbeit SuTyphimurium LT-2 (84). Old berichtet
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aber gleichzeitig von einem unstabilen Wachstummyit-Inositol als C-Quelle des Biotyps
9, der aus diesem Grund als ,Inositol-negativ* emmginet wurde. Dies muss aus heutiger
Sicht als falsch bewertet werden, da er ebenfaitchtet, dass bei diesem Stamm manchmal
ein braunes Pigment im Wachstumsmedium entstargheBiwurde dieses Pigment noch
nicht identifiziert und scheinbar konnte es nicldi lden andererSalmonellaBiotypen
beobachtet werden (64). Die Braunfarbung des Mediatmein Charakteristikum des
Wachstums mimyaoInositol, denn es wurde in der hier vorgelegtemeMr bei jedem der
Wachstumsversuche mi8. Typhimurium 14028 in Minimalmedium mimyaolnositol
beobachtet. Das Pigment wird erst in der stationRtease sichtbar (Abb.4) und liegt dann im
Uberstand vor, wobei es nicht eindeutig ist, obdesch lysierte Zellen in den Uberstand
gelangt oder aktiv sekretiert wird. Es ist aul3eraecht ersichtlich, ob der Biotyp 9 aus der
Arbeit von Old dem hier verwendet& Typhimurium Stamm 14028 entspricht und warum

nur beim Biotyp 9 die Pigmentbildung beobachtetdeur

Abb.4: Bildung eines unbekannten braunen Pigments vonS. Typhimurium.
Minimalmedium mitmycInositol als einziger C-Quelle wurde mit S. Typhinum inokuliert
und bei 37°C inkubiert. Erst in der stationaren W&iemsphase bildet sich ein braunes
Pigment (rechts), das in der exponentiellen Wachspinase (links) noch nicht vorhanden ist.

Mittels der Deletionsmethode von Datsenko und War{2600) wurden im Laufe dieser
Arbeit alle Gene bis aufiolD1 und STM4422 systematisch deletiert (22). Alle
Deletionsmutanten wurden auf Minimalmedium-Agangiai die nur Ubemyolnositol als
einziger C-Quelle verfiigten, ausgestrichen unditiisch ihres Wachstumsphénotyps bei
37°C bewertet. Die GenelA, iolB, iolC1/2, i0lD2, iolE, i0olG1 und STM4423erwiesen sich

in diesem Experiment als essentiell fir das Wachstwon S Typhimurium unter den
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applizierten Bedingungen. Keine Beeintrachtigungs d&/achstums konnte fir die
DeletionsmutantenAsrfJ, AiolG2, AiolH, Aiolll, Aioll2, ASTM4428 und ASTM4436
festgestellt werden, die damit fur dieyoInositol Degradation und den Transport unter den
getesteten Bedingungen entbehrlich sind. 8i@yphimurium Stamme mit den Deletionen
von STM4418(i0lT1) und STM4419(i0lT2) zeigten eine schwachaiflT2) bzw. sehr starke
Wachstumsdefizienz(olT1).

DIE GENEXPRESSION UND

DIE TRANSKRIPTIONELLE ORGANISATION DERIOL-GENE

Wie beschrieben, sind in Gram-negativen Organismieniol-Gene zwar in der Regel
ebenfalls lokal angeordnet, jedoch liegen die Geri&inn- und Gegensinnrichtung, was eine
komplexere transkriptionelle Organisation als im@#positiven Organismen impliziert.

Die Genexpression deol-Gene wurde mit Hilfe des Plasmids pDEW201 ernijtighs es
ermoglicht Promotorstarken i8 Typhimurium quantitativ zu messen (86). Dabei deer
putative Promotorsequenzen in die ,multiple clongite” (MCS) des Vektors pDEW201
kloniert, die in 3'-Richtung der MCS d&asxCDABEOperon au$hotorhabdus luminescens
tragt. Aktive Promotoren resultieren in der Tramskon des lux-Operons, dessen
Genprodukte proportional zur Starke der Expressibatonen emittieren (Biolumineszenz).
Mittels Vorhersage (BPROM, http://www.softberry.comvurden putative Promotoren
stromaufwarts einigeiol-Gene identifiziert und in die MCS des Vektors pDEW kloniert
und in S Typhimurium transformiert. Die Starke der Indoktider einzelnen Promotoren
wurde dann in Minimalmedium mit Glukose bzwycInositol als einziger C-Quelle und LB-
Medium verglichen.

Dabei zeigte sich, dass die Promotoren der Gelde iolE, i0lC1, iolD1 undioll2 in den
Stdmmen induziert wurden, die in Minimalmedium miycInositol wuchsen, was sinnvoll
erscheint, da diese Gene - ausgenomiok® - essentiell fur den Abbau vanyclnositol
sind. Da die Ubrigen fur danyaInositol-Abbau essentiellen GenielB, iolC2, iolD2, iolG1)
ausnahmslos in 3’-Richtung der oben genannten Gleegen, lag es nahe anzunehmen, dass
iolB gemeinsam mitolA, iolG1 mit iolE, i0olC2 mit iolC1 und auchiolD2 zusammen mit
iolD1 transkribiert wird. Ebenfalls wurde tberprift, @bG2 zusammen miiolD2 undiolH

zusammen miioll2 transkribiert werden. Diese Annahmen wurden expentell mittels RT-
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PCR bestatigt, indem gezeigt werden konnte, dasdlitl genannten Gene jeweils eine
gemeinsame mRNA existiert, die in cDNA umgeschmelwerden konnte.

Die Gene dieser Operons werden wahrend der Venstoffselung vormyaInositol durch

S Typhimurium induziert, dagegen beim Wachstum B¥Medium oder in Minimalmedium
mit Glukose als einziger C-Quelle reprimiert. DigpEession erfolgt jedoch nur Gber die
Zeitspanne des Wachstums beginnend kurz vor deritbgiischen Wachstumsphase und
fallt mit dem Erreichen der stationdren Phase asfAlisgangsniveau zurlick. Ausgenommen
davon zeigte der Promotor des Opermb&B trotz einer spezifischen Induktion wahrend des
Wachstums mityaInositol eine starke Expression unter allen getest Bedingungen. Dies
lasst sich moéglicherweise auf eine zusatzlicheemteatlle Beteiligung am Alanin-, Aspartat-
und Propanoat-Stoffwechsel zurtckfiihren (50).

Fur die GEI4417/4436 wurden somit finf transkripgle Einheiten nachgewiesen, was
deutlich die komplexere Organisation da@rGene in Gram-negativen Bakterien zeigt. Diese
komplexe Organisation dé&l-Gene inS Typhimurium unterscheidet sich damit deutlich vor
allem gegeniber den untersuchi@rOperons aus Gram-positiven Organismen, die mksst a

ein unidirektional transkribiertes Operon vorliedéd, 55, 98).

DERMYOINOSITOL TRANSPORT INS TYPHIMURIUM

Die GEI4417/4436 kodiert vier Gene, die als puttivransporter der MFS-Superfamilie
annotiert sind (STM4418d|T1), STM4419 (0IT2), STM4428 und STM4436). Da diese Art
der Transporter oftmals am Zucker- oder Zuckeratkodnsport beteiligt sind, lag es nahe,
die genannten Transporter auf ihre FahigkeyoInositol zu transportieren zu untersuchen.
Deletionsmutanten dieser Gene resultierten in Wgdenen Phanotypen bezuglich ihrer
Fahigkeit mitmyoInositol als einziger C-Quelle zu wachsen. Wahrdrel Deletionen von
STM4428 und STM4436 keine Wachstumsdefizienz bewrirkzeigten die Deletionen von
iI0lIT1 und i0lT2 einen unterschiedlichen Phanotyp. Die Deletion wai2 bewirkte ein
marginal schlechteres Wachstum, wahrend die Delefion iolT1 in einer gravierenden
Wachstumsdefizienz gegeniber dem Wildtyp mmiyclnositol als einziger C-Quelle
resultierte. Bei kombinierter Deletion vaolT1 undiolT2 zeigte diese Doppelmutante kein
Wachstum mehr. Keine der Deletionsmutanta8TM4418, ASTM4419, ASTM4428,

ASTM4436 zeigte aulRerdem eine Wachstumsdefizienamndgéeren C-Quellen wie Glukose,
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Fruktose, Xylose, Arabinose, Sorbitol oder Glycersb dass eine Rolle als alleiniger
Transporter dieser Substrate ausgeschlossen wieodere.

Die Expression von jeweils plasmidkodiertemIT1 oder iolT2 in der AiolT1-2
Doppelmutante konnte das Wachstum auf Minimalmeédigarplatten mitmycInositol in
beiden Fallen wiederherstellen, woraus sich scafidsst, das®IT1 undiolT2 wichtig fur
das Wachstum vors Typhimurium aufmyolnositol sind. Diese Komplementation des
Wachstums auf Minimalmedium-Agarplatten mityoInositol konnte jedoch in flissigem
Minimalmedium nur mit lolT1 nach erreicht werdenuAdiesen Wachstumsexperimenten
resultiert, dass 1olT1 und lolTéhycInositol mit unterschiedlicher Effizienz transperen,
wovon lolT1, zumindest unter den applizierten Bgdimgen, deutlich wichtiger fir denyo
Inositol Transport ist.

Mittels Luciferase-basierten Untersuchungen derm@torbereiche vonolT1 und iolT2
konnte zudem gezeigt werden, dass beide Promote@iérend der Verstoffwechselung von
myaoInositol stark induziert werden. Der Promotor volT1 weist zudem eine relativ starke
basale Aktivitat auf, so dass sich auch in Anwesgnton Glukose oder in LB-Medium eine
gewisse Menge deswyalInositol-Transporters 10IT1 in der Cytoplasmameanbibefinden
sollte, ummyaInositol unmittelbar aufnehmen zu kénnen, wenime#edium anwesend ist.
Ein ahnliches Expressionsmuster zeigt auch derrhalbedesiol-Operons liegendenyo
Inositol-Transporter lolT audB. subtilis der mit myclnositol im Wachstumsmedium
induziert wird (97).

MOLEKULARE CHARAKTERISIERUNG DER

MYO-INOSITOL TRANSPORTER VONS TYPHIMURIUM

Zur weiteren Charakterisierung wurden Aufnahmeegrpamte mit [1,2-}H](N)]-Inositol in

S Typhimurium, derAiolT2 Deletionsmutante und heterolog Encoli DH5a durchgefiihrt,
wobei [olIT1 und 1oIT2 heterolog von einem Plasmiprmiert wurden. Beide Proteine
konnten in der Cytoplasmamembran \Brcoli mittels Western Blot nachgewiesen werden.
Die Aufnahme von radioaktiv markiertemmyoInositol konnte dabei jedoch nur I[oIT1
vermitteln, wahrend fur 1olT2 keine Aufnahme Ube&rez Stunden, auch nicht bei erhdhter
spezifischer Aktivitdt gemessen werden konnte.

Das Aktivitdtsoptimum von 1olT1 befindet sich imidet sauren pH-Bereich. Die hochste

Aufnahmegeschwindigkeit vonmyo-Inositol wurde in  Mcllvaine’s  Zitronensaure-
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Phosphatpuffer bei pH 5,5 gemessen. Zudem konetéddinahme vormyaoInositol durch
das Protonophor Carbonylcyanid-m-Chlorophenylhyoina?CCCP) stark reduziert werden,
was darauf hindeutet, dass IolT1 eimeyoInositol/H -Symporter darstellt. Bei saurerem (pH
4) oder neutralem pH (pH 7) verlauft die Aufnahneaittich schlechter und liegt nur noch bei
etwa 20% der Aufnahmegeschwindigkeit verglichen adeit Rate bei pH 5,5. Dé-Wert

fur 1olT1 wurde dementsprechend bei pH 5,5 gemeasenliegt im Bereich zwischen 0,49-
0,79 mM. Er ahnelt damit Werten fimyoInositol-Transporter auB. subtilis (IolT1: K, =
0,15 mM) odelC. glutamicum(lolT1: K, = 0,33 mM; IoIT2:K,, = 0,45 mM) (55, 97).

Ein 1olT2 vermitteltermyoInositol Transport konnte in den Aufnahmeexperiteanaus
verschiedenen Grinden nicht gezeigt werden. Dietidelsmutantés. TyphimuriumAiolT1
wachst auch nach einer Woche Inkubation in flussigdinimalmedium mitmyaoInositol
(Konzentrationen von 555 mM bis 227,5 mM) nicht, ao dass mit ihr keine
Aufnahmeexperimente durchgefihrt werden konnterchAlbei heterologer Expression von
[0IT2 in E. coli konnte keine signifikante Aufnahme vamyoInositol gemessen werden. Da
beide Proteine etwa lber das gleiche Molekulargawierfigen (lolT1 = 53,4 kDa, IolT2 =
52,1 kDa), jedoch im Western Blot nicht auf gleici#he eine Bande zeigen, besteht die
Maoglichkeit, dass 10IT2 irE. coli teilweise degradiert wurde und so nicht mehr fioml
war. Auf der anderen Seite ist ungewdhnliches Lewifalten von Membranproteinen im
SDS-Gel bekannt, das durch die Bindung von unterdtbhen Detergenzmengen ausgelost
wird (71). Es koénnte auch im zwar nah verwandtdrer adoch heterologen Wirt falsch
gefaltet in der Cytoplasmamembran vorliegen, wasnfls in einem Verlust oder einer
Beeintrachtigung desnyclinositol Transports resultieren koénnte. Da dayolnositol-
Transport von IolT2 mit Beachtung der Resultate aden Wachstums- und
Komplementationsexperimenten relativ niedrig zun ssiheint, kbnnte hier schon eine kleine
Verschlechterung des Transports dazu fuhren, dassufnahme nicht mehr messbar ist oder
nicht mehr stattfindet. Es konnte allerdings aucldgich sein, dass IolT2 andere
Versuchsbedingungen bendtigt oaeyoInositol nicht das Substrat darstellt, das voi 2ol
mit der besten Effizienz transportiert wird. Als Wdsubstrate kdnnte etwa eines oder
mehrere der ebenfalls in der Natur vorkommendersitolisomere fungieren (72, 88).
Uberlappende Substratspezifitat konnte fiir die itotieansporter au€. glutamicumgezeigt
werden, die beide nebemycInositol auch D-Fruktose transportieren konnen (7)
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DIE REGULATION DES

MYO-INOSITOL-METABOLISMUS INS TYPHIMURIUM

Die GEI4417/4436 kodiert fur zwei Proteine, die @lanskriptionsfaktoren (STM4417 und
STM4423) annotiert sind. Beide verfigen jeweils riba helix-turn-helix (HTH)-Motiv
(DNA-Bindemotiv), unterscheiden sich jedoch in ihzeveiten Doméne.

Das Protein STM4417 (31,6 kDa) besitzt ihr HTH-Mdtn N-Terminus und zusétzlich eine
SIS-(sugar_immerase) Domane, die in der Regel Zuckerphosphatket(6). Diese Art der
Transkriptionsfaktoren ist haufig in der Regulatisan Stoffwechselvorgangen beteiligt,
indem durch die Bindung eines Zuckerphosphats, tnes Intermediat eines bestimmten
Stoffwechselweges, die Konformation des Proteingingert wird und so zum Beispiel das
Protein von der DNA und dadurch eine Repression ¥mbgenen geldst wird (6). Eine
katalytische Aktivitdt konnte flr diese Art der Mmekriptionsfaktoren bisher noch nicht
gezeigt werden. Sie kommen sowohl in Bakterieraalsh Archaebakterien und Eukaryoten
vor, was ihre universelle Bedeutung im Phosphozue&tabolismus unterstreicht.

Die Deletion des Gens STM4417 resultierte in edwrtlichen Verkirzung der Anlaufphase
beim Wachstum vors Typhimurium in Minimalmedium mitycInositol als einziger C-
Quelle. Dies war ein Hinweis, dass STM4417 den Abban mycInositol reprimiert und
zum grof3ten Teil an der ungewdhnlich langen Anlaafe verantwortlich ist. In Anlehnung
an die Repressorproteine IolR desyoInositol-Stoffwechsels audB. subtilis und C.
glutamicum wurde das Gen STM4417 ebenfadliR getauft. Um die Bedeutung von loIR fur
die Genexpression déol-Gene eingehend zu untersuchen, wurden die bksohriebenen
Promotor-Reporterplasmide im Hintergrund d#R-Deletion im Vergleich mit dem Wildtyp
in  Minimalmedium mit Glukose getestet. Hierbei zeigsich, dass sich das
Genexpressionsmuster da-Gene in deriolR-Deletionsmutante deutlich von dem des
Wildtyps unterscheidet. Die Promotoren der Ga&lR, iolA, iolD1, iolC1, iolT1 undiolT2
wurden imiolR-Deletionsstamm im Gegensatz zum Wildtyp-Stamm initdalmedium mit
Glukose sehr stark induziert, was zum einen im WiiléStamm auf eine Autoregulation von
ioIR hindeutet, als auch auf eine Repression der uredénmycInositol Abbau essentiellen
Gene bzw. Operon®IA/B, i0lD1/D2 und i0lC1/2 und dermyolnositol-Transportergene
hinweist. Diese Ergebnisse wurden durch entspreish@®NA-Bindestudien untermauert, in
denen gezeigt werden konnte, dass gereinigtesRotieinin vitro an die Promotoren von
i0IR, i0lA, i0lC1, iolD1, iolT1 undiolT2 bindet.
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Interessanterweise wird der Promotor der fir deyolnositol-Abbau essentiellen Gene
I0lE/G1 nicht von loIR reguliert. Die GenexpressionsmustesiolE-Promotors im Wildtyp-
Stamm undiolR-Deletionsstamm in allen getesteten Medien unteigeim sich nicht
signifikant voneinander, und auch in DNA-Bindesardikonnte keine Interaktion von lolR
mit demiolE-Promotor gezeigt werden. Aufgrund der rdumlichéimé&ldes zweiten, ebenfalls
auf der GEI4417/4436 lokalisierten Transkriptiohstes (STM4423) zum GenolE
(STM4424), wurde die Vermutung aufgestellt, dass Beomotor voniolE/G1 durch
STM4423 induziert werden konnte.

DIE BETEILIGUNG VONSTM4423

AM MYO-INOSITOL-METABOLISMUS

Der Transkriptionsfaktor STM4423 (31,5 kDa) wurdshier ausschlie3lich in Salmonellen,
die die GEI4417/36 besitzen undincoli ED1a gefunden und stellt damit eine Ausnahme im
bakteriellenmyaoInositol-Metabolismus dar. Das vom Gen STM4423i&dd Protein ist der
Vorhersage nach ein aus zwei Domanen bestehendeskriptionsregulator vom AraC-Typ.
Im C-Terminus befindet sich ein DNA-Bindemotiv (ixefurn-helix) und im N-Terminus
eine so genannten Cupin-Domane, die aus einemeki@hfrass besteht und funktionell sehr
vielseitig ist. Bisher konnten 18 verschiedene fiorlelle Klassen fur Proteine der Cupin-
Superfamilie gezeigt werden, so dass eine Funktarhgrsage generell schwierig ist (25).
Transkriptionsregulatoren vom AraC-Typ sind in deegel Proteine, die deren Zielgene
induzieren (26, 78).

. $yphimurium S Typhimurium
ASTM4423/pBR322  ASTM4423/pBR322-STM4423

Abb. 5: STM4423 ist essentiell fur den Abbau vomyo-Inositol in S. Typhimurium. Die
Deletion von STM4423 fuhrt belS Typhimurium zu einem Wachstumsdefekt auf
Minimalmedium-Agarplatten mitnycInositol als einziger C-Quelle (links). Dieser Rbéyp
kann durch Expression von STM4423 vom Plasmid pBRSZM4423 komplementiert
werden (rechts).
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Die Deletion von STM4423 resultierte darin, dass Miutante in Minimalmedium minyc
Inositol als einziger C-Quelle nicht mehr wachseonrte, wobei keine generelle
Wachstumsdefizienz in LB-Medium oder Minimalmediumit Glukose auftrat. Durch
Komplementation mit STM4423 auf dem Plasmid pBR3&2#de dieser Wachstumsdefekt
aufgehoben, womit auch die essentielle Funktion $&W4423 fir dermyaoInositol Abbau
bewiesen wurde (Abb.5). Wie oben beschrieben, wuedmutet, dass STM4423 das fur den
myaoInositol Abbau essentielle OperasiE/iolG1 induziert, da es nicht unter der Repression
von lolIR unterliegt und die raumliche Nahe einestaktion von STM4423 mit dem Promotor
von iolE/iolG1 (STM4424/STM4425) nahe legt. Durch die Deletiom\®TIM4423 scheint
die Induktion desolE/iolG1-Operons zu fehlen, dessen Genprodukte fur diesheiitialen
Degradationsschritte inmyoInositol-Metabolismus verantwortlich sind. Dadur&ldnnte
myaInositol nicht mehr abgebaut werden.

Diese Vermutung konnte indirekt durch eine Suppoesdes Wachstumsdefekts, ausgeldst
durch die STM4423-Deletion, untermauert werdereifrer Dreifachmutante, der drei fur den
myaclnositol Abbau essentiellen Gene fehleASTM4423, AiolE, AiolG1l), konnte das
Wachstum durclin trans Expression der beiden an der Degradation beteiligtrotein IolE
und lolG1 wiederhergestellt werden und somit decckgtumsdefekt der STM4423-Deletion
supprimiert werden. Da eine direkte Interaktion ®¥FM4423 mit demolE-Promotor bisher
noch nicht gezeigt wurde, kann zumindest geschiigesft werden, dass STM4423 an der
Expression vonolE/iolG1 beteiligt zu sein scheint. Dabei ist auBerdem nacklar, auf
welches Signal STM4423 reagiert oder mit welchenduktor er interagiert, um die
Genexpression voiolE/iolG1 zu induzieren.

