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Shigella flexneri strains were assayed for the ability to synthesize and utilize
phenolate and hydroxamate siderophores. The hydroxamate aerobactin was
synthesized by all isolates tested, whereas phenolates were only rarely produced.
Expression of aerobactin was accompanied by production of a single iron-
regulated outer membrane protein (M, = 74,000). This protein was not produced
by a mutant defective in aerobactin utilization and may serve as the aerobactin
receptor. Phenolate (enterobactin)-producing strains synthesized three additional
outer membrane proteins (M, = 74,000, 81,000, and 83,000) in response to iron
starvation. These proteins are the same apparent size as those produced by
Escherichia coli K-12 strains. Ent sequences are apparently present in strains
which do not synthesize this compound. Although normally silent, ent genes can
be activated in Ent™ strains to produce Ent* variants. These laboratory variants

are phenotypically indistinguishable from clinical Ent* isolates.

Many bacteria derepress high-affinity iron
transport systems when starved for iron. These
systems consist of an iron chelator, or sidero-
phore, and specific membrane receptors for
transport of the ferrisiderophore complex (16,
17). Laboratory strains of Shigella flexneri syn-
thesize a single siderophore, aerobactin (19).
Aerobactin is a secondary hydroxamate com-
pound first isolated from low-iron culture super-
natants of Aerobacter aerogenes (10) and more
recently from Escherichia coli(ColV) strains
(26). In addition to aerobactin, the phenolate
siderophore enterobactin is synthesized by A.
aerogenes (18) and E. coli (7). Phenolate sidero-
phores are produced by most enteric bacteria
including Salmonella typhimurium (21, 27), Shi-
gella sonnei (20), and Klebsiella pneumoniae
(20) but not S. flexneri (19). Because S. flexneri
possesses extensive genetic homology with
these species (6), it appeared unlikely that a
phenolate-mediated iron transport system would
be entirely absent. In this study, a large number
of clinical and laboratory variants of S. flexneri
were assayed for the ability to synthesize and
transport phenolate siderophores. '

MATERIALS AND METHODS

Chemicals. Tris was obtained as Trizma base (Sigma
Chemical Co.) and ethylenediamine-di-(o-hydroxy-
phenylacetic acid) (EDDA) (Sigma) was deferrated by
the method of Rogers (23) for use as an iron chelator.
Chemicals for sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) were obtained from
Bio-Rad Laboratories. All other chemicals were rea-

gent grade.

Bacterial strains and media. Bacterial strains and
their sources are listed in Table 1. All other Shigella
isolates were provided by Gloria Pierce, Texas De-
partment of Health. Stocks were maintained frozen at
—70°C in tryptic soy broth (Difco Laboratories) with
20% glycerol. Luria broth (L broth) was used for
growth of Shigella strains. The iron chelator EDDA
was added where indicated to induce iron starvation.
Tris-buffered medium (T medium) (24) without added
iron was used as described previously (19) to deter-
mine siderophore production.

Isolation of mutants. An overnight culture of SA100
in L broth was diluted 1:100 into fresh L broth and
grown to mid-log phase. A 0.1-ml volume of the
culture was added to 5 ml of minimal salts-0.1 ml of
diethyl sulfate (Sigma). After 30 min at 37°C, the
mutagenized cells were diluted 1:10 into L broth and
allowed to grow at 37°C until turbid. The culture was
enriched for iron transport mutants by two cycles of
nalidixic acid selection as follows. The culture was
diluted 1:50 into L broth containing 100 pg of EDDA
per ml to inhibit growth of the mutants. After 2 h of
incubation at 37°C, 20 pg of nalidixic acid was added
per ml, and the culture was incubated for an additional
6 h at 37°C. The culture was filtered, and the cells were
suspended in L broth. After overnight incubation at
37°C, the culture was diluted and plated on L agar.
Individual colonies were picked onto L agar and L
agar containing 12.5 pg of EDDA per ml to identify
clones unable to grow in the presence of the iron
chelator.

