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ABSTRACT
Enteroinvasive Escherichia coli strains (EIEC) of different serotypes isolated from patients with acute
diarrhea were examined for the ability to produce siderophores and iron-regulated outer membrane proteins
(IROMP). For iron starvation cultures were grown at 37°C in LB supplied with 200 µM of α-α’dypirydil.
All strains produced enterobactin and twelve (40%) produced aerobactin. The strains showed IROMP
varying from 67-82 kDa. Proteins were either induced or stimulated by the iron starvation. Differences
were observed in the electrophoretic profile among the serotypes, originating 5 electrophoretic profiles. All
serotypes expressed proteins of 82 kDa (FepA) and 76 kDa (IutA) (except serotype O28ac:H– that did not
produce the 76 kDa protein). Several strains (O29:H–, O144:H–, O152:H–, and O167:H–) expressed IutA in
the outer membrane, in the absence of aerobactin production. Additionally to well characterized proteins
(FepA and IutA), we found two IROMP of unknown function in some serotypes: a 71 kDa protein was
detected in three profiles and a 67 kDa protein was present in serotype O152:H–. Moreover, two bands (39
and 43 kDa) which were not iron-regulated bound specifically to human lactoferrin.
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INTRODUCTION
Iron is very important for all organisms because it
participates in many biochemical and metabolic processes,
including steps of the electron transfer through the respiratory
chain and DNA synthesis. Fe III oxides are quite stable but
insoluble at neutral pH, therefore free Fe III is limited to an
equilibrium concentration of approximately 10–18 M (12), a
value far below the one needed for the optimal growth in
microbes (10–8 to 10–6 M). In mammalian hosts, most iron is
sequestered intracellularly in heme and ferritin, or
extracellularly in carrier glycoproteins such as transferrin in
serum and lactoferrin on mucosal surfaces (2, 17, 28).
To survive in the host, many pathogenic bacteria evolved
iron-transport systems to utilize host iron compounds. Under
conditions of iron deprivation, most Gram-negative bacteria
produce: (i) siderophores, iron chelators that are able to
efficiently remove iron from transferrin or lactoferrin and (ii)

