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Table 1 (cont.)
Cdrgamsm Relevam featmres SEpree of feleremce”

plIAS4E As plem- T, but carrveng a 1039 bp PLK fragmene contammng the 5, fypdemnrinins This stady
cpd A gene

AN As rLIASEE, biar dpd A s THR This srady

pLIAS4S As pLPT04, bur carrvimg a cpd A 000 consTrucTmsn This study

IUTASN ALY 106 carrving a pefeE o lac . fusiong Km™ Gm® This study

pLIASS0 As pLIASE, bur carrying the 280 bp fragment contaiming the S, ryphimnrinm (b0 This study
Fromotes

"ATOC, Amencan Type Colture Collecton, Mamnassas, VA, USA; S65SC, Salmonella Genecte Stock Cemrer, Universiey of Calgary,

{ amada.

Table 2. Dligonucleotide primers used in this work

Primer sequence (8 =F)" Posignianm
Furdj; CAACAGGATCAGA TOUOGE L
Fiarithy G TCACG TOUA TG TGO + 451
FIhI g CGAATTOOCTOL G T T T ATGTOALK - 253
FIhLRES L ATOCLGUAAUTULGATGTA TGO + 27
FleAll CeAAT TG T T T T TG TOCACK - R 33
FlgA2l GLATCCUGOCACGLOLAATOCT O 4+ 33
FlaAl® CoAAT T ARG A AL T AL ALL: - N7
FlaAZY COATCCUCATTACACCT TCAGUC + 33
FlsC_1# GAATTIUGTTATOLGLUEAATOTGLGAG - 119
Flv 2 # GO ATOCUAGAUU GO AANGATUAGACT 4 i
Ll A4 COCGGGLGTATCCALGUGTAAAGTTO + kR
Cpad b GAATTOGAAACGGTGAGUTATOAGL -~ e
PepE 1t CAATTOTAATTTTTICAGGOGAT AL — 155
PepkE2i GOATOCUAA TTOGATTUGUTATOAL + Kl

*When present, added restracrion sites are shown in italses.

t Posrtion of the 5 end of the algomucleotde with respect to the translational start poant of cach S,

Py NI T,

¥ Promees msed o obtaon the 467 bp tragment contamangg the 5. Byplbrmmeraem frer gene.

§ Prmers used 1o obrain the 280 bp fragment containing the 5, rypfemmrianr [0 promoter.
| Primwcrs used to obtain the 366 bp fragment containmg the 5. fvpunmierninn GgA promoter.

4 Primers used o obtam the 403 bp fragment comaiming the 5. rypbrmeriunm fiA promoter.
& Prumers ised to obtam the 3I7 bp fragment comtamang the 5. fypbomeraem (/0 promodter,

" Primers wsed 1o abeain che TR b frapgmcnt contalnimg the S, v plrismiernieom o A gene,
H Pramers wsed to obtam the 248 bp fragment contamning the X, fvphimurinnr peplE promober,

with T4 DNA polvmerase to olstain Blunt ends and inserted
into the single Sweal cloning site of the low-copy-number
pLV 106 plasmid. To prevent any possible rﬂm-ﬂllﬁlpl-'lr':l-llh'i-
tet promaoter on the expression of the gene to be studhed, only
clones conramimg a pLV 106 plasmid carrving the L fision
in the e transcrptronal direction o thas PromwteT Were
sclecred for further work, Finally, plasmids containing the
constructed fusions were intridoced by baparental mating into

desired 8. ryphinneringn strans, The activity of fgalactosidase
wits assaved as described by Miller (1991). The eneyme units

reported here were the means of ar least three independemt
assavs and all values were reprosducible to within an error of
+ 10%.

