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The biosynthesis of the low-molecular-weight iron carrier enterochelin and of
three outer membrane polypeptides appears to be coordinately regulated by the
amount of cell-associated iron in Escherichia coli K-12. Measurements of iron
acquisition made throughout the growth cycle in iron-deficient media indicate
that a very rapid accumulation of iron occurs in the first 2 h (f growth; there is
comparatively little iron uptake during exponential growth, which results in a
gradual decrease in the cellular iron content with each generation. When this
level falls below 400 ng of iron per mg (dry weight) of cells, there is a simultane-
ous onset of synthesis of the three outer membrane polypeptides and of entero-
chelin. This coordinate regulation was also observed in cells able to transport
iron actively using only citrate as an iron-carrier.

Three independent high-affinity systems for
iron transport have been described for Esche-
richia coli B and K-12 strains (24). The major
transport system involves the solubilization of
iron from a medium by the bacterial sidero-
phore enterochelin (enterobactin) and transport
into the cell as a ferric-enterochelin complex
(16). In addition, iron can be transported by the
fungal siderophore ferrichrome (19), and in the
presence of citrate an auxiliary system is in-
duced that brings complexes of ferric-citrate
into the cell (9). E. coli cells also have a low-
affinity iron uptake system, which may func-
tion by passive diffusion (28).
Transport of ferric-siderophore complexes in-

volves system-specific receptors in the outer
membrane of the E. coli envelope. It has been
known for several years that the product of the
tonA gene is an outer membrane polypeptide
that, among other functions (8), serves as a
receptor site for ferric-ferrichrome complexes
(13, 20). Recently, outer membrane receptors
that function as components of the other two
high-affinity systems have been tentatively
identified. Several groups (11, 22, 23, 26) have
observed outer membrane proteins whose syn-
thesis is affected by the amount of iron in the
medium. In E. coli K-12, at least three polypep-
tides appear to be regulated in this manner;
one, an 81,000-dalton protein (81K) specified by
the feuB gene, may be the receptor for ferric-
enterochelin complexes (12). The precise func-
tion(s) in iron uptake of the other two polypep-
tides (83K and 74K) is unknown. A citrate-

inducible protein involved in iron transport has
also been reported (12).
Regulation of high-affinity iron transport

may involve a system in which intracellular
iron serves as a corepressor of the synthesis of
the components of the transport mechanisms
(4, 5, 24). This implies that once the intracellu-
lar iron concentration falls below a specific
level, synthesis of iron transport components
becomes derepressed. Evidence exists that en-
zymes involved in enterochelin biosynthesis are
so regulated (5, 29). The experiments reported
here were conducted to study the relationship
between the cell-associated iron concentration
and the synthesis of components of these iron
uptake systems. We have determined the mini-
mal cell-associated concentration of iron neces-
sary to repress the synthesis of at least three
outer membrane polypeptides and suggest that
synthesis of these proteins is regulated coordi-
nately with the biosynthesis of enterochelin.
The precise regulation of the synthesis of spe-
cific outer membrane polypeptides by iron and
their coordinate control with enterochelin bio-
synthesis provide additional evidence that
these proteins play an important role in the
assimilation of iron. It is also shown that when
E. coli is grown in iron-deficient medium, a
very rapid and efficient accumulation of iron
occurs in the earliest portion of the growth
cycle. A steady decrease in the amount of cell-
associated iron with each generation indicates
that little additional iron is taken up during the
remainder of the growth cycle.
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MATERIALS AND METHODS

Strains. E. coli K-12 strains were used exclu-
sively. CR63 (F+ supD60) was from the culture col-
lection of this laboratory. AX116 and its lon deriva-
tive, AX117 (27), were provided by J. R. Walker;
AB1515 (F- proC14 leu-6 trpE38 purE42 tonA23)
(16) was obtained from the Coli Genetic Stock Cen-
ter; and the AB1515 derivatives AN102 (fep, unable
to transport ferric-enterochelin) (6) and RW193
(entA, unable to synthesize enterochelin) (17) were
obtained from C. E. Lankford and J. B. Neilands,
respectively.

