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OmpR-Mediated Transcriptional
Regulation and Function of Two
Heme Receptor Proteins of Yersinia
enterocolitica Bio-Serotype 2/0:9

Karolina Jaworska, Marta Nieckarz, Marta Ludwiczak, Adrian na Raczkowska * and

Katarzyna Brzostek

Department of Applied Microbiology, Institute of Microbiagy, Faculty of Biology, University of Warsaw, Warsaw, Patal

We show that Yersinia enterocolitica strain Ye9 (bio-serotype 2/0:9) utilizes
heme-containing molecules as an iron source. The Ye9 genomeontains two multigenic
clusters, hemPRSTUV1 and hemPRST-2, encoding putative heme receptors HemR1
and HemR2, that share 62% amino acid identity. Expression ofhese proteins in
an Escherichia colimutant defective in heme biosynthesis allowed this strainot use
hemin and hemoglobin as a source of porphyrin. ThélemPRSTUV1 and hemPRST-2
clusters are organized as operons, expressed from the pm 1 and weaker phem 2
promoters, respectively. Expression of both operons is negtively regulated by iron
and the iron-responsive transcriptional repressor Fur. laddition, OmpR, the response
regulator of two component system (TCSs) EnvZ/OmpR, reprags transcription of
both operons through interaction with binding sequences ogrlapping the 35 region
of their promoters. Western blot analysis of the level of HeRl in ompR, fur, and
ompRfur mutants, showed an additive effect of these mutations, indiating that OmpR
may regulate HemR expression independently of Fur. Howevethe effect of OmpR on
the activity of the pem 1 promoter and on HemR1 production was observed in both
iron-depleted and iron-replete conditions, i.e., when Furepresses the iron-regulated
promoter. In addition, a hairpin RNA thermometer, composedof four uracil residues
(FourU) that pair with the ribosome-binding site in the Guntranslated region (%UTR)
of hemR1 was predicted by in silico analysis. However, thermoregulated expression
of HemR1 could not be demonstrated. Taken together, these d& suggest that
Fur and OmpR control iron/heme acquisition via a complex mdtanism based on
negative regulation ofhemR1 and hemR2 at the transcriptional level. This interplay
could ne-tune the level of heme receptor proteins to allowY. enterocoliticato ful ll
its iron/heme requirements without over-accumulation, with might be important for
pathogenic growth within human hosts.
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INTRODUCTION represses the expression of genes involved in the regulafion o
multiple cellular functions such as the oxidative stress raspp
Yersinia enterocoliticaa member of the genu¥ersiniain  energy metabolism, acid tolerance, and viruleridessett et al.,
the family Enterobacteriaceaés a human enteropathogen 1996: Ochsner and Vasil, 1996; Bijlsma et al., 2002; vanetkt
which causes yersiniosis, i.e., gut-associated diseashsas 2003.
enteritis, diarrhea, and mesenterial lymphadenitisoitone, Bacterial cells are constantly challenged by various
1997. Multiple virulence factors encoded by chromosomal andenvironmental stresses in their natural habitats enterocolitica
plasmid pYV-located genes are involved ¥ enterocolitica faces several dierent challenges during infection and
virulence Cornelis, 200p. In addition, iron-acquisition systems colonization of the human body. E cient adaptation to
are considered important pathogenicity determinants. Thehanging environmental conditions is possible due to the
concentration of iron in the environmentis critical for tlentrol  activity of sensory regulators such as TCSs, e.g., the Pm@ER
of bacterial metabolism. Iron limitation in the host can disb  signaling pathway. This prototype TCS, rst identied and
bacterial growth, whereas a high intracellular iron concation  characterized in non-pathogentscherichia cok-12, consists
may damage bacterial cells due to the formation of harmfupf the transmembrane histidine kinase EnvZ and the response
reactive oxygen species (ROS). Thus, the transport, storage, gegulator OmpR. EnvZ senses changes in the environment,
metabolism of iron have to be tightly controlled to maintaion  yndergoes autophosphorylation and then a phosphate group
homeostasis-{antke, 200). is transferred to OmpR. Conformational changes in the
A variety of mechanisms are employedYyenterocoliticd  phosphorylated OmpR allow it to bind to DNA as a dimer
take up iron from the host body, including siderophore-medid  and modulate gene expressioienney, 2002 EnvZ/OmpR
uptake and systems for acquiring iron from abundant heme ofs involved in the transcriptional regulation, in a positive
hemoproteins Caza and Kronstad, 20).3athogenic strains can or negative manner, of several genes/operonsEofcoli in
be divided into two groups: those producing the siderophoreaesponse to changes in osmolarity, pH, temperature, and the
yersiniabactin (biotype 1B) and those unable to produce thisoncentration of nutrients in the environmentS(auch and
siderophore but able to use ectogenic siderophores relegsed bilhavy, 1989; Higashitani et al., 1993; Shin and Park, ;1995
other bacteria, such as ferrioxamin B and E or ferrichromevidal et al., 1998; Yamamoto et al., 2000; Jubelin et al.,)2005
(biotypes 2-5) ifleesemann, 1987; Baumler et al., )9%bout  OmpR was recognized as a pleiotropic regulator that contras th
70% of the iron in the human host is present within hemeexpression of genes involved in many di erent cellular procgsse
and/or hemoproteins (hemoglobin, myoglobin, cytochromés) such as chemotaxis, motility, drug sensitivity, or acidstsice,
heme uptake system was identi ed previouslyvinenterocolitica and virulence of pathogenic bacteri@grnardini et al., 1990;
bio-serotype1B/O:8 strain WA-CS{ojiljkovic and Hantke, 1992, Chat eld et al., 1991; Shin and Park, 1995; Bang et al., 2@0@; F
1999. This system, involved in the acquisition and transportet al., 2003; Stincone et al., 2p11
of the entire heme moiety into the cytoplasm, consists of the The relationship between virulence and the activity of the
receptor HemR, an ATP-binding cassette (ABC) transporteOmpR protein has also been described YorenterocoliticaD:8
HemTUV, and a putative heme-degrading protein HemS. ThgDorman et al., 198Pand Y. enterocolitic2/0:9 (our studies).
energy for heme uptake is transferred from the inner to thewe have shown that OmpR is involved in the control of various
outer membrane via the TonB/ExbB/ExbD systerrgwulak cellular processes and functions ¥ enterocoliticaincluding
and Vogel, 201)1 The protein TonB spans the periplasm and canadhesion, invasion, matility, Yop production, bio Im forntian,
physically interact with a highly conserved region of thesygor ~ and multidrug and serum resistancBrostek et al., 2003, 2007,
HemR called the TonB box. A conformational change in the2012; Raczkowska et al., 2010, 2011a,b, 2015; Brzostkowkka et
heme receptor caused by this interaction permits the transpbrt 2012; Skorek et al., 2013aken together, these ndings have
the ligand across the OM into the periplasiiigu and Konisky, revealed the important role of OmpR in remodeling the cell
1989; Braun et al., 19R1Gene clusters responsible for the uptakesurface and in the adaptation of. enterocoliticao di erent
and transport of heme have been identi ed in several bacteriszenvironmental niches, including the host body.
species, includinyersinia pestihmuRSTUY (Thompson et al., Comparative proteomic LC-MS/MS analysis of outer
1999, Yersinia pseudotuberculogBmuRSTUY (Schwiesow membranes prepared fromd. enterocoliticdio-serotype 2/0:9
et al., 2018 Shigella dysenterigshu genes) (Vycko et al.,  strain Ye9 and its isogenampRdeletion mutant AR4 identi ed
1999, and Vibrio choleraghut genes) Qcchino et al.,, 1998 HemR, an ortholog of enterobacterial heme receptor proteins,
although their organization varies. The heme gene clustéf.o including HemR ofY. enterocoliticatrain 8081 of bio-serotype
enterocolitichkio-serotype 1B/O:8 strain WA-C contains six open1B/O:8 (99% amino acid identity), as subject to negative
reading frames (ORFd)emPRSTUVorganized in an operon regulation by OmpR. Moreover, preliminary data suggested an
whose expression is enhanced by iron deprivatiSiofiljkovic  indirect role for OmpR in regulatingjemRexpressionl{lieckarz
and Hantke, 1992, 19%4To avoid high concentrations of free et al., 201
intracellular iron, the ferric uptake regulator (Fur) withef® Here, we demonstrate that thé. enterocolitic&r¥e9 genome
cofactor e ciently represses the transcription of appropriate contains two multigene clustersgmPRSTUM. andhemPRST
genes. Fur is a global transcriptional regulator that tightl 2, encoding homologous heme receptor proteins HemR1
controls the transport, storage, and metabolism of iron inand HemR2. Furthermore, we show that both clusters are
many Gram-negative bacteriglgntke, 200). In addition, Fur  organized as operons that are negatively regulated by Fure Mor

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 2 September 2018 | Volume 8 | Article 333


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Jaworska et al. OmpR Inhibits Heme Receptor Expression

importantly, OmpR directly represses the expressiom@&hR1 plates and these were wetted withri®f di erent test solutions:

and hemR2hrough interaction with binding sequences located10 mM hemin, 0.1 mM hemoglobin, 0.9% (w/v) NaCl, or 50 mM

in the promoter regions of their respective operons. In addifio ALA. The plates were photographed after incubation atGBor

a zipper-like RNA structure closely resembling a FourU RNA48h.

thermosensor was recognized within themR15%untranslated

region (B:UTR), but hemR1expression was not subject to CAS Assay

thermoregulation at the post-transcriptional level. Ourutts ~Chrome azurol S (CAS) agar plates, prepared as described
suggest that OmpR controls HemR1 expression in both the@reviously Gchwyn and Neilands, 1987; Neilands, )9%ere
absence and presence of the Fur repressor. Finally, we eagluaused to monitor siderophore production. CAS is an iron-dye
the importance of both heme receptor proteins in iron/hemecomplex that changes color from blue to orange when iron
acquisition byY. enterocoliticandE. colicells. (F€X) is removed by the action of siderophores. Strains were
grown overnight in LBD medium at 2& and 10m aliquots
were spotted onto the plates. The plates were photographed after

MATERIALS AND METHODS incubation at 26C for 48 h.