Interessanterweise konnten Rollenhagen und Bumamgerz, dass STM4423 im Gegensatz
zum Typhus-Mausmodell spezifisch im Enteritis-Maoskll stark induziert wird (73).
Normalerweise entwickeln Mause, die 8itTyphimurium infiziert werden, eine systemische
Infektion, die dem Krankheitsbild des Typhus beiraridchen ahnelt (Infektion it Typhi).
Eine der Infektion vorangehende Verflutterung vore@bmycin an die Mause l6st in der
Maus jedoch nur eine Enteritis aus, die der Emsebeim Menschen nach Infektion mit
S Typhimurium nahe kommt (5, 43). Demnach kdnnteess, dass der Abbauweg voryc

Inositol im Darm induziert wird.

-21-



DIE BISTABILITAT IM MYO-INOSITOL-METABOLISMUS

Vergleicht man das Wachstumsverhalten i yphimurium in Minimalmedium mimyo
Inositol als einziger C-Quelle mit dem anderer Rakin, so zeigt sich neben vielen
Gemeinsamkeiten auch ein wesentlicher UnterscMéd.schon beschrieben, konnte bisher
ausschlief3lich bes. Typhimurium eine ungewéhnlich lange Anlaufphaseg(. lag-phasé
beobachtet werden. Die Dauer der Anlaufphase ast gleicher Bedingungen in parallelen
Experimenten variabel. Der Start der exponentielfachstumsphase in flissigem
Minimalmedium mitmyoInositol beginnt im Durchschnitt erst nach einekubation von
etwa 50-60 h. Auf Minimalmedium-Agarplatten mityoInositol kann in der Regel nach 40-
50 h Wachstum beobachtet werden. Hier scheinerBdiingungen dem Wachstum von
Salmonellen mitmyolInositol eher gegeben zu sein. Auf Minimalmediumafplatten zeigt
sich zudem ein ungewdhnlicher Phanotyp. Einzelnleiden sind erkennbar, bevor der Rest
der Zellen zu einem Rasen gleichmalig anwdachst. Eainer Teil der isogenen
Gesamtzellpopulation verhalt sich somit unter dierc Bedingungen anders als der restliche
Teil. Ein Verhalten, dass phanotypische Variatiolerobiologische Bistabilitdt genannt wird
und erstmals bei der Verwertung von Laktose Eonoli beobachtet wurde (24, 62, 83). Um
auszuschliel3en, dass es sich bei den friher iexgienentielle Wachstumsphase eintretenden
Zellen um Mutanten handelt, wurden 18 Kolonien gkipidrei Mal in LB-Medium passagiert
und dann erneut auf Minimalmedium-Agarplatten mitaInositol ausgestrichen. In jedem
Fall waren der bistabile Phanotyp und die langeagfdhase reproduzierbar, so dass eine
Mutation oder eine irreversible Phasenvariatiorgasshlossen werden konnte. Eine einzelne
Passage in LB-Medium reichte hingegen noch nickt am den bistabilen Phanotyp sowie
die lange Anlaufphase erneut zu generieren. Hidreisen der Stoffwechsel und die
regulatorische Anpassung an das Wachstum mytInositol als C-Quelle noch nicht

vollstandig revidiert worden zu sein.

DER NACHWEIS DER
BISTABILITAT AUF ZELLULARER EBENE

Um eine differentielle Expression einer isogenenlipbpulation unter identischen

Bedingungen zu messen, wird in der Literatur di@&xpression einzelner Zellen meist mit
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Hilfe der Fluoreszenzmikroskopie oder Durchflusemyetrie qualitativ und quantitativ
bestimmt (83). Dazu wurde der Promotor des Operaf&gG1 vor das griin fluoreszierende
Proteins (GFP) in den Vektor pPRONE-NT kloniert)(@dit Hilfe dieses Plasmids kann der
Ubergang aus der Anlauf- in die Wachstumsphasersintst werden, da die Induktion von
iolE den Beginn des Wachstums der Salmonellen mytInositol charakterisiert. Die
Expression des OperoidE/G1 beginnt erst wenige Stunden vor dem Ende der Apltease,
erreicht einen Maximalwert in der Mitte der expotellen Wachstumsphase und fallt in der
stationéren Phase wieder ab (Abb.6). Mit beidenhigidén konnte gezeigt werden, dass zum
Ende der Anlaufphase nur ein Teil der Zellen a#BG1-Promotor induziert, der den Anteil
der Zellen darstellt, der friher aus der Anlaufghas die exponentielle Wachstumsphase
Ubertritt. Aus diesen Zellen werden vermutlich ddstinkten Kolonien, die auf
Minimalmedium-Agarplatten mitnycInositol friher anwachsen als der Rest der Pojonlat

Die Bistabilitat im mycInositol-Metabolismus konnte also auf zellulardoeBe bestétigt

werden.
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Abb.6: Das Expressionsprofil des Beci-Promotors in S. Typhimurium mit Luciferase-
Reporterplasmid pDEW201-Ry,ec:. Das Diagramm zeigt den zeitlichen Verlauf der
Expression des OperonslE/iolG1 in Minimalmedium mitmyclnositol. Die Expression
beginnt wenige Stunden bevor die Salmonellen amfargich zu vermehren, steigt auf ein
Maximum wahrend der mittleren exponentiellen Phasfallt dann in der stationaren Phase
wieder ab. RLU = relative light units, OD600 = Gyutie Dichte bei 600nm

-23-



AUFHEBUNG DERBISTABILITAT DURCH

IOLR-DELETION UND CO,/HYDROGENCARBONAT

Wie beschrieben, ist die starke Repressiomagsinositol-Abbaus, die das Repressorprotein
loIR vermittelt, eine wesentliche Ursache fir daszégerte Anwachsen der Salmonellen. Die
Anlaufphase wird jedoch nur teilweise verkirzt,dsss es nahe liegt, dass neben IolR noch
ein oder mehrere weitere Faktoren den Start in ekponentielle Wachstumsphase
aufschieben kénnten. Zur Identifizierung diesertéedn wurden die Wachstumsbedingungen
und die Zusammensetzung des Minimalmediums vertridabei stellte sich heraus, dass der
pH-Wert des Mediums (pH 2-11) und niedrige Phodghvaentrationen (Induktions-
bedingungen der Gene der SPI-2 (23)) im Minimalmeudkeinen Einfluss auf die Lange der
Anlaufphase haben. Interessanterweise konnte jeloeiather Inkubation vo. Typhimurium
auf Minimalmedium-Agarplatten miimyacInositol mit erhdhten C®Werten (5%) der
bistabile Phanotyp aufgehoben und zusatzlich didaphase etwa zu gleichen Male
verkirzt werden, wie inplR-Deletionsstamm (Abb.7). In weiteren Versuchen kergezeigt
werden, dass die minimal benétigte £Kbnzentration flr die Reversion der Bistabilitat i
der Atmosphare bei etwa 0,55% gli@gt, wobei 0,2% C@nicht ausreichen.

Durch Diffusion gelangt C®in die Zellen, wo Carboanhydrasen die reversibyeritation
von CQ katalysieren [C@-H,0«—HCOs;+H"] (82). Der Ausloser fur die Auflésung der

] 5% co,

Abb. 7:Vergleich des Wachstums deS. Typhimurium Wildtyp-Stammes (WT) mit dem
iolR-Deletionsstamm (0lR Deletion) auf Minimalmedium-Agarplatten mit myo-Inositol
nach 51 h.Auf dem linken Bild wurde die Platte bei 37°C laginospharischem GNiveau
(Luft), auf der rechten Seite wurde die Platte3&IC mit 5% CQ inkubiert. Auf dem linken
Bild kann man den bistabilen Phanotyp desTyphimurium Wildtyp-Stammes und die
Aufhebung der Bistabilitét in®. Typhimurium Stamm mit deiblR Deletion gut erkennen.
Auf dem rechten Bild kann die Aufhebung der Bidligddi des S. Typhimurium Wildtyp-
Stammes durch C{beobachtet werden.
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Bistabilitat konnte also molekulares €Qpder Hydrogencarbonat sein. In flissigem
Minimalmedium mit mycInositol wurde die Verkirzung der Anlaufphase B#gt. Eine
Konzentration von 11.9 mM (0.1%) NaH@@m Medium stellte sich dabei als optimal
heraus, da hier die Anlaufphase am starksten \ganrirwurde. Die Kombination der beiden
Faktoren, die die Anlaufphase etwa in gleichem Mwa&ekirzen (jeweils 10-20 Stunden),
resultierte in einer weiteren deutlichen Verringeyuer Anlaufphase, so dass eine minimale
Anlaufphase von etwa 15 Stunden gemessen werdariekddies lasst zwei Schliisse ziehen:
(i) Die Effekte derolR-Deletion der Anwesenheit von GBICO;  addieren sich und (ii) IoIR

und CQ/HCO; scheinen nicht miteinander zu interagieren.

CO,/JHYDROGENCARBONAT ALS

INDUKTOR DERGENEXPRESSION INPROKARYOTEN

Die Genregulation durch GOoder HCQ@ wurde in den letzten Jahren vor allem bei
pathogenen Bakterien untersucht, da diese beideekille als Signal angesehen werden,
dass sich die pathogenen Bakterien im Wirt, vamallm Darm befinden. Zum einémsteht
aus CQ/HCOs; das Hauptpuffersystem des Korpers und die relativearel dieser Molekiile
beeinflussen viele zellulare, biochemische und iohygische Prozesse, wobel
Hydrogencarbonatkonzentrationen von 15-40 mM imadluléren Fllssigkeiten gemessen
wurden (18, 81). Zum anderen gibt die Bauchspeitisk Hydrogencarbonat beim
Ubergang vom Magen in den Darm ins Duodenum abdienMagensaure zu neutralisieren,
wobei Konzentrationen von 70-150 mM erreicht wer(i&g).

FUr einige Organismen konnte die Induktion von &nzgenen durch CZHCOs; bereits
gezeigt werden. IB. anthraciswerden die Toxingene, die fir die Toxinfaktorerend
Lethalitatsfaktor, den Odemfaktor und das protekéntigen kodieren neben der Temperatur
auch durch Hydrogencarbonat reguliert (81). Eineleimn des Hydrogencarbonat-
Transporters fuhrt zudem zur Avirulenz vBnanthracisin Mausen (90). [Vibrio cholerae
induziert CQ/HCO; die Expression des Regulatorproteins ToxT, das darter anderem
Transkription der Cholera-Toxingene aktiviert (2nd in enterohamorrhagischéh coli
0157:H7 wird der Hauptinduktor Ler des ,locus ofteencyte effacement® (LEE) in
Anwesenheit von Hydrogencarbonat exprimiert, in deete Virulenzgene lokalisiert sind

(1). Der Hauptvirulenzfaktor in Gruppe A Streptokek Streptococcus pyrogenesias M
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Protein, sowie das Antigenprofil vomBorrelia burgdorferi werden ebenfalls durch
CGO,/HCO;s reguliert (16, 47).

EIN MODELL FUR DIEREGULATION

DESMYOINOSITOL-METABOLISMUS IN S TYPHIMURIUM

Aus den in dieser Arbeit generierten Daten lasst sin Modell fur die Regulation desyo
Inositol-Metabolismus inS. Typhimurium 14028 postulieren, welches in Abbiidu8
dargestellt ist. In Anwesenheit vomyclnositol im umgebenden Medium, nimn&
Typhimurium aufgrund der basalen Expression og®Inositol-Transporters 10lT1 kleine
Mengen armyaInositol auf, dass dann zu 2-Deoxy-5-keto-D-Glarmaure-Phosphat (DKP)
umgewandelt wird. DKP bindet dann an den Reprdsdégrund I6st ihn von den Promotoren
der iol-Gene, was deren Expression induziert und eineiitiyes Feedback-Loop startet.
Zunéchst sind aber nur suboptimale Mengen an DKRavalen, so dass nicht jede einzelne
Zelle zur gleichen Zeit di®l-Gene induziert, wodurch der beschriebene bistafi@notyp
entsteht. Diese lolR-gesteuerte Regulation gilogednur fur die Gen@IA/B, i0lC1/2 und
iolD1/2. Die GeneiolE/G1, deren Proteine die ersten beiden Reaktionssehntt myo
Inositol-Metabolismus katalysieren, unterliegenhmhider lolR-vermittelten Repression. Der
Promotor dieser Gene wird wahrscheinlich durch reimeeiten Regulator (STM4423) in
Abhangigkeit von C@HCO;™ induziert. Diese doppelte Regulation ist einzigaftir den
myaoInositol-Metabolismus aller untersuchten Organisnoed kommt so nur Salmonellen
und eventuell auch irg. coli Stamm ED1a vor.

Die in dieser Arbeit prasentierten Daten deuteraufahin, dassnyclnositol im Wirt als C-
Quelle genutzt werden kénnte. Starkstes Indiz diatiidass der flir demycInositol-Abbau
essentielle Regulator STM4423 im Enteritis-Infekimodell der Maus induziert wird (73).
Zudem konnte ein positiver Effekt auf die Induktiates myclnositol-Abbaus durch
CO,/HCO; festgestellt werden, was in der Regel als ein &ifiir den Aufenthalt im Wirt
angesehen wird. In einem anderen Enteritis-Infektioodell, bei dem Schweine mit
Salmonellen infiziert wurden, identifizierten Caltinet al mehrere bei der Kolonisierung des
Schweinedarms attenuierte Mutanten (17). Eine digk#anten trug eine Mutation im Gen
STM4433 (0lG2), das zwar in dieser Arbeit als nicht essentiédl fien mycInositol-
Metabolismus beschrieben worden ist, jedoch ist emchtige Funktion unter anderen

Bedingungen wie z.B. im Darm des Wirts denkbar.
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Abbildung 8:Schematische Darstellung der Regulation deiol-Gene inS. Typhimurium.

(1) Aus dem extrazellularen Medium werden geringenlyen anmmyaoInositol Uber 10IT1
aufgenommen. IolR ist an die Promotoren der Geif, iolT1/T2 iolA/B, iolC1/C2 und
i0lD1/D2 gebunden und reprimiert deren Expression.

(2) Ist CQ/HCO; im Medium, kann es entweder in die Zelle diffumdre (CQ) oder durch
einen putativen Hydrogencarbonat-Transporter awigenen werden, und konnte dort die
Genexpression voilE/G1 induzieren. Durch die Expression vimiE/G1 und die niedrige
Expression der ubrigeiol-Gene werden kleine MengenyacInositol in 2-Deoxy-5-keto-D-
Glucoronsaure-Phosphat (DKP) umgewandelt, das nunlolR binden kann und die
Repression daol-Gene lost.

(3) Alle iol-Gene werden stark exprimiert. Die MengerapcInositol Transportern in der
Cytoplasmamembran ist dadurch erhoht, so dass mgainositol in die Zelle transportiert
wird, das sofort degradiert werden kann, um Endigielie Zelle zu generieren.

(4) Nachdemmyalnositol aus dem Medium aufgebraucht ist und meHalar das restliche
DKP in die Glykolyse eingeflossen ist, kann loliReder an die oben genannten Promotoren
binden und so die Expression wieder reprimierere ¥ith STM4423 in dieser Phase verhalt
ist unklar.
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AUSBLICK

Die in dieser Arbeit generierten Ergebnisse habeea kreite Grundlage fur das Verstandnis
des myalInositol-Metabolismus irS. Typhimurium gelegt. Jedoch sind einige Aspekts de
myaoInositol-Metabolismus noch unklar und verlangemaoh weiteren Experimenten.

Die Induktion von STM4423 durch G®lydrogencarbonat wurde bisher nur indirekt gezeigt
Eine direkte Interaktion von STM4423 mit dem Proonades Operon®IlE/G1 misste mit
Hilfe von Protein-DNA Bindestudien gezeigt werd€&ialls kein weiterer, unbekannter Faktor
involviert ist, musste STM4423 in Anwesenheit voypdkbgencarbonat an den Promotor von
i0lE/G1 binden.

Die vorstellten Daten deuten darauf hin, dag® Inositol in Wirt, wahrscheinlich im Darm,
als C-Quelle verwertet werden kann. Um die Relevd@smyacInositol-Abbaus im Wirt zu
untersuchen, mussten Infektionsversuche mit Mutailes myoInositol-Stoffwechsels im
Enteritis-Mausmodell durchgefiihrt werden.

Interessant ist auch die Tatsache, dass dass@&auf der GEI4417/4436 liegt. Da dieses
Gen vom Zweikomponentensystem SsrAB induziert wil@ss vor allem Gene reguliert, die
fur das intrazellulare Uberleben der Salmonellesersell sind, stellen sich die Fragen: Was
die genaue Funktion vosrfJ? Istsrf] auf irgendeine Weise irmyaoInositol-Metabolismus

involviert? Werden diel-Gene ebenfalls durch SsrAB reguliert?
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ABSTRACT

Knockout mutation of STM4432 resulted in a growth-deficient phenotype of
Salmonella entericaerovar TyphimuriumS§ Typhimurium) in the presence ofycinositol
(MI) as the sole carbon sourc8TM4432is part of a 22.6 kb genomic island which spans
from STM441 %o STM4436(GEI 4417/4436) and is responsible for Ml degrematGenome
comparison revealed the presence of this islandnig six Salmonellastrains, and a high
variability of iol gene organization in Gram-negative bacteria. Upon-polar deletion of
eleven island loci, the genes involved in six enaio steps of the MI pathway were
identified. The generation time & Typhimurium in minimal medium with M| decreases
with higher concentrations of this polyol. RT-PClRbwed five separate transcriptional units
encompassing the genie$A/iolB, iolE/iolG1, iolCl/iolC2, iolD1/iolD2/iolG2, andioll2/iolH.
Luciferase reporter assays revealed a strong immatuof their promoters in the presence of
MI, but not glucose. The main regulator, IoIR, videntified due to a reduced lag-phase of a
strain mutated i15TM4417(iolR). Deletion ofiolR resulted in stimulation of thel operons,
indicating its negative effect on thel genes ofS Typhimurium in rich medium at a
transcriptional level. Bandshift assays demondtr#éite binding of this putative repressor to
promoter sequences @lA, iolC1 andiolD1. Binding of IolR to its own promoter, and
inducediolR expression in an IolR-negative background dematesrthat its transcription is
autoregulated. Taken together, this is the firstratterization of Ml degradation in a Gram-
negative bacterium, revealing a complex transamati organization and regulation of the

S Typhimuriumiol genes.
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INTRODUCTION

More than 60 carbon sources are known to be uliizdy S Typhimurium (10)
Among them ismyainositol (MI), a substrate that is ubiquitous imilsand plants where it
appears as a free form or as phospholipid derieatilD. C. Old reported that MI utilization
by S Typhimurium strains is temperature-dependent,taati 95% of all strains investigated
were fermenting MI at 25°C, although they had bdesignated inositol-nonfermenting at
37°C (23).

Besides S.Typhimurium, growth of Gram-negative bacteria on Mbas been
demonstrated so far for representatives of the rge®erratia and Klebsiella (18), and for
Rhizobium leguminosarurf24). The enzymatic steps of the Ml degradatiomewgartially
analysed in Aerobacter (reclassified asKlebsiellg aerogenes(3). The genetics and
biochemistry of bacterial Ml utilization have beeescribed in most detail faBacillus
subtilis (31, 33, 35). In this organism, thel divergon comprising the operons
I0JABCDEFGHIJandiolRS and the geneIT located elsewhere on the chromosome, were
shown to be responsible for Ml degradation thaalfjnresults in an equimolar mixture of
dihydroxyacetone phosphate, acetyl-CoA, and, €CZ3). Two transporters belonging to the
major facilitator superfamily have been identified B. subtilis (34). Inactivation ofiolT
caused an obvious growth defectBofsubtilis while a knockout mutant ablF, encoding the
second MI transporter, showed a significant growtfect only wheniolT was mutated
simultaneously. I0IR is a repressor that regultitesol divergon ofB. subtilisincludingiolT
(34, 36). It binds to the operator sites within tblepromoters in the absence of M. If this
polyol is present in the medium, it is convertedthe intermediate 2-deoxy-5-keto-D-
gluconic acid 6-phosphate that acts as inducemtaganizing l1oIR DNA binding (33). Other
bacteria able to grow on MI as sole carbon soun@e Gorynebacterium glutamicum
Clostridium perfringensandLactobacillus casestrain BL23 (14, 17, 30)n C. perfringens
all iol genes with the exception @blR are unidirectionally organized, and one single
transcript of 15.6 kb has been identified (14)caseiBL23 was the first example of a lactic
acid bacterium able to utilize Ml (30). Th@d genes in this organism are located on a 12.8-kb
insertion organized in a similar manner a€irperfringensA more complex organisation of
iol genes was reported f@orynebacterium glutamicurm which a second gene cluster
encodes redundant functions in Ml utilization irdthg oxidation and transport (17). Tho
regulon is subjected to carbon catabolite reprassiediated by CcpA at least B subtilis
andL. casei(21, 30).
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The molecular genetics of MI degradation by a Gragative bacterium has not been
investigated. Here, we describe that the knockbseweral genes in GEI 4417/4436 results in
growth-negative phenotypes 8f Typhimurium on MI. The activities abl gene promoters
under varying growth conditions are quantified gdine luciferase reporter, and the complex
transcriptional organisation of th@ genes essential for MI degradation is determineRBH-
PCR. loIR encoded b$TM4417is characterized as a negative regulatoSalmonellaMI
utilization that also regulates its own expressibme binding of this repressor to all but one

promoters controlling the Ml utilization genes mnaonstrated by gel mobility shift assays.
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MATERIALSAND METHODS

Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids
used in this study are listed in TableSLTyphimurium andEscherichia colicultures were
grown in Luria-Bertani (LB) broth (10 g/l trypton®, g/l yeast extract, 5 g/l NaCl) or in
minimal medium (MM; M9 medium supplemented with 2AnMgSQ,, 0.1 mM Cadl and
55.5 mM (1% w/v) Ml or 27.8 mM (0.5% w/v) glucosespectively. If necessary, the media
were supplemented with the following antibioticengcillin (150 pg/ml), kanamycin (50
png/ml), chloramphenicol (25 pg/ml) or streptomy® pug/ml). For solid media, 1.5% agar
(w/v) was added. For all growth and promoter prex@eriments, bacterial strains were
grown in LB medium overnight at 37°C, washed twit®#BS and then adjusted to an optical
density at 600 nm (Odgy) of 0.005 in the desired liquid growth medium,stnreaked on agar
plates. Growth curves were obtained from bacteuéilres incubated at 37°C under rigorous
shaking in 250 ml flasks with 50 ml of MM. The @@was measured in appropriate time

intervals as indicated.

