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It is known that the Fur protein negatively regulates iron-uptake systems in
different bacterial species, including Salmonella typhimurium. In this study it
has been shown that the intracellular concentration of cyclic AMP (cAMP) is
lower in a knockout §. typhimurium fur mutant than in the wild-type strain.
According to this, the expression of two cAMP-regulated genes, such as pepE
(encoding an r-aspartyl dipeptidase) and the Escherichia coli lac operon, is
decreased in 5. typhimurium fur cells in comparison with wild-type cells.
Introduction of an additional mutation in oA, encoding a cyclic 3.5 -cAMP

phoiphodiesterase, recovers wild-type intracellular cAMP concentration in the
5. typhimurium fur mutant. Likewise, expression of pepE and the E. coll lac

operon was the same in the 5. typhimurium fur cpdA double mutant and the
wild-type strain. Moreover, these results also demonstrate that the 5.

typhimurium Fur protein positively regulates the expression of the fThD master
operon governing the flagellar regulon. This positive control must be mediated

by binding of the 5. typhimurium Fur protein to the fihD promoter as indicated
by the fact that this promoter tests positive in a Fur titration assay.
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INTRODUCTION

In Escherichna codi the wron-uptake svstem 15 under the
conreol of the fier pene producy (Hantke, 1984), 2 17 kiDa

"1 | | | -j i - | | 1 | - | ] -
protein  presenting Fe' " =dependent DNA-binding  ag
rivity (Bapp & Neilands, 1987). Genes under fir control
require the presence in thar promaters of ar least three
conrguous NAT(ASTIAT-like hexamers, in cither di-
rect or imverse onentation, o which the Fur protein

binds (Escolar et al., 1999, This sequence, knownn as the
Fur box, wems to be widespread i bacteria since i«

presence and honcoonality have been described in the
promoder of iron-regulated genes ol severdl Bacterial

specics belonging to groups as different as Endero-
hacteriacede. Psevdomongdacear, MNelsseriacede  and
Ciram-positive bacteria (Escolar ef al., 1999 ; Radledpe &
Dover, MNN), It has alko been reported thar the
Escherichia cnlt Fur protein s a positive regulator ol
sod B gene expression, although rhe precise mechamism

Abbrevistions: M0 2 F-cgrndyt, TURTA. Pur tiiration asseg
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of this stimulatory effect has not been established since
4 putative Fur box seems not o be present in the
promofer of this gene (Dubrac & Tooan, 20000,
However, the Helieobacter pylorr Fur protein can
activate frpl gene transeniption by directly binding its
promoter (Delany et al., 2001, The Salmorella typin-
wercrrnemt fur gene and several genes which are under 1is
control have been wentihed (Ernst er al., 1978 Foster &
Hall, 1992; Tsohs er al,, 1995), The Fur protein is also
invialved in the acd tolerance response of 5. rypin-
meterrneet (Wilmes-Ricwenberg of @l 199%), althoogeh irs
rode inwron uptake and acid resistance 15 physiologcally
il |."_|.-rl-|:I||..1||l. -...|_--|'|_|r_1|'|'||_- Hall & Fosrer. 199649,

'he product of the crp gene 15 another global regulator
which, by binding to cvchic AMEP [cAMIY), controls
cellular carabolism (incloding acrobic and anperobic
resparation), at least ) the apterabagcieriacede (Ralb of

al., 1993), Intracellular cAMP concemtranon is nega-
rively modulared by the presence of glucose. As the

glucose level decreases, the intracellular level of cAMP
rises and an active cAMP-CRIP |.-:|1||.|;l-||."-.. is formed which
transcriptionally regulates the expression of numerous
penes (Ishizuka er al., 1993,
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It has been suggested thar the Fur promein could also ac
as an internal iron chelator, avoiding a dangerously high
Morease in reactve ferrous iron concentranons within
bacrerial cells (Abdul-Tehran er al, 1999, In this
respect, it is known that double recA fur mutants of E,
calf are not viable when growing in the presence of
oxvgen [ Touar ef al., 1995). This fact is ateributed 1o the
nteracton of reactive oxygen species [such as the
superoxide radical Q) generated during acrobic res-
pmration) with a higher avalability of free Fe(ll) m the
cyvioplasm of such double muranes [(Touar er al,
1995 ; Henle & Linn, 1997 ; Abdul-Tehrani e al., 1999,