Media and reagents. M9 and T media have been
described (22). Minimal media were supplemented
with 0.4% glucose and 5 ug of thiamine per ml.
Where needed, L-leucine, L-proline, and L-trypto-
phan were added to a final concentration of 50 ,ug/
ml, and deoxyadenosine was added to 150 gM; FeCl3
and sodium citrate were added at the concentrations
indicated. The cation exchange resin Chelex 100 was
obtained from Bio-Rad Laboratories; 2,3-dihydroxy-
benzoic acid (Aldrich Chemical Co.) was a gift of C.
E. Lankford; the disodium salt of 3-(2-pyridyl)-5,6-
bis-(4-phenylsulfonic acid)-1,2,4-triazine, available
commercially as ferrozine solution, was obtained
from Hach Chemical Co.; and 8-quinolinol (8-
hydroxyquinoline) was purchased from Eastman
Chemical Products.

Preparation of iron-depleted media. M9 medium
was depleted of available iron by two procedures. In
one procedure, contaminating trace metals were re-
moved from a 5x concentrated solution by three
passages through the cation exchange resin Chelex
100. After each passage, the resin was washed and
regenerated. The extracted medium was filter-steri-
lized and stored at room temperature; it was diluted
into sterile demineralized water and supplemented
as described for growth of cells. The second proce-
dure was a modification of that of Pugsley and
Reeves (23). A lOx concentrate of M9 medium was

extracted with 1% 8-hydroxyquinoline and repeat-
edly back-extracted with chloroform until no hy-
droxyquinoline could be detected in the chloroform
phase by spectrophotometry (244 nm). Both proce-
dures decreased the iron concentration of M9 me-
dium by approximately 1 ,uM, to a final concentra-
tion of 0.4 ,zM.

Determination of iron. Iron was measured by
flameless atomic absorption spectroscopy in a Per-
kin-Elmer model 306 spectrophotometer and colori-
metrically by using the iron chelator ferrozine (25).
The two iron assay methods yielded identical results
for measurements on both cell-associated iron and
the iron content of media. In the latter determina-
tions, however, it was necessary to use a deuterium
background corrector to eliminate salt effects from
the spectrophotometric measurements. Iron-free
glassware for these experiments was prepared by
soaking in 1 N HCl for 8 h, followed by rinsing with
demineralized water. Glassware was sterilized in a

hot-air oven.
Isolation of membrane. Total membrane was iso-

lated by the procedure ofInouye and Guthrie (14).
Polyacrylamide gel electrophoresis. Membranes

were solubilized at 100°C in the digestion mix de-
scribed by Laemmli (15). Electrophoresis of samples
containing 40 ,ug of protein was carried out on 10%
sodium dodecyl sulfate-polyacrylamide slab gels in a
discontinuous buffer system (15) as described previ-
ously (22) or on 11% slab gels in the system described
by Lugtenberg et al. (21), as modified by Hancock et
al. (12). Gels were stained by the procedure of Fair-
banks et al. (7). Molecular weight standards in-
cluded phosphorylase A (94,000), lactoperoxidase
(92,000), urease (80,000), bovine serum albumin
(68,000), and ovalbumin (43,000).
Chemical analyses. Protein was assayed by the

procedure of Lowry et al. (18). Phenolate production
was determined by the Arnow reaction (1) and used
as an assay for enterochelin and enterochelin-re-
lated compounds. For purposes ofbrevity, all pheno-
lates measured will be referred to in the text as
enterochelin.