outer membrane proteins (OMPs), that function as receptors
for ferric siderophores and ferric proteins (12).
Iron-regulated outer membrane proteins (IROMPs) of
enteric bacteria mediate siderophore uptake and have apparent
molecular masses in the range of 74 to 84 kDa (26). In E. coli
receptors with 81 kDa and 74 kDa bind ferric enterobactin and
ferric aerobactin, respectively. The iron uptake system for hemin
in Shigella and EIEC strains involves an IROMP of 100 kDa,
whereas in enterohemorragic E. coli strains (EHEC) the same
process uses an outer membrane receptor of 69 kDa (30, 33).
E. coli comprises several clones which together have evolved
the ability to cause a broad spectrum of human diseases (25).
EIEC are diarrhea-causing strains pathogenically related
to Shigella sp. The role played by EIEC in endemic diarrheal
disease has not been investigated extensively. However, some
studies indicated that these bacteria can be isolated with
relatively high frequency depending on the population
investigated (32).
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The mechanisms of iron uptake by EIEC are largely
unknown. In a work carried out in our laboratory previously,
all EIEC strains studied were able to produce siderophores,
enterobactin and/or aerobactin. Those strains were checked for
their ability to use iron from different host sources, such as
heme compounds and the glycoproteins transferrin and
lactoferrin. All sources were used by EIEC strains (8). In the
present article, the EIEC IROMPs were studied.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Thirty EIEC
strains of different serotypes isolated from patients with acute
diarrhea were used. Cultures were grown at 37°C under shaking
for 6 hours in 100 ml of Luria-Bertani Broth (LB - Triptone
10g, yeast extract 5g, NaCl 10g, NaOH 1N 2.5 ml, H2O d 1 L),
which was supplemented with thiamine (20 µL/ml) and
tryptophan (40 µl/ml) (Difco Laboratories Detroit, Michigan
USA) and 150 µM of FeCl3 (Merck KG Darmstadt, Germany).
For iron starvation, FeIII was removed by 200 µM of αα’dypirydil (Sigma CO St. Louis, MO USA).
Detection of siderophores. Enterobactin and aerobactin
were detected by Arnow (3) and Csaky (7) assays, respectively,
conducted by Dr. Shelley Payne (Dept. of Microbiology-Univ.
of Texas, Austin-USA).
Isolation of iron-regulated outer membrane proteins
(IROMPs). IROMPs were isolated by the method described
by Achtman et al. (1) with minor modifications. Thirty EIEC
strains (Table 1) were grown under shaking (1400 rpm) at 37°C
for 6 hours in two different conditions in 100 ml medium
aliquots: in the presence and absence of iron. The cells were
recovered by centrifugation (4,300 x g for 15 min at 4°C),
suspended in 5 ml of 10 mM TRIS (Amershan Life Science,
Cleveland, OHIO USA) buffer pH 8, supplemented with 1mM
phenylmethylsulfenylfluoride (PMSF) (Sigma CO St. LOUIS,
MO USA).
Cells were disrupted by sonication at 50% output, 2 x
80 sec., and the cells debris removed by centrifugation. The
supernatant was centrifuged at 49,500 x g for 60 minutes at
4°C and the pellet treated with 1.67% N-lauroylsarcosine
(Sigma CO St. Louis, MO USA) for 20 min at room
temperature. The outer membrane was recovered by
centrifugation at 23,000 x g for 90 min at 4°C. The pellet was
resuspended in 50 µl of 10 mM TRIS buffer pH 8.0 with 1 mM
PMSF. The proteins were quantified by the Bradford method
(5) and maintained at -20°C.
Analysis of IROMPs. OMP preparations were solubilized
at 100°C for 5 minutes in 0.05 M Tris-HCl buffer containing
2.5% SDS (Pharmacia Biotech AB Uppsala, Sweden) 10%
mercaptoethanol (Merck KG Darmstadt, Germany), and
0.003% bromophenol-blue (Pharmacia Biotech AB Uppsala,
Sweden). The proteins were separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 5%
stacking, 12% separating gel) (16). The protein bands were
visualized by silver stain (19) and analyzed by densitometry
(Densitometer GS700, BioRad Laboratories Hercules, CA,
USA). For detection of specific receptors, proteins were
transferred to nitrocellulose paper using Pharmacia apparatus
and treated as described by Towbin et al (34). Aerobactin
receptor protein band (IutA) was detected by using rabbit
antiserum raised against the 74 kDa IROMP expressed by
pColV-K30 (36). The antibody was raised in 6-months-old
New Zeland white rabbit by subcutaneous injections of
crushed polyacrylamide gel fragments containing the 74 kDa
band. Enterobactin receptor protein band (FepA) was detected
by using mouse monoclonal anti-FepA provided by Dr.
Phillip Klebba (Dept. of Chemistry and Biochemistry of
Oklahoma, OK. USA). Secondary antibodies were
peroxidase-conjugate goat anti-rabbit and anti-mouse
antibodies. Diamino-benzidine (DAB) (Sigma CO St. Louis,
MO USA) and H2O2 (Merck S.A RJ, Brazil) were used as
peroxidase substrate.
Detection of human lactoferrin (HLf) receptor protein
band. The OMPs were separated by SDS-PAGE and
transferred to nitrocellulose membrane by the methods
described above. The preparations were blocked with a gelatin
solution 5% (Difco Laboratories Detroit Michigan USA),
Tween 20 (Labsynth SP-Brazil) 0.2% in 0.01 M PBS pH 7.4
for 2 hours at 37°C. After blocking, the membranes were
treated with a HLf (Sigma CO St. Louis, MO USA) solution
(50 µg/ml), for 1 hour at 37°C under shaking, the protein
was diluted in a solution of 1% gelatin, 0.05% Tween-20 in
0.01 M PBS pH 7.4. HLf receptor protein band was detected
by using 1:4,000 rabbit antiserum against HLf (Sigma CO
St. Louis, MO USA) diluted in the same solution above for
30 minutes at 37°C, followed by peroxidase-conjugate goat
anti-rabbit antibody and it was visualized with the DAB/H2O2
system.
DNA probes. The 1.8-kbp aerobactin probe and 2.32-kbp
iutA probe were reported earlier (10). The probes were obtained
by digesting pGMV1with Pst1 and PvuII (1.8-kbp and a 2.32kbp restrictions fragments, respectively) (Gibco BRL Grand
Island, NY USA). The probes were labelled with biotin by
Bioprime® DNA Labeling System (Gibco BRL Grand Island,
NY USA). The hybridization was detected by Blugene®
Nonradioactive Nucleic Acid Detection System Kit (Gibco BRL
Grand Island, NY USA). Hybridization with either probe was
repeated at least twice.
Colony blot hybridization. DNA hybridization of the EIEC
strains described above was done using the aerobactin and the
iutA probes under high-stringency conditions as previously
described (21, 24). For each probe, a colony was considered
positive when it gave a clear-cut dark spot or negative if it
gave a light “shadow” reaction or no reaction at all.
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RESULTS
Presence of the siderophore system in enteroinvasive
E. coli. All 30 EIEC strains tested produced enterobactin and
twelve (40%) produced aerobactin. The EIEC serotypes showed
differences regarding the kind of siderophores synthesized
(Table 1). Strains belonging to the serotypes O28ac:H– , O29:H– ,
O144:H–, O152:H–, and O167:H– produced enterobactin, while
serotypes O112:H – , O124:H – , O136:H – , O143:H – , and
O164:H– showed production of both kinds of siderophores.
Electrophoretic profile of IROMPs of different serotypes of
EIEC. The 30 strains studied showed IROMPs varying from
67-82 kDa. The proteins were either induced or stimulated by
the iron starvation (Table 1 and Fig. 1). Differences were
observed in the electrophoretic profile among the serotypes,
which produced 5 electrophoretic patterns. Densitometric
analysis (data not shown) of the IROMPs showed quantitative
differences in the profile of proteins from each group. By
densitometry it was observed that some proteins are present at
low levels in iron-replete medium, undergoing substantial
increase of expression by iron-starvation. This pattern of
expression was referred as “iron-stimulated”. Alternatively,
some proteins are not found in iron-replete medium, their
pattern of expression was defined as “iron-induced”. For
instance, samples of Profile II (O29:H–, O112:H–, O164:H– and
O167:H–) express FepA and IutA, but in two serotypes (O29:H–
and O112:H–) FepA expression was iron-stimulated, and IutA
expression was iron-induced. In serotype O164:H– both
receptors were iron-stimulated whereas in serotype O167:H–
both receptors were iron-induced (see Table 1).
Detection of receptors for aerobactin (IutA) and
enterobactin (FepA). In order to detect the receptors for Fe-