The presence of a puranyve sequence to which the cAMEP-
CRP complex binds in the E. colf fur promoter has been
suggested on the basis of computanonal analysis [£Zheng

et al., 1999 ; Gelfand er al., 2000, In agreement with this
possibility, it has been recently demonstrated thar the
fuer pene of Pastewrella mltocida, which belongs 1o the
p=Protechacteria, as does E. coli, s positively regulared
by the cAMP-CRP complex (Bosch e al., 2001). On the
basis of rhese dara, a close relationship between the
membolism of both cAMP and 1ron in bactenal cells

coitld be hypothesized. To rest this putanive relanonship,
the intracellular levels of cAMP and the expression of
several pencs regulared by this nucleotide have been

studied in an 5. typlimiurium fur knockoot mutant,

METHODS

Bacterial strains, plasmids and growth conditions. | he
bacrerial szrams and plasmids used in this study are lisped in
Table 1. E. coli and S. tvpdrisnrfiem strains were grown in LB
broth (Miller, 1991}, CAS plates (Schwyn & MNeilands, [957)
were used to confirm the comstinmive synthesis of siderophores
charactersstic of frur mutants. Antifmonics were added o the
culrure medinm at the concentrations reported by Jordan ef af,
[199], When necessary, chelating agent 2.2-dipyrady] (DD
was wsed at 30 pg ml™Y. Induction of the [ac operon in 5,
rvplermnerinem cells carrving the F 128 ('eo® Lac® zzf:: Tnld
dred] plasimdd was analvsed by the addition of PTG o the
desired culture at a hnal concentration of 10 mM. To measure
expression of lac/ fusions, samples for the Sgalactossdase
assays were taken, m oall cases, rom cultures in od-
exponential-growth phase (ODy,, about 04) and enzymic
activity was determined as reported by Miller (19910, In the
qualitative Fur mtration assay (FURTA), 1 mM  FeSO),-
supplemented Lac EMBO agar plates (Stojiljkovic of @, 1994)
wiere uwsod, For qguantitanive analysas ol FLIR TA cxpenments,
cells grown on these plaves were collected, resuspended in LB
medinm and their f~galactosidase activines measured.

Genetic technigues and DNA manipulations. Biparcntal and
rriparental matings using pRK2013 as the mobibizing plasmid

were performed as described by Jordan e al. (1996), 5,
rypleioneriert  chromosome exchange markers, P22 HT-
mechated transductions and plasmod electroporateon were

performed as described by Jordan et @l {1996, In all cases, the
absence of the P22 HT prophage in the transductants obtamed
was determined by streaking them on green plates [Davis ot
af,, 19%(0],

Standard DNA  techniques, including restriction  enzyme
digesrs, liganon, rransformanon and plasmid puribcation,
have boen described elsewhere (Jordan et al., 1996}, cpd A and
promoters of pepl, as well as of all Aagellar genes used in

this work, were isolared from S, fypinmsrses ATOC 14028
chromosomal DNA by PCR amphficanon asing the appro-
priate oligonucleotide primers, These primers [Table 2} were
designed based on dara abtamed through carly release of the 5.
repebsimnrrinm genome seqoonee (hitp /) www.genome, wast ],
cdu/gc) by the Genome Sequencing Center of Washingron
LUmiversity, USA, Oligonucleotide primers were supplied b
Rische Dhagnostics. To faclitate subclomng of POCR DNA
fragments and construction of rhe lacd Msions. spocic
restriction sites were incorporated at their 8 ends [Table 2.

I=olation of a 5 fyphimuriom fur knockout mutant. [ o
isolate the fur gene, a pRKAM plasmid-based genomac hbrary
af 5. Fyplirenerinm was mtroduced by rriparental manng inmo
the HI780 E. coli fur reporter strain, which is a far-dehciem

miutant containing a fuston between the fur-controlled pro-
meter of the fin gene and lfacd in s chromosome (Hantke,
19871, After plaring in LB medium supplemcented wirh X-Ceal,

ferric sultate (100 pM) and kanamvain (50 pg ml '), five whire
clones were detecred whose plasmids were retransformed into
HI17HD, again giveng white colomes, S5inoe ressrcoion analvss
indicated that all ove clones contained the same 1 kb size
tragmemnt, only one of these plasmads (pLIARI]) was selected

tor subscquent work.

Further subscloning and ek of several mtermal frag.

ments enabled us to obtain the sequence of the 8, replrimnerinm

fier gene present in plasmid pUA93] [GenBank accession no.
AF2EH2IRT

To abtain an 5. fypbinteriaen far knockout mutant, a 35 kb

chloramphenicol reststance cassette was mserted inmo rhe
intermal AspTi0 sive of the cloned firr gene. A Kpnl=Sacll
45 kb fragment contamming the for::UCm constroctyon was
then cloned in the plaP7iM suicsde vector and mmredoced into
a Ril™ derivarive of the 5. ryphinreriton ATOC 14028 wild-
tvpe strin by tnparental manng. Chlormmphenicol-resastant

ransconjugants were screened for loss of vecror-medianed
ampucillin resastance o devecr patative mutants whach had
exchanged their wild-type gene for the inactivared fuer gene as
a consequence of a double cross-over event. For one of these
strains, LIATTSS, this was unequivoecally confirmed by PCR

amplification of chromosomal DINA using Furup and Furdw
primers, Southern dot bloming and constimutive synthesis of
siderophores on CAS plates (data not shown).

It has been supgpested that most nfampcn-resstant mutants

of 8. tvphemuerawm are affected v their gene expression pantern
{Brorkman er al., 1998}, To prevent any putative interferende
af the Rif* mutation i the behaviowr of our fier mutant, the

faer:: Cm region from strain UA 1784 was rransferred by P22-
mechiated rransduction o wild-type (Rif*] cells of £, fvply-
sraperinime ATCC 14028, The PCR profle of the chromosome of
10 Ce™ rransduocrants, when amplibed with Furup and Furdw
primers, amd inoculation in CAS plates revealed thar all of

them contained the desired farr: : Cm mutavion, One of these
transducranes, LUAITTY, was kepe for further work.