CAMP determinations. 1he mtracellular comcentrammon o
cAMP was determined osing the cAMP enzyme immipmsoassay
kit (Amersham Pharmaca Bwotech], according to the in-
structions specihed by the manufacturer. To do this, culmure
samples at different points during the exponential growth
phase (0D, of 02, (k4 and 8 tor cells growing in the
absence of E chelating agene DI, and (¢ 1, (k2 and (k4 for
thase growing in the presence of DPFDY) were taken. After
baoiling for 5 min in lvsis baffer and contrifugaton ae 1500 g
foor 3 o ar 4 °C, the supernatants were immedaately frozen
for use later in the assayv. The intracellular concentration of

cAMP obtained was in the range ot valoes reported by Saser et
al, (1975) in 8, rypdeienerinen cells. All cAMIP determinations




were carreed] v |:||.I-|_-|_1|.-|||-.'||.'||l||'|. at least three times ansd the

srandard deviation among cach one of the rmplicates was
mever higher cor bower than 0%,

Provi&if ﬂnuilr_'.is.. Chriee=membrane profciss Ifoim %, .'H,rrffl'-
mrrnir wild-tvpe or fur strains were extracrted from cultures
provwn under the desired condinons as desenibed by Ferreiros
et ol (195940, Rracfly, cultures were centrifuged ar 4800 ¢ andd
pellets were resispended in 001 M acetate bulfer /-2 M lithiam
chloride ar pH 58, mcubated for 2h ar 45 "0 in a shaking
wwater Barh ansd |_'l.|-..-:.|:1.| through a 2l-gavpge nocdle. These
suspensions wore then centrlaged ar 10K _;,'.!hl.' pellets being
discarded. Membrane frapments were obtained from the

supermatant by centrifuganion ar 30000 ¢ for 2-5 h, and the
pellet was resuspended in distilled water. The protein con-

cenpration of outer-membrane samples was determined by
the Lowry method and their prohles were examined by 12°

PAGE in the presence of SD5 {Lacmmbi, 1970

To conhrm the sdentity of the 52 kKDa proveen, 5L AL E el
were clectroblotted onto polyvinvlidene difluoride membranes
(Rin-Rad) and stained with Coomassie blse. This protein was
then recovered from the membrane and it MN-termvmal amino

acid sequence was determined by Edman degradanon using
Protein Sequencer 4774 [Apphed Biosystenis),

RESULTS AND DISCUSSION

Expression of cAMP-regulated genes in
5. typhimurium fur cells

The synthesis of flagella in 5. fypleminriem requires
maore than 50 genes, which are distribured in 17 idennhed
operons (Chilcott & Hughes, 2000). Expression of these
penes follows a hierarchic cascade, known as the
Hagellar regulon, in which three classes of promoters

-Galactosdase actiity (Miller unals)

fihD  figA fliA

Cwclie AMIP in 5. fyplerrmigirriven fror muaranes

have been identified. Class | consists of the promoter ol
the transcripoional um B, also known as the master
operon (Chilcort & Hughes, 2000}, The master operon
% under cAMP control (Yokomm & Gots, 1970

Silverman & Simon, 1974). FIhD and FIhC are the
activators of Class 2 promoters (Kursukake ef al,, 1990

Lin & Marsumura 1994), They regulate, among other
penes involved in Hagellum biosynthesis, the expression
of fifA, which = an altermanve sgpma factor (77
specifically required for the rranscription of Class 3
promoters (Ohnishi e al., 1990). Promoters of the il
and fijB genes encoding, respectively, cach of the two
different flagelling which 5. repbimuriem cells can
display, belong to Class 3 (Chilcorr & Hughes, 2000).

I'o determine the effect of the fur mutanon in the
Hagellar regulon, genes belonging to cach one of the
three promoter classes were selected, Expression of filrl
(Class 11, tA and |"|'I'..;.Jl (Class 2, and firl (Class 3}
promoters was analysed through lacZ fusions. Resulrs

obtammed indicated that all three genes display a sig-
nificantly lower transeriporon m the fur mutant than i
the wild-type strain (Fig. 1). From these data it can be

inferred that the inhibinon of frl] gene expression
shiould be ateributed to the hierarchic organtzanon of
the Hagellar regulon, Thus, the decrease i IO operon
rranscription would lead to a lower concentration of
sigma faceor o™, which, consequently, would give rise 1o
a lower expression of Class 3 promoters,