Bacterial Strains and Growth Conditions , .

The bacterial strains used in this study are describethinle S1 Molecular B'OIO.gy Techniques . )

E. colistrains for plasmid manipulation and propagation wereAll DNA manipulations, polymerase chain reactions (PCRs),
grown at 37C in LB medium (10 g/l tryptone, 5 g/l yeast extract, restriction dlgests_, ligations, _and DNA electrophoresisreve

5 g/l NaCl).E. colistrain SASX771 hemAmutant), was grown Performed as previously describesi{mbrook and Russell, 2001
in the presence of 50 mM aminolevulinic acid (ALA; Sigma-Plasmid and genomic DNA were isolated using a Plasmid
Aldrich) unless otherwise indicatedy. enterocoliticastrains ~Miniprep DNA puri cation Kit and Bacteria & Yeast Genomic
were cultured at 26 or 3T in LB medium. To achieve iron- DNA Puri cation Kit (EurX), respectively. When the ampli ed
depleted conditions, cultures were grown in LBD medium, i.e.ffagments were used for cloning, PCR was performed using
LB supplemented with an inhibitory concentration of 15M  DreamTag DNA polymerase or Phusion High-Fidelity DNA
2,2dipyridyl (DPD; Sigma-Aldrich). Antibiotics were used at polymerase (Thermo Scienti c). Ollgonucleon_de primers for
the following concentrations: nalidixic acid (Nal), 8@/ml; PCR and sequencing were purchased from Sigma Aldrich and
chloramphenicol (Cm), 2Bg/ml; kanamycin (Km), 5eng/ml: ~ are listed inTable S2 DNA fragments ampli ed by PCR were

gentamicin (Gm), 4@ng/ml; tetracycline (Tet), 12®g/ml; puri ed using a PCR/DNA Clean Up kit (EurX). The plasmids
spectinomycin (Sp), 108g/ml. used in this study are describedTable S1DNA sequencing was

performed by Genomed S.A. (Warsaw, Poland).
Assay for Utilization of Heme-Containing

Compounds as an Iron Source

Y. enterocoliticatrain Ye9 grown under iron-depleted conditions
was tested for the ability to obtain iron from heme-contaigi
compounds. Initially, the growth yield (O§g) of this strain
in LB supplemented with the iron chelator (DPD) to nal
concentrations of 0, 100, 150, 200, and 800 was assessed.
Cultures were incubated at 26 or 37 for 28 h. Subsequently,
heme and hemoglobin at nal concentrations of 10 and r2\8,
respectively, were added to LBD (189 DPD) and the growth
yield determined as above.

Semi-quantitative Reverse Transcription
(RT)-PCR Gene Expression Analysis

Cultures of Y. enterocoliticaye9 were grown until Olyo

1 in LBD medium at 37C and then total RNA was
isolated from 18 cells using a High Pure RNA Isolation
Kit (Roche). Following treatment with RNase-free DNase |
(TURBO DNA-fredM Kit, Invitrogen), the RNA was reverse-
transcribed using Maxima H Minus reverse transcriptase
(Thermo Scientic) primed with random hexamers. The
cDNA was used as the template in PCRs (RNA as a
negative control) with primer pairs RThPR1F/RThPR1R,

- - RThRS1F/RThRSIR, and RThPR1F/RThPV1Rable S3,
Growth of E'.COH Stl’alr_] SASX77(.1hemA specic for hemPRl, hemRSl, and hemPRS‘I(?U\Z,
Mutant) Carrying Plasmids Expressing respectively, or RThPR2F/RThPR2R, RThRS2F/RThRSZR,
Y. enterocolitica HemR1 or HemR2 RThRS2F/RThPV2R, and RThPR2F/RThPV2R specic for
Proteins the hemPR2, hemRS&, hemRST2, and hemPRST2 mRNAs,

The E. colil hemAstrain SASX77, which is defective in ALA respectively. The ampli ed fragments were mixed with RUnSAFE
synthetase, was transformed with the plasmid pACYC184 or itstain (Cleaver Scientic), resolved by electrophoresis on 2%
derivatives pHEM1 and pHEM2, and maintained on LB agafw/Vv) agarose gels and visualized with a GE Healthcare AI600
supplemented with 56M ALA and Tet. Overnight cultures of Imager.

these strains were adjusted to an g@pof 0.1 and 1 ml was . L. .

harvested by centrifugation (2,400g, 2 min, RT). The pelleted CONStruction of Transcriptional Fusion

cells were resuspended in 190of 0.9% (w/v) NaCl, then mixed Plasmids p nem-1 ::1acZ and p hem-2 ::lacZ

with 3 mL of 0.75% (w/v) agarose, and spread on LB agar plateBo obtain transcriptional fusions of thepgn 1 and phem 2
After solidi cation of the agarose, 5-mm diameter circles o promoters with thelacZ gene, fragments of theemPRSTUVY
Whatman Iter paper (thickness 0.88 mm) were placed on thel andhemPRST2 operons containing the predicted promoters
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were rst amplied from Y. enterocoliticaYe9 genomic amplicons was then used as the template with anking primers
DNA by PCR using the primer pairs hemP1F/hemP1R(Furl/Fur6)in a PCR to generate the mutagenic fragmenti@,8
and hemP2F/hemP2R, respectivelfaljle S3. The obtained bp). This was puri ed, digested with Xbal, and then cloned into
amplicons were digested with the restriction endonucleasebe corresponding site of suicide vector pDS132. The regyltin
EcoRI/Kpnl and cloned into the corresponding sites of reportemplasmid pDSfur was propagated iB. coli S17-11 pir, with
vector pCM132Gm [derivative of plasmid pCM13Ri{rx and  selection on Cm and Gm, and then sequenced to con rm the
Lidstrom, 200) containing a Gm resistance cassette] upstream adbsence of errors. This plasmid was introduced into t¥o

a promoterles$acZ gene. The resulting constructs were veri ed enterocoliticastrains, Ye9N and AR4, by biparental mating.
by PCR using the primer pair pCM132GmSprl/pCM132SprZransconjugants created by single crossovers to intedhege
(‘anking the EcoRI and Kpnl sites) followed by sequencing ofallelic exchange plasmid into the Ye9N or AR4 genomes were
the amplicons. The two constructs, named pCMi«p 1:lac2)  selected in LB supplemented with Cm, Gm plus Nal (Ye9N),
and pCM2 (pem 2:1ac?), were introduced intd. coliBW25113. or Km (for AR4). Plasmid integration after a single crossover
These constructs were also introduced irocoli S17-11 pir  was veri ed by PCR. To force the second recombination, the
and transferred by conjugation int¥. enterocolitic&re9N and transconjugant strains were plated on LB agar containing Gm
the ompRmutant AR4. Selection of transconjugants was carrieéind 10% (w/v) sucrose, and incubated at room temperature for
out on LB plates containing Gm and Nal (Ye9N) or Gm and48 h. Sucrose-resistant colonies were screened for thefl@as

Km (AR4). The presence of the plasmids in tfieenterocolitica resistance (encoded by the vector). The correct allelibaaxge
strains was con rmed by plasmid isolation and PCR with thewas veri ed for thesdur mutants by PCR using the primer pair

primer pair pPCM132GmSpr1/pCM132Spr2. FurO/Fur7 (Table S2 and by sequencing.
Construction of a HemR1 20GFP Gel Electrophoresis, Preparation of Cell
Translational Fusion Extracts, and Western Blotting

To measure post-transcriptional regulationt@mR Iexpression, For immunological detection of the HemR1 and HenPRGFP

a translational fusion with GFP was constructed in plasmid pFXproteins,Y. enterocoliticatrains were grown under the desired

P (Schmidtke et al., 20)3using the Golden Gate technique conditions and extracts prepared from equal numbers of cells.
(Engler et al., 2008 A DNA fragment carrying the 8UTR of  The protein concentrations in the extracts were determinsithg
hemR1plus the rst 16 codons of the gene was ampli ed bythe RC-DC protein assay (Bio-Rad) and if necessary they were
PCR using the primer pair hemR-fw/hemR-rev and Ye9 genomidiluted in Laemmli bu er to achieve equal loading@mbrook
DNA as the template. In a separate PCR a fragment containingnd Russell, 2001Samples were separated by electrophoresis on
thelacZ promoter was ampli ed using primer pair OR181-plac- 12% TGX Stain-Free FastCast Acrylamide gels. Each gel was then
fw/OR182-plac-rv and plasmid pFX-P as template. The PCRtain-Free activated by a 5 min exposure to UV and imaged using
primers contained Bsal sites and additional sequencesmisig a GE Healthcare AI600 Imager. In some experiments, the lgadin
to generate ends compatible with Bsal-cleaved vector pFX-8f equivalent amounts of protein was controlled by Coomassie
(Table S2. In a 20m Golden Gate cloning reaction, 40 fmol of blue staining of an identical gel run in parallel. Next, the fgias
vector were mixed with 40 fmol of each PCR product, 5 units ofvere transferred to nitrocellulose membrane (Amersham Rt
Eco31l (Bsal isoschizomer, Thermo Scienti c), and 4.5s0t Western blotting membrane, nitrocellulose, pore sizendvg