RESULTS
The synthesis of several large outer mem-

brane polypeptides is derepressed when E. coli
is grown under iron-limiting conditions. The
number of such proteins that can be detected
depends upon both the strain being examined
and the conditions of electrophoresis. Thus, we
identified two iron-regulated polypeptides in E.
coli B (22), and two (23, 26) or three (12) simi-
larly regulated polypeptides in K-12 strains
have been reported. Using the gel system of
Lugtenberg et al. (21), we have been able to
demonstrate the iron-dependent regulation of
three outer membrane polypeptides correspond-
ing to 83K, 81K, and 74K (3) in K-12 strains,
but we have not found a protein corresponding
to 83K in E. coli B strains. (In our hands, the
83K, 81K, and 74K of Braun et al. [3] have
molecular weights of 88K, 83K, and 75K, re-
spectively; for clarity, the nomenclature of
Braun et al. will be used.) The effect of iron on
the membrane protein composition of several
E. coli K-12 strains is shown in Fig. 1. It is
important to note that the electrophoresis pro-
cedure of Laemmli (15) was used; in this sys-
tem, 83K and 81K cannot be resolved readily.
When CR63, AX116, and AX117 were grown in
iron-deficient medium (T), 83-81K and 74K
were prevalent; their synthesis was repressed,
however, when these strains were grown in M9
or in T medium supplemented with 10 uM
FeCl3. This result strongly suggested that iron
was the component responsible for the medium-
dependent alterations in AX116 and AX117
noted previously (D. E. Lentzen and E. E. M.
Moody, Abstr. Annu. Meet. Am. Soc. Micro-
biol. 1974, P74, p. 157). In contrast, AN102, a
mutant unable to transport ferric-enterochelin
complexes (6), had derepressed levels of 83-81K
and 74K when grown in M9, which contains
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FIG. 1. Effect of media on the membrane protein composition of E. coli. K-12 strains were grown to a
concentration of2 x 108 cells per ml in T medium (1), T medium supplemented with 10 PM FeCl3 (2), or M9
medium (3). Total membranes were isolated and their protein complements were analyzed by polyacrylamide
gel electrophoresis as described by Laemmli (15). Strains studied were CR63 (A), AX116 (B), AXI1 7 (C), and
AN102 (D).

adequate iron (22), or in iron-supplemented T
medium and failed to grow in unsupplemented
T medium. Derepression of these proteins was
also observed when a strain (RW193) unable to
synthesize enterochelin was grown in iron-sup-
plemented T medium (data not shown).

Citrate enhances the growth of AN102 in
iron-deficient medium by inducing the citrate-
dependent iron uptake system (6). Figure 2 il-
lustrates that the membrane protein comple-
ments of midexponential-phase AN102 cells
contained reduced amounts of 83-81K and 74K
when they were prepared from cells grown in
the presence of 100 uM or 1 mM citrate.
These results indicated that it was the intra-

cellular iron concentration, and not the specific
iron transport system being used, that was im-
portant in affecting the synthesis of 83-81K and
74K. The same conclusion has recently been
reported by Braun et al. (3). A similar control

mechanism exists for enterochelin biosyn-
thesis; AN102 growing in the presence of 10mM
citrate produced less than one-tenth the
amount of enterochelin and enterochelin-re-
lated compounds than when growing in its ab-
sence (6). The effect of 1 mM citrate on entero-
chelin production was followed throughout the
AN102 growth cycle (Fig. 3). In the absence of
citrate, enterochelin synthesis paralleled cellu-
lar growth. In the presence of this citrate con-
centration, the level of enterochelin in the cul-
ture medium was low until late in the growth
cycle, when enterochelin biosynthesis became
derepressed; the final concentration was simi-
lar to that produced by AN102 cells grown in
the absence of citrate.
The production of 83-81K and 74K was simi-

lar to the pattern of enterochelin synthesis
when total membrane preparations isolated
from AN102 cells at various stages of the
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lated coordinately with the synthesis ofthe iron
chelator enterochelin and that this control is
exerted by the intracellular iron content. Addi-

3 tional experiments designed to test this idea
were carried out by growing ABi515, the paren-
tal strain of AN102, in M9 minimal salts me-
dium rendered iron deficient by Chelex 100 or 8-
hydroxyquinoline treatment. To determine the
amount of iron associated with cells grown un-
der different iron conditions, AB1515 cells were
grown in Chelex 100-treated M9 medium sup-
plemented with concentrations of iron ranging
from 0 to 5 ,uM. The cells were harvested in
stationary phase, and total membrane prepara-
tions were isolated. In addition, dry-weight de-
terminations and iron assays by atomic absorp-
tion spectroscopy were performed on each cul-
ture (Table 1). It can be seen that the levels of
cell-associated iron in stationary-phase cells in-
creased with increasing iron supplements.
Analysis of the membrane composition of these
cells (Fig. 5A) demonstrated that the three
outer membrane proteins (83K, 81K, and 74K)
were fully expressed in all samples except that
from cells grown in medium supplemented with
5 ,uM FeCl3 (Fig. 5A6). The amount of iron
involved in the repression of these proteins is,