Siderophore bioassay. The bioassay described previ-
ously (19) was used to determine production and
utilization of siderophores. EDDA was added to L
agar and allowed to stand for 24 h before use. The agar
was remelted, 10? indicator bacteria were added per
ml, and the agar was poured into sterile petri plates.
Strains to be tested for siderophore production were
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streaked or spotted on the surface of the agar. Purified
siderophores were tested by placing 10 pl of a 1 to 10
M solution on a Sensi-Disc (BBL Microbiology Sys-
tems) on the surface of the agar. Zones of growth of
the test strain around the producer strain or purified
siderophore were measured after 24 h of incubation at
37°C. The concentration of EDDA was adjusted to
suppress growth of the indicator strain. Hydroxamate
synthesis or transport mutants were inhibited by 12.5
ug of EDDA per ml, wild-type aerobactin-producing
strains were inhibited by 250 to 500 pg/ml, and 1 mg/ml
was required to suppress growth of phenolate-produc-
ing strains.

Outer membrane preparation and SDS-PAGE. S.
flexneri strains were grown in L broth with or without
EDDA and harvested in mid-log phase. Iron transport
mutants were allowed to grow to mid-log phase before
addition of EDDA and were incubated an additional 2
h in the presence of the chelator. Cells were harvested
by centrifugation, and the pellets were suspended in 10
mM sodium phosphate buffer (pH 7) with 5 mM
MgSO,. Total cell envelopes were prepared by the
method of Inouye and Guthrie (13), using sonic disrup-
tion in the presence of 10 pg of DNase per ml. Outer
membranes were prepared by the method of Filip et al.
(9), using 0.5% Sarkosyl to solubilize the inner mem-
brane (20 min; room temperature). The insoluble outer
membrane was separated from the inner membrane by
ultracentrifugation (38,000 X g; 30 min), and the pellet
was washed twice with water to remove contaminating
inner membrane proteins.

Isolated membrane fractions were solubilized in
Laemmli solubilization buffer (14), and the proteins
were separited by the discontinuous SDS-PAGE sys-
tem of Ames (1). Slab gels (0.7 mm) consisted of a 5%
stacking gel and a 10% separating gel. Gels were run at
25 mA until the tracking dye was 1 to 2 cm from the
bottom of the gel. They were then stained with brilliant
blue R (Coomassie blue), destained, and dried. Protein
standards included in each gel were obtained from
Pharmacia Fine Chemicals.

RESULTS

S. flexneri strains were screened for the ability
to synthesize hydroxamate and phenolate sider-
ophores. One hundred clinical isolates were
grown in low-iron T medium, and the superna-
tants were assayed for siderophores. The ferric
perchlorate assay of Atkin et al. (3) was used as
an initial screen for hydroxamate siderophores.
Formation of a purple complex with maximum
absorbance at 485 nm at pH 1 was considered
indicative of hydroxamate synthesis (Hyd*). All
100 strains synthesized a compound of this type
under conditions of iron limitation. In each case,
synthesis was suppressed by addition of 5 pM
iron to the medium. .

Because the hydroxamate synthesized by S.
flexneri strains tested previously had been iden-
tified as aerobactin (19), the siderophore was
isolated from strains of three different serotypes
(1-61, serotype 1a; SA100, serotype 2a; and
3733b, serotype 5) as described previously (19)
and compared with aerobactin by thin-layer
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chromatography. In each case, the isolated sid-
erophore was indistinguishable from aerobactin.

Low-iron culture supernatants of each strain
were also assayed for phenolate compounds by
the Arnow test, a colorimetric assay for dihy-
droxybenzoic acid-containing compounds (2).
For 93 of the 100 strains, no evidence for pheno-
late production was obtained by this method. A
bioassay was also employed to detect possible
phenolate siderophores. Enterobactin synthesis
mutants of E. coli or S. typhimurium were
seeded in medium containing the iron chelator
EDDA to inhibit growth. Low-iron culture su-
pernatants or growing cultures of S. flexneri
were placed on the surface of the agar, and the
lawn was observed for growth around the Shi-
gella strain or culture supernatant (Table 2). S.
flexneri supernatants stimulated growth of S.
flexneri owing to the presence of aerobactin.
However, no enhancement of growth either of
the E. coli or S. typhimurium strain was noted.
The EDDA inhibition was overcome by iron,
enterobactin, or supernatants of known entero-
bactin producers grown in the T medium.