Standard procedures. DNA manipulations and isolation of chromosomaptasmid
DNA were performed according to standard proto2%y, and following the manufacturers’
instructions. GeneRul8f DNA Ladder Mix (Fermentas, St. Leon-Rot, Germawgs used
as a marker for DNA analysis. Plasmid DNA was tfamsedvia electroporation by using a
Bio-Rad Gene pulser Il as recommended by the matwrex and as described previously
(15). Polymerase chain reactions (PCRs) were chaug with Taq polymerase (Fermentas).
As template for PCR, chromosomal DNA, plasmid DMNA&,an aliquot of a single colony
resuspended in 100 ph8 was used. Oligonucleotides used for PCRs ardlist Table S1.
Strains of aS.Typhimurium mutant library were characterized ascdibed previously (16).
S.Typhimurium gene numbers refer to the LT2 annota{iNC 003197). The homepages
http://globin.cse.psu.edu/enterix and http://wwverobesonline.org/ were used to
determinate the distribution d&.Typhimurium ORFs in the genomes of Gram-negative
species. Promoter sequences located upstream oflehéfied genes were predicted with
BPROM (http://www.softberry.com/).

Phenotypic testing of carbon source utilization. A set of S. Typhimurium mutants
was screened for their capability to utilize a nembf 63 different substrates that are possible
carbon sources fd& Typhimurium (10). For this purpose, we appliedodourimetric assay

based on the reduction of tetrazolium violet aslfelectron acceptor during respiration due
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to carbon catabolism (4, 23almonellacells were grown overnight in LB medium at 37°C,
washed twice with PBS, resuspended in inoculatmati®n (M9 medium supplemented with
2 mM MgSQ, 0.1 mM Cadl, 0.03% pluronic F68, 0.02% gellan gum and 0.01%&zrelium
violet) and adjusted to an Qg3 of 0.3. 90 ul of this cell suspension was thenadiwith 10

ul (0.5 M) of each carbon source solution, pipetted 96-well microtitre plate and measured
after 24 and 48 h at 37°C in a microtitre platedeza(Tecan, Mannedorf, Switzerland) at
ODs20 Sucrose and lactose which are not metabolize8 Byphimurium served as control

substrates.

Construction of deletion mutants and complementing plasmids. In-frame deletion
mutants ofSTM3253 STM4417(iolR), STM4420(iolB), STM4421(iolA), STM4424(iolE),
STM4425 (iolGl), STM4427 (iolll), STM44304429 (iolCl/iolC2), STM4432 (iolD2),
STM4433(i0lG2), STM4435(ioll2) and STM4436(iolH) were constructed by the one-step
method based on the phayeRed recombinase (7). Briefly, PCR products conmgighe
kanamycin resistance cassette of plasmid pKD4 dnety the flanking FRT sites were
generated using pairs of 70 nucleotides-long pmntbat included 20 nucleotides priming
sequences for pKD4 as template DNA. Homology exboessof 50 bp overlapped 18
nucleotides of the 5"-end and 36 nucleotides of3{hend of the target gene (19). 500-1000
ng of fragment DNA was transferred in& Typhimurium strain 14028s cells harbouring
plasmid pKD46. Allelic replacement of the targehgeby the kanamycin resistance cassette
was controlled by PCR, and non-polar deletion mistarere obtained upon transformation of
pCP20. Gene deletions were verified by PCR analysisDNA sequencing.

To complement deleted genes, the coding sequemndekandiolE plus approx. 300
bp of their upstream region were amplified fromarthosomal DNA of strain 14028 with
primers listed in Table S1. PCR products were degewithEcoR andSal (Fermentas) and
ligated (T4 DNA ligase; Gibco, Hudson, USA) intoetipromoterless vector pBR322 to
generate pBR32WIR and pBR324elE, respectively. Their construction was verified by
PCR and restriction analysis.

RNA preparation and Reverse Transcriptase (RT)-PCR. RNA was isolated
according to the modified single-step method of i@boynski and Sacchi (5). Briefly, 15 ml
of a S Typhimurium culture grown in MM supplemented withl to an OQy ~0.4 was
centrifuged, and the cell pellet was resuspendet nm of TRIZOL (Invitrogen, Karlsruhe,
Germany). The cells were disrupted in a Ribolyzdyb@aid, Heidelberg, Germany) as

described recently (12). Following chloroform extran, nucleic acids were precipitated,
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washed, and resuspended in 30 ul DEPC treat€d EINase treatment was performed with
RQ1 DNasel (Promega, Mannheim, Germany) accordintpeé manufacturer’'s instruction.
Annealing of reverse primers (Table S1) was peréatnm a total volume of 10 pl containing
75 ng of total RNA, 10 pmol reverse primer and 20 @dNTP mix using the following
protocol: 75°C for 2 min, 70°C for 1 min, 65°C fbrmin, 55°C for 1 min, 50°C for 1 min,
45°C for 1 min and 42°C for 60 min. Immediatelyeafreaching 42°C, 10 pl RT mix
(Promega) with 0.1 M dithiothreitol (DTT), and 2QDRT (Promega) was added to generate
cDNA. Heat inactivation of RT was performed by ibation at 70°C for 15 min. 2 ul of this

sample was then used as PCR template.

Cloning of promoter fusions. Putativepromoter regions spanning approximately 300
base pairs upstream of the start codons of thesgelie (STM4417, iolA (STM442}, iolE
(STM4423, iolG1 (STM4425%, iolC1 (STM4430), iolD1 (STM443}, iolG2 (STM4433, ioll2
(STM4439%, iolH (STM4436, argS (STM1909, def (STM3406 and an intragenic fragment of
STMO0047 without promoter homology were amplified from cimasomal DNA of
S.Typhimurium 14028 by PCR using the primers listed able S1. The fragments were then
clonedvia EcaRl andBanHI or EcaRl and Kpnl (Fermentas) upstream of the promoterless
luxCDABEgenes into the multiple cloning site of pPDEW201teA transformation int&. coli
DH5a cells, plasmids containing the correct transaoipdi lux-fusions were isolated and

verified by PCR, restriction analysis and sequencin

Quantification of promoter activity. Bioluminescence measurements were
performed in 96-well plateszor growth in MM containing either 27.8 mM glucose55.5
mM MI, bacterial cells were grown at 37°C for 11(dglucose) and 70 h (MI) in 15 ml
centrifuge tubes without agitation. At approprigit@epoints, 200 pl of each sample was
transferred to the 96-well plate, and the opticahgity at 600 nm and the bioluminescence
measured as relative light units (RLU) were recdriea Wallac VICTOR 1420 multilabel
counter (Perkin Elmer Life Sciences, Turku, Finland

Overexpression of iolR. The iolR gene without its stop codon was cloned into
plasmid pET28b using the restriction sitékd and Nhd, thus introducing a C-terminal
fusion of a 6x His-tag for protein purification pases. pET28IBIR was transformed into
E.coliBL21, and the expected clone was verified by i&gin analysis. An overnight culture
of this strain was diluted 1:100 in 100 ml LB mediusupplemented with 150 pg/mi

ampicillin and incubated for 3h at 37°C at 180 rppfeterologous expression iofR was then
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induced by adding 0.1 mM isopropfdb-1-thiogalactopyranoside (IPTG). After incubation
for 4 h at 37°C and 180 rpm, the cells were haegesly centrifugation at 4°C (30 min, 10
rpm) and the pellet was resuspended in 1 ml b#f€300 mM NaCl, 50 mM N&P Q). The
cells were subsequently lysed by two passages dhra French Press (SLM Aminco
Instruments, Rochester, USA), and residual celtidelas removed by centrifugation at 4°C
(20 min, 1.4x16 rpm). After adding 10 pl of protease inhibitor
phenylmethanesulphonylfluoride (PMSF; 100 mM), 10ofi the supernantant containing
soluble proteins mixed with 10 pl 2x Laemmli bufieere applied to SDS-PAGE to verify

lolR-Hisg overexpression, and seperated proteins were dtaitie Coomassie blue.

Purification of lolR-Hiss and gel mobility shift assays. Protein IolR-Hig was
purified using TALON metal affinity resin (Clontedtaboratories, Mountain View, USA).

1 ml of the protein extract was mixed with 1 mltbé resin and incubated for 1 h at room
temperature. The probe was then washed ten tintesOuws ml buffer A and five times with
0.5 ml buffer B (buffer A containing 7.5 mM imidded. IolR-Hiss was eluted ten times using
0.5 ml buffer C (buffer A with 150 mM imidazole)ractions containing high amounts of
lolR-His6 were pooled, and the buffer was exchanggd GMS buffer (50 mM Tris-HCI,
pH 7.5, 50 mM KCI, 10 mM MgG] 0.5 mM EDTA and 10% |[vol/vol] glycerol) by gel
filtration using PD-10 columns (GE Healthcare, Miiee, Germany) (26). The protein
concentration was determined in a Nanodrop spduttometer (Thermo Fischer Scientific,
Langenselbold, Germany), and the purity of elutadtfons was analysed by separation on a
15% SDS polyacrylamide gel.

For the gel mobility shift (GMS) assays, putativerpoter regions oibIR, iolA, iolE,
i0lG1, iolC1, iolD1, iolG2, ioll2 andiolH were amplified as described above, and 100 ng of
DNA were then mixed with increasing amounts of fiedi l0IR-Hiss in GMS buffer. As a
control, 100 ng of competitor DNA was added resgltin a total volume of 20 ul. After
incubation for 45 min at room temperature, the damprere loaded with 4 ul of 6x loading
dye (Fermentas) on a 9.5% native polyacrylamideagel separated at 120 V for 3 h in 1x
TBE buffer precooled at 4°C. DNA was stained inidithm bromide solution and visualized

by UV irradiation.
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RESULTS

The MI utilization genes of S. Typhimurium are located on a genomic island. 177
clones of a mutant library of strain 14028 had belearacterized with respect to the site of an
insertional knockout (15). Fifty mutated genes waredicted to be involved in carbohydrate
metabolism and transport, and each mutant wasftinereested for its capability to respire in
the presence of one of 66 carbon source includihgvie mutant was not able to use this
substrate as the sole carbon source, and a seagadtrappeared to metabolize Ml within 24
h in comparison to the wild-type strain that showaesignificant respiration signal only after
48 h. The strains are mutated in the geB8@%14432and STM4417 which belong to a
genomic island (GEI) of 22.6 kb that starts wBiM4417and ends witt5TM4436(20).
Homology searches using BLAST programs (1) revedigelve genes to be possibly
involved in MI metabolism of. Typhimurium (Fig. 1A). The island also carriesifagenes
coding for putative sugar transporters, two hypiitaé regulatory genes, one gene of
unknown function, angrfJ. The latter one is regulated by the two-compoisgatem SsrAB
that also controls the expressionS#imonellapathogenicity island 2 (SPI-2) genes (29). The
annotation of the MI utilization genes & Typhimurium shown in Fig. 1A is essentially
based on homologies B subtilisand is also in line with a comparative annotaperformed
recently (30). Frameshifts have splitted & yphimuriumiolC andiolD homologues into
two ORFs annotatedlC1/2 and iolD1/2. The frameshift iniolC might result in two
functional proteins, because I0IC2 represents tattirenzyme domain with a putative kinase
function. The enzymes 10lG2, lolD1, and lolD2 areedicted to require thiamine
pyrophosphate as cofactor. The GC content of GEVA#36 (50.7%) does not significantly
differ from that of the whole genome (52.2%), adfig that argues against a recent

acquisition of thesalmonellavil utilization island by horizontal gene transfer.

iol genes of Gram-negative bacteria. GEI 4417/4436 is present in the genomes of
the S.Typhimurium strains LT2, 14028, SL1344S Saintpaul strain SARA23,
S Weltevreden strain HI_N05-537, and aSdParatyphi B strain SPB7. Most genes of this
island are absent in the genomes of Eheoli strains K-12, 0157:H7, CFT073, 042 and
E2348/69, ofShigellaspp.S. flexnerj S. dysenteriad131649 andS. sonneb3G, of eight
S. entericaserovars (Typhi CT18/Ty2, Paratyphi A/C, EntergjdDublin, Gallinarum,
Diarizonae), of S. bongori and of Vibrio cholerae A chromosomal fragment of
K. pneumoniaecarries nine genes involved in Ml degradation aeglen genes encoding

putative transporters. Permeases that might ptalean Ml uptake were also found in &
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TABLE 1. Strainsand plasmids used in thisstudy.

Bacterial strains

Description and relevant features

Sourceor literature

DH5a E. coli: deoRendAl, gyrA96hsdR1{r-my.), recAl relAl, upE44 Athi-1, (11)
A(lacZY AargFV169
BL21 (DE3 E. coli: F', om[T, hscSg (rs mg’), gal, dcm, rne31 (27)
1402¢ S Typhimurium wilc-type strain ATCC140z ATCC
1402¢-STM441::pIDM1 Insertior-duplication mutant with STM4417 knock« This stud
1402¢-STM443::pIDM1 Insertior-duplication mutant with STM4432 knock This stud
14028: Spontaneous strtomycir-resistant mutant of 140 This stud
14028-AiolR Nonr-polariolR (STM441) deletion mutar This stud
14028:-AiolB Non-polariolB (STM442) deletion mutar This stud'
14028-AiolA Non-polariolA (STM442) deletion mutar This stud
14028:-AiolE Nonr-polariolE (STM442,) deletion mutar This study
14028-AiolG1 Non-polariolG1 (STM442)) deletion mutar This stud
14028=-Aioll1 Non-polariolll (STM442)) deletion mutat This stud
14028:-AiolC Nonr-polariolC (STM442-3C) deletion mutatr This stud
14028=-AiolD2 Non-polariolD2 (STM443)) deetion mutar This stud'
14028:-AiolG2 Non-polariolG2 (STM443)) deletion mutar This stud
14028:-Aioll2 Non-polarioll2 (STM4435deletion mutar This stud
14028:-AiolH Non-polariolH (STM443i) deletion mutar This stud
14028-ASTM325: Non-polar STM325: deletion mutatr This stud
Y. enterocolitici W2270: Wild-type strain. Biovar 2, serovar 0:9, I, Ref Mod’, pYV (6)

P. luminescer

P. luminescenssy. laumondiiTTO1

(8)

Plasmids

pKD4 kar®, pir-dependent, FRT sit CGSC,Yale(7)
pKD46 Lambd&Red helper plasmid, ar~ CGSC,Yale(7)
pCP2( FLP recombinase plasmid, ~, amf® CGSC,Yale(7)
pET28I Expression vector, llac promoter, ka" Novagel
pET28l-i0lR i0IR cloned into pET28b for IolR overexpression andfation This stud

pIDM1

Temperatur-sensitive plasmicrep; tef”.

9)




R

pBR32: amg’, tel Fermenta
pBR32%-i0IR i0IR with putative promoter region cloned into pPBR322 domplementatic This stud
pBR32Z-i0lE i0lE with putative promoter gion cloned into pBR322 for complementa This stud
pDEW?20! Promoter probe vector, al, luxCDABE (28)

pDEW?201-Pgr pDEW?201 with 299 bp upstreamiolR (STM441) This stud
pDEW?201-Pigia pDEW?201 with 288 bp upstreamiolA (STM442) This stud
pDEW202-Pige pDEW?201 with 321 bp upstreamiolE (STM442) This stud
pDEW201-Pgic1 pDEW?201 with 335 bp upstreamiolG1 (STM442) This stud
pDEW?201-Pigic1 pDEW?201 with 301 bjupstream 0iolC1 (STM443i) This stud
pDEW?201-Pioip1 pDEW?201 with 325 bp upstreamiolD1 (STM443) This stud
pDEW?201-Pgic2 pDEW?201 with 301 bp upstreamiolG2 (STM443) This stud
pDEW?201-Pig2 pDEW?201 with 301 bp upstreamioll2 (STM443) This stud
pDEW?201-Pigi pDEW?201 with 299 bp upstreamiolH (STM443) This stud
PDEW?201-Pyqs pDEW?201 with 244 bp upstream argS< This stud
PDEW?201-Pyet pDEW?201 with 350 bp upstream def This stud
pDEW?201-"STM0047 pDEW?201 with 350 bp of STMO(7 without promoter homolog This stud




gene cluster present inErwinia carotovora Citrobacter koseri Y. pestis
Y. pseudotuberculosisand Photorhabdus luminescensy. enterocolitica and two non-
pathogenicYersina species share the same organizatiomlofjenes, as well aBrucella

abortus R. leguminosarurrandSinorhizobiunmeliloti.

GEI4417/4436 (22.6 kb)
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B. subtilis

FIG. 1. (A) Examples of iol divergons. Genomic island GEI 4417/4436 &f Typhimurium

is presented in comparison to the structural omgdinn ofiol genes from B. subtilis, and
several Gram-negative bacterigalmonellagenes experimentally demonstrated in this study
to belong to the inositol divergon are depictedliack, their homologues in other pathogens
in grey. Genes encoding putative permeases arbdtatin this organismiolG is transcribed

in the same orientation as the other gefibgiol cluster ofP. luminescenss similar to that

of E. carotovora but lacks two of three putative permease genes.

We therefore tested. enterocoliticaandP. luminescen$or their capability to utilize

MI as the only carbon source. Indeed, we observedty of psychrotrophi’. enterocolitica



at 15°C and 22°C, but not at 37°C, andPofluminescenst 30°C (data not shown). This
result shows that six genes as exemplifiedreysiniaspp. are sufficient for Ml degradation
by Gram-negative species. The pathway of MI dediadan S. Typhimurium is depicted in

Fig. 1B. The annotation and the functional assessnoé the genes essentially follow

enzymological studies d&. subtilisandK. aerogene$2, 3).
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FIG. 1. (B) Pathway reconstruction of M| degradation in S. Typhimurium. Seven
stepwise reactions are involved in Ml degradatmgliceraldehyde-3-phosphate and acteyl-
CoA. None of the genes from GEI 4417/4436 encodemaolog of a biphosphate aldolase.
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Growth properties of S. Typhimurium in the presence of MI. We investigated the
growth behaviour of strain 14028 in MM supplementgath varying concentrations of MI.
Three features appeared to be characteristic Soryphimurium growth under these
conditions: i) the maximum Qg in the presence of MI parallels that of the stigiown in
glucose (data not shown), ii) the growth is dospetielent, and iii) the lag phase is prolonged
to approximately 60 h (Fig. 2). As already reporteg D. C. Old, the wild-type strain
produced abundant amounts of a brown pigment (P8 pigmentation appeared only in
stationary phase. It was missed when the strain ewissated anaerobically and might

therefore result from metabolite oxidation.

1.4-
12 o WT,555mM ;
—a— WT, 27.8 mM
10, =< WT,11.1mM
oD —— WT, 0.0 mM )
%0 o o~ WT-iolD2, WT-AiolE, 55.5 mM
0.6
X
0.4
0.2
0+ el —O— 5—=3 o
a1 45 64 66 68 70 72 88

time [h]

FIG. 2. Growth curves of the S. Typhimurium wild-type strain 14028 in MM without or
with increasing concentrations of M1. TheiolD2 andiolE deletion mutants were cultivated
in the presence of 55.5 mM MI. Zero growth of thiédviype strain and the two mutants in
the absence of this carbon source was monitoredtfl@ast 100 h after inoculation. Standard
deviations of at least three independent experisnaré shown. The molarity of MM with

respect to Ml is indicated.
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Phenotypes of deletion mutants. To experimentally demonstrate that genes of
GEI 4417/4436 are responsible for Ml degradatiorsblyphimurium, non-polar deletions of
i0lB, i0lA, iolE, i0lG1, ioll1, iolC1/2, iolD2 i0lG2, ioll2, iolH andSTM3253were constructed
as described. Growth of these eleven mutants wastoned at least for five days, or until the
cultures reached stationary phase. No growth @efases of the mutants were observed in LB
medium or in MM supplemented with glucose (datastawn). The mutants 14028wIIB,
-AiolA, -AiolE, -AiolG1, -AiolC andAiolD2 did not grow in liquid MM containing Ml as sole
carbon source, clearly demonstrating the role ef deleted genes in MI utilization. In
contrast, growth deficiencies of the mutants 14028%M3253-Aioll1, -Aioll2, -AiolH and -
AiolG2 in comparison to the wild type were not observadar these conditions. lolll and
loll2 might be functionally redundant, and the ralelolH remains to be disclosed. Two
genes coding for proteins with homology to lolGnfr8. subtilis(lolG1) and to a putative Ml
dehydrogenase df. plantarumWCFSL1 (1olG2) are present in GEI 4417/4436, a nedncy
that might explain the wild-type like growth of tl@G2 mutant.STM3253encodes a protein
with a significant homology of 38% . subtilislolJ. lolJ is responsible for the formation of
dihydroxyacetone phosphate and malonate semialéelfryiin 2-deoxy-5-keto-D-gluconic
acid 6-phosphate (Fig. 1B), but GEI 4417/4436 dussencode such a biphosphate aldolase.
The wild type-like phenotype of the deletion mutééita not shown), however, excludes a
role of STM3253in MI degradation. All mutants were also streal®ed MM agar plates
containing 55.5 mM MI and incubated for 64 h. Theepotype of theolE deletion mutant
could be complemented with pBR3##E as shown by growth on MM agar plates and in
liquid medium (data not shown). These results iati¢haiolB, iolA, iolD2, iolE, iolG1, and
iolC1/2 are required for Ml degradation as indicated ig. BiA, thus confirming the pathway

reconstruction in Fig. 1B.