Figure 1. Outer membrane proteins regulated by iron of EIEC strains.
Each lane contains 10 µg of proteins.
Lane 1 and 2 - O136:NM; lane 3 and 4 - O143:NM; lane 5 and 6 O144:NM; lane 7 MW. Lane 1, 3, and 5 strains were grown in iron
starvation medium. Lane 2, 4, and 6 strains were grown in medium
supplemented with FeCl3 (150 µM). The protein profile of each strains
was analysed by SDS-PAGE and staining with silver stain. The arrow
indicates the region induced or stimulated by iron.

Enterobactin and Fe-Aerobactin in EIEC IROMPs,
immunobloting assays were carried out with anti-FepA
monoclonal serum and anti-IutA policlonal serum, respectively.
The monoclonal serum anti-FepA recognized a band of 82 kDa
in all the strains, as expected (Fig. 2A). The serum anti-IutA
revealed the protein of 76 kDa in the EIEC serotypes that
produced this protein (Fig. 2B).
Detection of genes for aerobactin and its receptor
protein (IutA). All serotypes studied except O28ac:H –
expressed the receptor for aerobactin, IutA, but strains of
serotypes O29:H –, O144:H –, O152:H – and O167:H – were

Table 1- Probable molecular masses of the OMP and their electrophoretic migration profile of the different serotypes of
enteroinvasive E.coli grown in iron starvation
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Strains

Serotypes

Aerobactin

Enterobactin

1, 2, 3
10,11,12
15,16,17
18,19,20
2 1, 2 2 , 2 3
24,25,26
27,28,29
3 0 , 3 1, 3 2
33,34,35
38,39,40

O28ac:H–
O29:H–
O112:H–
O124:H–
O136:H–
O143:H–
O144:H–
O152:H–
O164:H–
O167:H–

0
0
1
3
2
3
0
0
3
0

3
3
3
3
3
3
3
3
3
3

Protein
Bands
(kDa)
82,71
82,76
82,76
82,78,76,71
82,78,76
82,78,76,71
82,78,76
82,76,71,67
82,76
82,76