T4 DNA ligase (Thermo Scienti c) in ligase bu er. The reaatio GE Healthcare) using a wet electroblotting system (BiojRad
was incubated at 3T for 1 h, 5min at 50C, followed by 5minat The blots were probed with polyclonal rabbit antibodies aghin

80 C, and then it was used to transforin coliBW25113. Clones HemR1 (1:10,000, generous gift of Jirgen Heesemann) or GFP
were selected on LB agar supplemented with Sp and their igenti{Sigma Aldrich, 1:10,000). Sheep anti-rabbit 1gG, coreda

con rmed by PCR and plasmid DNA sequencing. to horseradish peroxidase (HRP, Promega) was used as the
) ) secondary antibody (1:15,000). Positive immunoreactiors wa
Construction of fur Deletion Mutants visualized using Clarity ECL Blotting Substrate (Bio-Ramf) f

Thel fur::Gm deletion mutants of . enterocolitic¥e9N and the  HRP-based chemiluminescent detection (GE Healthcare Al600
ompRmutant AR4 were obtained by homologous recombinationimager).

using suicide vector pDS132lilippe et al., 2004 A fur gene

mutated by the insertion of a Ghcassette was constructed b-Galactosidase Assays

by overlap extension PCR using primers listed Table S2  b-Galactosidase assays were performed essentially as ddscrib
As the rst step, three DNA fragments were PCR-ampli ed by Thibodeau et al. (2004using 96-well microtiter plates (Nest
using Y. enterocoliticagenomic DNA (for anking regions) Sc. Biotech.) and a Sunrise plate reader (Tecan). Brie wiad

or plasmid pBBRIMCS-5 G (for the GnR cassette) as the grown to stationary phase were diluted to an g@@of 0.3-0.5
templates. Fragment A, extending from 403 bp upstream o&nd 80m of each cell suspension were then mixed withrd0

fur to 6 bp within the ORF was ampli ed using primer pair of POPCulture Reagent (EMD Millipore Corp) and incubated
Furl/Fur2; fragment B, an 803-bp Ghtassette was amplied for 15min to cause cell lysis. In the wells of a microtiter
using primer pair Fur2/Fur3; fragment C, comprising the lastplate, 20ml of each cell lysate were mixed with 189 of Z-

20 bp of thefur ORF plus 557 bp downstream of this ORF wasBu er and 30 ml of ONPG (4 mg/ml), as described bvliller
ampli ed using primer pair Fur5/Fur6. A mixture of these three (1992) For kinetic assays, the absorbance at 415nm (relative
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to a blank) was measured at time intervals of 10s, with 2s dRESULTS

shaking before each reading. The assays were performed@t 2 . -

and monitored for up to 20 min. The-galactosidase activity f‘y enterOCOIItIICa Ye9 Utilizes
was expressed in Miller units calculated as described preyioug1€me-Containing Molecules as an Iron

(Thibodeau et al., 2004Each assay was performed at least irSource

triplicate. The wild-type strain Ye9 is a low-level pathogenic strain
. . . belonging toY. enterocoliticebio-serotype 2/0:9. In contrast

Electrophoretic Mobility Shift Assays to more highly pathogenicY. enterocoliticastrains from bio-

(EMSAS) serotype 1B/O:8, it lacks the high-pathogenicity island (KPI)

For in vitro DNA-binding studies, recombinant OmpR-Hjs a chromosomal cluster of iron-regulated genes involvedhia t
was expressed and puried as described previoukliedkarz — biosynthesis of siderophore yersiniabactin (Ybt) and thealpt

et al., 201p Briey, the N-terminal His-tagged OmpR protein of Fe-Ybtinto cellsiPelludat et al., 1998; Carniel, 2)0To study
(OmpR-Hiss;, 29.78 kDa) was expressed from plasmid pETOmpRhe ability of Y. enterocoliticatrains to produce siderophores,
in E. coli BL21(DE3) and puried using Ni-NTA resin the strains Ye9 and JB580v (bio-serotype 1B/O:8) were spotted
(Qiagen). The concentration of the puried OmpR protein onto agar containing CAS and incubated at @6for 48h
was determined using the RC DC protein assay (Bio-RadjFigure 1A). As anticipated, an orange halo was observed around
DNA fragments comprising the regulatory regions upstreanthe colonies of JB580v, demonstrating its ability to syntteesi
heml and hem2 clusters of theY. enterocolitica¥e9 were yersiniabactin Eigure 1A), while Ye9 growth failed to produce
amplied by PCR using primers listed ifable S2with Ye9 any color change on the CAS plates, suggesting that it does
genomic DNA as the template. The amplicons were puri ednot produce siderophores. Strain Ye9 was further charaedriz
using a Gene Matrix PCR/DNA Clean-Up kit (EurX) and for its ability to utilize heme-containing molecules as aani

the concentration of DNA was determined with a NanoDrop source. The growth yield of Ye9 incubated at 26 orG LB
2000. EMSA reactions (161), contained 0.05 pmol of each medium supplemented with 100-36® of the iron chelator
DNA fragment, OmpR binding bu er (50 mM Tris-HCI pH 8.0, 2,2dipyridyl (LBD) was signi cantly lower than in LB medium
100mM KCI, 1mM EDTA, 1mM DTT, 20mM MgGl 12% or LB with 10mM FeCg, and varied according to the chelator
glycerol, 100ng/ml BSA, 0.1% Triton X-100), and increasing concentration Figure 1B). However, the addition of hemin
amounts of OmpR-His. After incubation at room temperature (He, 10mM) or hemoglobin (Hb, 2.5nM) caused moderate
for 15min, 2 m of 30% (v/v) glycerol were added and the stimulation of the growth of Ye9 in LBD (15aM 2,2 dipyridyl)
reactions were loaded onto a 4.2% native polyacrylamide gat 37 C, demonstrating that this strain can utilize heme-bound
(19:1 acrylamide/bisacrylamide, 0.2X TBE, 2% glycerad} thiron from hemin or hemoglobin Eigure 1Q).

had been pre-run in 0.2X TBE running buer for 40 min

at 80V. After loading, the electrophoresis was continued fo[denti cation of Two Multigenic Clusters

3h at 110V. The gels were then soaked in SYBRgreen ; ;
solution (Invitrogen) and visualized using a GE Healthcalg00 ]énCOdmg Putative Outer Membrane Heme

imager. Receptor Proteins HemR1 and HemR2 in

_ o the Genome of Y. enterocolitica Ye9
Sequence Alignments and in silico ThehemRgene was previously recognized within the multigenic
Modeling hemPRSTU\tluster responsible for the uptake and transport

Bioinformatic analyses examined the complete genomef hemin in highly pathogenicr. enterocolitic§1B/O:8) strain
sequences oF. enterocoliticasubsp.palearctica¥1l andY. WA-C (Stojilikovic and Hantke, 1992 We established the
enterocolitica subsp. enterocolitica 8081 (GenBank; http:// presence of thehemPRSTU\cluster of Y. enterocolitica¥e9
www.ncbi.nlm.nih.gov/genbank/). Homology searchers aver(2/0:9) by PCR ampli cations using primers designed from the
performed with BLAST software (https:/blast.nchi.nim.gjov/ Y11 (4/0:3) genome sequence (GenBank Acc. No. FR729477).
Blast.cgi). Promoter prediction was conducted using the -webSequencing of these amplicons con rmed the presence of six
based software BPROM in the Softberry package (http:/linuxXORFshemPRSTUM (heml locus) Figure S). The sequence
softberry.com/berry.phtml?topic=bprom&group=programsé& of this gene cluster was identical to that found in the Y11O&)
subgroup=g ndb; Solovyev and Salamov, 2011Predicted genome and it shared 99% sequence identity WemPRSTUV
secondary structures of the partial and complétemR15%  of strain 8081 of bio-serotype 1B/O:8 (data not shown). The
UTR were obtained using Mfold software (http://mfold.rna. Y. enterocolitica hemRgene encoding the outer membrane
albany.eduZuker, 200} Western blot images were analyzedheme receptor protein HemR1 (687 amino acids) is situated
with Amersham Imager 600 Analysis Software V1.0.0 (GEownstream of thélemPIORF encoding a small protein HemP1

Healthcare). (64 amino acids) of uncharacterized functioRigure 2A). The
o amino acid sequences of the HemR1 proteir¥oenterocolitica
Statistical Analyses (2/0:9) strain Ye9 andy. enterocoliticg1B/O:8) strain 8081

Statistical analyses were performed using Prism 7 software Share 99% identity (data not shown). The deduced amino acid
7.02, GraphPad). One-way ANOVA was used to determinsequences of the proteins encodedismSTUV1 in Ye9 are
statistically signi cant di erences. similar to the equivalent sequences of proteins of the 80&lrst
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Time of incubation [h]
-~ LB -+ DPD 150 yM A= LBD+10 pM FeCly

-+ FeCl310uM - DPD 200 yM -&- LBD+10 uM He
-+ DPD 100 yM -e- DPD 300 yM -* LBD+2.5 uM Hb