It must be noted that the addition of DPD did no
modify either i€ expression in wild-type or fur cells,
nor the difference existing between these strains (Fig. 1).

wt fur wi P

Class i Claas i

wt M e wt Pur
FieC i
- -
i -|"|I|..||;|:||-r DFD
CLass 10

Fig. 1. Basal expression of several promoters belonging to the 5. typhimuwrium flagellar regulon. f-Galactosidase synthess
was measured from a fusion of each promoter with facZ in both wild-type (wi) and fur (Fur ) strains growing n LB
medium in the absence or presence of either glucose or DPD, -Galactosidase activities were measured from samples

taken from mid-exponential-phate cultures (0D, about 04},
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R —
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Fig. & SD5%PAGE profiles of outer-membsane proteina from
wiild-type and fur cells growing in LB medium In the presence
orf absense of DPD, While and hbilack arrows indicate the
fur-dependent high-moleqular-mass proteins and the 52 kDa

protein comresponding 1o the product of A, respectively,

Furthcrmore, the presence of glucose prodoces a de-
crease in i expression i the wild-type strain of a
similar I'l1:|gl:l.lr|||.f-|; as that n;'|_'l-|1'rl-|:||.'| for F. colf (Bertin ¢
al ., 1994, but does not produce any effect in the fur

mutant (Fig. 1), The same results were obtained when
S5D5%-PALGE profles of outer-membrane proteins of wild-

tvpe and frur cells were analysed. Hence, the fur mutant
showed a signibcant decrease in the amount of a 32 kDa

protein (Fig. 2) corresponding to the fliC gene product,
as determined by sequencing its N-terminal end (data

naot shown). Likewise, and i agreement with data
obrained from fiC-lacZ fusions, the presence of DPD

does not abolish the diference existimg in the con-
centranon of the fC gene |.1|"-||-||_:|1||..'I! Boetwoeern '|-'|-"|'|.|r|1-rl-|.'
and fur stranns (Fig. 2], All of these data mdicate that the

decrease in transenption of Hagellar genes s not related
to treen starvatoon, bor rather o the lack of the Fuar
]1|'|:1I!||_'1:'|-

To ascertain whether mmanscription of other cAMP-
'.".Hr"-u.h.Tl-::hd-l:.lhl PrOmoters i~ atfected tn the fiir ot ant,
the induction of the E. coli lac operon, as well as the
basal expression of the cAMP-regulaved 5. typhiimiperizm
pepl gene (Conlin er ol 1994), encoding an s-aspartyl
dipeptidase, was analysed. As seen in Fig. 3. expression
of both rranscnprional units (E. colt lae operon and 5.
fvphrmmurnnn pepl gene) was also reduced in the fur
strain, but was not affected by the presence of DPD.

Intracellular concentration of cAMP in
5. typhimurivm fur cells

The dara shown above conhrm thar a connection
between the behaviour of fur cells and ¢cAMP mav exise,

For this reason, we decided o analvse the concentranion

Tos

e d e =
NIkl s -
il Bl

-

Fig. 3. Basal expression of the 5 nyphimurium DenE prormotes
and IPTG-mediated nduction of the £ ol ac operon
Expression of the lar operon was measured 90 min after PTG

addition. The jac operon wai present on the F 128 pladmed in
both wikd-type and fur strains of 5 fyphimurium growing in LB
medium in the presence of alsence of DPD. F-Galaciosicdase

activities were measured from samples taken from  mid-
exponential-phase cultures (0D, about 0-48)

-|.|f ll'|i.'-. :|:Il|l|,:|-|."|:||I-|.'|l|.' Il Jlfl-l:'l'l:l'l-! |.'|-|J-|:|1|'-. -|.'|1|r:||'|g I:hlr_' Ck
ponential growth phase, in both wild-tvpe and ferr strain

cultures, in either the presence ar absence of glucose, as
well as when DPL had been added. Fig. 4(a) shows how
the fier mutant has a lower intracellular concentration ol
cAMP than wild-type cells, regardless of the OD,, of
the culture from which the sample was taken. Moreover,
wild-type and fur cells growing in the presence of
glucose have the same cAMP level (Fig. 4b), although
this is lower than thar observed in the absence of this
carbon source. Likewise, the intracellular concentration
of cAMP is practically the same in both wild-tvpe and
frir strains in the presence of DPD (Fig. 4¢), with the level

being slightly higher in fur cells.