Electrophoretic
Profile
I
II
II
III
IV
III
IV
V
II
II

Induced
Protein
Bands
76
76
71
82
82,76
82,76,67
82,76

Stimulated
Protein
Bands
82,71
82
82
82,78,76
82,78,76
78,76,71
78
71
82,76
-
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consistently negative in the screening of aerobactin
siderophore production. The probes 1.8 kb-Pst1 and 2.32 kbPvuII were used for detecting the aerobactin and receptor
genes in the serotypes that have not produced aerobactin but
otherwise produced the receptor IutA (76 kDa). The probe for
aerobactin genes produced positive reaction to serotypes
O:29:H–, O112:H–, O124:H–, O136:H–, O143:H–, O144:H–,
O152:H–, O164:H– and O167:H–: in these strains the genes
for aerobactin-mediated iron transport were present, but
aerobactin was not always produced (see Table 1).
Detection of human lactoferrin (HLf) receptor protein
band. The use of polyclonal rabbit anti-serum and the nonspecific binding of HLf to a number of proteins (23, 29) led
us to pre-absorb the serum with E. coli K12 cells. This
procedure substantially reduced non specific reaction, allowing
us to detect a specific band of 39 kDa in all strains analyzed.
An additional 43 kDa band was present in 17 of the strains tested
(Fig. 2C). The strains expressed these proteins independent of
iron availability.

Figure 2. Western-blot analysis of outer membrane proteins of EIEC
strains. (A) - immunoblot using mouse monoclonal anti-FepA. 1 O28ac:NM; 2 - O124:NM; 3 - O143:NM; 4 - O144:NM. (B) immunoblot using rabbit polyclonal serum anti-IutA. 1 - O124:NM;
2 - O29:NM; 3 - O144:NM; 4 - O152:NM; 5 - O167:NM. (C) immunoblot using rabbit polyclonal serum anti-human lactoferrin. 1
- O28ac:NM; 2 - O28ac:NM; 3 - O136:NM; 4 - O144:NM; 5 O152:NM; 6 - O152:NM.