FIGURE 1 | Y. enterocoliticaYe9 siderophore production and heme-containing
molecule utilization.(A) Siderophore activity was assessed using CAS agar
plates. No color change is seen on the plate carrying growth foye9. In
contrast, a change in color from blue to orange is observed wén iron is
removed from the iron-CAS complex by the siderophore yersiabactin
produced by JB580v cells. (B) The growth yield of Ye9 determined by
measuring the OQygq after 28-h incubation at 26 or 37 C in LB, LB with

10 mM FeCl, LB with 100, 150, 200, or 300mM 2,2dipyridyl (DPD)(C) The
growth yield of Ye9 in LBD medium (156nM DPD) containing hemin (He,

10 mM) or hemoglobin (Hb, 2.5mM). The graphs present the results of one of
two separate experiments performed in triplicate.

enterocoliticastrain Ye9 Figure S). Analysis of the structure

of this novel heme transport locus revealed four intact ORF
hemPRS™2 organized in an order similar to the hemin transport
clusterheml. The predicted translation products of them

2 locus genes exhibit a high degree of amino acid sequence
similarity to those encoded by the corresponding ORFhexh-

1 (HemP 52%, HemR 62%, HemS 53%, HemT 60% identity,
respectively) Kigure S2 Figure 2B). The nomenclature for the
hem2 genes at locus 2 follows that of the highly homologous
hem genes at locus 1, and the putative proteins encoded are
named HemP2, HemR2, HemS2, and HemT2, respectively.
Interestingly, the lack ofiemUV2genes in this cluster suggests
that the putativehem?2 heme permease is non-functional. This
does not exclude the possibility that HemR2 might function
as a receptor protein involved in heme uptake by utilizing
components of the ABC transport system encoded byt 1
locus.

Alignment of HemR2 with the well-characterized HemR1
showed high amino acid sequence identity. These homologous
proteins have typical TonB boxes at their amino-termini,
conserved histidine residues, plus region V, which is
characteristic of TonB-dependent proteins. These conserved
motifs and residues were shown to be essential for heme
transport through the receptor channeltfompson et al., 1999
(Figure 2B).

Genes Within the hemPRSTUV -1 and the
hemPRST- 2 Clusters Are Organized as

Operons

There are six and four genes within tiemPRSTUM (hem

1) and thehemPRS™- (hem2) clusters ofY. enterocolitica’e9,
respectivelyigure 2A). To determine whether the genes within
these two loci might be transcribed as one transcriptionat,un
sqRT-PCR analysis was performed on total RNA isolated from
Y. enterocoliticare9 grown in iron-depleted medium (LBD).
The locations of the primers used in this analysis are shown in
Figures 3A,Cand their sequences are givenTiable S1 For the
hemPRSTUM cluster, the obtained RT-PCR products (815 and
739 bp) con rmed co-transcription of thbemPRL andhemRS

1 genes, respectively. The operon organizatidmeohPRSTUM
was conclusively demonstrated by the ampli cation of a 5;6{2
RT-PCR productFigure 3B).

The operon organization of theemPRST- cluster was also
examined by sqRT-PCR analysis using the primdable S)
shown in Figure 3C. RT-PCR products of the expected sizes
(528 and 804 bp) con rmed the co-transcription of themPR2
and hemR& genes, respectively. However, a 3,692-bp RT-PCR

HemS1 is possibly involved in the release of iron from hemd, anProduct spanning the entiriemPRSE2 operon could not be
HemTUV-1 comprise subunits of a periplasmic/inner membranePbtained, despite repeated attempts. Therefore, co-trangmmipt
ABC heme permeas&(ojiljkovic and Perkins-Balding, 2002 of the hemRST2 genes was tested. The presence of a faint
Bioinformatic analysis using BLAST software revealed thRT-PCR product of the expected size (2,082 bp) con rmed
presence of a second multigenic clustemPRST (hem?2 the operon organization of thbemPRST2 cluster Figure 3D).
locus), encoding putative hemin transporter protein HemR2Based on these data, it seems that tteenPRST transcript
in the genomes of. enterocoliticastrains of low (2/0:9) and Might be particularly unstable or expressed at low levels af37
high pathogenicity (8081 strain, 1B/O:8Figure 2A). As for ~ Control PCRs with the tested primers and Ye9 genomic DNA as
hem1, we determined the sequence of them2 locus inY. template gave positive results in all cases (data not shown).
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A Y. enterocolitica
hemRI >—| hemS1 >| hemT1>| hemU1>{ hem VI>—
hemk2 > nems? N hemr2 >—
B
TonB box
HemR1 MPRSTSDRFRWSPLSLAIACTLPLSVQAADTSSTQTNSKKRTAPTMVVTATGNERSSFEA
HemR2 —--—-MPHFFRLSS--—-—--— CSLAISLALSSVT-AANPPEKKHHPTLKVTGTRAVTDSFQY
* kK * * :*: S .. H . :*: **: **.* .**:
HemR1 PMMVTVVEADTPTSETATSATDMLRNIPGLTVTGSGRVNGQDVTLRGYGKQGVLTLVDGI
HemR2 PGTMTVIDASSPONQTATSAAEMLKNIPGVSVTGVGRTNGQTVNIRGYDQYGVLVLIDGI
* :**::*':* .:*****::**:****::*** **.*** *_:***': ***.*:***
Hizs
HemR1 ROGTDTGHLNSTFLDPALVKRVEIVRGPSALLYGSGALGGVISYETVDAADLLLPGONSG
HemR2 ROGINGAHFNGTFLDPALIKQVSVIRSPSTALFGSGALGGVIAYETVNAADLLADDENFG
* k x . ‘*:*'*******:*:*.::*‘**: *:*********:****:***** .:* *
Hio2
HemR1 YRVYSAAATGDHSFGLGASAFGRTDDVDGILSFGTRDIGNIRQSDGEFNAPNDETISNVLA
HemR2 MRIGHYSASAYHSQGLAMSAFGRSENLDGIIALSKRKVGNLRQSNGYDAPNKEAINSLML
*: :*:. * * **. *****::: ***.::..*.:**:***:*::***.*:*..::
HemR1 KGTWRIDQIQSLSANLRYYNNSALEPKNPQTSAAS---STNLMTARSTIQRDAQLKYNIK
HemR2 KGTLNLSDNQSLTTALRYYNNRARQPRMAHQSAPNLEKNISPMINRSTIQRDAELTWHLQ
* % % I * Kk k. s *kkkkkx *k :*: : * % . . . * ********:* .....
Hss2
HemR1 PLDQEWLNATAQVYYSEVEINARP--QGTPEEGRKQTTKGGKLENRTRLFTDSFASHLLT
HemR2 PEHLDWLDATTQIYTTEINVNDDVPVKGEGYGSRKQVTRGIKLENRSKLFTDSPAAHLLT
* . :**:**:*:* :*:::* :* .***.*:* *****::***** *:****
HemR1 YGTEAYKQEQTPGGATESFPQADIRFGSGWLODEITLRDLPVSILAGTRYDNYRGSSEGY
HemR2 YGIETNHQRQIPKGAIRSFPPAEIKLSSGWLONEVTLRDLPVTLLASTRFDSYKNSREGF
* * *: :*_* * k% .*** *:*::.*****:*:*******::**.**:*.*:.* **:
HemR1 ADVDADKWSSRGAVSVTPTDWLMLFGSYAQAFRAPTMGEMYNDSKHFSMNIMGNTLTNYW
HemR2 ADKEAKNQSTRGAVTVNPTDWLMLFGAYSQAFRTPTLTELYNNSLHFDMWIA-—-—--KNYW
* * :*.: *:****:*.*********:*:****:**: *:**:* **_* * .***
HemR1 VPNPNLKPETNETQEYGFGLRFNDLMMAEDDLQFKASYFDTNAKDYISTGVTMDEFGEFGPG
HemR2 QPNPNLKPESNVTREAGFGLHFDNLLADDDAVKLKASYFHIDAKDRITSEVHAN-—-—-——--
********:* *:* ****:*::*: :* :::*****. :*** *:: *
conserved region V of
TonB-dependent proteins
HemR1 GLYCKNCSTYSTNIDPRAKIWGWDATMTYQTQWENLGLAYNRTRGKNOQNTNEWLDTINPDT
HemR2 —PFGKNYSG-YINIPRSKSWGWDASLDYQONRWEDWNLAYNRTRGINLDTRQFINSINPDT
**x ok * % *:* *****:: **_:**: .******** * :*.:::::*****
HemR1 VTSTLDVPVANSGFAVGWIGTFADRSSRV-————=———— SSSGTPQAGYGVNDFEFYVSYKGQ
HemR2 VTSRLNIPIANSGFSTGWVATMAENTKFMKNNDAKTSKKAPYKPQAGYTVHDFYLSYRGQ
* x % * * *****: * Kk . _* * .. H . ***** * *** ** * x
HemR1 EQFKGMTTTVVLGNAFDKEYYAPQGVPQDGRNAKFFVSYQW
HemR2 GALKGVTTTAVLGNAFNKKHYSPQEIPRDGRNAKVLISYQW
:**:***_******:*::*:** :*:******.::****
FIGURE 2 | Organization of two heme uptake loci ofY. enterocoliticaYe9 and comparison of the encoded HemR homologs(A) Genetic maps of heme transport loci
1 and 2. (B) Alignment of HemR1 and HemR2. The conserved histidine resigs are in bold, and the TonB box and region V characteristicfaall TonB-dependent OM
proteins are boxed. Conserved amino acids are indicated by sterisks.
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A B
hemPRSTUV-1 land2 3and4 _land5
bp M CcDNARNA cDNA RNA cDNA RNA
hemPl  hemRI hemSI  hemTlI hemUl hemV1 5000
) S —— —__  — 3000
L 2 3, & 2000
815b 739 bp 1500
L 3
5612 bp
C D
hemPRST-2
6and7 8and9 6and 10 8 and 10
hemP?  hemR? hemS?  hemT? 5080 M cDNARNA cDNA RNA cDNARNA cDNA RNA