1.0

FIG. 2. Effect ofcitrate on the protein composition
of total mnembranes from AN102. Total membrane
preparations from fep cells grown to a concentration
of 2 x 108 cells per ml in M9 medium (A) or in T
medium supplemented with 10 MM FeCl3 (B) were
analyzed as in Fig. 1. The media were supplemented
with sodium citrate as follows: no citrate (1); 100 iM
citrate (2); and 1 mM citrate (3).

growth cycle were examined (Fig. 4). Large
quantities of both proteins were synthesized
throughout the growth cycle when no citrate
was added. In medium supplemented with a
citrate concentration (1 mM) unable to main-
tain repression of enterochelin synthesis
throughout the growth cycle, the synthesis of
these proteins was repressed during the early
and midexponential growth phases; however,
large quantities of 83-81K and 74K were pres-
ent in late-exponential- and stationary-phase
cells.
These results suggested that the synthesis of

specific outer membrane components is regu-
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FIG. 3. Effect ofcitrate on the production ofenter-
ochelin during the growth cycle ofAN102. Cells were

grown in M9 medium in the absence or presence of1
mM sodium citrate. Samples (10 ml) were taken at
various intervals and centrifuged, and the superna-

tant fluids were assayed for phenolates. Absorbance
measurements are shown in open symbols, and phen-
olate concentrations are given by closed symbols. M9
medium (A,A); M9 + 1 mM citrate (O,O).
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FIG. 4. Effect ofcitrate on the abundance ofthe iron-regulated polypeptides throughout the growth cycle of
AN102. Total membrane preparations from AN102 grown in M9 (A) or in M9 supplemented with 1 mM
citrate (B) were analyzed as in Fig. 1. Cells were harvested at optical densities at 540 nm of0.1 (1), 0.2 (2), 0.4
(3), 0.8 (4), or in stationary phase (5).

therefore, probably between 400 and 500 ng of
iron per mg (dry weight) of cells.
This experiment was repeated with exponen-

tially growing cells; under these conditions, the
cell-associated iron concentrations were much
higher than in the corresponding stationary-
phase cells (Table 1). In addition, the appear-
ance ofthe three polypeptides in the total mem-
brane complement was repressed in the cul-
tures that were supplemented with iron (Fig.
5B2-5), all ofwhich had iron levels greater than
500 ng/mg of cells. (A fourth polypeptide, which
has a molecular weight of approximately 76,000
and whose synthesis is also apparently regu-
lated by iron, is evident in Fig. 5B1. It has not
been possible to establish a definite relation-
ship between this polypeptide and the available
iron supply, however, because it was usually

not detectable in membrane preparations iso-
lated from cells grown in iron-depleted me-
dium.) These experiments thus provided addi-
tional evidence that the iron concentration nec-
essary for the repression of these outer mem-
brane polypeptides is less than 500 ng/mg (dry
weight) of cells.
These experiments also suggested that E.

coli cells growing in minimal media were able
to accumulate large reserves of iron soon after
being subcultured, which were utilized by the
cells later in the growth cycle. Consequently,
the iron concentration ofAB1515 cells grown in
Chelex 100-treated M9 medium supplemented
with either 3 or 1 ,uM FeCl3 was followed
throughout the growth cycle. At intervals dur-
ing growth at 37°C, samples were harvested,
dry-weight and atomic absorption spectroscopy

%WA . -MAM.t MONWI' -
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TABLE 1. Effect of increasing iron supplements on
the levels of cell-associated iron in stationary-phase
and exponentially growing (optical density at 540 nm

of 0.3) AB1515 cells

IRON IRON CONTENT OF CELLS

SUPPLEMENT a (ng/mg dry weight)

(puM) STATIONARY EXPONENTIAL

0 71 170

1 222 536

2 346 672

3 356 1155

4 414 1560

5 531 1635

a Iron was added to iron-depleted M9 medium as
FeCl3.