Differential expression of genesinvolved in M1 degradation. In order to investigate
the regulation of the genes in GEI4417/4436, fragmef approximately 300 bp located
upstream of the start codons $TM4417 iolA, iolE, iolG1l, iolC1, iolD1, iolG2, ioll2 and
iolH were cloned into the promoter probe vector pDEWeatying theduxCDABE cassette.
Promoter fragments oflef and argS encoding peptide deformylase and arginyl-tRNA
synthetase were cloned as positive controls, a I@bdntragenic fragment o§TM0047
without promoter homology served as a negativerobnio promoter sequences could be
found upstream ofolB, i0lC2, andiolD2. Recombinant plasmids were transformed into
strains 14028s and a mutant with a deletio®DM4417 and bioluminescence was measured

during growth experiments in LB broth or in MM cairting either MI or glucose until the
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cells reached stationary phase. Irrespective dioczasource and growth phase, the reporter
did not respond to the fragments upstreamot®l, i0lG2 andiolH in a wild-type like
background in comparison to negative controls wathhonsense sequence cloned into
pDEW201 or the empty vector pDEW201 (Table 2).Ha presence of glucose and in rich
medium, the promoters o06TM4417 and iolC1 were transcriptionally active emitting
approximately 2-3x10RLU/ODgo, The putativeiolD1 promoter region resulted in light
emission slightly above the threshold level settliy control construct with the nonsense
fragment STM0047 whose activity ranges from 1.28x01.87x10 RLU/ODsoe The strong
induction of theiolA promoter under the same growth conditions is grlybdue the role of
lolA in alanine, aspartate, and propanoate metsimo(iL3). In MM with MlI, the promoters of
STM4417iolE, iolC1, iolD1, andioll2 were at least ten-fold and ti@@A promoter three-fold
induced during exponential growth phase. A sinpliaamoter induction pattern was observed
when a mutant lacking STM4417 was grown in MM wgflacose, indicating a STM4417-
mediated negative regulation of the genes requuwedl degradation. Due to its obvious
negative regulatory function in Ml degradation, ameotated5TM4417 iolRn accordance to
the Ml repressor protein IoIR of Gram-positive leai@. TheiolE andioll2 promoters are also
strongly induced in theolR negative background in comparison to their trapsonal
activity in the presence of MIl. However, their alos® RLU/ ODyp values are at least two
orders of magnitude lower than those of the lolBulated promoters ablA, iolC1, and
iolD1. The high induction rates of,R and Ry; in the presence of Ml compared to glucose,
however, point to a role of both promoters in Milizdtion, and they might indirectly been
repressed by IolR. ThelR promoter itself is induced in the absence of IniRhe presence
of glucose as well as MI, indicating an autoreguiatactivity of this repressorTaken
together, the promoters @R, iolE, iolC1, iolD1, andioll2 are strongly induced in MM with
MI during the exponential growth phase, while beiagressed in the presence of glucose or

in rich medium, and thilA promoter is active under each condition tested.her

Transcriptional organisation of iol genes. In contrast to the unidirectional
organization ofiol genes ofB. subtilis and C. perfringens,the genes involved in Ml
degradation by Gram-negative bacteria are not ¢réoexd polycistronically (Fig. 1A). As
demonstrated abova|B, i0lG1 iolC2 andiolD2 are obligate for MI degradation, but do not
possess a separate promotor (Table 2), suggestomytr@anscription ofiolB with iolA, of
i0lG1 with iolE, of iolC2 with iolC1, and ofiolD2/iolG2 with iolD1. To reveal the
transcriptional organisation of thel genes within GEI4417/4436, we performed RT-PCR
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TABLE 2. Quantification of iol promoter activities shown asrelative light units (RLU) per ODggo. Fold induction was calculated with respect to
the RLU/ODy values of the wild-type strain grown in glucosenfples were taken from the late exponential phbs¢a are the average RLU

derived from three independent experiments. Sdstal deviation.

14028s grown in 14028s grown in 14028sAiolR grown
fragment cloned MM+glucose SD MM+MI SD fold in MM+glucose SD fold
into pPDEW201 [RLU/ODeoq] [%] [RLU/ODeoq) [%0] induction [RLU/ODgoq [%] induction
Polr 1.92 x 10 3.1 2.01x 10 2.8 10.5 2.46 x 10 5.3 12.8
Poia 4.16 x 16 2.4 1.27 x 10 7.8 3.1 1.78 x 10 3.7 4.3
PolE 9.27 x 16 67.9 2.97 x 10 0.8 3202.8 2.16 x 10 17.8 23.3
Polc1 4.93 x 18 7.4 1.55 x 16 7.4 3.2 2.65 x 10 10.4 5.4
Poic1 2.91x 16 2.8 9.88 x 10 6.7 33.9 1.90 x 10 2.2 65.3
Poip1 2.95 x 10 7.3 5.72x 10 2.6 194.0 7.42 x T0 54  251.7
Poic2 5.61 x 16 14.0 6.29 x 1 27.0 11.2 1.69 x 10 26.3  30.1
Poii2 8.32 x 16 24.2 1.40 x 10 0.7 16864.2 3.25x f0 11.9 39.0
Polt 1.66 x 16 58.9 1.17 x 19 60.2 0.7 1.83x 10 32.5 1.1
controls
Pargs 2.96 x 10 4.0 1.85x 10 18.3 0.6 3.41x 10 10.1 1.2
Pyef 1.13x 16 2.9 1.11x 10 5.5 1.0 1.35x 10 2.8 1.2
*STMO0047 1.62 x 10 6.6 1.25 x 16 3.9 0.8 1.87 x 10 4.0 1.2

none 1.58 x 10 9.0 1.36 x 18 11.3 0.9 1.00 x 10 50.4 0.6



with RNA isolated from strain 14028 grown in MM WwiMI. The RNA was demonstrated to
be DNA free, and cDNA of 17 regions spanning appnaely 300-500 bp was amplified.
Two oligonucleotides hybridizing to STM4434 aimtl2 did not result in a PCR product from
cDNA, thus validating the approach. All PCRs witbNA as template revealed a DNA
fragment whose length corresponds to the PCR fratggmamplified from genomic DNA
(Fig. 3). In line with the data of the luciferasgporter fusionsjolG2 andiolH are under
control of the promoters located upstream iolfE and ioll2. In summary,iolA/iolB,
iolE/iolG1, iolCl/iolC2, iolD1/iolD2/iolG2, and ioll2/iolH are transcriptionally coupled.
Thus, these five operons 8f Typhimurium comprise all genes required for Mlim#tion as
well as three functionally dispensable or redundgmesiolG2, ioll2 andiolH.
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FIG. 3. Transcriptional organization of S. Typhimurium MI utilization genes. Strain
14028s was grown in MM with 55.5 mM MI at 37°C, amiRNA was extracted at QR=
0.4. cDNA was amplified with reverse primers listedTable S1. RT-PCR was performed
with primer pairs specific for the indicated regsal+17. All PCR products were separated by
2% agarose gel electrophoresis. As control, PCRliacapion products with genomic DNA
and DNase-treated RNA samples as template are sHoma numbers correspond to PCR

product numbers depicted above the gel lanes. Arriodicate promoters identified in this
study.

-850 -



ODsoo 1.2

loIR actsastranscriptional repressor. Homology searches with the protein sequence
of IoIR (STM4417) revealed a putative trancriptibregulator with a HTH-6 motif belonging
to the RpiR family. This domain is N-terminatedacsugar isomerase (SIS) domain that is
predicted to bind phosphosugars. No homologiesh® ¢haracterized IolR proteins of
B. subtilisor C. glutamicumwere observed, but to putative regulators whichghinplay a
similar role in regulation of MI degradation B§, pneumoniagY. enterocolitica, Y. pestis
and P. luminescengFig. 1). In MM supplemented with MI, a non-poldeletion ofiolR
resulted in a lag-phase 10 h shorter in compartisdne wild-type strain (Fig. 4). The 14028s-
AioIR phenotype could be complemented by gene expreséiolR from pBR322 (Fig. 4).

OoXxp>

-0 14028s
—— 14028sAiolR
—— 14028sAiolR/pBR322i0IR

0 40 50 60 70 80 90 120

FIG. 4. Growth curve of strain 14028s-AiolR. Exponential growth of the strain lacking the
repressor lolR starts approximately 10 h earlieanttihat of the wild-type strain. The
phenotype of 140284i0IR could partially be complemented upiontrans expression oiolR

via pBR322. Average values of three independent exyaris are shown. Standard deviation
Is not given due to a variable lag phase, andralivth curves were normalized to a lag phase
ending 60 h after inoculation.

Induction of the promoters @IR, iolA, iolC1 andiolD1 in theiolR deletion mutant in
the presence of glucose, and the identificatioa BHTH motif in the IolR sequence, prompted

us to perform promoter binding studies. For thaippse, I0lIR was overexpressedBrcoli
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BL21 (DE3) and purified as described above. Thetpte¢ promoter fragments @abIR, IA,
I0lE, iolG1, iolC1, iolD1, i0lG2, ioll2 andiolH fragments were incubated without or with
increasing amounts of the purified loIR proteinad ahe protein-DNA complexes were

separated on a 9.5% native polyacrylamide gel &jig.

Poir Poia Poie Poic1 Poic1
molar
excess 0 0406173  0040S1.7 3

)|

0040¢173 0 040¢1.7 3
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excess0 040.¢1.73 0040c€173 0040¢€1.73 00402817 3
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Po DNA—> USSR
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FIG.5. Promoter binding activity of 1olR. The interaction of lolR with the regulatory
region of nine genes of GEI 4417/4436 is shown. hg0Oof DNA were used in each
experiment. The promoter fragments were incubatigdowt or with increasing amounts (7
ng, 14 ng, 28 ng, and 49 ng or 221 fM, 442 fM, 884 and 1547 fM, respectively) of the
purified lolR protein. No bandshift was observedewha maximum of 210-280 ng IoIR
corresponding to a maximal 17-fold molar excess weabated with promoter DNA abIE,
10lG2, ioll andiolH (data not shown). Protein-DNA complexes were sdpdron a 9.5%
native polyacrylamide gel. A 200 bp sequence of algS promoter served as a negative

control.

A retarded DNA band with decreased motility repneiseg the I0lR-DNA complex
was observed with thielR, iolA, iolC, andiolD1 fragments. Thus, the binding of IoIR to the
respective promoters results in repression of tgeses during growth @&. Typhimurium in
glucose-rich medium. Binding of IolR to its own proter demonstrates its autoregulatory
function. In contrast, complex formation was obserweither with a control fragment of the
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argS promoter indicating the loIR binding specificityor with fragments upstream aflE,
ioll2, iolH, iolG1, andiolG2. Ioll2 is not required for Ml degradation (see abp and its
expression might therefore not be regulated by.I3lke bandshift experiments with thdE

andioll2 promoters are in line with the data of Table 2.
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DISCUSSION

Although a large number of putatii@d genes are present in Gram-negative genomes,
little is known about their functionality and tharganisation in comparison to their Gram-
positive counterparts. The systematic knockout &i &17/4436 genes revealed that this
S.Typhimurium island encodes all the enzymatic dodis required for Ml catabolism,
leading to the production of acetyl-coenzyme A diitydroxyacetone phosphate. The genes
ioIR, iolIB, iolA, iolE, iolGl, i0lC1/2 and iolD2 provide a MI-negative phenotype upon
deletion and encode the key functions to utilize Mihese genes are also present in the
genomes oK. pneumoniagYersiniaspp, andP. luminescenswhile homologues of other
GEI 4417/4436i0l genes could not be identified in these strains. ekperimentally
demonstrated in this study, these genes endblenterocoliticaand P. luminescengo
catabolize Ml.ioll andiolH were found only in the genome Kf pneumoniaeThe putative
inosose isomerase loll has been demonstrated ieddirketo-MI to 1-keto-Dehiro-inositol
(32). Together with its very strong induction iretbresence of Ml, these results suggest a role

of loll in providing IolE substrates. The functiohlolH remains to be elucidated.

0 rsgucoss | N T T
st S o I S mandl 1<
TR Or’ <'(! T ﬂ@r’* T

iolR iolB iolA iolE iolG1  ioll1 iolCl/2 iolD1/2 iolG2 ioll2iolH

FIG. 6. Regulation of M1 utilization in S. Typhimurium. The wild-type strain and apblIR
deletion mutant carrying recombinant pDEW201-cardtr were grown in LB, or in MM
with Ml or glucose. Promoter induction [RLU/Q§J is depicted by arrows of different size:
% pt., <10 RLU/ODgog 1% pt., <18 RLU/ODgog 3 pt., <16 RLU/ODgog, 4% pt., <10
RLU/ODsog, 6 pt., <18 RLU/ODggo Induction ofiol genes was similar in both strains in the

presence of MI. Binding sites of 10IR are indicatsdopen circles.
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S.Typhimurium exhibits similar growth phenotypesMM containing glucose or Mi
with respect to the generation time during expaaéphase, and the QR in the stationary
phase. However, a remarkable difference is thenelei@d lag phase of approximately 60 h in
the presence of MI as sole carbon source. Suchasdesl metabolic switch has not been
reported for Gram-positive bacteria able to grow bH. For example, growth of
C. glutamicumin MiI-containing medium starts within few hourdeafinoculation (17). 2-
deoxy-5-keto-D-gluconic acid has since long beemsitered a key step in MI degradation
(2). Only recently, 2-deoxy-5-keto-D-gluconic aci@-phosphate (DKGP), another
intermediate of MI degradation (Fig. 1B) was idéetl to antagonize IoIR binding to the
promoter of theB. subtilis ioloperon (33). Thus, the long lag phas&ofyphimurium in the
presence of MI might be the result of a tighterrespion of itsiol genes, but other
mechanisms of IoIR antagonizing or an additiongllatory factor cannot be excluded. This
assumption is supported by the obviously lolR-iretefentiolE and ioll2 regulation as
shown by the bandshift experiments (Fig. 5). Aaditof glucose during exponential phase
had no effect on the promoter activity iofE andioll2 in the AiolR background (data not
shown), excluding that they are under catabolifrassion.iolE encoding the dehydratase
that catalyzes the second step in MI degradatiaghtmibe positively induced by MI or a
related substance rather than by an antagonistiaeting intermediate such as DKGP.

RT-PCR, reporter fusions and GMS revealed a candigticture of the transcriptional
organisation, the regulation and the promoter digtgs/of theSalmonella iolgenes. The data
obtained are summarized in Fig. 6. 10IR binds te ithR promoter and regulates its own
expression (Fig. 4 and 5). This is in line with fireding that inB. subtilis inactivation of
ioIR results in a constitutive transcription of tiwé divergon includingold (33). IoIR was
demonstrated in this study to negatively reguldie transcription of three gene cluster
required for MI utilization by S.Typhimurium, namelyiolA/iolB, iolCl/iolC2, and
iolD1/iolD2/iolG2. A lack of IoIR binding to the putative promotdrtbe iolE/iolG1 operon
that encodes the first two steps in Ml degradahaoris to an additional, lolR-independent
regulatory mechanism. The autoregulatory activify tlke MI repressor and substrate
antagonism might explain thailR of S Typhimurium is induced under conditions at which
the genes involved in MI degradation are transdiitam observation already described for
C. perfringeng14). HoweverjolR of C. glutamicums not upregulated in the presence of Ml
(17).

In Gram-positive bacteria, the genes encoding eesyior M| degradation are mostly
unidirectionally organized resulting in polycistroally transcribed operons (14, 30). Tvad

cluster putatively encoding redundant functions envédentified in C. glutamicumand
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L. plantarum (17, 30). Genome comparison revealed a more compienscriptional
organization ofiol genes inS Typhimurium and other Gram-negative bacteria hglog to
the generaYersinig Photorhabdus Citrobacter Erwinia, Brucella Photobacterium,and
Rhizobium (Fig. 1A). BesidesSalmonella genes encoding putative redundant enzymatic
functions have been found only in tRe profundumgenome iflE, iolG) that also carries an
iI0lIR duplication, and in the island exemplified bif£. carotovora Remarkably,
Y. enterocolitica Y. intermediaand Y. frederikseniion the one hand and. pestisand
Y. pseudotuberculosien the other hand carry distinadl gene cluster, suggesting their
independent acquisition byersinia ancestor strains. Taken together, these data Buppo
repeated acquisition and chromosomal rearrangeof@nitgenes in Gram-negative bacteria.
Open questions that are currently addressed. ifiyphimurium are the transport
mechanisms for MI or derivatives, further regulgtanechanisms contributing to Ml

utilization, and the identification of Ml-relatedlsstrates metabolized by the lol enzymes.
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TABLE S1.Primers used in this study.

SUPPLEMENTARY MATERIAL

primer name

target gene

modification

5' — 3 smpe

del_3253_for
del_3253_rev
del_4417_for
del_4417 rev
del_4420_for
del_4420_rev
del_4421 for
del_4421 rev
del_4424 for
del_4424 rev
del_4425_for
del_4425 rev
del_4427_for
del_4427 rev

del_4430-29_for
del_4430-29 rev

del_4432_for
del_4432_rev
del_4433_for
del_4433_rev
del_4435_for
del_4435_rev
del_4436_for
del_4436_rev

test_3253
test_4417
test_4420
test_4421
test_4424
test_4425
test_4427
test_4429-30

construction of non-polar deletion mutahts

STM3253

STM4417(0IR)

STM4420(0IB)

STM4421(i0lA)

STM44240IE)

STM4425(0lG1)

STM4427(olI11)

STM4429-30jolC2-1)

STM4432(0ID2)

STM4433i01G2)

STM4435(ol12)

STM4436(0lH)

test of insertion of kanR and gene deletion

STM3253
STM4417
STM4420
STM4421
STM4424
STM4425
STM4427
STM4429-30

TTTAATTTCGAAAGTTATAAACGGAGACCACTATGTTCATTATTTCCAGTGTGTAGGCTGGAGCTGCTTC
TCACAGGCGATTCCTCACAGTTGCCCTTCACAGGCAAACATGAATTACCATATGAATATCCTCCTTA
TACGAAATTTTCGTTCTATTAGAGTATCATGCATGTCTAAACATCAAACTGTGTAGGCTGGAGCTGCTTC
ATCGGCTTGTTTTTTTACTCCGTCGCCAGCGCCRGAAACCGCTAACGTCATATGAATATCCTCCTTA
TCGGTTAATACGCTTTCAGGAAGGAGAAGATTATGGCCAACTTGCTGABTGTGTAGGCTGGAGCTGCTTC
CACTCAACGAAGTGTTATCGCGGGTAGTCTGGTGATAATCCACGCGTGCATATGAATATCCTCCTTA
CGTCAACATCGGTTTAAGAGGATAAAAAAGAGATGGAAACAGTCGGCAATGTGTAGGCTGGAGCTGCTTC
CACTCAACGAAGTGTTATCGCGGGTAGTCTGGTGATAATCCACGCGTGCATATGAATATCCTCCTTA
CATCGCGGTATGCAGTAAAAGCGTTTCATTAAGTGGGAGCCAGCAATAGGTGTAGGCTGGAGCTGCTTC
TGTTTCCTTTTCAATTAAAGATAATTTTTCAGTARTCATCAATATGCTTCATATGAATATCCTCCTTA
AAAATTATCTTTAATTGAAAAGGAAACAGAAAATGACTTTAAAAGCAG GTGTGTAGGCTGGAGCTGCTTC
AATACGCGGAAGGTTTATTTGTAGAAATCAGGTTTGAGGGTAATTCAACCATATGAATATCCTCCTTA
GTACGTTGCTATGGCGGCAGGAGTCGATCTGAATGATGAAGCTGGGANTGTGTAGGCTGGAGCTGCTTC
TTGCTGCGGCAACATTAAGCTGTTAAGAAGGGGRGTCTTTTCCGCCCCCATATGAATATCCTCCTTA
AGCAAAAATAACACCGTCTTCTGTTAGGGGATATGTCAATGAATAAAGCAGTGTAGGCTGGAGCTGCTTC
GTGGCGCGATACCACTAACGCGCCGCAGGCIEICATAACGGCAGGCTTGCATATGAATATCCTCCTTA
GTGAGACTATTCACCGCGTCCGCTCGCAATATATGGCGGAAGTTGAGGCGTGTAGGCTGGAGCTGCTTC
CGACGGCAAATTAATCAGTACTGCCGGGCCTGTGBTATGTTCTTCAAGCATATGAATATCCTCCTTA
AAATTTACTATTCATGAGATTAAGAGGTACGAATGAAAAAGCTTCGATGT GTGTAGGCTGGAGCTGCTTC
ATTAATAGATGCAGTTAAAGATAAATATCGCTTGTATTTTCACCGGCAGCATATGAATATCCTCCTTA
TTACCCACTCATATACGTTCAGGGAGAAAATAATGAATATCGAAAAAA CAGTGTAGGCTGGAGCTGCTTC
GGAAATTAGCTGTATCATTGCAGCAGCAATGACAGCTGCGATTAATTTGCATATGAATATCCTCCTTA
CCGTTTTCAGTTTCCGCAGCGTGGTATTTACAATGAAAATTGCTTTTBTGTGTAGGCTGGAGCTGCTTC
AAATCCACCCGTTTTTAACGTCCGAGTAGCTCC@G CGATCCGCTCGCGCATATGAATATCCTCCTTA