Six of the strains were tested for their ability
to utilize and synthesize enterobactin. When
used as the indicator in the bioassay, these
strains showed little or no response to entero-
bactin, whereas their growth was stimulated by
aerobactin (Table 2). This suggests that neither
synthesis nor transport of enterobactin is nor-
mally expressed in S. flexneri.

Of the 100 clinical isolates tested, 7 differed
from the .remaining strains in that phenolate
compounds were detected in culture superna-
tants by the Arnow assay (2). The phenolate
compound, like the hydroxamate aerobactin,
was not synthesized when iron was present in

TABLE 1. Bacterial strains used

Strain Description Source

S. flexneri

SA100 Serotype 2a TDH*“

SA301 SA100 Ent* Thi—  This study

SA201 SA100 Hds ™% This study

SA255 SA100 Hds~ Hdu™¢ This study

1-61 Serotype 1a TDH

3733b Serotype 5 TDH

SF100 Serotype 4b, Ent* TDH

340 Serotype 6, Ent* TDH

1-56 Serotype 6, Ent™ TDH
S. typhimurium

LT2 B. N. Ames

TA2442 LT2, Ent™ B. N. Ames
E. coli

ATCC 33475 K-12, Ent~

4 TDH, Texas Department of Health.
b Hds, Hydroxamate (aerobactin) synthesis.
¢ Hdu, Hydroxamate (aerobactin) utilization.
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TABLE 2. Production and utilization of siderophores by S. flexneri
Zone of stimulation®
Indicator® S. i S. typhimuri
ncicato flexnert Aerobactin Enterobactin 2 Dptimuriim Fe?
Ent™ Ent* LT2

S. flexneri Ent™ + + + +/—- +/—- +
E. coli ATCC 33475 - + - + + +
S. typhimurium TA2442 - + - + + +
S. flexneri SA301 + + + + + +
S. flexneri 1-56 + + + + + +

“ 10° bacteria per ml in L agar containing 250 to 1,000 ug of EDDA per ml.
5 +, >12-mm zone of stimulation; +/—, =12-mm zone of stimulation, no zone with some strains; —, no zone of

stimulation.

< Ent~ (6 strains) and Ent* (7 strains) by Arnow assay.

45 pl of 10 mM ferrous sulfate.

the growth medium. Therefore, this system,
when expressed, is under normal derepressive
control by iron. This phenolate was isolated
from the culture medium by the procedure of
Rogers (23) and compared with enterobactin by
thin-layer chromatography. The Shigella pheno-
late migrated with the same Ry as enterobactin,
displayed blue fluorescence under UV illumina-
tion, and formed a dark purple complex when
sprayed with iron. This phenolate was tested in
the bioassay and was as biologically active as
enterobactin in stimulating growth of E. coli and
S. typhimurium in iron-limiting medium (Table
2). In contrast to the majority of S. flexneri
strains, the phenolate-producing strains (Ent*,
e.g., 1-56, Table 2) were found to utilize exoge-
nous enterobactin for growth in low-iron medi-
um.

The Ent* and Ent~ strains were compared for
growth in low-iron medium. Growth of Ent*
Hyd* strains SA301 and 1-56 in L broth was
unaffected by EDDA levels up to 1 mg/ml. In
contrast, growth of Ent™ Hyd™" strains SA100
and 3733b was inhibited by as little as 50 pg of
EDDA per ml. Thus, the hydroxamate alone is
sufficient to allow growth in the low-iron T
medium but does not allow the cells to compete
effectively with an iron chelator such as EDDA.