DISCUSSION
The low availability of free iron in mammalian tissues is
the cause for the development of complex systems of iron
acquisition in virulent bacteria. In fact, many reports in the
scientific literature demonstrate the influence of iron on
bacterial virulence (12).
In the present article, some aspects of iron uptake systems
exhibited by a collection of EIEC strains belonging to 10
different serotypes were analyzed. High affinity iron uptake
systems were expressed by EIEC strains under iron-limiting
growth conditions. All 30 strains studied for siderophore
produced the phenolic siderophore enterobactin, and 12
produced in addition the hydroxamic siderophore aerobactin.
The analysis of the outer membrane proteins expressed
under iron starvation allowed us to divide the EIEC strains in
five electrophoretic profiles, as shown in Table 1. Contrary to
what it found for the ability of EIEC to use iron compounds
(8), the pattern of expression of IROMPs is serotype-specific.
We investigated the regulation of expression of the major
IROMP by growing the cells in iron-replete medium and ironlimited medium, separating their outer membranes and
subjecting them to SDS-PAGE. Earlier report has been shown
variations in IROMPs expression due the chelators used to
restrict the availability of iron (6). It has been shown that E.coli
O164 did not produce 81 kDa IROMP, when it is growing in
TSB medium containing α-α’dipyridyl, but expressed 83 kDa,
81 kDa, 78 kDa, 76 kDa and 74 kDa IROMPs under EDDA
or desferral as iron chelators (6). However, our observations
showed that strains of E.coli O164 express 82 kDa and 76 kDa
IROMPs under LB medium with α-α’dipyridyl chelator. This
results lead us to suggest that expression of IROMPs is also
medium dependent.
Several reports have shown that iron starvation of E.coli
leads to the expression of IROMPs of 83, 81, 78 and 74 kDa
(6, 15, 26). With the exception of the 83 kDa protein, all others
have been characterized to some extent: the 81 kDa protein,
known as FepA, is the receptor for ferric enterobactin and for
the protein toxins colicins B and D (14, 22, 35); the 78 kDa
protein is the receptor for ferrichrome, TonA (38); and the
74 kDa protein is the receptor for aerobactin, lutA (4, 37).
In our samples, all serotypes expressed proteins of 82 and
76 kDa (except serotype O28ac:H– that did not produce the
76 kDa receptor). Immunoblots showed that the 82 kDa protein
is the ferric enterobactin receptor FepA (Fig. 2A) , and the
76 kDa protein is the receptor IutA (Fig. 2B). The 78 kDa
protein, found in serotypes O124:H–; O136:H–, O143:H–, and
O144:H– is probably TonA.
Earlier reports in the literature state that E.coli strains that
do not produce aerobactin also lack its outer membrane receptor,
IutA (18, 11). However, several of the strains analyzed in the
present study (O29:H –, O144:H–, O152:H–, and O167:H–)
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expressed IutA in the outer membrane, in the absence of
aerobactin production. Indeed, Payne et al (27) isolated
samples of S. flexneri that were unable to produce aerobacin,
but utilized exogenously supplied aerobactin, suggesting that
in some samples, expression of the outer membrane receptor
happens independently of siderophores production. Our results
corroborate their findings.
Additionally to well characterized IROMPs (FepA, TonA,
IutA), we found two proteins of unknown function in some
serotypes: a 71 kDa protein was detected in all serotypes of
profiles I, III, and V; a 67 kDa protein was present in serotype
O152:H–, profile V. At the moment, we do not know the function
of these IROMPs and to our knowledge these proteins have
not been previously described in the literature. The fact that
those receptors are expressed exclusively under iron starvation
suggests their involvement in some kind of iron uptake.
However, it may also be a virulence factor subjected to ironregulation. Human lactoferrin outer membrane receptor was
researched by different workers. Several of them have shown
that porins of enterobacteria OmpC (39 kDa) and OmpF
(37 kDa) bind lactoferrin (9, 31). HLf is probably a relevant
source of iron for EIEC, due to its presence in gastrointestinal
mucosal surfaces. In a study performed in our laboratory, several
EIEC strains were able to use HLf (8). We investigated the
binding of HLf to outer membrane receptors and two bands
(39 and 43 kDa) showed binding specificity to HLf, and neither
was iron-regulated. The 39 kDa receptor is probably OmpC,
that has been previously shown to bind HLf (9, 31). EIEC and
S. flexneri strains produce a OMP of 43 kDa that functions in
the invasion mechanism (IpaC) (13). Tigyi et al (31) have
shown three OMP in S. flexneri that are able to bind HLf (39,
22, and 16 kDa). No 43 kDa receptor was vizualized in that
study. These data suggest that the 43 kDa protein that binds
HLf observed in EIEC strains is different from 43 kDa protein
involved in the invasion mechanisms. The fact that 43 kDa
protein was not iron-regulated suggests that the binding of
HLf to it may not represents the first step of productive iron
uptake, in turn this protein can be involved in other methabolic
pathways.
We are presently using biochemical and genetic approaches
to answer questions concerning the 71 kDa, 67 kDa and 43 kDa
proteins produced by EIEC.
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RESUMO
Mecanismos de captação de ferro de Escherichia
coli enteroinvasora
Cepas de Escherichia coli enteroinvasora de diferentes
sorotipos isoladas de pacientes com diarréia aguda foram
examinadas quanto a capacidade de produzir sideróforos e
proteínas de membrana externa reguladas pelo ferro (IROMP).
O crescimento bacteriano em meio com deficiência em Fe foi
obtido em caldo Lúria acrescido de 200 mM de α-α’dipiridil.
Todas as cepas produziram enterobactina e 40% produziram
aerobactina. As cepas produziram IROMPs com MM variando
de 82-67 kDa. As proteínas foram induzidas ou estimuladas
pela deficiência de ferro. Diferenças foram observadas no perfil
eletroforético entre os sorotipos, originando 5 perfis
eletroforéticos. Todos os sorotipos, com exceção do sorotipo
O28ac:H– (onde a proteína de 76 kDa não foi produzida),
expressaram proteínas de 82 kDa (FepA) e 76 kDa (IutA).
Várias cepas (O29:H – , O144:H – , O152:H – e O167:H – )
expressaram IutA na membrana externa, na ausência da
produção de aerobactina. Além das proteínas (FepA e IutA),
foram encontradas em alguns sorotipos duas IROMPs de função
desconhecida: uma proteína de 71 kDa foi detectada em 3 perfis
e uma de 67 kDa presente no sorotipo O152:H–. Além disso, 2
bandas (39 e 43 kDa), as quais não foram reguladas pelo ferro,
mostraram afinidade à lactoferrina humana.
Palavras-chave: Escherichia coli enteroinvasora, captação de
ferro.
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