) e —— 3000
6, 1 5 9 2000
== == 1500
528 bp 804 bp
6, A0 1000

3692 bp
2082 bp 500

FIGURE 3 | sgRT-PCR analysis of thehemPRSTUV1 and hemPRST-2 gene clusters ofY. enterocoliticaYe9. (A,C) Scheme showing primers used in sqRT-PCR
analysis ofhem clusters 1 and 2. The sequences of the following primers arasted in Table S2. 1, RThPR1F; 2, RThPR1R; 3, RThRS1F; 4, RThRS1R; 5, RThPV1Rj
6, RThPR2F; 7, RThPR2R; 8, RThRS2F; 9, RThRS2R; 10, RThPT2@,D) Agarose gel electrophoresis of sqRT-PCR products fronem clusters 1 and 2. Total RNA
isolated from strain Ye9 grown in iron-depleted LBD mediumL@ with the iron chelator Z,ildipyridyl) at 37 C was DNase | treated and then reverse transcribed with
random hexamers. The obtained cDNA was used as a template in®R reaction with pairs of primers shown if(A) and (C). RNA was used as the template in negative
control reactions. M, GeneRuler 1 kb DNA Ladder.

Role of HemR1 And HemR2 Proteins in To examine the eect of hemin or hemoglobin on the
Heme and Hemoprotein Utilization by growth of strain SASX77 harboring plasmids containiegnPR1
E. coli 1 hemA Strain SASX77 or hemPR2 a plate assay was used to detect utilization of

these porphyrin sources in iron-replete (LB) and iron-de cien
conditions (LBD). The strains expressing the receptors HemR1
or HemR2 were able to utilize exogenously supplied hemin and
hemoglobin as porphyrin source3gble 1, Figure 4). However,
growth of the SASX77/pHEM1 (HemR] strain around the

Previous studies have shown that a plasmid contaimiamPR
part of the hemin operon oY. enterocolitic’VA-C O:8, permits
an E. colistrain lacking a functionahemAgene to use hemin
as a porphyrin sourceStojiljikovic and Hantke, 1992, 1994To

examine the importance of the twé. enterocoliticke9 HemR i o o
proteins in the utilization of hemin and hemoglobin as souce N€MiN and hemoglobin discs was signi cantly stronger thhatt

of porphyrin, they were introduced into thé. colil hemAstrain ~ ©f Strain SASX77/pHEM2 (HemR2. Moreover, the HemR2-

SASX77, which is defective in ALA synthetase (auxotrophic fg?XPressing bacteria grew only as single colonies. Control
ALA, the heme biosynthetic precursor). TlremPRgenes of strain SA$X77/pACYC184_ was unable to use either hemin or
the hem1 andhem2 operons with their native promoters were hémoglobin Eigure 4A). In iron-depleted conditions, the zone
cloned into vector pACYC184 to obtain plasmids pHEM1 andof growth stimulation was broad (up to 30 mm in diameter), but
pHEMZ2, respectively. These plasmids and the parent vector wefige colonies were very small and needed more time to develop
introduced into E. coliSASX77. All transformant strains grew (Up to a week, in contrast to 1-2 days for the strains growing o

well in the presence of ALA, but no growth was observed on LBB) (data not shown). These results strongly suggest thtt bo
agar lacking this precursor. HemRs participate in the acquisition of heme and hemoproteins
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in Y. enterocoliticare9, and that HemR1 is signi cantly more coli DH5a/pHEM1 grown in LBD medium. As expected, no
e cientthan HemR2. immunoreactive band was observed in the cage ablipHEM2.
Next, the level of HemR1 receptor protein in tHe coli  This result indicated the absence of cross-reactivity betwanti-
strain carrying pHEM1 was determined by Western blot analysislemR1 antibodies and the protein HemR2. Since no HemR2
with anti-HemR1 polyclonal antibodyRigure 4B). Cells ofY.  antibody was available it was not possible to con rm expressio
enterocoliticare9 and of thek. colistrain carrying pACYC184 of this protein in theE. colistrain carrying plasmid pHEM2. This
were used as a positive and negative control, respectively. Alkperiment also demonstrated the induction of HemR1 protein
strains were grown in both iron-replete (B-eCk) and iron- in Y. enterocoliticagrown under iron starvation conditions,
de cient (LBD) conditions. Extracts of cells grown to statary con rmed that this gene can be expressed in a heterologous
phase at 37C were immunoblotted and a strong HemR1 signalsystem from a recombinant plasmid, and showed that this

was produced by the samples from the Ye9 strain &d expression is repressed by iron.

TABLE 1 | Assessment of HemR1 and HemR2 activity in hemin and hemoglaiy
transport in E. coli1 hemA strain SASX77.

OmpR Inhibits the Activity of the
hemPRSTUYV -1 and hemPRST -2 Promoters

The putative promoters gam 1 and phem 2, located 42 and

Strain Growth on 43 bp upstream of théhemPgene in thehemPRSTUM. and
) ) hemPRST2 operons, respectively, &t enterocoliticare9, were
LB/Hemin LB/Hemoglobin LB/ALA . . .
identi ed using the program BPROMSolovyev and Salamov,
SASX77/pACYC184 cce 201). Sequence analysis of themPRSTUM and hemPRST
SASX77/pHEM1 cc c cce 2 regions also led to the identi cation of an internal, putagi
SASX77/pHEM2 cca cca cce promoter in the intergenic region betweememRand hem$S
These ndings corroborate the previously described loagatio
CNZ gm‘mg; o crowh e of hemPRSTUVoperon promoters inY. enterocoliticaVA-C
Cc20_"21g‘m;?Ei;;?;gmﬁ"f;:’g?oun;th'jcdsi'scs_ (Stojilikovic and Hantke, 1992Y. pestighmulocus, Thompson
CCC > 30 mm diameter growth zone around the discs. et al., 199} andY. pseudotuberculogismu locus, Schwiesow
aGrowth as single colonies. et al., 201} In silicoanalysis revealed the presence of potential
A hemin hemoglobin B
) E. coli ,
% Ye9  pacycis4 pHEMI  pHEM2
O i I |
5 MW  FeCl; DPD DPD FeCl, DPD FeCl, DPD
<
< 75 kDa—p ; - /'
——
= é , .
g’j 75 kDa—> — ! .

pHEM2

10 mm

FIGURE 4 | Growth promotion of E. coli1 hemA strain SASX77 expressing receptors HemR1 or HemRz2 in the psence of hemin and hemoglobin as porphyrin
sources. (A) Ability of theE. coli1 hemA strain expressing HemR1 or HemR2 to utilize hemin and hemogpin. Diluted overnight cultures of SASX77/pHEM1 and
SASX77/pHEM2 were mixed with agarose and overlaid on LB or LBRgar plates. Sterile paper discs wetted with 10m of hemin (10 mM) or hemoglobin (0.1 mM)
were placed on these plates and zones of growth around these idcs were analyzed after 1-4 days of incubation at 37C. (B) Immunodetection of HemR1 in

Y. enterocoliticaYe9N (wt) andE. coli SASX77 carrying plasmids pHEM1 (Hemﬁ), pHEM2 (HemRé:), or pACYC184. Cell extracts from overnight cultures were
analyzed by Western blotting with a polyclonal antibody dicted against HemR1(upper) and by TGX Stain freelpwer , loading control). MW, 3-Color Prestained
Protein Marker; kDa. This result is representative of at leathree independent experiments.
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OmpR binding sites within the pm 1 and phem 2 promoters
(see below), but not within the putative internal promoters, s
their activity was not investigated further.

To examine the activity of theqgm 1 and phem 2 promoters
and the in uence of iron and the regulator OmpR, we generated
transcriptional fusions of the putative promoter sequences wi
the lacZ gene in vector pCM132Gm. The resulting plasmids
PCM1 (phem 1:lac?) and pCM2 (pem 2:lac2) were introduced
into E. coliBW25113 and two strains &f. enterocoliticahe wild-
type strain Ye9N (both fusions) and the isogenimpRmutant
AR4 (only fusion pem 1:1ac?). The transformed strains were
grown to stationary phase in LB or LBD arugalactosidase
activity was measuredr{gure 5).

In the E. colistrains grown at 37C in both iron-replete
or iron-depleted conditions the expression of thgeg 1:1acZ
transcriptional fusion (pCM1) was signi cantly higher thangh
of pPrem 2:lacZ (pCM2), indicating that pem 2 IS a weaker
promoter. In addition, the expression of both,g, 1:lacZand
Prem 2:lacZwas upregulated in the presence of the iron chelator
( 3-fold and 2.5-fold, respectively), demonstrating inhibition
by inorganic iron Figure 5A).