TCACCGAATGCTCAATG
TATGTTCAGTTCATTTGTGC
CCAGCGAGTGCGCACAGG
TACCCTCCAATATCCG
CGTTACTAACCACGGATG
AAGCATGTCGCCTCGC
TACGATAATCTTCTGGAAG
GAAATTTATCTTCCATGCG



test_4432 STM4432 CGTACAGATGCAGGG

test_4433 STM4433 GTTCAGGTTGCAGAAGTG
test_4435 STM4435 GCGCTGGTCTCCGTTC
test_4436 STM4436 ATATCGCGGTATTTACGC
kanR3 kanR GCGCTGCGAATCGGG
construction of pBR322-complementation veétors
com_4417_EcoRl  STM4417 EcBI CCGGAATTCGTGATTTATAAACGTCATC
com_4417_Sall STM4417 Sal TTTTGTCGACCTGATTAAGTTTCACCAC
com_4424_EcoRl  STM4424 EcBI CCGGAATTCAATATCGCAAGGACTATC
com_4424_Sall STM4424 Sal TTTTGTCGACATCGGAGCCGATCATG
construction of pET28b-i0IR overexpression vettor
pu_4417_for_Ncol = STM4417 Ncol AAACCATGGATGTCTAAACATCAAACTCAAC
pu_4417_rev_Xhol STM4417 Xhol AAACTCGAGCTCCGTCGCCAGCGCC
primers used in RT-PCR
RT_4420-21_for STM4420-21 CCAGTCGGTTGAAGCCG
RT_4420-21_rev STM4420-21 ACATACTCCCAGCCTGC
RT_4420_for STM4420 AAGTGACAGCCGAAACCG
RT_4420_rev STM4420 GTGGTAGCCCTTAGGTAC
RT_4421_for STM4421 TTTAACGTCGGCTCAGGC
RT_4421 rev STM4421 AGATCTGCATCCGGCATG
RT_4424 for STM4424 TAATGCTTCGCGGACTGG
RT_4424 rev STM4424 CCCGGTATCAAACAGCAG
RT_4424-25_for STM4424-25 GGCTGGATTGTTGTTGAG
RT_4424-25 rev STM4424-25 CATTTAGCGCGGCAACG
RT_4425_for STM4425 GTGATTGAAGCAGAGCAG
RT_4425_rev STM4425 GTGAATGTCGTAGCCATAC
RT_4429_for STM4429 ATCATCCACTCGATGCAG
RT_4429 rev STM4429 CATCGTTAAGCTGGCCG
RT_4429-30_for STM4429-30 ACGTTCTGAACGTTCTGG
RT_4429-30_rev STM4429-30 CGCCGACTTCATTTGCG
RT_4430_for STM4430 CTGTCGGATCGCGATCG
RT_4430_rev STM4430 CTGGAGCTGTTCGGTAAC
RT_4431_for STM4431 CCATCAGATTTATGCCTGC
RT_4431_rev STM4431 TTCACCCTGCACATCCTG
RT_4431-32_for STM4431-32 TCAAGCTGGATGGCGTAC
RT_4431-32_rev STM4431-32 CTTCGTAGCCCATACAGG
RT_4432_for STM4432 ATGATGCTGCACTCTGAG
RT_4432_rev STM4432 ATGTCTATCAGCGTGCTC
RT_4432-33_for STM4432-33 TGCTTGAAGAACATATCGG

RT_4432-33_rev STM4432-33 CGAATAAAGCCAATCGCTC



RT_4433_for STM4433 GAATGAGGATGAGCAGGC

RT_4433_rev STM4433 GCTGGGATCAATCAGCG
RT_4435_for STM4435 AGCGGCAGCGTTACTGATG
RT_4435_rev STM4435 ATGATGGAAGGTATCCAGC
RT_4435-36_for STM4435-36 CCCAGTTGGCTTCCTGG
RT_4435-36_rev STM4435-36 ATCTCAATCATCCGCTTCC
RT_4436_for STM4436 CCAAATGGTACGGCAGG
RT_4436_rev STM4436 CTCGTTCCACGATCGGC

cloning, testing and sequencing of promoter fusfdldDEW201-luxCDABE
5'P4417_for STM4417 EccRlI GGAATTCACGAAAAGAGCCAGTTCG
3'P4417_rev STM4417 Bairl CGGATCCGTTTAGACATGCATGATAC
5'P4421_for STM4421 EcBI GGAATTCTTCCTCGTCACAACAG
3'P4421_rev STM4421 Bairl CGGATCCCGACTGTTTCCATCTC
5'P4424 for STM4424 EcBI GGAATTCTCAATATCGCAAGGACTATC
3'P4424_rev STM4424 Bail CGGATCCTGGCTCCCACTTAATGAAAC
5'P4425_for STM4425 EcBI GGAATTCCATGCCGCTACTGAGTAAAC
3'P4425_rev STM4425 Kph CGGTACCTTAAAGTCATTTTCTGTTTCC
5'P4430_for STM4430 EcBI GGAATTCTTCATTTATGGGAAGG
3'P4430_rev STM4430 Bail CGGATCCATTCATTGACATATCC
5'P4431_for STM4431 EcBI GGAATTCCAAGATCACAGAAATGGC
3'P4431_rev STM4431 Bairl CGGATCCTTTTCATGTACCCCACC
5'P4433_for STM4433 EcBI GGAATTCAAGTACCTGAGCTGGTGG
3'P4433_rev STM4433 Bail CGGATCCGCTTTTTCATTCGTACCTCT
5'P4435_for STM4435 EcBI GGAATTCATTTCGTTGGGCCAGCG
3'P4435_rev STM4435 Bail| CGGATCCCGATATTCATTATTTTCTCC
5'P4436_for STM4436 EcBI GGAATTCCTGGTGCATTTGTCCGGT
3'P4436_rev STM4436 Bairl CGGATCCCAATTTTCATTGTAAATACCAC
5'PargS_for argS Ec®I CCGGAATTCCCATATCAGGACGCTC
3'PargS_rev argS Kprh CGGGGTACCTCACCGGAATACCTTAC
5'Pdef_for def Ec®l CCGGAATTCTCGGTACGGGCCATC
3'Pdef_rev def Kpn CGGGGTACCGAAGGCGCTCGTCCG
5'Pnonsense_for STMO0047 EcBI CCGGAATTCGGATACGGTAGGGCTG
3'Pnonsense_rev STMO0047 Kph CGGGGTACCCCAGTACTATCAGCGC
luxC_rev*** luxC AATCACGAATGTATGTCC

construction of control fragment in GMS asSay
GMS_argS_for argS CAACCTTTGATTTGATTGG
GMS_argS_rev argS AAGAGCCTGAATATTCAC

* template DNA: pKD4
** template DNA: chromosomal DNA db. Typhimurium
*** template DNA: pDEW201
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ABSTRACT

In Salmonella entericgerovar Typhimurium, the genomic island GEI44136l4has
recently been identified to be responsible foyainositol (M) utilization. Here, two of the
four island-encoded permeases are identified aMttlieansporters of this pathogen. In-frame
deletion ofiolT1 (STM4418) led to a severe growth defect, and aeletf iolT2 (STM4419)
to slight growth defect in the presence of MI. Tdhg@henotypes could be complemented by
providing the putative transporter geniestrans. Bioluminescence-based reporter assays
demonstrated a strong induction of their promoRgfs, and of Ryr2 in the presence of MI but
not of glucose. Deletion ablR encoding the negative regulator of most geneshwedoin Ml
degradation resulted in upregulation gfifiPand of Ryr2, indicating that the expression of
loIT1 and 10IT2 is repressed by IolR. This findimgs supported by bandshift assays using
purified IolR. Both transporters are located in thembrane when expressedEscherichia
coli. Heterologously expressed IolT1 had its optimdivdag at pH 5.5. Together with the
strongly reduced MI uptake in the presence of prophores, this indicates that lolT1
operates as a proton symporter. Usimgp[1,2->H(N)]inositol, a saturable uptake activity of
loIT1 with a K, value between 0.49 mM and 0.79 mM was determinddH50 expressing
[0IT1, in S. entericaserovar Typhimurium strain 14028, and in mutan02BlAiolT2.
Phylogenetic analysis of IoIT1 identified putativi transporters in Gram-negative bacteria

also able to utilize M.
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INTRODUCTION

myaoinositol (MI) is a polyol abundant in soil. Its géphorylated form, inositol
hexakisphosphate or phytate, serves as a phospstonage in plants, but can be utilized by
livestock only in the presence of phytases. Theab#ipy of an increasing number of
microorganisms to grow on MI as the sole carbonrswepends on the presence of a
catabolic pathway that results in M|l degradationdibydroxyacetone phosphate, acetyl
coenzyme A, and CO

Although inositol utilization has been investigadensively on the enzymatic level
for Klebsiella(Aerobacte) aerogenesliecades ago (2), the underlying genetics and aisagyl
mechanisms have been elucidated in most detaiB&millus subtilis(20, 29, 32). In this
organism, theol divergon responsible for Ml utilization comprisedT and the operons
iolABCDEFGHIJ andiolRS IolIR acts as a repressor of tioé divergon by binding to the
operator sites in the absence of MI. An intermed@t Ml degradation, 2-deoxy-5-keto-D-
gluconic acid 6-phosphate, has been shown to amtzgdolR binding, thus inducing the
expression ofol genes (30, 33). Two proteins belonging to the migailitator superfamily
(MFS), IoIT and lolF, have been identified as thejon and minor inositol transporters of
B. subtilis and IoIR was revealed to inhibit the transcriptad iolT (31). MI degradation has
also been studied i€@orynebacterium glutamicuri4), Clostridium perfringeng11), and
Lactobacillus casef28).

So far, several genera comprising Gram-negativéebachave been demonstrated to
utilize the polyol MI. These include species frotme tgeneraKlebsiella Caulobacter
Rhizobium SinorhizobiumPseudomonasy ersinia Salmonellaand Serratia(4, 5, 8, 9, 15,
17, 21, 22). A comparison of the respective genstels revealed a high variability of their
chromosomal organization. Balmonella entericgerovar Typhimurium, the genes required
for MI degradation are located on a 22.6-kb genasiand (GEI4417/4436). Identical islands
are present only in the genomes of tBeentericaserovars Paratyphi B, Saintpaul,
Weltevreden, Agona and Virchow, but absent in ssr®wWyphi, Parathypi A, Choleraesuis
and many others, indicating that the utilization Mf is not a common capability of
Salmonellastrains. Interestingly, this MI utilization islamglnot restricted to Salmonellae, but
we identified a nearly identical gene cluster lagkhomologues ofoll2 andiolH in the
genome oft. coli ED1a (NC_011745.1) by a homology search. In thigirg the island is
flanked by two transposase-encoding genes, strauglygesting its distribution among Gram-
negative bacteria is due to horizontal gene transfée genomic island includes five

transcriptional units encoding enzymes involvedvihutilization, which are induced in the
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presence of MI. In rich medium, the negative regul$olR represses all but one promoter of

theiol divergon including its own.

A total of 20 genes are located on GEI4417/443@, odunctional role has been
described only for eight of them (15). Four gen®¥§M4418, STM4419, STM4428, and
STM4434, encode putative, yet uncharacterized pasese Their role in MI transport was
investigated here by the construction of in-frameetion mutants and complementing
plasmids. The transcriptional activity of two pixat transporter genes (STM4418 and
STM4419), as well as the regulatory role of lolRyswmonitored using the luciferase reporter
system and bandshift assays. Uptake najo[1,2-H(N)]inositol was investigated in
Salmonella entericaerovar Typhimurium strain 14028, in mutant sgdacking the putative
transporters, and i&. coli cells expressing STM4418 and STM4419, revealirtgaasport
activity of STM4418, now termed 1oIT1, in both ongems. This study describes for the first
time a Ml transporter of a Gram-negative bacterium.
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METHODS

Bacterial strains, plasmids and growth conditionsBacterial strains and plasmids used in
this study are listed in Table &. entericaserovar Typhimurium ané&. coli cultures were
grown in Luria-Bertani (LB) broth (10 g/l trypton®, g/l yeast extract, 5 g/l NaCl) or in
minimal medium (MM; M9 medium supplemented with 2nMgSO,, 0.1 mM CaCl and
55.5 mM (1%) M, glucose, fructose, arabinose, sgloglycerol or sorbitol, respectively).
For plasmid maintenance, the media were supplemewith the following antibiotics:
ampicillin (150ug/ml), kanamycin (50 pg/ml), chloramphenicol (25mg or streptomycin
(50 pg/ml). For solid media, 1.5% agar (w/v) wadext! For all growth and promoter probe
experiments, bacterial strains were grown in LB mm@dovernight at 37°C, washed twice in
PBS and then adjusted to an optical density atr80qODs00) of 0.005 in the desired liquid
growth medium, or streaked on agar plates. Growttves were obtained from bacterial
cultures incubated at 37°C under vigorous shakng50 ml flasks with 50 ml of MM. The

ODego Was measured in timed intervals as indicated.

Standard procedures.DNA manipulations and isolation of chromosomal tasmid DNA
were performed according to standard protocols,(2B8d following the manufacturers’
instructions. Plasmid DNA was transformeih electroporation by using a Bio-Rad Gene
pulser Il as recommended by the manufacturer ardkssribed previouslfl2). Polymerase
chain reactions (PCRs) were carried out with Tatymerase (Fermentas, St. Leon-Rot,
Germany).As template for PCR, chromosomal DNA, plasmid DNMA,cells from a single
colony was used. Oligonucleotides synthesized foR® are listed in Table S$. enterica
serovar Typhimurium gene numbers refer to the LTho#tion (NC 003197). The
homepages http://globin.cse.psu.edu/enterix apd/fttvw.microbesonline.org/ were used to
determine the distribution &. entericaserovar Typhimurium ORFs in the genomes of Gram-
negative species. Promoter sequences located aipstethe identified genes were predicted
with BPROM (http://www.softberry.com/), and trangm@ane domains with TOPCONS
(http://topcons.cbr.su.se/). The cladogram wastcocted with TREECON (26).

Construction of deletion mutants and recombinant phsmids.In-frame deletion mutants of
i0IT1 (STM4418) i0lT2 (STM4419) STM4428and STM4434were constructed by the one-
step method based on the phadeed recombinase (7). Briefly, PCR products conpugithe

kanamycin resistance cassette of plasmid pKD4 dnety the flanking FRT sites were
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generated using pairs of 70 nucleotides-long prnibat included 20 nucleotides priming
sequences for pKD4 as template DNA. Homology extosssof 50 bp overlapped 18

nucleotides of the 5-end and 36 nucleotides ofXhend of the target gene (18). 500-1000
ng of fragment DNA was transferred irfio entericaserovar Typhimurium strain 14028 cells
harbouring plasmid pKD46. Allelic replacement ofetharget gene by the kanamycin
resistance cassette was controlled by PCR, andpolan-deletion mutants were obtained
upon transformation of pCP20. Gene deletions wengfied by PCR analysis and DNA

sequencing.

To complement deleted genes, the coding sequerice$Taé (STM4418)andiolT2
(STM4419) plus approximately 300 bp of their upstre region were amplified from
chromosomal DNA of strain 14028 with primers listed Table S1. PCR products were
digested withEcaRl andSal (Fermentas) and ligated (T4 DNA ligase; Gibcodsion, USA)
into vector pBR322 to generate pBR32PF1 and pBR323elT2, respectively. Their
construction was verified by PCR, restriction asayand sequencing. To detect proteins by
Western Blot analysis, both genes were amplifieith wrimers introducing a C-terminal His
tag and cloned as described, resulting in pBR8£R2t-Hiss and pBR322eIT2-Hisg.

Cloning of promoter fusions. Putativepromoter regions spanning approximately 300 base
pairs upstream of the start codons of the geréd (STM4418) andolT2 (STM4419) were
amplified from chromosomal DNA d@. entericaserovar Typhimurium 14028 by PCR using
the primers listed in Table S1. The fragments wiien clonedvia EcoRl and BanHl
(Fermentas) upstream of the promoterles€€DABEgenes into the multiple cloning site of
pDEW201. After transformation int&. coli DH5a cells, plasmids containing the correct
transcriptional lux-fusions were isolated and verified by PCR, resStic analysis and
sequencing. pPDEW20147, and pDEW201-Rr, were transformed int&. entericaserovar
Typhimurium 14028 and th#iolR mutant strain.

Quantification of promoter activity. Bioluminescence measurements were performed as
described recently (155or growth in MM containing either 27.8 mM (0.5%)ugose or 55.5
mM MI, bacterial cells were grown at 37°C until yheeached the late exponential growth
phase, e. g. for 11 h (glucose) and 70 h (MI),5ml centrifuge tubes without agitation. At
appropriate time points, 200 ul of each sample trassferred to a 96-well plate, and the
optical density at 600 nm and the bioluminesceneasured as relative light units (RLU)
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were recorded in a Wallac VICTGR420 multilabel counter (Perkin Elmer Life Sciesice
Turku, Finland).

Gel mobility shift assays.lolR-Hiss was overexpressed and purified as described tgcent
(15). Briefly, expression of IolR was induced bydad) 0.1 mM isopropyB-D-1-
thiogalactopyranoside (IPTG) whda coli BL21 cells transformed with pET28bIR had
reached an Ofgo of 0.4. After incubation for 4 h, the cells weraested and the pellet was
resuspended in 1 ml of buffer A (300 mM NacCl, 50 iM&PQ,). The cells were lysed using
a French Press (SLM Aminco Instruments, Rochest8A), and cell debris was removed by
centrifugation at 4°C (20 min, 1.6 x1@). After adding 10 pl of protease inhibitor
phenylmethanesulphonylfluoride (PMSF; 100 mM), g was purified using TALON
metal affinity resin (Clontech Laboratories, Mount&iew, USA). 1 ml of the protein extract
was mixed with 1 ml of the resin and incubated Xdr at room temperature. The resin was
washed and eluted according to the manufacturemogol. Fractions containing high
amounts of loIR-Hig were pooled and the buffer was exchanged with Gidfger (50 mM
Tris-HCI, pH 7.5, 50 mM KCI, 10 mM MgGJ| 0.5 mM EDTA, and 10% [vol/vol] glycerol)
by gel filtration using PD-10 columns (GE HealtheaMunich, Germany) (24). The protein
concentration was determined using RotiQuant swiutiCarl Roth GmbH, Karlsruhe,
Germany) based on the method of Bradford (6), dwed gurity of eluted fractions was

analysed by separation on a 15% SDS polyacrylagetie

For gel mobility shift (GMS) assays, putative prderaegions ofolT1, iolT2, iolR, iolH, and
argSas competitor DNA, were amplified with oligonudieles from Table S1, and 100 ng of
DNA was mixed with increasing amounts of purifiedlR-Hiss in GMS buffer. After
incubation for 45 min at room temperature, the dampvere loaded on a 9.5% native
polyacrylamide gel prepared in 1 x Tris/borate/EDBUffer and separated at 120 V for 3 h.

DNA was then stained in ethidium bromide solutiond &isualized by UV irradiation.

Membrane isolation and Western Blot analysisDH5a cells transformed with pBR322-
I0lT1-Hiss and pBR322elT2-Hiss were grown to stationary phase. Isolation Eof coli
membranes was then performed as described preyi(®) but using a French Press (SLM
Aminco Instruments, Rochester, NY) to lyse thescdflrotein concentrations were measured
using RotiQuant solution. Fifteen pg of membranetgn were separated on a 12.5 % SDS
polyacrylamide gel, and Western Blot analysis @& His-tagged proteins 10IT1 and 1olT2
was performed according to standard procedures Wwitt000 diluted monoclonal anti-His
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antibodies (dianova, Hamburg, Germany) and 1:15,0d0ted alkaline phosphatase-
conjugated anti-mouse antibodies (dianova). Phdaapbactivity was detected with nitroblue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylggphate (BCiP) as substrates.

Uptake of myo-[1,2-*H(N)]inositol. E. coli DH5a cells transformed with pBR32BiT1,
pBR322i0IT2 and pBR322 were grown in 30 ml LB medium contagnampicillin (100
ng/ml) to an Olgy of 1.0. Then, 20 mivere harvested by centrifugation (4°C and 1 %g)0
and resuspended in Mcllvaine’s buffer (0.1 M:NBO,, 0.05 M citric acid mixed to obtain
the desired pH (19)) to an @dof 4.0 and stored on ice. 250 pl of the cell susfenwere
mixed with 230 ul of Mcllvaine’s buffer and 12.5 pfl 2.2 M (40%) glucose, and stirred in a
water bath at 37°C for 2 min. The protonophore @ayb cyanidem-chlorophenylhydrazone
(CCCP) was added 2 minutes before the start oéxperiment at a final concentration of 50
UM. The uptake experiment was started by addind @f ja mixture of unlabelled MI and
myo[1,2-*H(N)Jinositol (specific activity: 30 Ci/mmol; Bio&md, Cologne, Germany). In
experiments to determine the pH optimum of MI uptakhis mix contained 1 mM
of unlabelled and 26.67 nM of tritiated substrdtiee K, value was determined at pH 5.5 with
a mix containing the same amount of labeled sutesbat decreasing amounts of unlabelled
substrate (1 mM, 0.5 mM, 0.2 mM, and 0.1 mM). Abtgiof 60 pl were removed, rapidly
filtered through a Pall GN6 0.45-um nitrocelluldgeer, washed once with 5 ml of 150 mM
NaCl and transferred to a scintillation vial. Afeddition of 3 ml scintillation cocktail (Carl
Roth GmbH), the radioactivity associated with thierfs was counted in a Perkin Elmer Tri-
Carb scintillation counter. The uptake activity veasstant for the first 50 s, and this interval
was used to determine uptake velocities at seuwared points. Uptake experiments with
S. entericaserovar Typhimurium were performed in a similar nmer, but cells were
cultivated in MM with 55.5 mM MI.
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TABLE 1. Strains and plasmids used in this study.