Although the Ent* clinical isolates were of
different serotypes, they were found to be of the
same auxotype. All were found to require thia-
mine for growth. A requirement for thiamine
was not found for any of the Ent™ strains.

Since Ent*, but not Ent™, cells were able to
grow in the presence of high concentrations of
EDDA, EDDA agar was used to select Ent*
variants of a wild-type Ent™ S. flexneri strain.
Strain SA100 was mutagenized with diethyl sul-
fate and grown in L broth containing 500 pg of
EDDA per ml to enrich for Ent* variants.
Individual colonies were isolated by plating on
agar containing 500 pg of EDDA per ml. A
variant obtained by this procedure, SA301, was

grown in T medium and was found to synthesize
both aerobactin and enterobactin. This labora-
tory variant, like the clinical Ent* isolates,
required thiamine for growth. To determine the
relationship between the thi and ent mutations, a
mutagenized culture of SA100 was subjected to
penicillin enrichment for thiamine auxotrophs.
Two classes of thiamine mutants were obtained.
One class was indistinguishable from SA301,
and mutants of this type were Ent* in addition
to Thi~. Additional mutants were found to re-
quire thiamine but remained Ent™. These mu-
tants complemented the SA301 thi mutation and
presumably represented mutations at a different
locus. Attempts were made to revert the Ent*
Thi~ phenotype to the parental Ent™ Thi* phe-
notype. No revertants were obtained when se-
lecting for ability to grow in the absence of
exogenous thiamine, even when the cells were
mutagenized with diethyl sulfate before selec-
tion. Thus, the reversion rate is less than 107°.

As noted with the clinical Ent* isolates, the
laboratory variants, such as SA301, were found
to utilize exogenous enterobactin for growth in
low-iron medium (Table 2). Differences in the
ability of Ent* and Ent™ strains to respond to
enterobactin suggested that the Ent™ strains
lacked the receptors for this phenolate or were
unable to remove iron from ferrienterobactin.
To determine whether the enterobactin recep-
tor(s) was expressed, strains were grown in
medium containing EDDA to induce iron starva-
tion, and the outer membranes were isolated.
The outer membrane proteins were separated by
SDS-PAGE and compared with outer membrane
proteins of cells grown in the same medium with
sufficient iron (Fig. 1). Two clinical Ent™
strains, SA100 and 3733b; two clinical Ent*
strains, SF100 and 1-56; and SA301, the Ent*
variant of SA100, were used in these experi-
ments. A single outer membrane protein of M, =
74,000 (74K protein), was induced by iron star-
vation of SA100 and 3733b. An iron-regulated
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FIG. 1. SDS-PAGE of outer membrane proteins of
S. flexneri SA100. Cells were grown in L broth with
iron (+Fe) or in L broth with 250 ug of EDDA per ml
(—Fe).

protein of this size has been found in the outer
membrane of E. coli strains that express the
aerobactin transport system and is the receptor
for both aerobactin and cloacin, a bacteriocin
synthesized by Enterobacter cloacae (4, 11, 25).
Several proteins appeared to be synthesized in
greater quantities in the cells grown in the pres-
ence of iron, but only the 74K protein was
inducible by low iron levels. Absent from SA100
and 3733b are iron-regulated outer membrane
proteins in the 81,000- to 83,000-molecular
weight range (81K and 83K proteins) such as
those seen in E. coli K-12 strains (5, 12, 15, 17).
The 81K Fep protein serves as the enterobactin
receptor in E. coli (12, 15, 22).

The Ent* isolates also expressed the 74K
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outer membrane protein during growth in iron-
limiting medium. However, at least three addi-
tional iron-regulated outer membrane proteins
were seen in these strains (Fig. 2). Proteins of
the same apparent size as the E. coli 81K and
83K proteins were present, although the two
proteins in E. coli and SA301 outer membranes
did not resolve in this gel system. An additional
protein band migrating near the 74K protein was
also noted in these strains. Quantities of all these
proteins were greatly reduced when the cells
were grown in the presence of iron.