To investigate whether théheml and hem2 operons
are subject to OmpR-dependent regulationep 1:1lacZ and
Phem 2:lacZ activity was measured in th&'. enterocolitica
strains diering in the amount of OmpR grown at 26 or
37 C in iron-replete or iron-depleted conditions. With the
Phem 1:lacZfusion, a 2-fold (26 C) and 1.5-fold (37C) up-
regulation was observed under conditions of iron de ciency
con rming iron-dependent regulation of g 1. Moreover,b-

galactosidase activity was increased in the absence of OmpR

at both studied temperatures in iron-replete or iron-depleted
conditions Figure 5B). The e ect of complementation of the
ompR mutation in strain AR4 or overexpression of OmpR
in the wild-type strain were studied by introducing plasmid
pBOmMpR carrying the wild-type copy @mpR An increase in

the level of OmpR caused a clear reduction in the expression of

Phem 1:1acZ in cells grown in LB with FeGlor LBD, showing
that OmpR negatively regulates expression of this fusions&he
results indicated thahem1 expression is controlled by an iron-

and OmpR-dependent promoter located upstream of this operon.

Both iron and OmpR participate in the negative regulation of
hem1.

To test the role of iron and OmpR in the regulation
of phrem 2:lacz the wild-type strain Ye9N transformed with
plasmid pCM2 was grown at 26 or 3Z in iron-replete or
iron-depleted conditions. A 1.5-fold increase ib-galactosidase
activity was detected in wild-type cells grown at@@inder iron-
de ciency (Figure 5C). However, the inhibitory e ect of iron on
Phem 2:lacZ expression was not observed at @7 suggesting
a more complex regulatory mechanism compared to tieen
1 promoter. Attempts to study the activity of the,g, 2:lacZ
reporter fusion in theompRmutant background were thwarted
by the inability to transform strain AR4 with plasmid pCM2.
Therefore, the wild-typeompRallele was introducedn trans
(pPBOmMpR) into the Ye9N cells to monitor the eect of
overexpression. The observed decrease,if, p activity in the

FIGURE 5 | OmpR-dependent regulation ofhem-1 and hem-2 operon

expression. (A) Activity of the pem 1 @and ppem 2 promoters inE. coli

BW25113 harboring the phem 1::1acZ (PCM1) or phem 2::lacZ (pCM2) fusion
(Continued

presence obmpRin multicopy in the wild-type strain grown
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FIGURE 5 | plasmids, compared with the same strain carrying parent vetor
pCM132. Strains were grown overnight in LEEFeCh or LBD medium at 37 C.
(B,C) OmpR-dependent regulation ofhem-1 and hem-2 expression inY.
enterocoliticastrains grown to stationary phase in LEFeChL or LBD medium
at 26 or 37 C. (B) The wild-type Ye9N (wt), wt/pBOmpR, AR4¢mpR), and
ompR/pBOmMpR, harboring fusion ey 1::lacZ (pCM1).(C) The wild-type
Ye9N (wt) and wt/pBOmpR harboring fusion pem 2::lacZ (pCM2). Plasmid
pBOmMpR carries the wild-typeompR allele.b-galactosidase activity was
determined for each culture and expressed in Miller units.he data represent
mean activity values with standard deviation from two indegndent
experiments, each performed using at least triplicate culres of each strain.
Signi cance was calculated using one-way ANOVA [ns (non-sig cant) P >
0.05, *P < 0.05, ***P < 0.00001].

at 26 or 37C, suggested a negative role for OmpRhien2
expression. Interestingly, the inhibitory e ect of iron walssent

in the wild-type strain containing plasmid pPBOmpR grown at
26 C (Figure 50).

Impact of Fur and OmpR on HemR1

Receptor Production
The analysis of strains carrying tipgem 1::lacZreporter fusion
construct suggested that iron and OmpR negatively in uencg
the expression of theem1 operon at the transcriptional level.
We next examined whether this regulatory e ect was obseesab
at the protein level. Western blot analysis with a polyclona
anti-HemR1 antibody was used to detect the HemR1 protei
in cell extracts prepared from the followiny. enterocolitica
strains: wild-type Ye9NpmpR mutant AR4, Ye9N/pBOmpR,
AR4/pBOmMpR, and strains with empty vector pBBR1. All strain
were grown to stationary phase at & in LB supplemented
with FeCh (iron-replete) or LBD (iron-depleted). As shown
in Figures 6A,B HemR1 protein production was signi cantly
in uenced by iron content, because HemR1 was undetectab
in strain Ye9N grown under iron-replete conditions, and
highly abundant in iron-depleted conditions. Moreover, HemR1
production was notably increased in tbenpRmutant compared
to the wild-type strain in both media. Plasmid pBOmpR
carrying the wild-typeompR allele, used to complement the
ompRmutation in strain AR4, caused a clear reduction in the
level of HemR1, conrming that OmpR negatively regulates
its expression. In addition, the strain Ye9N/pBOmpR, which
overexpresses OmpR, produced less HemR1 than strain Ye
in LBD medium (Figure 6B). The presence of the empty vector
pBBRL1 in the wild-type strain and thempRmutant, grown in
LBD medium igure 6B) did not have any impact on the level
of HemR1. However, for some unknown reason, a di erence in
the abundance of HemR1 was observed indhgRmutant vs.
the ompRstrain carrying the empty vector pBBR1, when grown
in iron-replete conditions Figure 6A).

These data corroborated the results of the transcriptiona
fusion analysis and suggested that the Fur may be involved
iron-dependent inhibition ohem1 operon expression, and thus
HemR1 production.

In order to determine whether OmpR controls the level

=)

D

ON

FIGURE 6 | Effect of iron, Fur, and OmpR on HemR1 production. The levelfo
HemR1 in cell extracts of strains grown overnight in LBFeCk or LBD at
37 C analyzed by immunoblotting with a polyclonal HemR1 antitdy. (A,B)
The HemR1 level in the wild-type strain (wt), wt/pBBR1 (emptyector),
wt/pBOmMR (overexpression), theompR mutant AR4, ompR/pBOmpR
I (complementation), andompR/pBBR1 (empty vector) shown on Western blots
Nupper) with the stained gels as a loading contro(bottom) . (C) The HemR1
level in thefur mutant background, i.e., fur mutant, furompR double mutant,
and furompR/pBOmpR. The percentage values indicating the HemR1 band
intensities in the tested strains relative to the wB) and fur mutant (C), were

¢ (Continued

of HemR1 expression independently of the Fur represso
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sequence downstream of OBS-1. When puri ed recombinant
FIGURE 6 | determined using Amersham Imager 600 Analysis Software OmpR was mixed with equimolar amounts of these thrﬁg,pl
V1.0.0 (GE Healthcare). Stained gels shown as a loading cami: (A,C) TGX fragments shifted OmpR/DNA complexes started to appear at
Stain-Free gels (BioRad)(B) Coomassie blue stained gel. MW, 3-Color ! . | X
Prestained Protein Marker, kDa. The size of the HemR1 band &pproximately an OmpR ConcenFratlon of O-GHVI{ and the”_' amount increased
75 kDa on the Western blots. This result is representative aft least three as the concentration of the protein was rais&iglire 7D). The
independent experiments. formation of these complexes was related to the disappearance of
fragment F2, so were attributed to speci ¢ binding to OBS-1.

The interaction of OmpR with the putative OBS-2 within

the fur gene was deleted in both the wild-type strain Ye9l\lthe promoter region ofhem2 was examined by incubating

(Ye9ur) and the ompRmutant (AR4ur). HemR1 levels were Ig%rgzzsl?gts;n?:r}?nogfrecomtzgﬁgirﬁ)r:nprvgfg f:)a;gment F4
then examined by immunoblotting of cell extracts prepare P), g iem 2 9 » O #m 1

. ragment F2 (326 bp), carrying OmpR binding site OBS-
from the fur, furompR and furompRpBOmMpR strains grown .
to stationary phase in LB supplemented with Fe@t LBD 1. Specic OmpR/F4 complexes were observed at an OmpR

at 37C (Figure 60. The Westemn blot data showed a high concentration of 1.3tM, wnh the simultaneous disappearance
level of HemR1 production in thdur mutant background of fragment F4. In comparison, the appearance of OmpR/F2
) pr . . 9 complexes occurred at the lower OmpR concentration of
(independently of iron concentration), conrming that the 0.65mM (Figure 76. A 16S rDNA fragment (ampli ed with
Fur represses the biosynthesis of HemR1Yinenterocolitica 9 ) 9 P

Interestingly, the strain also lacking OmpRifompRmutant), primer pair 16SF/16SRTable S3, to which OmpR is unable

grown in LBD medium, displayed a further increase in HemRJté bind, was used as a negative control in both experiments.

. . hese results suggested that transcription of treml and
protein abundance (ca. 70%), which suggested that Omp em2 gene clusters is directly regulated by OmpR, and this

inhibits the production of HemR1 independently of Fur. This requlation requires OmpR binding to specic sites. in their
e ect was restored by complementation with plasmid pBOmpR 9 d P 9 P

. . . " romoter regions.
carrying the wild-typeompRallele. Under iron-replete conditions P 9
the dierence in HemR1 level between thHar and furompR

mutants was less evident. These data suggested that iron mfie |mpact of Temperature on
in uence OmpR-dependent HemR1 synthesis irrespective of F“'F’ost-transcriptional HemR1 Expression

. . . Y. enterocoliticklemR1 is a homolog (69% amino acid identity)
InteraCtIO_nS_Of OmpR With I_DUtatlve of the S. dysenteriaBhuA receptor required for the utilization
OmpR-Binding Sequences in the Promoter of heme as a source of iron (data not shown). Recently,
Regions of hem-1 and hem-2 thermoregulation of ShuA protein expression under iron-led
We next tested whether OmpR inuencdseeml and hem  conditions was demonstrated, with low ShuA abundance at
2 operon expression directly or if other regulatory factors25 C increased to high levels at 37 (Kouse et al., 20)3
are involved. In silico analysis of theY. enterocolitica Within the shuA5%UTR a regulatory element was recognized
Ye9 heml promoter region Rem 1, conducted using the that closely resembles a FourU RNA thermometer: a zipper-
consensus Fur binding site sequence Bf coli [FBS, 8 like RNA structure that occludes the Shine-Dalgarno sequence
GATAATGAT(A/T)ATCATTATC-39 (Stojilikovic et al., 1994; at low temperatures, thus blocking translation of tisGuA
Escolar et al., 1999ed to the identi cation of the element FBS- transcript.