Role of cpdA in the behaviour of the 5. fyphimurium
fur mutant

It has been shown that the enzymic activity of the cychic
3 5 -cAMP phosphodiesterase of E. coli encoded by
cpd A s strongly stimulaved e vitro by iron (1) (Niclsen
et al., 1973 ; Imamura ef al,, 199%). Likewise, it 1s known
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Fig. 4. intracellular cAMP concentration of wild-type and fur

strafns of 5 typhimuriurm at different pomits during exponential
growwth phase. Growth owurred in LB mediom (a) n the
presence of either ghucode (b} of DPD {c). Growth of wild-type
and fur cells = represented by dosed and open Circkes
respectively, Samples were taken at 0D, values of 01, -2 and

04, or at 0Dy, values of 02, 04 and 08, depending on

whether DPD was added or not, respectively. o all cases, values
are presented n nmol cAMP (mg total protein of culture

samples) '

that the Felll) /Fe(lI1) rato s higher in Fur mutanes than
in wild-type E. coli cells and that part of thas Fe(ll) s not
bound to iron-storage proteins as emly in this murant
as in the wild-type strain [(Abdul-Tehran e al., 1999),
Results reported above indicate that the lower con-
centration of cAMP in 5. fvpfersiriom fur mutants 1s
related o inrracellular iron availability. So, iron-de-

Cyclic AMP in 5. tvppborenirenenr fuer mutants

cAMP [nmal (mg total protein) !
o
L

vl fur K

;

C A
4.

Fig. 5. Intracellular cAMP concentration in wild-type, fur, cpaA
and fur cpdA eells of § l].'p.l':.l'rr:l.L.l.rl'l:.r.rr:l i mid-enpanential-phase
u-rl;".l.l'lh- abaut 04d). In &ll cases waliaes are paressnted B

nmal cAMP (mg total protein of culture samples) |

ph:-n:._‘l cells (those I_'h!:“'ll.l'_ cultured 1 the Prescnoe of
DIPD) of both wild-type and fur strains showed the same
cAMP levels (Fig. 4¢). In contrast, the fier murant, which
shows 4 Constitutive CHProssin oxf Ir-l.l-n-l.l.|:ll[.!'|{r.' mech-
amsms and lacks the predicred protective effect of the
Fur protein in iron-overloading conditions (Touarl ef
al., 1995}, presents a lower bevel of cAMP (Fig. 4a) when
growing in an iron-rich medium (in the absence of
DPDY. For all of these reasons, we decided o analvse
whether the product of cpdA s responsible for the low
cAMP level of 5. typhimuriveen fur cells, To carry this
out, the S. typhrimuriom cdp A gene was isolated by using

oligonucleonide primers shown in Table 2 and mura-
genized by insertion of an QKm resistance cassette into

its internal Hindll sive. This epd A OKm construcion
was introduced by marker exchange into both 5.
typrlrimrinm Rif® wild-type and Fur™ strains and s
presence confirmed by both CR and Southern analvsis
(data not shown). Fig. § indicares thar the imtracellular
concentration of ¢cAMP is restored in double epdA fur
mutants, this value being slightly higher than that shown

I1}' wildd -t ¥ e cells.