The presence of the 74K protein in aecrobactin-
utilizing strains, as well as its association with
aerobactin utilization in E. coli(ColV) strains,
suggested that it may be the receptor for aero-
bactin in S. flexneri. To determine the function
of this protein, aerobactin synthesis and trans-
port mutants of SA100 were isolated. Mutagen-
ized cultures were subjected to two cycles of
nalidixic acid selection to enrich for cells unable
to grow in medium containing EDDA. Survivors
were screened for the inability to grow on L agar
containing small amounts of EDDA (12.5 pg/
ml). Suspected mutants were assayed for the
ability to synthesize and utilize aerobactin by
both chemical and biological assays. Two class-
es of mutants were isolated by this procedure
(Table 3). One class (e.g., SA201) was unable to
synthesize aerobactin (hds). These mutants did
not produce detectable siderophore by the ferric
perchlorate assay and failed to stimulate growth
of S. flexneri strains in the bioassay. Growth of
these mutants in low-iron medium was restored
by the addition of exogenous aerobactin. The
second class neither synthesized nor utilized
aerobactin. These mutants failed to grow in low-
iron medium, even in the presence of exogenous
aerobactin. Iron and the fungal hydroxamate
siderophore ferrichrome both stimulated growth
of this type of mutant (Table 3, SA255). Thus,
this mutation is specific for the utilization of
aerobactin (hdu). The ability to utilize ferri-
chrome suggests the presence of a receptor
analogous to the 78K tonA protein of E. coli
(17). However, no iron-regulated protein of this
size was observed in these outer membrane
preparations.

Since SA2S5S failed to utilize exogenous aero-
bactin, it appeared likely that the aerobactin
receptor was affected by this mutation. Outer
membranes of this mutant were prepared from
cells grown in the presence or absence of EDDA
and compared with the wild type (SA100) by
SDS-PAGE (Fig. 3). The 74K outer membrane
protein induced by iron starvation of the wild-
type cells was not detected in iron-starved cells
of the mutant. This suggests that this protein is
the receptor for aerobactin or is required for
some step in the utilization of iron from ferri-
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FIG. 2. SDS-PAGE of outer membrane proteins of
a laboratory Ent* variant (SA301) and a clinical Ent*
isolate (SF100). Cells were grown in L broth (+Fe) or
in L broth with 1 mg of EDDA per ml (—Fe). Outer
membrane proteins of iron-starved cells of E. coli are
shown at the left for comparison.

aerobactin. The 74K protein was expressed in
the synthesis mutant although at slightly lower
levels than in the wild type.

The S. flexneri strains were also tested for
their sensitivity to several bacteriocins which
bind to siderophore receptors or iron-regulated
proteins. Bacteriocins tested included colicin B,
which binds to the 81K enterobactin receptor;
colicin Ia, which recognizes the 74K cir protein;
and cloacin, which binds to the 74K aerobactin
receptor (4, 5,11, 15, 17, 22, 25). All strains used
in this study were found to be resistant to colicin
B and Ia. SA100 was slightly sensitive to cloa-
cin, whereas the transport mutant SA255 was
resistant. However, the wild-type S. flexneri
was at least 1,000-fold less sensitive to cloacin
than E. coli(ColV) strains.

DISCUSSION

Phenolate siderophores such as enterobactin
have been detected in a number of gram-nega-
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tive enteric bacteria. E. coli, S. sonnei, and S.
typhimurium each synthesize this compound,
and related siderophores have been isolated
from Klebsiella spp. and Vibrio spp. Com-
pounds of this type are only rarely found in S.
fexneri, however, and this species apparently
relies on a hydroxamate compound, aerobactin,
for acquisition of iron.

Occasional clinical isolates and laboratory
variants of S. flexneri have been isolated which
express the enterobactin system. Synthesis of
enterobactin in these strains occurs in the pres-
ence of a functional aerobactin system. Synthe-
ses of aerobactin and enterobactin have a num-
ber of common features in S. flexneri. Both
systems are repressed by iron and each permits
the growth of the bacteria in low-iron medium.
Those strains synthesizing enterobactin, howev-
er, appear to be at a distinct advantage in the
laboratory. Ent* strains grow faster than Ent~
strains and are better able to compete with
chelators for iron. The significance of these
systems in acquisition of iron in vivo, however,
remains to be determined.