Bacterial strains

Description and relevant feature:

Source or literature

DH5a E. coli: deoRendAl, gyrA9phsdR1Tr-my+), recAl relAl, supE44 Athi-1, (10)

A(lacZY AargFV169
BL21 (DE3 E. coli: F, om(T, hscSg (rgmg), gal, dcm, rne31 (25)
14028 Spontaneous streptomycin-resistant mutar8. @ntericaserovar Typhimurium (15)

wild-type strain ATCC14028
14028Ai0lT1 In-frameiolT1 (STM4418) deletion mutant This study
14028Ai0lT2 In-frameiolT2 (STM4419) deletion mutant This study
14028AiolT1Ai0lT2 In-frame deletion mutant @IT1 andiolT2 (STM4418, STM4419) This study
14028ASTM4428 In-frame STM4428 deletion mutant This study
14028ASTM4434 In-frame STM4434 deletion mutant This study
Plasmids
pKD4 pir-dependent, FRT sites; Kan CGSC,Yale (7)
pKD46 Lambda-Red helper plasmid; Amp CGSC,Yale (7)
pCP20 FLP recombinase plasmid; Gxmp' CGSC,Yale (7)
pET28b Expression vector, [BE promoter; Kah Novagen
pET28biolR i0IR cloned into pET28b for IolIR overexpression andfation (15)
pBR322 Amp Tet Fermentas
pBR3220IT1, pBR322i0IT2 iolT1 oriolT2 cloned into pBR322 with putative promoter region hisTstudy
pBR3220IT1-Hiss, pPBR322i0IT1-Hiss | As above, but encoding transporters with C-terirtitiss-tag This study
pDEW?201 Promoter probe vector; AnipxCDABE (27)
pDEW?201-Ryr1 pDEW?201 with 300 bp upstreamiofT1 (STM4418) This study
pDEW?201-Ryr2 pDEW?201 with 300 bp upstreamiofT2 (STM4419) This study
pPDEW201-Rqs pDEW?201 with 244 bp upstream afgS (15)
pDEW?201-"STM0047" pDEW?201 with intragenic 350 bisdiM0047 without promotor homology (15)




RESULTS

Identification of two putative transporters involved in Ml uptake. The genomic island
GEI4417/4436 ofS. entericaserovar Typhimurium responsible for degradatioMbfcarries
four genes (STM4418, STM4419, STM4428 and STM448Adpse products, annotated as
permeases or sugar transporters of the MFS, reyreaedidate MI transporters. Strain 14028
and in-frame deletion mutants of all four putativansporter genes were tested for their
ability to grow on MM agar plates, or in liquid MMpntaining 55.5 mM MI. The doubling
time of the wild-type strain was lower in glucoggawth rate g = 0.56/h) than in Ml (u =
0.37/h). In contrast to the mutants 14Q€8TM4428 and 14028STM4434, the deletion of
STM4418 or STM4419 resulted in growth phenotypbgsé genes were therefore named
i0lT1 (STM4418) andolT2 (STM4419). The deletion abIT1 abolished the growth in liquid
minimal medium containing Ml for up to 74 h (Figa)l and the mutant strain 1402BIT1
showed only very weak growth on solid medium aft28 h (Fig. 1b)The combined deletion
of iolT1 andiolT2 completely abolished the growth in the presencébf(Fig.1a, b). To
unequivocally demonstrate the contributiona1 to MI utilization, plasmid pBR32®IT1
was transformed into strains 1402®IT1 and 1402&\iolT1AiolT2, resulting in wildtype-like
growth of both mutants (Fig. 1b).

An only slightly reduced growth of 140280IT2 (STM4419) in liquid medium, but a
significant growth deficiency on solid medium wasserved. Plasmid pBR328FT2
complemented this phenotype (Fig. 1a, b). The pasef plasmid pBR32IT2 only
partially restored the growth behaviour13f028AiolT1AiolT2 to that of strain 14028, and a
retarded growth in comparison to 14088IT1AiolT2/pBR322+0lT1 was observed (Fig. 1b)
14028 AiolT1 did not grow in liquid medium even with 277.5 mMI,Mhor with plasmid
pBR32240IT2, indicating thatiolT2 does not provide sufficient substrate for growtider

these conditions for yet unknown reasons.

We also tested the growth of mutants 14028T1 and14028AiolT2 in the presence
of other carbon sources, namely fructose, xylotg;age, arabinose, sorbitol, and glycerol,
but did not observe significant growth differentetween the mutants and strain 14028 (data
not shown). These results show ti@dT1 andiolT2 are both involved in MI utilization and
thatiolT1 appears to have the bigger contribution. In cemtr&TM4428 and STM4434 do

not contribute to growth on Ml at least under tbaditions applied here.
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FIG. 1. (A) Growth of Salmonella enterica serovar Typhimurium strains in the presence
of 55.5 mM MI. Growth curves of strains in liquid MM supplementeith MI. —e— 14028
(growth rate u = 0.37/h; 13— 14028i0lT2 (u = 0.28/h),—A— 1402&8\STM4428 (n =
0.38/h),—0— 1402&\STM4434 (u = 0.42/h). Zero growth phenotypa— 140RAT1,

—<— 14028AiolT1AiolT2. The average data of two independent experimeatshown.

Expression and regulation of genes involved in Mirainsport. In order to investigate the
regulation ofiolT1 andiolT2, the 300 bp upstream sequence of each gene wasdcioto
vector pDEW201 that contains thex operon ofPhotorhabdus luminescenshe promoter
sequence ofrgS encoding arginyl-tRNA synthase and a 350 bp imnag fragment of
STMO0047 lacking any promoter homology served agdrots All recombinant constructs, as
well as pDEW201, were transformed into strain 140Z8e optical density and the
bioluminescence of the strains were measured dughogvth in MM supplemented with
glucose or MI (Table 2). The background level deteed by the control construct with the
intragenic fragment “STM0047” ranged from 2.19 % 02.41 x 10 RLU/ODgo under all
conditions tested. In MM with 27.8 mM glucose, tipstream region abIT2 resulted in light
emission only slightly above the background (3.380% RLU/ODgqq), While the predicted
iolT1 promoter showed a maximal bioluminescence of 8. 5& RLU/ODgsg. When glucose
was exchanged by MI, a 13.5-foldi4R) and a 22.2-fold (Rr2) induction was observed.

These data indicate th& entericaserovar Typhimurium adapts to the presence of Ml b
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increasing the amount of specific transporters whogression is repressed in the absence of
MI.

14028/ 14028Ai0IT1AI0IT2/  14028Ai0lT1Ai0IT2/  14028Ai0lT1Ai0IT2/
pBR322 pBR322 pBR322i0IT1 pBR322i0IT2

14028Aio0lT2/ 14028Ai0lT2/

14028Ai0lT1/ 14028Ai0lT1/
pBR322 pBR322i0IT1 pBR322 pBR322i0IT2

FIG. 1. (B) Growth of Salmonella enterica serovar Typhimurium strains in the presence
of 55.5 mM MI. Strains were streaked on MM agar plates contaibng mM MI and grown
at 37°C for 5 daysAbove: Strain 14028, and the double mutant 1M@AF1AiolT2 with
plasmid pBR322 and the complementing constructs 3ZRoIT1 and pBR3234elT2.
Below: Deletion mutants lacking eith@iT1 oriolT2. IolT1 revealed to have a bigger impact
on growth with MI, but a significant growth defegas also observed for 1402®IT2. Each
mutant was complemented by providing the respecgigeein trans The scale of all
photographs is identical.

Because several promoters of genes involved in tMtation by S. entericaserovar
Typhimurium are negatively regulated by the reessIR, the pDEW201 constructs were
also tested in strain 140280IR during growth in MM containing glucose (Table The lack
of IoIR increased the transcriptional activity gfif? and of Ryr2 by a factor of 11.2 and 42.6,
respectively, thus resembling the expression paffi@r both transporters in the presence of
MI. Therefore, the expression @bIT1 and iolT2 is probably repressed by IolR when
S. entericaserovar Typhimurium is grown in a rich medium.
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TABLE 2. Quantification of promoter activities of the Ml tra nsport genesiolT1 andiol T2*

14028 grown in MM + glucose 14028 grown in MM + Ml 14028Ai0lR grown in MM + glucose

Fragment cloned
into pPDEW201 Fold Fold
[RLU/ODsgoq SD [%] [RLU/ODsod] SD [%] | _ [RLU/ODe¢oq SD [%] _

induction induction
PorT1 8.52 x 10 1.4 1.15x 10 3.8 13.5 9.57 x 10 18.6 11.2
Poit2 3.38 x 16 18.1 7.50 x 10 7.6 22.2 1.44 x 10 4.9 42.6
Controls

Pargs 3.62x16 4.1 3.42x10 3.9 0.94 3.16 x 10 18.5 0.87
"STM0047° 2.41x1b 10.4 2.19x 10 14.8 0.91 2.21x fo 4.7 0.92
None 4.36 x 1b 43.6 2.33x 10 13.7 0.53 1.60 x 0 31.5 0.37

4Samples were taken from the late exponential pb@sesponding to maximal promoter activity.
®Data are the average RLU derived from three indépenexperiments.

‘Fold induction was calculated with respect to th&JFRODggo values of strain 14028 grown in glucose.



The repressor IolR binds to the promoters ofiolT1 and iolT2. To strengthen the
hypothesis that IolR acts as a repressor gfiRand of R, as already shown for the
promotors ofiolA, io0lC1, iolD1 andiolR (15), its binding on théIlT1 andiolT2 promoter
regions was tested by gel mobility shift assays.tRat purpose, I0IR was overexpressed in
E. coli BL21 (DE3) and purified. PCR products containihg futative promoters adIR,
iolT1, iolT2, andiolH were incubated without or with increasing amouwfdtthe purified 10IR
protein, and the protein-DNA complexes were sepdran 9.5% native polyacrylamide gels.
A DNA band with decreased motility representing i&-DNA complex was observed with
theiolT1 andiolT2 fragments, indicating that IolR binds to the proéemcelements of these
two MI transporter genes (Fig. 2). Binding of Iol& its own promoter served as a positive
control, and complex formation was not observed witfragment located upstreamiolH
encoding a protein that is not required for MI detgtion (15) Together with the
transcriptional analysis described above, thesa damonstrate that IoIR is a DNA binding
protein that negatively regulates the expressioniobfl and iolT2 during growth of
S.Typhimurium in a medium lacking MI. A conserved tthan the upstream regions of the

two genes could not be identified.

[0IT1 mediates MI uptake when expressed irk. coli. [0IT1 and 10lT2 with a molecular
weight of 53.4 kDa and 52.1 kDa, respectively, @ppe be typical members of the MFS (16)
and are predicted to possess twelve transmembiivie qomains by multiple prediction
algorithms. Sincée. coli DH5a is not able to grow on M, a finding that is iméi with the
absence oiol genes in the genome Bf coli K12, it was chosen for heterologous expression
of 1oIT1 and 1olT2 to study their MI transport agty. E. coli DH5a cells were transformed
with pBR32210IT1 and pBR322elT2, and uptake assays were performed as detaildtein t
methods section. In a first experiment, RHEells expressing 10IT1 or 10IT2 were compared
to cells containing an empty plasmid. The assay® werformed with an initial extracellular
MI concentration of 1 mM, which is higher than tke value of the related MI transporters
from C. glutamicum(14). loIT1 expressing cells showed high levelsMif uptake, which
were linear for 50 s after substrate addition (B and levelled off at later time points (data
not shown). This uptake activity was drasticallgueed in the presence of the protonophore
carbonyl cyaniden-chlorophenylhydrazone (CCCP) (Fig. 3a). In corittadolT1 producing
cells, cells expressing lolT2 did not significantiffer from vector controls and showed no
MI uptake (Fig. 3a). This situation did not charey@n when this experiment was continued

for up to 2.5 h, nor in the presence of 2 mM Mhagher specific activity (data not shown).
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To verify that the transformation of the two pladsihas led to the production and
cytoplasmic membrane insertion of the IolT proteisisnilar plasmids were constructed in
which the reading frames of the two genes wereneleg by a C-terminal His-tag. Both
transporter genes were transcribed from their ovampters. Membrane extracts from the
transformed cells were separated by SDS-PAGE,ddaihto a nitrocellulose membrane and

tested against monoclonal anti-glantibodies.

Polr Pioit1
molar o 5 1 2 3 5 o 5 1 2 3 5
eXCess _
DNA/protein
complex

Py DNA ——p [[F" [ W R Y - S

Poir2
molar 5 5 1 2 3 &5
excess . :
i e Bl e e B s | pr—
DNA/protein U b b Sned
complex

P DNA —» [WR I L SR S

Pargs DNA —» uuu\-—“—""

FIG. 2. GMS assays to study DNA binding activity of lolRh& interaction of IolR with the
promoter region of four genes of GEI 4417/4436heven. 100 ng of promoter DNA were
incubated without or with increasing amounts (81182 ng, 324 ng, 678 ng and 810 ng) of
purified IolR. Protein-DNA complexes were separated on 9.5% natolgacrylamide gels.
As a control, 100 ng of competitor DNA comprisiing &rgSpromoter was added.
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FIG. 3. (A) MI uptake by heterologously expresseddlT1 and 10IT2. E. coli DH5a cells
containing plasmids pBR322IT1(—¢—), pBR322i0IT2 ({1)or pBR322 {5¢— ; negative
control) were grown in LB medium, harvested by dégation, resuspended in Mcllvaine’s
buffer (pH 5.5) at an O§3y of 4.0 and energized by the addition of 55.5 mMcgke (final
concentration). The uptake experiment was staryethé addition of a mixture of 1 mM Ml
and 26.67 nMmyo[1,2-*H(N)]inositol. Aliquots of the cell suspension weeken 10, 30 and
50 seconds after the addition of MI. In experimenih DH50/pBR322i0IT1 (—>—), the

protonophore CCCP was added 2 min minutes befarérgj the uptake experiment.

Two bands corresponding to IolT1 and lolT2 wereesdgd that were absent in the
control strain with pBR322 (Fig. 3b). This analysisowed that the promoters iofT1 and
iolT2 are active irk. colileading to the production of both proteins at &mlievels, and that
they are inserted into thE. coli membrane. Thus, the lack of inositol uptake inT2ol

expressing cells is unlikely caused by a lack afegexpression.

pH optimum and kinetic properties of lolT1-dependen MI transport. We continued with

the analysis of the 1olT1 activity and determinedgH optimum by performing uptake assays
at various external pH values. The loIT1 driven iyitake displayed a sharp pH optimum
with a maximum at pH 5.5 and significantly reduagutake rates at higher or lower pH
(Fig. 4a). Together with the inhibition of MI upelby CCCP (Fig. 3a), this indicates that

[0IT1 operates as a Ml/proton symporter.
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DH50/ DH5a/ DH50/
pBR322i0IT1-Hisg pBR322i0IT2-Hisg pBR322

FIG. 3. (B) Membrane localisation of 10lT1-His and lolT2-Hise. For each sample, fifteen
ng of membrane protein was subjected to SDS-PAGIE Western Blot analysis using
monoclonal His antibodies. The samples were obtained finsoli DH5a cells containing
pBR322i0IT1-Hisg (left), pBR322i0lT2-Hiss (middle) or pBR322 (right, negative control).

To determine the kinetic properties of lolT1-depamdMI uptake byS. entericaserovar
Typhimurium, transport assays were performed ab@with varying amounts of substrate.
The uptake of MI was saturable, an&Ka value of 0.79 mM was determined. The Eadie-
Hofstee plot of these data provides no indicatibat ttwo genetically different proteins
contribute to MI uptake bys. entericaserovar Typhimurium (Fig. 4b). A simila,, value
(0.49 mM) was obtained with strain 1402BIT2 (data not shown), again demonstrating the
bigger contribution of 10IT1 to Ml uptake. To exde that the presence of 1% glucose used
for cell energizing had a detrimental effect on ténsport, the experiment was performed
with strain 14028 in the absence of glucose, busigaificant differences were observed
(data not shown). In experiments with heterologpwesipressed lolT1, &, value of 0.71
mM, 0.51 and 0.38 mM was calculated, resultingnragerage&,, value of 0.56 + 0.2 mM for
lolT1 expressed ifE. coli. Taken together, 10IT1 appears as the predomiktkritansporter

of S. entericaserovar Typhimurium with functional similarities the two MI facilitators

characterized i€. glutamicuni{14).
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FIG. 4. pH optimum and saturation kinetics of lolT1l-mediated uptake of MI. The
uptake assays with were performed as described ihe legend to Fig. 3.

(A) Determination of the pH optimum of MI uptake wiH50/pBR322i0IT1. The cells
were resuspended in Mcllvaine’s buffer at the iathd pH values. The figure shows the
result of one of three repetitions that all confidrthe pH optimum at pH 5.5.

(B) The graph shows an Eadie-Hofstee plot of an Maktexperiment with th8. enterica
serovar Typhimurium strain 14028. Substrate comagohs were 5 mM, 3.5 mM, 1 mM, 0.5

mM, 0.2 mM, and 0.1 mM. X, value of 0.79 mM was calculated from three meanards.
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lolT1-like proteins involved in MI utilization. According to genome sequence data, a large
number of bacteria carry genes with homologyidb genes, such aBrucella abortus
Photobacter profundumyersiniaspp.,Citrobacter koseriand Erwinia carotovora Genetic
comparison and computational analysisabfdivergons has been performed recently (5, 15).
A phylogenetic analysis abl genes froni. caseiis also available (28). In the following, we
investigated whether and to which degree of simyldolT homologs are present in other
bacterial genomes. IolT1 and 10IT2 $f entericaserovar Typhimurium exhibit an identity of
44% and a similarity of 66% over the whole protieingth. No significant sequence identity
was found between the two predicted permeases SZ81di STM4434, or of either protein
to IolT1l or lolT2. Homology searches using BLAST (1) revealed manyharacterized
bacterial proteins with significant similarity tolT1, among them the major MI transporter of
B. subtilis 1olT, with an identity of 33%. A cladogram of epresentative selection of these
proteins, many of which are annotated as putatjlese transporters, is shown in Fig. 5. The
lolITl homologs of E. coli ED1a, Y. frederiksenji S. proteamaculans Vibrio shiloi,

P. profundumand Azotobacter vinelandiiare clustered with the genes involved in Mi
degradation, suggesting an MI transport functiontfese proteins. The lolT homologs of
several species unable to utilize MI, suchEagoli, V. angustumPhotobacteriumsp. or
Pedibacillussp., are also grouped, indicating that these m®tgansport other sugars or
sugar alcohols. Interestingly, tlBe cereudolT1 homolog of this group is not identical teeth
major MI transporter oB. subtilis(31), but is more closely related to homologs frGnam-
negative species. On the other hand, 1olT1 homotdgé. intermediaY. enterocoliticaand

K. pneumoniaeare more closely related to transporter proteh$@m-positive bacteria,
making it difficult to trace the evolutionary ongpfiolT1 and the gene clusters it belongs to.
The most distantly related group comprises IlolTlmblmgs of species such as
Y. pseudotuberculosi¥. pestiskE. carotovoraor P. luminescenslhese homologs are located
outside theaol divergons which carry genes encoding permeasgggesting yet unknown Ml
transporters in these bacteria. Consistent with ititerpretation, Bouttet al. identified an
ABC transporter for Ml inS. melilotiand five other-proteobacteria, thus defining a novel

class of Ml facilitators (5).

-80 -



74, SWeltevreden (99)

STM4418

SHadar (99)

E.coli ED1a (98)

Y .frederikseni{73) > M2

%2 S.proteomaculang 3)
A.vinelandii(63)

100 STM4419 (44)

100 —— P.profundun(49)
82 L V.shilonii(50) )
HTCC2207(39)

f:cll oo Paenibacillus sp(40)
a5 i Pedobacter heparinu@3)
_ = B.cereug37) Mi
K] 100 100~ Photobacteriunsp (43)
63 L V.angustunt44)
| |on— E.coli strains (~41)
9] SArizonae (40)
_ESSchwarzengrund (41)
C.koseri(34y \
) Arthrobactersp. (31)
2 Corynebacterium glucuronalyticu(80)
Clostridium beijerinckii(32)
Propionibacterium acne@7y
04 LJﬂl L.casei(31)*"
B.subtilis(33)
100 72 C.glutamicum31y

100 K.pneumoniag33)’
100 E Y.enterocolitica(34) > MI
Y.intermedig34)
Y.pseudotuberculos{86y
B.abortus(24)

Y.pestig24y

100

100

92

E.carotovora(29)’

S.melioti(22)
R.leguminosarur(30)

P.luminescen26)
P.putida(29) }

STM4428

FIG. 5. Cladogram based on 37 proteins with homolggto IolT1 of S. enterica serovar Typhimurium. Identities in percent are indicated in
brackets. The putative permease STM4428 serveditgsoop. The phylogenetic analysis was performeih wie neighbour-joining method and
calculated using the Poisson correction. Valuegach branch indicate the occurrence (%) of thedmiag order in 500 bootstrapped trees. Bar
represents 10% sequence divergence. HTCC2207 mriaew proteobacterium. Ml, capable to utilize Ml or prase ofiol genes in the genome.

loIT1 and lolT2 are depicted in bold lettefthe lolT1homolog is clustered with the genes of ibledivergon;Pother putative permeases are present

within theiol gene cluster.