1, with 74% homology to th&. coliFBS, that overlaps the10 Both HemR1 and ShuA are encoded within hemin transport
element of pem 1 (Figure 7A). In addition, a putative OmpR loci, but the organization of these multigenic clusters dser
binding site OBS-1, overlapping the35 element of g,y 1 was considerably (Vycko et al., 1998. The hemR1lgene ofY.
identi ed by comparison with the consensus OmpR-binding enterocoliticas located 172 bp downstream bémP1 the rst
sequence dE. coliOBS, STTTTACTTTTTG(A/T)AACATAT-  gene of thehemPRSTUM operon. There is nbemPlhomolog
3% Maeda et al., 19910BS-1 exhibits 60% identity to tHe coli in the hemin transport locus inS. dysenteriaeMoreover,
OBS Figure 7A). the intergenic non-translateiemP1-hemRiegion (172 nt) is

In silico analysis of thehem2 promoter region pem 2  present in polycistronic mMRNA ohem-4. In comparison, the
revealed a putative Fur binding site (FBS-2), as well as a fiatten predicted promoter oshuAis located 328 bp upstream of the
OmpR binding site (OBS-2) in similar locations to FBS-1 andranslation start site in a monocistronic transcript.
OBS-1. FBS-2 and OBS-2 are 74 and 45% identical t& tloeli To investigate the possible thermoregulation bémR1
consensus sequences, respectiebufe 7B). expression we analyzed an extend&5R of Y. enterocolitica

The ability of OmpR to directly interact with the predicted hemR1for the presence of secondary structures using Mfold
OBS elements was tested in electrophoretic mobility shifiysss software Zuker, 2003 This analysis identied a hairpin
(EMSAs) using DNA fragments with or without the putative sequestering theemR1ribosomal binding site, containing four
OmpR-binding sites Kigures 7C-&. Three pem 1 fragments consecutive uracil residues characteristic of a FourU RNA
were PCR-ampli ed with the pairs of primers listed Table S2  thermometer (Valdminghaus et al., 2007; Bohme et al., 2012
Fragment F1 (415 bp) represented a sequence upstream lebwever, compared to the FourU base-pair region in tfe 5
OBS-1, F2 (326 bp) carried OBS-1, while F3 (107 bp) was @IR of shuA there was moderate sequence variation in the
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FIGURE 7 | OmpR binding to fragments of thehem-1 and hem-2 promoter regions. (A,B) OmpR- and Fur-binding sites identi ed in promoter regions othe two heme
uptake loci. The 35and 10 promoter elements are underlined and putative regulateinding sites are boxed. The ATG start codon of therst ORF of each operon
is shown in bold. FBS, Fur-binding site; OBS, OmpR-bindingige. (C) Schematic representation of fragments used in EMSA experiemts presented in(D) and (E). The

(Continued)
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FIGURE 7 | numbered arrows represent the primers used to amplify the DN fragments used in EMSAs: 1, hem1F; 2, hem1R, 3, hem1-aF; 4,ém1-aR; 5, hem1-bF;
6, hem2F; 7, hem2R.(D) EMSA with fragment F2 (326 bp) containing OBS-1 and neighbarg fragments F1 (415 bp, upstream) and F3 (107 bp, downstrea). A 16S
rDNA fragment (211 bp) was used as a negative control. The regéion mixtures contained 0.05 pmol of each fragment and in@asing amounts of puri ed OmpR-Hig
were added: lane 1, no protein; lanes 2-5, 0.65, 1.31, 2.61, ad 3.92 mM of OmpR-Hisg, respectively.(E) Binding of puri ed OmpR-Hisg to fragments containing
OBS-1 (F2, lanes 1-4) and OBS-2 (F4, lanes 5-8). The 16S rDNragment was used as a negative control. The reaction mixtugecontained 0.05 pmol of each
fragment and increasing amounts of puri ed OmpR-Hig were added: lanes 1 and 5, no protein; lanes 2 and 6, 0.651M; lanes 3 and 7, 1.31mM; lanes 4 and 8,
3.92mM.

surrounding regionsKigure 8A). No similar secondary structure Raczkowska et al., 2011a,b, 2015; Brzostkowska et al., 2012;
was detected in the’8J TR of hemR2data not shown). Skorek et al., 20)3In a recent shotgun proteomic study we
The impact of temperature on HemR1 expression was assesgettealed that the regulator OmpR a ects, both positively and
by immunoblotting of cell extracts prepared from the mutant  negatively, the production of over 100 membrane proteins
following growth in LB medium to stationary phase at 26 orin Y. enterocoliticastrain Ye9 of bio-serotype 2/0:9, a low
37 C (Figure 8B). Identical levels of HemR1 were detected inpathogenicity strain that is not lethal for mice at low doses
the tested strain, irrespective of the growth temperatureicivh (Nieckarz et al., 20)6The loss of OmpR positively a ected the
indicated that HemR1 production is not thermoregulated¥n production of heme receptor HemR1 M. enterocoliticaells
enterocoliticare9. grown in LB medium at 37C and preliminary data suggested
To further examine the potential thermoregulation of HemR1indirect repression ofiemRIy OmpR.
expression at the post-transcriptional level, a plasmid pFX- In this study, we investigated the molecular mechanisms
PachemR1, which carries theig promoter linked to the 8  underlying OmpR-dependent production of two potential heme
UTR and rst 16 codons ofhemR1fused in frame withgfp  receptor proteins encoded withinemPRSTUM (hem1 locus)
was constructed. Plasmid pFXzPhemR1 and control plasmids and hemPRST2 (hem2 locus) gene clusters identi ed ifY.
pFX-0, containing promoterlesgfp and pFX-1, carryinggfp  enterocoliticatrain Ye9. Firstly, we demonstrated that strain Ye9
fused to the pc promoter (Schmidtke et al., 20)3 were utilizes heme-containing molecules as an iron source. Yhe
introduced intoE. coliBW25113. Cultures of these strains wereenterocoliticdemin uptake system involved in transporting the
grown to stationary phase in LB medium at 26 or 87and entire heme moiety into the cytoplasm was described prewousl|
green uorescence intensity was measurejgre 8C). Analysis in strain WA-C, a mouse-virulent strain of bio-serotype 1B80O
of the strain carrying thdhemR &Y fpfusion revealed a decrease (Stojilikovic and Hantke, 1992, 1994In contrast to strain
in hemR1expression at 2€& relative to 37C, however a slight Ye9, this strain is able to produce and utilize the siderophore
reduction in uorescence at this lower temperature was alsgersiniabactin (Ybt), encoded on a chromosomal HPI (36 kb)
observed for the control strain carrying pFX-1. In paralldlet (Heesemann et al., 1993; Rakin et al., 1994, 2012; Pelludat et a
impact of growth temperature on the GFP level was assessed b§99.
immunoblotting with an anti-GFP antibodyRigure 8D). The Heme uptake systems have been identied in several
Western blot data corresponded well with the results of theathogenic bacteria, including. pestigThompson et al., 1999
uorescence assay. A higher level of Herif8GFP fusion protein Y. pseudotuberculos{Schwiesow et al., 20),8S. dysenteriae
was produced at 3T compared to 26C, which may indicate (Mills and Payne, 1995, 1997; Wycko et al., 139&nd V.
that temperature-dependent post-transcriptional regulatioih cholerag(Henderson and Payne, 1994; Occhino et al., }.998
hem1 occur in E. coli However, we could not exclude that Partial redundancy of heme-acquisition systems is ofteseolzed
observed e ect may be explain also by the increased metabolit Gram-negative bacteria due to the presence of uptake sgstem

activity at the higher temperature. with a speci ¢ outer membrane receptor for heme and heme-
proteins and/or the production of secreted hemopho@siisner
DISCUSSION etal., 2000; Runyen-Janecky, 2013

In this study, two multigenic clusterd)emPRSTUM. and
The acquisition of iron/neme is necessary for pathogenitdsac  hemPRST2 were identi ed in the genome of Ye9. The genetic
to grow within the host and to survive during the progressionorganization of these clusters is identical except thattber
of an infection (Mietzner and Morse, 1994; Lee, 1995; Braur? locus lacks two ORFRemU2and hemV2 encoding potential
et al., 1998 On the other hand, both iron and heme are toxic components of the heme transport system. Evidence from sqRT-
at high concentrationsAnzaldi and Skaar, 20)0Thus, tight PCR analysis revealed that both them1 andhem?2 clusters
regulation of iron/heme acquisition is essential to fulthe are organized as operons, and expressed from the promoters
iron requirements of a pathogen while preventing harmful ever prem 1 @nd phem 2 located upstream of the respectinempP
accumulation. genes. Experiments with ¥. enterocoliticestrain carrying a