Each transport system is associated with the
expression of specific outer membrane proteins.
A single 74K outer membrane protein is found in
iron-starved cells of strains which synthesize
aerobactin but not enterobactin. This protein is
not detected in the outer membranes of mutants
which are unable to utilize exogenous aerobactin
for growth in low-iron medium and probably
serves as the receptor for ferriaerobactin. A 74K
outer membrane protein has been postulated to
be the receptor for aerobactin in E. coli(ColV)
strains (25), but it remains to be determined
whether the proteins are homologous in the two
species. Three additional iron-regulated outer
membrane proteins are found in laboratory and
clinical isolates which synthesize enterobactin.
These have approximate molecular weights, by
SDS-PAGE, of 74,000, 81,000, and 83,000 and
are analogous to the iron-regulated proteins as-
sociated with enterobactin synthesis in E. coli
K-12 strains (17). Only strains which express
these outer membrane proteins have been found
to utilize ferrienterobactin for growth in low-iron

TABLE 3. Synthesis and utilization of aerobactin
by iron transport mutants of S. flexneri

. Zone of stimulation®
Indicator

Acrobactin  SA100  SA201  SA2S5
SA100° + + - -
SA201 + + - -
SA255 - - - -

4 4+, >12-mm zone of stimulation by siderophore or
growing culture; —, no zone of stimulation.

b 10 bacteria per ml in L agar containing 250 pg of
EDDA per ml.
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FIG. 3. SDS-PAGE of outer membrane proteins of
wild-type SA100 and hydroxamate utilization mutant
SA255. Cells were grown in L broth with iron (+Fe) or
in L broth with EDDA (—Fe).

medium. One of the proteins is likely to be the
enterobactin receptor in S. flexneri. Although
the iron-regulated outer membrane proteins of
S. flexneri are the same apparent molecular
weight as those of E. coli, their presence does
not appear to confer sensitivity to bacteriocins
as is found in E. coli. It is possible that the
bacteriocins recognize and bind to these outer
membrane proteins in S. flexneri but fail to kill
the cells.

It is apparent that S. flexneri has the genetic
information to encode a phenolate-mediated
transport system. An explanation for the failure
of most S. flexneri strains to synthesize or utilize
enterobactin is not clear. These strains resemble
regulatory mutants in that both synthesis and
transport genes are affected. If this is a regula-
tory mutation, it is distinct from E. coli fur (8)
mutations because aerobactin synthesis and
transport are unaffected in these strains. Since
Ent™ laboratory strains of S. flexneri can give
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rise to Ent' isogenic variants, the ent gene
cluster may exist as a silent transcriptional unit.
These genes are under normal derepressive con-
trol after activation. Expression of ent genes
occurs in nature, as well as in the laboratory,
and a small percentage of the clinical isolates are
phenotypically indistinguishable from the labo-
ratory Ent* variants. The activation appears to
involve a mechanism other than a single muta-
tion or base change. Expression of enterobactin
synthesis is accompanied by a loss of thiamine
biosynthesis. Thiamine auxotrophy per se did
not influence Ent expression since some Thi™
strains remained Ent~. Additionally, Thi~ Ent*
isolates were never observed to revert to Thi*
Ent~. Thus, an insertion, deletion, or rearrange-
ment of Thi and Ent sequences may be required
for expression of ent genes in S. flexneri.

The significance of two iron transport systems
in S. flexneri is not clear. Although differences in
growth rates of Ent* and Ent™ strains were
observed in the laboratory, the roles of the two
systems in the environment and in the host
remain to be determined. The failure of most
clinical isolates of S. flexneri to synthesize en-
terobactin, however, suggests that the phenolate
is not required for the survival of the bacterium
in the host.
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