DISCUSSION

Of the four permeases located within GEI14417/4426, were identified as MI transporters
of S. entericaserovar Typhimurium and termed IolT1 and lolT2. Whileletion ofiolT1
severely affected growth of strain 14028, an ohhs growth deficiency was observed when
14028Ai0lT2 was grown in liquid MM containing Ml (Fig. 1a). owMI transporters with
major and minor transport activity have also betemiified inB. subtilisandC. glutamicum
(14, 31). InB. subtilis the minor transporter lolF was shown to havewselosubstrate affinity
than 1olT, and lolF could support growth on MI orgartially. The double deletion mutant
14028Ai0lT1AiolT2 could be complemented by providingT2 in transonly on solid, but
not in liquid medium No significant MI transport activity of olT2 cadilbe detected in
uptake experiments with. coli. In C. glutamicumthe two MI transporters 1o0IT1 and lolT2
have comparable kinetic properties and a sequelsrgity of 55%. Overexpression @iT1
andiolT2 of the same organism led to a twofold increaséhefD-fructose uptake rate, but
both transporters showed a lower specificity towatds sugar than to Ml (3). However, an
apparent growth defect oilT mutants of neitherB. subtilis nor S. enterica serovar
Typhimurium in the presence of a variety of sugaes observed (31). A major difference
between MI utilization by Gram-positive bacteriadé&h entericaserovar Typhimurium is the
extended lag phase of this Gram-negative pathagemedium containing Ml as sole carbon
source and energy source (Fig.1a). The moleculachamism underlying this growth
retardation by at least two days is not yet conghfetinderstood. The lag phase has been
shown to be shortened by approximately ten houesiatR deletion mutant, indicating a key
role of IoIR in this phenomenon (15). The bindingaocofactor or an intermediate of Mi
degradation to IolR, or an external signal mighease the tight repression il genes in

S. entericaserovar Typhimurium.

Luciferase reporter assays revealed IoIR as asspr@fiolT1 andiolT2 transcription (Table
2). The absolute RLU/OD values show that in MM whiH, iolT1 is expressed to an
approximately 15-fold higher degree thaolT2. When both transporter genes were
overexpressed irkE. coli, similar protein levels were detected by Westetnt Banalysis
(Fig. 3b), but MI transport activity of lolT2 wa®nhdetectable. Because 10IT2 appears with a
significant lower molecular weight than IolT1, iight be assumed that IolT2 is misfolded in
the E. colimembrane or degradated to a stable yet inactive.fAlso, it cannot be excluded
that lolT2 activity requires different assay comahs. However, the tests performed in
S. entericaserovar Typhimurium strongly indicate that lolT@pports growth on MI, albeit
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with a longer generation time. In contrasBtosubtilisandC. glutamicumthe putative minor
transporter 10IT2 supports growth 8f entericaserovar Typhimurium on solid medium only,
and with a higher generation time in comparisorsti@in 14028. It is possible that the
preferred substrate of 10IT2 is an unknown, MI-tetacompound or MI catabolite and that
MI does not represent the physiologically relevanistrate of the protein (22). TKg values

of 0.49 mM and 0.79 mM reported here for 10IT1 &fentericaserovar Typhimurium is
comparable to that of the major MI transporters Bnsubtilis (0.15 mM, IolT) and
C. glutamicum (0.33/0.45 mM, IolT1/lolT2). InS. enterica serovar Typhimurium, the
transcriptional activities of thélT1 and iolT2 promoters are approximately 10-40 fold
induced in the presence of MI, or upon deletiorthaf repressor genelR. This pattern is
similar to the results oiolT::lacZ fusion assays performed wifB. subtilisunder similar
growth conditions (31). Together with the findirftat the expression of MI transporters is
negatively controlled by IolR, these data indicateghly conserved regulatory mechanism of

MI transporter expression in Gram-positive and Gragative bacteria.

Taken together, the growing numberiof gene sequences and of bacterial species able to
grow on MI revealed a high variation of gene cohtagenetic organisation and also
functionality, while several aspects of MI utilicat still remain to be discovered. Open
guestions regarding the MI metabolism that are enily addressed ir5. entericasv.
Typhimurium are further regulatory mechanisms dbotmg to MI utilization, the
identification of Ml-related substrates metabolizgdthe Iol enzymes, and the relevance of

this pathwayn vivo.

ACKNOWLEDGEMENTS

We thank Siegfried Scherer for financial support tofs study. Patrick Schiwek is

acknowledged for technical assistance, and Gabtir&imr support of data analysis.

-83-



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

REFERENCES

Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Bang, Z. Zhang, W. Miller, and D. J. Lipman.
1997. Gapped BLAST and PSI-BLAST: a new generatioprotein database search programs. Nucleic
Acids Res25:3389-402.

Anderson, W. A., and B. Magasanik.1971. The pathway cghycinositol degradation ierobacter
aerogenes Conversion of 2-deoxy-5-keto-D-gluconic acid tliyoglytic intermediates. J Biol Chem
2465662-75.

Baumchen, C., E. Krings, S. Bringer, L. Eggeling, md H. Sahm. 2009. Myo-inositol facilitators
IoIT1 and IolT2 enhance D-mannitol formation fromfilDctose inCorynebacterium glutamicum
FEMS Microbiol Lett290:227-35.

Berman, T., and B. Magasanik.1966. The pathway ofmycinositol degradation inAerobacter
aerogenesRing scission. J Biol Che@11:807-13.

Boutte, C. C., B. S. Srinivasan, J. A. Flannick, AF. Novak, A. T. Martens, S. Batzoglou, P. H.
Viollier, and S. Crosson.2008. Genetic and computational identificationaotonserved bacterial
metabolic module. PLoS Genge1000310.

Bradford, M. M. 1976. A rapid and sensitive method for the quatitih of microgram quantities of
protein utilizing the principle of protein-dye bing. Anal Biocheni72:248-54.

Datsenko, K. A., and B. L. Wanner. 2000. One-step inactivation of chromosomal genes i
Escherichia coliK-12 using PCR products. Proc Natl Acad Sci U $746640-5.

Fry, J., M. Wood, and P. S. Poole2001. Investigation ofnyainositol catabolism inRhizobium
leguminosarunbyv. viciae and its effect on nodulation compeétiess. Mol Plant Microbe Interact
14:1016-25.

Gauchat-Feiss, D., J. Frey, M. Belet, and J. Deshsess.1985. Cloning of genes involved myo
inositol transport in &seudomonasp. J Bacteriol62:324-7.

Hanahan, D. 1983. Studies on transformation of Escherichia with plasmids. J Mol Bioll66:557-
80.

Kawsar, H. I, K. Ohtani, K. Okumura, H. Hayashi, and T. Shimizu. 2004. Organization and
transcriptional regulation ofmycinositol operon inClostridium perfringens FEMS Microbiol Lett
235:289-95.

Klumpp, J., and T. M. Fuchs.2007. Identification of novel genes in genomiau&ls that contribute to
Salmonella typhimuriumeplication in macrophages. Microbiolo§$3:1207-20.

Kreutzenbeck, P., C. Kréger, F. Lausberg, N. Blaudek, G. A. Sprenger, and R. Freud!.2007.
Escherichia colitwin arginine (Tat) mutant translocases posses@taxed signal peptide recognition
specificities. J Biol Cher282:7903-11.

Krings, E., K. Krumbach, B. Bathe, R. Kelle, V. F.Wendisch, H. Sahm, and L. Eggeling2006.
Characterization of myainositol utilization by Corynebacterium glutamicumthe stimulon,
identification of transporters, and influence otykine formation. J Bacteridl88:8054-61.

Kréger, C., and T. M. Fuchs. 2009. Characterization of thmycinositol utilization island of
Salmonella entericaerovar Typhimurium. J Bacterit91:545-54.

Law, C. J., P. C. Maloney, and D. N. Wang2008. Ins and outs of major facilitator superfamil
antiporters. Annu Rev Microbi@2:289-305.

Legakis, N. J., J. T. Papavassiliou, and M. E. Xifias. 1976. Inositol as a selective substrate for the
growth ofKlebsiellaeandSerratiae Zentralbl Bakteriol [Orig AR35:453-8.

Link, A. J., D. Phillips, and G. M. Church. 1997. Methods for generating precise deletions and
insertions in the genome of wild-typ&scherichia coli application to open reading frame
characterization. J Bacteriv¥V9:6228-37.

Mcllvaine, T. C. 1921. A buffer solution for colorimetric compansal Biol Chen19:183.

Miwa, Y., and Y. Fujita. 2001. Involvement of two distinct catabolite-respive elements in
catabolite repression of tlacillus subtilis myanositol (ol) operon. J Bacteridl83:5877-84.

Primrose, S. B., and C. W. Ronson1980. Polyol metabolism biRhizobium trifolii J Bacteriol
141:1109-14.

Reber, G., M. Belet, and J. Deshusse$977.Myo-inositol transport system iARseudomonas putidd
Bacteriol131:872-5.

Sambrook, J., and D. W. Russell2001. Molecular cloning: a laboratory manual, &ad Cold Spring
Harbor Laboratory, Cold Spring Harbor, N. Y.

Schaaf, S., and M. Bott.2007. Target genes and DNA-binding sites of tlepaese regulator PhoR
from Corynebacterium glutamicund Bacterioll89:5002-11.

Studier, F. W., A. H. Rosenberg, J. J. Dunn, and JW. Dubendorff. 1990. Use of T7 RNA
polymerase to direct expression of cloned geneshddis Enzymol85:60-89.

-84 -



26.

27.

28.

29.

30.

31.

32.

33.

Van de Peer, Y., and R. De Wachter1994. TREECON for Windows: a software packagetlfiar
construction and drawing of evolutionary treestfoe Microsoft Windows environment. Comput Appl
Biosci 10:569-70.

Van Dyk, T. K., and R. A. Rosson.1998. Photorhabdus luminescens luxCDAREomoter probe
vectors. Methods Mol Bial02:85-95.

Yebra, M. J., M. Zuniga, S. Beaufils, G. Perez-Maihez, J. Deutscher, and V. Monedero2007.
Identification of a gene cluster enablihgctobacillus caseBL23 to utilizemyainositol. Appl Environ
Microbiol 73:3850-8.

Yoshida, K., M. Yamaguchi, H. Ikeda, K. Omae, K. Tarusaki, and Y. Fujita. 2004. The fifth gene
of the iol operon ofBacillus subtilis iolE, encodes 2-ketmyainositol dehydratase. Microbiology
150:571-80.

Yoshida, K., M. Yamaguchi, T. Morinaga, M. Kinehara, M. Ikeuchi, H. Ashida, and Y. Fuijita.
2008.mycInositol Catabolism ilBacillus subtilis J Biol Chen283:10415-24.

Yoshida, K., Y. Yamamoto, K. Omae, M. Yamamoto, andy. Fujita. 2002. Identification of two
myainositol transporter genes Bhcillus subtilis J Bacterioll84:983-91.

Yoshida, K. I., D. Aoyama, |. Ishio, T. Shibayama,and Y. Fujita. 1997. Organization and
transcription of thenyoinositol operonjol, of Bacillus subtilis J Bacteriotl79:4591-8.

Yoshida, K. I., T. Shibayama, D. Aoyama, and Y. Fufa. 1999. Interaction of a repressor and its
binding sites for regulation of thgacillus subtilis ioldivergon. J Mol BioP85:917-29.

-85 -



TABLE S1.Primers used in this study.

primer name target gene modification 5’ — 3’ sampe
construction of non-polar deletion mutahts
del_4418_ for STM4418dIT1) TAGATGAAGTTTATTCTGGAGATAATCTACCTATGTCCACATCAGATAGTGTGTAGGCTGGAGCTGCTTC
del_4418_rev CATTGTGGTGAAACTTAATCAGAATAACGTTCGGITGAATTGGCTGCAGCATATGAATATCCTCCTTA
del_4419_ for STM441€0IT2) GTGTTGTTTCCTCAACAGGCAAGGGAGGGATTATGTCTCAGAGAAGTAAGTGTAGGCTGGAGCTGCTTC
del_4419_rev ATATTGGAGAGGTATCAGGCTATTACATCGCGACE TCCCCTGAATTTCCATATGAATATCCTCCTTA
del_4418-19_for STM4418-1®0IT1-2) GTATTTAGCGATCATCGGCATTGTGGTGAAACTTAATCAGAATAACGTTGGTGTAGGCTGGAGCTGCTTC
del_4418-19_rev ATATTGGAGAGGTATCAGGCTATTACATCGCGACGTTTCCCCTGAATTTCATATGAATATCCTCCTTA
del_4428 for STM4428 ATCGGACAAGGGGCGTGTTCAAGGACGACCATGCCAGCTCTCACACAAGTGTAGGCTGGAGCTGCTTC
del_4428_rev CCCTTCTTAACAGCTTAATGTTGCCGCAGCAAGAT GGACAACCGCCGCCATATGAATATCCTCCTTA
del_4434_for STM4434 TGTGAGAGCTTTTCTATACCGAGGATAMAAATGAAAGAAATGCAGGCAGTGTAGGCTGGAGCTGCTTC
del_4434_rev AAGAATATTTGAAGCTATTTCTCGCCAGGCACTTAAGAAACTGCACCAGCATATGAATATCCTCCTTA
test of insertion of kanR and gene deletfon
test_4418 iolT1 TCACTGGCGCTGGCGACG
test_4419 iolT2 GCGACAGTACCTGAACTC
test_4418-19 iolT1-2 TTCCGTTCTCAGGTCGCG
test_4428 STM4428 CCTGCCATGCTGGCTC
test_4434 STM4434 GATGAAGTCAGCGAAGTC
kanR3 kanR GCGCTGCGAATCGGG
construction and sequencing of pBR322-complementatctors and higag fusions*
4418 EcoRI iolT1 EcaRlI GGAATTCTTGAGTTCAGGTACTGTCG
4418 Sall iolT1 Sal GGTCGACCGTATTTAGCGATCATCGG
4419 _EcoRI iolT2 EcaRl GGAATTCTCTCGTTTCACAACCTATG
4419_Sall iolT2 Sal GGTCGACGTTGTGTAACCAGCGGAG
4418_Sall_his iolT1 Sal GGTCGACTCAGTGGTGGTGGTGGTGGTGATCAGAATAACGTTCGGTTTG
4419_Sall_his iolT2 Sal GGTCGACTCAGTGGTGGTGGTGGTGGTGGGCTATTACATCGCGACG
seq_pBR322_for**** TGCCACCTGACGTCTAAG
seq_4418_forl iolT1 GTCCACATCAGATAGTTG
seq_4418_for2 iolT1 GCATCGATTGCAGCGG
seq_4418_for3 iolT1 GCACTATCGGCAGCATC
seq_4418_for4 iolT1 GCGCATTTCCAATGTGG
seq_4419_forl iolT2 TCTTTCCTGGAACATCTC
seq_4419_for2 iolT2 CGCTTCTGATCATTGCG
seq_4419_for3 iolT2 GGGCTGGAAGACTATGC
seq_4419_for4 iolT2 GCTATGGCCGTATACCG

seq_4419_for5 iolT2 TGCTATGTCTTTATTTCTCG



cloning, testing and sequencing of promoter fusfdldDEW201-luxCDABE

5'P4418_for iolT1 EcaRlI
3'P4418_rev iolT1 BanHl
5'P4419_for iolT2 EcaRlI
3'P4419 rev iolT2 BanHl
5'PargS_for argS EcoRl
3'PargS_rev argS Kpnl
5'Pnonsense_for STMO0047 EcoRl
3’Pnonsense_rev STMO0047 Kpnl
luxC_rev*** luxC
generation of fragments used in GMS as®ays

GMS_argS_for argS

GMS_argS_rev argS

bs_4418 for iolT1

bs_4418 rev iolT1

bs_4419 for iolT2

bs_4419 rev iolT2

construction of pET28b-iolR overexpression vedtor
pu_4417_for_Ncol STM4417
pu_4417_rev_Xhol STM4417

* template DNA: pKD4

** template DNA: chromosomal DNA d&. Typhimurium
*** template DNA: pDEW201

*+* template DNA: pBR322

CGAATTCATCAATAAAATCAAGTAACTTC
CGGATCCATGTGGACATAGGTAGATTA
CGAATTCAACTTATGTTTTGTTATGGGTATC
CGGATCCTCTGAGACATAATCCCTCCC
CCGGAATTCCCATATCAGGACGCTC
CGGGGTACCTCACCGGAATACCTTAC
CCGGAATTCGGATACGGTAGGGCTG
CGGGGTACCCCAGTACTATCAGCGC
AATCACGAATGTATGTCC

CAACCTTTGATTTGATTGG
AAGAGCCTGAATATTCAC
AGGTAGATTATCTCCAG
AACGATAAAAAACGCCAG
AAGATGCTGCGTTTTACG
AATCCCTCCCTTGCCTG

AAACCATGGATGTCTAAACATCAACTCAAC
AAACTCGAGCTCCGTCGCCAGCGCC



Bicarbonate-dependent bistability inmyo-inositol utilization by

Salmonella enterica serovar Typhimurium

Carsten Kroget,Joachim Ellwart,and Thilo M. Fuch¥

Zentralinstitut fir Erndhrungs- und Lebensmitte$ficnung (ZIEL), Abteilung Mikrobiologie,
Technische Universitat Miinchen, Weihenstephaney Beb-85350 Freising, Germarty,
and Institute of Molecular Immunology, Helmholta#Zem Miunchen, Marchioninistr. 25, D-
81377 Miinchen, Germafly

Running title: Bistability irmyainositol degradation b§almonella typhimurium

*Corresponding author. Mailing address: ZIEL, Ahiag Mikrobiologie, Weihenstephaner
Berg 3, 85354 Freising, Germany. Phone: 49-816B%a3Fax: 49-8161-714492. E-mail:

thilo.fuchs@wzw.tum.de

-88 -



ABSTRACT

The capability ofSalmonella entericaerovar Typhimurium to utilizenyoinositol (M) is
determined by the genomic island GEI4417/4436 aagryheiol genes encoding enzymes,
transporters and a regulator responsible for tatabolic pathway. In contrast to all gram-
negative and gram-positive bacteria investigatedaspS. entericaserovar Typhimurium
strain 14028 growing on MI as sole carbon sourasharacterized by a remarkable long lag
phase of 40-60 hours. Here, we report that on satid in liquid medium, this human
pathogen exhibits a bistable phenotype that isistiied when cells reach the logarithmic
growth phase. This heterogeneity is reversible thedefore not caused by mutation. On the
single cell level, fluorescence microscopy and floyjtometry analysis revealed a gradual
switch of theiolE promoter from the “off” to the “on” state at thadeof the lag phase. A
bistable phenotype was not observed in the presarateeast 0.55% CQOnor in the absence
of theiol gene repressor IolR. Early growth start of stra#928 in medium with Ml is
induced byiolR deletion and addition of 0.1% NaH@@icarbonate/Cg however, does not
act on lolR, suggesting the involvement of a yetnawn regulatory protein. The positive
feedback loopvia repressor release and positive induction by bazate/CQ allow strain
14028 to adapt to rapidly changing environmentds T a novel example of bistability in
substrate degradation, and, to our knowledge, iis¢ éxample of gene regulation by

bicarbonate/C®in Salmonella
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INTRODUCTION

Phenotypic variation is widespread among prokasyaé@d its underlying molecular
mechanisms include genetic changes such as genomésion and strand-slippage
mechanisms, epigenetic variations depending on DiNéthylation, and feedback-based
multistability characterized by at least two distiphenotypes within an isogenic population
(35). Per definition, bistability must arise stostieally at the cellular level (9). A common
regulatory arrangement exhibiting bistability indds a positive feedback loop with a
cooperative response to an activator (10). Thisfwsity described for the lactose utilization
by Escherichia colin which a population is splitted into cells higldr not all expressing the
lac operon (11, 27). Further prominent examples agebistable switch between lysogeny
and lysis of bacteriophage lambda depending orfriggle balance between the regulators
Cro and CI (4), and thBacillus subtilisK-state (competence) system in which 10-20% of the
cells in stationary phase highly express genes ige@rghtransformation competence (24, 34).
The survival ofStaphylococcus aureumgainst antibiotic treatment requires that soniks ce
called persisters enter a condition of reduced grd®), and population heterogeneity is also
observed duringB. subtilis sporulation (13). Only recently, it could be dersivated that
biofilm formation byS. entericaserovar Typhimurium involves the bistable exprassud
CsgD, the major biofilm regulator (14). Even mongriguing, when this pathogen infects
hosts, a stochastic switch takes place that resulés self-destructive fraction and one that
benefits from the dying one (3).

myainositol (M) is a polyol abundant in soil. Thel genes ofSalmonella enterica
serovar Typhimurium responsible for utilization B as carbon and energy source are
located on a 22.6-kb genomic island (GEI4417/44@th is absent in all but si®almonella
genomes sequenced so far (21). All genes on tlaedsnecessary for MI degradation are
induced in the presence of this substrate. Thebohtapathway requires 10lG and IolE
converting MI to 3D-trihydroxycyclohexane-1,2-diotigat is then hydrolysed by loID. 5-
deoxy-glucuronic acid is isomerized by IoIB to 2gg-5-keto-D-gluconic acid that is then
phosphorylated by the kinase IolC and further digplato dihydroxyacetone phosphate,
acetyl coenzyme A, and GOIn rich medium, the negative regulator 10IR regses all but
one promoter of thel divergon including its own (21). A protein belongito the major
facilitator superfamily (MFS), lolT1has recently been identified as the predominant Ml
transporter ofS. entericaserovar Typhimurium, and IolR was revealed to iithithe

transcription ofolT1 (22).
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The ability to degrade MI is known for the gram itige specieBacillus subtilis(26,
38, 40),Corynebacterium glutamicuirf20), Clostridium perfringeng17), andLactobacillus
casei BL23(37), and for several gram-negative species suscBearatig Klebsiellg and
Pseudomonags, 12, 23, 29). Although a comparison of the eetipe gene clusters revealed
a high variability of their chromosomal organizatidhe negative regulation of th@ genes
by the IolR repressor is a common feature of all dilergons investigated so far. An
intermediate of MI degradation, 2-deoxy-5-keto-Digginic acid 6-phosphate (DKP), has
been shown to antagonize loIR binding, thus indyithe expression abl genes (39, 41).