According to these results, expression of both pepk and
the E. colf [ac operon in the S, typlimurinem cpd A fur

double mutant is practically the same as in wikd-type
cells [Fig. 6). In agreement with previons studies (Mielsen
ef al., 1973 Imamura ¢t af., 1996), the higher level of
Fe(ll) in 8, typlimarieen Fur cells conld stimulate the
activity of the cyclic phosphodiesterase encoded by
epd A which would then produce a decrease in rhe
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Fig. 6. Bazal expredtion of the D, MVC and pepE promoters and IPTG-mediated indduction of the £ call e openon |n
wild-type, fur, codAd and fur cpod cell of & fyphimuwnum growing in LB medium. Fhalaciofdase achivilies Wwene
mepsured Irom samples taken from mid-exponential-phase cultures (00D, about 04),

mtracellular ¢ AMDP level. In accordance with this hy-
pothesig, the addinon of exogenous ¢cAMI o 5, typbi-
meerinemy fur cultures did restore the wild-type level
EXPresaingn ol eather _FI'-I!']I'J-"-' af the E. coli lae OpCron [dara
oot shown . Furthermore, and giving support to the role

of cAMP in the behaviour of the 5, tvpleeresrinim fair
mutant, expression of the pepE and lac operons was the
same in fur, crp and fur erp strains of 8. fyphirrranm
{dara not shown). As anncapated, the level of expression

was lower in all these mutants than in wild-aype cells
idara naow shown).

In contrast to the Andings described above, 5, fvpler
muriue cpd A fur cells did not resvore wild-tvpe levels of

either (D or fiC transcription (Fig, 6). Consistent with
this bnding, the amount of the product of fiC in ourer-
membrane prohles of both fur and fur cpd A mutants
was the same when analvsed by SDS-PAGE {data not
shown), This facr indicares thar, regardless of cAMIP,
the Fur protein muost be involved in the control of the
Hagellar regulon and thar s presence s absolugely
required to achieve an optimal expression of the b0

promoter, despite there being enough intracellular
cAMP concentration. In this respect, it is worth noting

that the 5. typlmerieesns 10 promoter tested positive,
m borh gualitative and quoannitavive assays, in the
FLUIRTA test used to devermine if the Fur provein binds ro
a given promoter i o (Stoplkovie er al, 1994), Thus,
E. coli HIT17 (which is the hasis of the FURTA rest)
harbouring a pUA949 plasmid derivative, including the
N, typlimeriees D) promoter, expressed 80 Maller
amits of F-galacrosidase. This same strain conraiming the

plLIA949 plasmid alone showed a fogalactosidase activiey
of only 2 Miller units, This result demonstrates thar the
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Fur prorein must bind to the 5. typinsmarem fiil)
promoter. It must be also noted thar a putative Fur Box
containing a perfect For-motfl [NATA/TIAT] sur-
rounded by copies of this hexamer presenting varous
degrees of conservation is located 107 bp upstream ol
the rranslational start codon of the 8. tvphaneeraerr D
Bene.

Virulence of 8. typlreemaerivers frr cells is strongly reduoced
when orally inoculared, but only slightly affected when

intrapenitoneally challenged (Garcia del Portillo er af.,
1993, Arrenuanion of orally inoculated fur cells has been

demonstrated to be due 1o the extreme sensitivity of
these cells 1o acid condittons [ Wilmes-Riesenberg et al..

19961, Morcover, the virulence decrease of intraperi-
roncally inoculated fur cells had been anribored o

its high sensitivity to superoxide (Touati er al., 1995), In
contradiction o this last hypothesis, it has been es-
rablished char 8. rvpbermernem frr and wild-tvpe strams
present the same viabiliey inside macrophage cclls
(Gareia del Pornillo ef af., 1993}, The lower imrracellular

concentration of cAMP in 5. typlumrsim fur cells
could explain its virunlence decrease in companson to the

wild-type strain when such strains are intraperitoneally
inoculated into mice, since appropriate levels of cAMP

are required for S, svplomarnem cells 1o be virulens
(Curtiss & Kelly, 1987,

In summary, 5. fvplimerinm  fur mumants  present
reduced cAMEP levels which resulis v an  indirec
reduction of expression of cAMP-regulared genes, such
as pepl and lae, This decrease can be compensated by
the imroducton of a knockour mutation in epd A,
encoding a cychie 37,5 -cAMP phosphodiesterase. More-
over, the S, fvphimurieon B0 master opcron, oon-



trolling Hagellar gene expression, s positively regulated
by Fur through an iron-independent mechamsm thar
requuinres further characrerizanon.
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