Studies on the role of OmpR in pathogeni@rsiniastrains  plasmid-located g 1:lacZreporter fusion showed thai@m 1

have provided evidence that this response regulator might bgromoter activity is inhibited by iron, which suggested the
involved in the adaptation of yersiniae to diverse enviromtaé  involvement of F&-Fur in this repression. It has been previously
conditions, which allows the bacteria to grow in distincthes demonstrated in diverse microorganisms that Fur, actigate
within and outside the host bodyB(zostek et al., 2003, 2007; upon binding ferrous iron, binds to specic genes to inhibit
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FIGURE 8 | In uence of temperature onhemR1 expression. (A) Potential FourU thermometer RNA secondary structures in t152UTRs of Y. enterocoliticaYe9
hemR1and S. dysenteriae shuA composed of a stretch of FourU and the ribosomal binding sé& (RBS), revealed by Mfold analysis (http://mfold.rna.allg.edu).
Boxes indicate the location of the FourU motif (shaded) andygative RBS, the translation start codon is marked red, and mpaired nucleotides within the predicted
secondary structure are in green(B) Temperature-dependent HemR1 expression irY. enterocoliticaexamined by immunoblotting. The analyzed samples were cell
lysates of thefur mutant grown at 26 or 37 C in LB medium. The top panel shows the Western blot probed wit a polyclonal antibody against HemR1, the bottom
panel shows the Coomassie blue-stained gel as a loading combl. The percentage values on the blot, indicating the HemRband intensities relative to that of cells
grown at 26 C, were determined using Amersham Imager 600 Analysis Softwa V1.0.0 (GE Healthcare)(C) Expression of aheleO—(bfp translational fusion at
different temperatures, monitored by uorescence intensit E. coliBW25113 harboring the reporter plasmid pFX-Rc-hemR1 or control plasmids pFX-0 and pFX-1
were grown in LB medium at 26 or 37 C. The GFP uorescence intensity (RFU) of overnight culturesas determined. The data represent the averages SD from at
least three experiments with duplicate cultures. Signi cace was calculated using one-way ANOVAR > 0.05, *P < 0.05, ***P < 0.001]. (D) GFP abundance
examined by immunoblotting. The analyzed samples were cdifsates of E. coliBW25113 harboring the plasmids pFX-0, pFX-1 or pFX-R.-hemR1. The top panel
shows the immunoblot probed with antibody against GFP, the bttom panel shows the TGX Stain-Free gel as a loading controMW, 3-Color Prestained Protein
Marker; kDa. These results are representative of at leaste independent experiments.
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their transcription Bagg and Neilands, 1987; de Lorenzo et allevel of OmpR, iron regulation was abolished. Moreover, in
1987; Andrews et al., 20P3Based on experimental and/or EMSAs, we were able to detect the speci c interaction of OmpR
bioinformatic analyses, almost all iron-acquisition gms of with the putative OmpR binding site in yam, 2, but with
pathogenic yersiniae, i.€¢, pestishave been shown to be Fur- lower a nity than with OBS-1 in the hem1 promoter. The
controlled Gao et al., 2008 More importantly, the results we higher binding sequence degeneracy iR » (45% identity to
obtained using transcriptional fusions with tHacZ gene and the consensus sequence for OBS-2 vs. 60% identity for OBS-
by Western blot analysis demonstrated that OmpR negativel¥) might explain the weaker interaction of OmpR with this
regulates pem 1 activity and thus HemR1 protein expression promoter.

under conditions of iron starvation. The precise role of OmpR Taken together, these results demonstrated the importance of
in the repression of HemR1 expression was revealed fara the OmpR regulator imem1 andhem2 expression, and hence
mutant background. While thempRand fur mutations alone the production of the HemR1 and HemR2 heme receptors in
led to an increase in HemR1 synthesis, the combination of th¥. enterocoliticaOur ndings suggest that the e ects of OmpR
two produced an additive e ect. These data showed that OmpRn hem1 and hem2 transcription are likely to be direct, i.e.,
inhibits HemR1 production in the absence of Fur. However, theproduced by binding to specic DNA sequence elements in
OmpR-dependent regulation of HemR1 expression seems to like promoter regions. The negative e ect of OmpR bam1
much more complex, since the e ect of OmpR was also observadanscription occurs in both the absence and presence of the Fu
at the transcriptional and HemR1 protein level in iron-repleterepressor. The role of OmpR in regulatimgm2 expression is
conditions, when the Fur repressor is active. di cult to assess and needs further study.

EMSA analysis revealed that OmpR acts directly at thg p Thermo-induced structural changes in mRNA play a
promoter. We observed that OmpR speci cally recognizes anfundamental role in temperature sensing in bacteria and
binds a pem 1 promoter fragment containing then silico- inuence virulence gene expression in many pathogens,
predicted OmpR-binding sequence. This result conrmed aincluding those of the genu¥ersinia(Narberhaus et al., 2006;
direct role for OmpR in mediatinchemR1repression. In the Narberhaus, 2010; Bohme et al., 20 &halysis of the intergenic
hem1 promoter, the predicted 19-bp Fur box (FSB-1) overlapsegion of thehemP1-hemRfranscript in locushem-4, but not
the 10 promoter motif, and is only 10 bp downstream of in locushem2, inY. enterocolitic¥e9, suggested the formation
the 20-bp putative OmpR-binding site (OBS-1) at thed35 of a secondary structure in theemR152UTR with a FourU
motif. Based on the location of these binding sites, we proposglement that may sequester the ribosome binding site. Sach a
the following model for Fur- and OmpR-dependent repressionRNA structure was previously shown to be su ciently stable
of hem1. Consistent with the notion that under iron-starved at moderate temperatures (25) to inhibit expression of the
conditions Fur-dependent repression is abolished, OmpR ma$huA receptor inS. dysenteriadelting of the FourU motif at
interact with OBS-1 and prevent the polymerase binding td37 C permits access of ribosomes and initiatesiAtranslation
the promoter, leading to inhibition ofhem1 expression. In (Kouse etal., 20)3However, Western blot analysis revealed that
iron-replete medium, there are a number of possible ways itHemR1 ofY. enterocoliticas not subject to thermoregulation.
which OmpR could regulattem1 expression. It is likely that Despite the presence of a FourU sequence in tA&ER of
binding of OmpR to the Bem 1 promoter leads to a DNA hemR1 the unpaired G-G sequence within the hairpin may
structure that is favorable for the function of #eFur. Recent destabilize this secondary structure. B. dysenteriaeonly
reports have suggested that the OmpRSaflmonella enterica a single nucleotide replacement within ttshuA hairpin led
may in uence DNA topology to control target promoter activity to destabilization of this inhibitory structure and resedt
(Cameron and Dorman, 2012; Quinn et al., 2D1We do not in increased expression of this gene at the non-permissive
rule out the possibility that OmpR-Fur protein interactionsidd  temperature of 25C (Kouse et al., 20)3 A stretch of four
stimulate the binding of Fur to thBem1 promoter, which would uracils located within an intergenic region of thescW-lcrF
lead to inhibition of transcription initiation. Further remarch is  transcript in a pathogenicrersiniahas been linked with the
required to characterize the molecular mechanisms moduati thermally regulated expression of the transcript encoding
the activity of Fur at thehem1 promoter in the presence of LcrF, the transcriptional activator ofop and yscgenes of the
OmpR. type Ill secretion systemB@hme et al., 20)2 It is notable

Similarly to the hem1 locus, the hem2 gene cluster that analyses of the expression ohamR2%fp translational
hemPRST is organized as an operon. However,ep » fusion and the level of a HemR¥GFP fusion protein irE. coli
promoter activity was much lower thanpg, 1 and iron showed a degree of temperature dependence, suggesting that a
repression was detected only at 26 Although a sequence mechanism of thermoregulation, unconnected with the presen
displaying 74% identity to the Fur box consensus was recedniz of a FourU RNA thermometer, is active in this heterologous
in prem 2 (at the 10 motif), the potential regulatory role genetic background.
of FEC-Fur might be dependent on other thermoregulated HemR1 and the newly identied HemR2 protein exhibit a
factors. The role of OmpR in the activity of,gnro Was high degree of amino acid sequence similarity (62% identity
studied by analyzing the expression of @R 2:lacZfusion in  including the presence of signature motifs like the TonB box,
the wild-type strain with a normal or raised OmpR content. the conserved V region associated with all TonB-dependent OM
This experiment revealed that OmpR negatively regulates  proteins, and histidine residues required for heme transport
2 expression. Interestingly, in the presence of an increasada the receptor channeK@dner, 1990; Bracken et al., 1999
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Signi cant similarities between HemR1/HemR2 and hemin-systems besides those involving the TonB-dependent HemR1 and

binding proteins suggest that these tWoenterocoliticproteins HemR2 receptors may help perform this vital function ¥

are involved in the binding and utilization of hemin and heme enterocolitica

proteins. The expression of the HemR1 or HemR2 protein In conclusion, this study has demonstrated that the regutato

from their native promoters inE. coli SASX77, al hemA Fur and OmpR participate in a complex mechanism governing

mutant defective in the biosynthesis of a heme precursor anthe negative regulation of. enterocolitica hemRdnd hemR2.

naturally lacking a heme binding protein in the outer membean This interplay might be responsible for ne-tuning the expriess

(Stojilikovic and Hantke, 1994; Mills and Payne, 1ppermitted of HemR receptor proteins mediating iron/heme acquisition

hemin and hemoglobin utilization. The strain expressing H&2n during infection, to permit rapid growth while avoiding toxigi

was less e cient in utilizing hemin or hemoglobin, which g

re ect lower activity of the gem 2 promoter. It is also possible AUTHOR CONTRIBUTIONS

that structural or functional di erences in these OM recepgor
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