A remarkable and unique property $f entericaserovar Typhimurium is its long lag
phase in the presence of MI. Here, we show forfitisé¢ time that phenotypic variation is
involved in this growth phenomenon, and that detef IolIR and addition of bicarbonate
induce rapid growth of the pathogen in MI. A modéthe molecular mechanism underlying

bistability in the presence of Ml is proposed.
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MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditionsBacterial strains and plasmids
used in this study are listed in TableSl.entericaserovar Typhimurium cultures were grown
at 37°C in Luria-Bertani (LB) broth (10 g/liter ptone, 5 g/liter yeast extract, 5 g/liter NaCl)
or in minimal medium (MM). MM is M9 medium supplented with 2 mM MgS@, 0.1 mM
CaCh, 55.5 mM (1%, wt/vol) MI, or 27.8 mM (0.5%, wt/Nolglucose. For plasmid
maintenance, the media were supplemented with ntibigics ampicillin (150ug/ml) or
kanamycin (50 pg/ml). For solid media, 1.5% aga@¥) was added and the cultures were
incubated at an atmospheric £ncentration or with elevated @@oncentrations in a cell
culture incubator. For all growth and promoter @rodxperiments, bacterial strains were
grown in LB medium overnight at 37°C, washed twit#BS and then adjusted to an optical
density at 600 nm (Odgo) of 0.005 in the desired liquid growth medium,streaked on agar
plates. Growth curves were obtained from bactetridtures incubated at 37°C without
agitation in 250 ml bulb flasks with 50 ml of MMhe ODyoo was measured in time intervals
as indicated.

Standard procedures.DNA manipulations and isolation of chromosomal @smid
DNA were performed according to standard proto¢8dlg, and following the manufacturers’
instructions. Plasmid DNA was transformeih electroporation by using a Bio-Rad Gene
pulser Il as recommended by the manufacturer ardkssribed previously (18). Polymerase
chain reactions (PCRs) were carried out with Tatymerase (Fermentas, St. Leon-Rot,
Germany). As template for PCR, chromosomal DNAsmi@ DNA, or cells from a single
colony was useds. entericaserovar Typhimurium gene numbers refer to the Lii2ogation
(NC 003197).

Quantification of promoter activity. Bioluminescence measurements were
performed in 96-well plates. For growth in MM caniag 55.5 mM MI, bacterial cells were
grown at 37°C 74 h (MI) in 15 ml centrifuge tubegheut agitation. At appropriate time
points, 200 ul of each sample was transferred ¢o9rwell plate, and the QB and the
bioluminescence, measured as relative light uittd)), were recorded in a Wallac Victor3

1420 multilabel counter (Perkin-Elmer Life Sciencesrku, Finland).

Cloning of the iolE promoter into the gfp reporter plasmid pPROBE-NT. The
iolE promoter is located within the first 300 bp upatreof the start codon of thelE/iolG1
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operon (21) This region was amplified from chromosomal DNAvafd-type strain 14028 by
PCR using listed in Table.1IThe fragment was then cloneda Hindlll and EcoRI
(Fermentas)upstream of gfp into the multiple cloning site of pPROBE-NT. After
transformation into 14028 cells, plasmids contagnihe correct transcriptiongfp-fusions
were isolated and verified by PCR, restriction gsial and sequencing. pNTsP was then

transformed into strain 14028 and thielR mutant.

Fluorescence microscopy and flow cytometry Fluorescence microscopy was
performed using an Olympus BX51 microscope equipp&tth a F-view camera. Flow
cytometry was carried out on a Becton Dickinson LIBRytometer at 488 nm excitation
wavelength. Light emission was measured between &tth 545 nm. The population of
bacteria was gated in forward and side scatterchwviere both amplified logarithmically. For
all assays, an overnight culture of strain 14028yaag pNT-R,e was washed twice in PBS
and inoculated in 50 ml MM containing 55.5 mM Midakanamycin (50 pg/ml) in 250 ml
bulbed flasks at O3 = 0.08. The cells were harvested at different tipwents and
concentrated by centrifugation (1 min at 2000 xFgr fluorescence microscopy, 5 pl of a
concentrated cell suspension was applied to a glids. In flow cytometry experiments,
about 10,000 events were measured and the colletztd were analysed using winMDI
(v2.9).
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RESULTS

S. enterica serovar Typhimurium shows a bistable phenotype intte presence of
MI. To investigate the genetics of MI utilization By entericaserovar Typhimurium, strain
14028 was streaked on MM agar plates with 55.5 mMai grown for at least 100 hours at
37°C, or diluted 1:1,000 into liquid MM containimdgl and shaken with 180 rpm for at least
100 hours. Under these conditions, two interesfihgnotypes repeatedly appeared: (i) on
agar plates, a small portion of the whole cell pafion grew earlier than the residual cell
population forming distinct colonies on a backgrdwh a thin bacterial lawn (Fig. 1), and (ii)
in liquid cultures, the end of the lag phase wahlyi variable, a phenomenon that could not
be reduced despite various efforts to apply repetudiel conditions. In average, a lag phase of
40-60 hours was determined, but in some experimgnatsth was observed not at all. The
same bistable phenotype on solid medium was olutawieen deletion mutants abll1,
i0lG2, andiolH were tested, indicating no role of these functiamaknown genes in the

underlying molecular mechanism (Fig. 1).

14028 14028Aioll1 14028Ai0lR/
PBR322

14028AiolR/
pBR322i0IR

14028Ai0lG2 14028Ai0lH

Fig. 1. Bistable phenotype on agarplates, and werokent of iolR. S. entericaserovar
Typhimurium strain 14028 and its deletion mutard928 Aioll, 14028AiolG2 and 14028
AiolH were streaked on MM agar plates with 55.5 mM Miktidct colonies on a bacterial
background lawn manifesting a bistable phenotypevaible. Deletion of the repressor IoIR
(14028 AiolR/pBR322) abolish this phenotype, complementationthwiolR (14028
AiolR/pBR322i0IR) restores bistability.
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Reversibility of bistability. To exclude the possibility that the observed phgmwis
the result of a mutation or an irreversible phaseation, eighteen distinct colonies grown on
MI agar plates with Ml as described were isolatedirtoculate liquid LB medium, and
cultivated overnight at 37°C, followed by two adliial passages in LB medium. Cells were
then spread on MM agar plates with MI, and all w@s again showed the phenotype
described above. Also, a growth phenotype withydelastart of the logarithmic growth phase
in liquid medium was observed. One intermediatéivation in LB medium, however, was
not sufficient to reverse the regulatory arrangemmequired for a bistable phenotype under
these conditions. These data indicate that bistalof S. entericaserovar Typhimurium

cultures in the presence of Ml is reversible, drat it is not caused by any kind of mutation.

Involvement of the repressor IoIR.IoIR has been characterized as a repressmi of

gene expression and is known to bind to all but proenoter of the genes required for M
degradation including its own promoter. Furthermat® deletion resulted in a significantly
reduced lag phase during growth in liquid mediurh) (Ve therefore investigated the role of
IoIR by plating the deletion mutant 14028IR on agar plates with MM and MI. Instead of
distinct colonies reflecting a bistable phenotyg&omogenous bacterial lawn identical to that
of a wild-type strain growing on LB agar plates vadserved (Fig. 1). Complementation of
theiolR deletion using plasmid pBR32@8IR restored the phenotype of strain 14028, clearly
suggesting a role of loIR in bistability in the pemce of Ml.

Visualization and quantification of bistability. Bistability is caused by the existence
of two states of gene expression in an isogenigoglulation under identical conditions. For
a single cell analysis, the promoteggdPwas chosen that drives the expression of IolE and
lolG1 required for the initial enzymatic steps ofl Megradation byS enterica serovar
Typhimurium. In a previous study,.2 showed a very low basal expression in MM with
glucose or LB, but a high induction during growtn MM with Ml (21). A complete
expression profile of R was derived during growth of strain 14028 in MMthwMI (Fig.
2A). The logarithmic growth phase started only B-4fteriolE induction, demonstrating the
feasibility of Rye to investigate bistability on a single cell levkiring growth in medium
with MI.

For this purpose, MM containing M| was inoculatethwi4028 cells harbouring gfp fusion
to Boe on the low copy plasmid pPROBE-NT. The reportspamse during growth of several
cultures was monitored by fluorescence microscomyages of cells taken from the early

growth phase and the late lag phase of two reptatsem experiments are shown in Fig. 2. In
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Table 1. Strains, plasmids and oligonucleotides used mghidy

Bacterial strains

Description and relevant features

Source or literature

14028 Spontaneous streptomycin-resistant mutarg. @ntericaserovar Typhimurium wild-type strain(21)
ATCC14028
14028Ai0lR In-frameiolR (STM4417) deletion mutant (21)
14028Aioll1 In-frameiolll (STM4427) deletion mutant (21)
14028Ai0l G2 In-frameiolG2 (STM4433) deletion mutant (21)
14028AiolH In-frameiolH (STM4436) deletion mutant (21)
Plasmids
pBR322 Amp Tet Fermentas
pBR322i0IR I0IR cloned into pBR322 with putative promoter region (21)
pPROBE-NT Promoter probe vector, pBBR1 repliagip:reporter, Knh (25)
PNT-Poe pPROBE-NT with 300 bp ablE upstream sequence cloned in front ofgfe reporter This study
pDEW?201-Rye pDEW?201 with 321 bp upstreamiofE (STM4424) (21)
Oligonucleotides
Pioie_Hindlll 5-TTTAAGCTT AGGACTATCGTAAAGC -3, cloning oligonucleotide This study
Pioie ECORI 5-TTGAATTCTTAATGAAACGCTTTTACTG-3', cloning oligonucleotide This study
control 5-CCGTATGTTGCATCACC-3’, sequencing primer This study




comparison to a probe yielded 49 hours after iraicut near the end of the lag phase
at ODs00 = 0.089 that shows only four cells with fluorescaativity, a much higher number
of cells taken four hours later at @p = 0.107 obviously express IolE and lolG1l and
replicate. During early logarithmic growth, threistahct cell populations with no, low or high
fluorescence were detectable, demonstrating thalbésphenotype on a cellular level. As a
control, strain 14028/pNT+f was grown in MM with glucose, but no cells expnegsolE
could be observed before or during exponential gnow

For quantitative analysis, aliquots of a 14028/pRbJe culture in MM with MI were
taken at appropriate time points and analysed by fcytometry. In a representative
experiment, only 1% of 14028 cells expressed GEB Hdurs after inoculation at an @)=
0.086. The fraction with thiIE promoter in “on” state then increased to 19.35% faours
later at ORyo = 0.09 and, 60 hours after inoculation, to 91.7@&t0D0yy, = 0.316 (Fig. 3).

These data correlate well with the fluorescencegesaf Fig. 2.

— + 0.3
RLU/O D 60c[106] ODGOC
4 .
L +0.25
1 2
3 - 1 ODgqc " { B ‘|E 17 0.2
| —&— RLU/ODsc
- 0.15
2 .
1 4 ~ 0.1
I
-+ 0.05
09/ O L

24 3840424446 48505254 56 5860626466 68707274

[h]

Fig. 2: Transcriptional activity of & during growth of strain 14028 in MM with MI. (A)
Growth curve of 14028/pDEW20lsR and expression profile of Jg2. ODsy and

bioluminescence [RLU] were measured in parallel.
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fluorescence brightfield overlap

1% culture, 49 h, OD = 0.08

1% culture, 53 h, OD = 0.10/8

2" culture, 51 h, OD = 0.16

2" culture, 56 h, OD = 0.6 138

control

Do ¢ B e

(B) Aliquots of two 14028/pNT+Re cultures independently inoculated in MM with MI weer
analysed by fluorescence microscopy. Cells withoutwith low and high fluorescence
activity were observed. A lack of simultaneous gioveflects the random switch between the
“off” and the “on” state of theolE promoter. Magnification is 400-fold. The time pbpost
inoculation, and the Ofgy are indicated. No fluorescence was observed attiamg point
when strain 14028/pNTdt was cultivated in MM with glucose as control. Tiespective

images show cells in the late exponential growthsgheight hours post inoculation.

The bistable phenotype is abolished by carbon diode. Several growth
conditions were tested for their effect 8almonellabistability in liquid MM media with Ml,
but without any measurable change of the growtmptype. Examples are pH modifications
from pH 2 to pH 12 in 0.5 intervals, or low phosfgh&oncentrations known to induce
virulence properties (8)However, a significantly reduced lag phase of stra4028 was
observed when cells were grown on MM agar plateék Mil in the presence of 5% GOTo
determine a carbon dioxide threshold, strain 14028 grown in the presence of 0% to 5%
CO; (Fig. 4A). While a concentration of 0.2% ¢gG@itill resulted in a bistable phenotype, a
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concentration of 0.55% CQwas identified as the minimal G@oncentration required to
release bistability of strain 14028 on solid medisa expected, no bistable phenotype was
observed when th®IR deletion mutant was grown in the presence of 5%. GOwever,
when the complementing plasmid pBR32IR was present in the mutant 1402BIR, a
bistable phenotype appeared (Fig. 4B), indicathrg the IoIR overexpression in this strain

neutralizes the effect of 5% G@niol gene regulation.

64

48
cell count

41.5 h, ORY=0.086
,off*: 68.11%
,on“: 1.03%

32

16
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Influence of bicarbonate as growth signal.Carbon dioxide diffuses into the cell
where it is converted to bicarbonate by the agtioit bacterial carboanhydrases (CAs). CA
candidates ofS. entericaserovar Typhimurium are encoded psdF (STMO171) or the
virulence plasmid-encoded gene PSLT046. In ordémnvestigate the effect of bicarbonate on
the length of the lag phase, we diluted an ovetrighure of strain 14028 into MI containing
MM without NaHCQ, or with 0.01%, 0.1%, 0.18%, 0.4%, 0.8% and 1% Q&%
Incubation was performed without shaking becausetamn, for unknown reasons, reduced
the reproducibility with respect to the start o¢ tlegarithmic growth phas&he shortest lag
phase of theSalmonellacells was obtained with 0.1% NaHgQig. 5A), while it was
significantly longer when the medium contained ligbr lower concentrations of NaHGO
(data not shown). To our knowledge, this is thetfexample foifSalmonella entericdhat
bicarbonate effects gene regulation of this pathoge

A 0.00% CQ 0.20% CQ

*e wee
LT LN b
F ol I BN

1.00% CQ

14028/pBR322

14028Ai0lR/
pBR322i0IR

Fig. 4: Effect of CQ. (A) MM agar plates with 55.5 mM MI were incubatied 100 hours in
the presence of varying concentrations of,C® loss of bistability was observed in the

presence of at least 0.55% £dB) A concentration of 5% COwas applied in this
experiment. Upon complementation with pBR3aIR, the bistable phenotype is restored,

thus compensating the G@ffect. Both experiments were repeated severasim
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1.4 -

ODGOC

70
time [h]
—o— 14028 —— 14028 + 0.1% NaHC9
—&— 14028AiolR —¢— 14028AioIR + 0.1% NaHCQ®

Fig. 5: Early growth start of mutant 14028IR in MM with Ml in the presence of 0.1%
NaHCG;. (A) Growth curves of strains 14028 and 14Q88IR. Average values of three
independent experiments are shown, and standandtides are indicated. Representative
graphs are shown due to the highly variable stairitp of the logarithmic phase, which are

indicated by dashed lines. The arrow depicts themme reduction of the lag phase.

Deletion ofiolR and presence of 0.1% bicarbonate result in a miniad lag phase.
Bistability of S. entericaserovar Typhimurium growing with Ml could be alshied byolR
deletion, or by the addition of bicarbonate. Thite&@ was quantified by monitoring the
growth of 14028 and 14028iolR in MM with 55.5 mM MI without agitation. Under tke
conditions, deletion of IoIR or addition of 0.1%L(2 mM) bicarbonate reduced the lag phase
by approximately 10-20 hours in each case. An addiffect on lag phase reduction was
obtained when 1402&iolR was incubated in MM with MI and bicarbonate. Hetleg
logarithmic growth phase started approximately 8drk earlier than that of the wild-type
strain in the absence of bicarbonate, and onlyamately 10 hours later than that of strain
14028 in MM with glucose (Fig. 5A). 14028 cells puétivated in MM with glucose showed
pre-adaptation to MM and thus a further reducedlz@se (data not shown). Flow cytometry
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(B) Flow cytometry analysis of mutant 140280IR grown in MM with MI and 0.1%
NaHCGQ;. See figure legend 3 for details.

analysis of a 14028@iolR culture in a MM with Ml and 0.1% bicarbonate confed this
observation. Already 15 hours post inoculation aadr the end of the lag phase, a majority
of 82.19% of all cells shows an acti@E promoter (Fig. 5B), in contrast to only 19.35% in
the wild-type in MM with MI and without bicarbonat@~ig. 3). These data allow two
conclusions: (i) the regulatory impact of bicarbiengs comparable to that of IolR with
respect to the switch of §almonellapopulation from an “off” to an “on” state in Ml
utilization, and (ii) bicarbonate does not seemirtieract with IolR because addition of

NaHCG; further reduced the lag phase of ibi® deletion mutant.
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DISCUSSION

Bistability is defined as the occurence of twdoktasubpopulations within an overall
genetically homogenous population (35). The undsglynechanism is assumed as a specific
feedback that acts in combination with a nonlinesmponse within a network generating a
bistable phenotype (35). In this study, we haveoduced a metabolic property, Ml
degradation, as a novel example of such a phemotgriation. Ml utilization inS. enterica
serovar Typhimurium strain14028 is characterized liextraordinarily long lag phase on Ml
that is absent in all other bacteria investigatedas with respect to this metabolic pathway,
indicating a tight regulation of the responsibleeg The early appearance of a few, distinct
colonies, as well as the weak reproducibility obwgth curves reflecting the stochastical
variability of the two cellular states within a pdation, are characteristic features of
bistability of strain 14028 in the presence of Mhis phenotypic variation reminds of an
observation by D. C. Old who reported unstable ‘dedky” growth of S. entericaserovar
Typhimurium biotype 9 strains in peptone water with(28). Both phenotypes disappeared
when the repressor I0IR was released flioilngene promoters possibly by binding the Ml
degradation intermediate DKP as shownBosubtilis(39).

Interestingly, a similar effect was obtained whée cells were cultivated in the
presence of higher concentrations of DO HCG;". Slight overexpression of 10IR in thelR
deletion mutant restored the bistable phenotyp@ @vehe presence of 5% GQFig. 4B),
probably resulting in a tighter repression of iblegenes. The results summarized in Fig. 5A
clearly indicate that HC® does not interact with IolR, and that two distimablecular
mechanisms regulate Ml utilization. The promotgiz Rised for fluorescence analysis in this
study drives the expression of IolE and l0lG1 reeplifor the first two enzymatic steps of Ml
degradation, and IoIR has been demonstrated raintbto R, e. We therefore postulate that
HCQO; interacts with Be directly or, more probably, indirectlyia binding to a second
regulatory protein, thus inducing the transcriptanolE andiolG1. A promising candidate
for such a positive regulator is STM4423, an Aréd@-regulator, due to its expression in the
gut of infected mice (30) and its localization ditg upstream oiolE, STM4424.

An increasing number of reports demonstrate thelatgyy role of bicarbonate in
pathogenic bacteria. This environmental chemicahvslved in virulence gene transcription
of Bacillus anthracisin a change of the antigenic profile Bérrelia burgdorferj and in M
protein expression in group A streptococci (7, 1%, 33). Regulation of virulence factors by
bicarbonate may especially occur in enteropath@gbacteria, because HgQs secreted
from the pancreas for stomach acid neutralizattoqperimental examples are the activity of
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RegA on the two putative virulence determinaadsA andkfc of Citrobacter rodentiumthe
cholera toxin induction iVibrio choleraeby ToxT, and the expression of locus of enterocyte
effacement-encoded genes in enterohemorriagpherichia coliO157:H7 (1, 2, 36). In the
duodenum, HC® might reach concentrations between 70 and 150 B\ éxceeding 11.9
mM (0.1%) used in our experiments. To our knowledme effect of CQHCO; on gene
regulation inSalmonellahas not been described so far.

The following model for the regulation of MI utibtion by S. entericaserovar
Typhimurium is suggested (Fig. 6): In environmdatking MI, mostiol gene promoters are
repressed by IoIR (21). When Ml is added, only fealecules will enter the cell due to the
repression ofolT1 encoding the major facilitator of this molecul€)2MI is degraded to
intermediates such as DKP, which is now presestibbptimal levels but induces bistability
by binding to IoIR. Later on, the DKP level reaclaeshreshold concentration that releases
more lolR from its promoters. Thus, a positive tesck loop is initiated by inducin@IT1
expression and the MI degradation enzymes, and oatistreach the “on” state with respect
to MI catabolism. Interestingly, HGOmight act as an environmental signal stimulating M
degradation by inducinglE/G1 via a second regulator predicted above. In case st t
signal is not appropriate due to the absence of IMR activity will ensure that most

Salmonellacells remain in the “off” state.

Fig. 6: Model of the regulatory mechanism of MI ligation. Salmonella genes
experimentally demonstrated to be involved in Mangport and degradation, or their
regulation, are depicted in black, functional unknogenes in white. Crossed out arrows
indicated gene repression. A bicarbonate transpbes not been identified iBalmonella
DKP, 2-deoxy-5-keto-D-gluconic acid 6-phosphate;, CArboanhydrase. See discussion for
details.
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