Construction of lacZ fusions and f-galactosidase assays. A
PCR-fragment of about 300 bp containing the promoter and a
fragment of its codmg region was cloned for cach gene in the
FGF.I'I-'[-T vector [Promegal to constrscr the desired Lacs

usioni. LUpper prniners used lor the construction of Lacd
fusions comained an EcoRl reancrion site ar their 5 ends,
whereas lower primers presented a BaseH | site ar their 57 ends
(Table 2). For cach fuswon, Ecoll-BamH] restrction frag-
ments were recoverad from the appropriate pGEM-T de-
rivarive and subclonad into pll |8 upstream of the promoterless

trp =" lach regiom. Afterwards, the Notl fragment harbourning
the created fusion was recovered from agarose gels, flled-in
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Table 1. Bacterial strains and plasmids used in this study

Crganism Relevann feamures Source or reference”
Fscherachra ool
LS sirprEA Alael T69 (B0 Lic ZAMES) IsdRBI7 rec Al emd AT gorA™ tlvi-1 rel Al L lomtech
HE iK1 sarfrd Bsd 520 rec ALY aro-14 proA2 lac YT galK2 rpsl 20 x9l-3 werl- | Cloprech
MOTO6RD (v P B mierl araD I A9A e ABC -len) T6TY Alac X7F gal ] galK rpsl. sl lysogenioed Thas laboratory
with iprr bactersophage
ST Ligrir] Fec AT i o sl € PG 2-Te:Mu:km Ta7; Tp™ 5m"; lysogentzed with 4frir Herreo of o, | 199594
bactenophage
LT TRT T
s bt
ATCC 1428 Wild-rype ATCL
TTl421 proABET 'F Pro® Lac® z2f: . Tnld dres SLA0
TT75S As ATCC 14028, bur Crp LTS
LA LTI As ATCOC 140128, but Ref® Thies sxniedy
LiAT =4 As LIAITTO, bt farr: - 00 m Thes sty
LIALT™S As ATCC 14028, but faers: 0Cm This stadv
UAT S As UIALTTTO, bamr cped A 0K Thes study
LIATT3S As UATTTY, but cpd Az fdKm This study
LIA 18015 As TT7557, bait far: =030 m Thes ssucdy
Plassmiads
pHR K03 Tra®, ColEl replicon, Km" [deta et il [1985)
pl! |8 Promaoterbess voctor For making lieed fussons; Ap" e Lavtemro f al, (1994
pl.V 106 Low-copy-number, broad-host-range plasmid: Mob™ Tc® Lee & Kaplan [19932)
place-T Cloming vector; Ap" [*romega
pHP450 m Source of [Hom" caserte Premtks & kKorwsch (19840
pH P SKm Sowirce of QKm"™ cassette Premckn & Krasch (1984
PR A Broad-host-range cloning vector: Mob® Tc® [hitea et o, (1985)
pllucscript Cloning vecor; Ap" Stratagens
SR+ f—]
F 118 Pro* Lac® gofs: Tl diet; Te" S5
pll A4S A pBlucseript Sk + [ — ) dervative contaming a Km® casene cloned in a This laboratory
Hisllll restracrion site; Ap" Km®
pilal' 7 Soicide vector; Maob® Ap® de Losenxo e of. {19
pllAS3] pREA0M dervarive carrving a 1 kb fragment containing the 5. rypleminrinm This study
farr genc
plLIASRE2 As pliluescripr, butr carrving a 1 kb fragment containing the 5. fvpduimarrunr fur This study
Brne
pllA®33 As pLIAS3L, but carryang a fur: 00 m construction
pLiAS34 As plaP704, bist carryaig a fuir: (DM m constraction This srudy
pLIAYIS As plem-T, bur carrving a 280 bp MCR fragmemt containing the S, tvplimnreiien This stady
i) promoter
pLIA%AS As pGem-T, but carrying a 366 bp PCR fragment containing the 5, fvpdumnrrinn This scudy
HeA promoter
plIASIY As plem-T, bur carryimg a 03 bp PCR fragment containng vhe 5. ryplimrerninne This study
A promaoner
plIAYIR As plem-T, but carrying a 327 bp PCR fragment containmg the 5, typlimmurrasy This study
i promeorer
plLIASYT As plem-T, but carrying a 24% bp PCR fragment containing the $, typlimuriasr This study
peplk promorer
pLIASLY pLY10% carrvang a bl lac? fusion; Km®™ Gm® This snady
pLIASD pLYV 106 carrying a flgA :lacZ fusion: Km* Gm® This srudy
pLIASH) pLY 1 carcvang a fled oo fusion; Km"™ Gm® This srady
pLl ARG pLV 106 carrving a feC :1lacZ fusion: Km® Gm™ This study
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