A
2 ^ 456

determinations were performed, and total
membrane preparations were isolated. In addi-
tion, the culture supernatants were measured
for phenolate and iron content. Almost all
available iron had been removed from the me-
dium by the time the culture reached an optical
density of 0.05 (data not shown). As expected,
the cell-associated iron concentrations in-
creased markedly in the early exponential
growth ofthe culture and then slowly decreased
throughout the remainder of the growth cycle
(Table 2). The initial enterochelin concentra-
tions in the supernatant were very low and
remained constant until the iron concentration
in the cells dropped below 400 ng/mg. On a per-
cell basis, the enterochelin concentrations were
highest in early logarithmic growth but de-
creased as the cells continued to grow and accu-
mulate iron. The level remained low until the
iron concentration dropped below the necessary
level for repression, at which point enterochelin
biosynthesis became derepressed. Once again,
the profiles of membrane protein indicated co-

B
I I 5;.C3

8'3 K
8
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FIG. 5. Effect of increasing iron concentrations on the abundance of 83K, 81K, and 74K in total mem-
branes from AB1515 cells. Total membrane preparations isolated from stationary- (A) or midexponential-
phase (3 x 108 cells per ml) (B) AB1515 cells grown in iron-depleted M9 medium were analyzed by the SDS-
polyacrylamide gel system ofLugtenberg et al. The media were supplemented with FeCl3 as follows: 0 pM (1);
1 AM (2); 2 M (3); 3 M (4); 4 IAM (5); and 5pM (6).

J. BACTERIOL.



REGULATION OF IRON TRANSPORT COMPONENTS 337

TABLE 2. Amount ofcell-associated iron and level of
phenolates present throughout the AB1515 cellular
growth cycle in iron-deficient medium supplemented

with 3 or 1 AM FeCl3

IRON PHENOLATE

OPTICAL CONTENT CONTENT

DENSITY (ng/mg dry wt.) (ug/ml) (pg/cell)

(540 nm) 3MM 1pM3JM 1M3|M Iam

1.40 402 158 16.50 36.60 .007 .015

0.05 63 1 8 1916 0.78 1.00 .017 .022

0.10 2860 900 0.75 1.00 .007 .0 1 0

0.20 1870 703 0.90 1.15 003 .004

0.40 1025 373 0.94 1.95 .002 .005

0.60 5 13 146 1.00 2.25

0.8B0 473 114 1.1 4 465

0.91 380 1.90

0.98 3396 138 3.10 14.90 .002 OI

1.10 131 24.45

a AB1515 cells were grown overnight, in iron-
deficient M9 medium supplemented with either 3 or
1 ,M FeCl3, to an optical density at 540 nm of 1.4.
The cells were subcultured by a 100-fold dilution
into fresh medium.

ordinate regulation with enterochelin synthe-
sis; 83K, 81K, and 74K were repressed in sam-
ples taken from cells containing greater than
400 ng of iron per mg of cells. However, when
iron concentrations fell below this level, these
outer membrane polypeptides began to appear
in the membrane complements in greater quan-
tities (Fig. 6B4-6). (Samples subjected to elec-
trophoresis in wells A5 and A6 were from cul-
tures with iron contents just below 400 ng/mg
[dry weight]; the iron-regulated polypeptides
were difficult to observe, presumably because
[i] their synthesis was not completely dere-
pressed and [ii] insufficient time had elapsed
for readily detectable amounts to accumulate in
total membrane preparations.)

DISCUSSION
The synthesis of the low-molecular-weight

iron carrier enterochelin appears to be regu-
lated coordinately with the synthesis of three
outer membrane polypeptides in E. coli K-12
strains. In fep cells growing with suboptimal
concentrations of citrate, these proteins become

detectable in electropherograms of membrane
polypeptides at the point in the growth cycle
that enterochelin levels in the culture medium
begin to increase. A similar simultaneous onset
of synthesis of enterochelin and these polypep-
tides occurs in AB1515 cells growing in iron-
deficient medium. This coordinate regulation
provides further evidence that 74K, 81K, and
83K are important in the cellular uptake of
iron.

It is the intracellular iron concentration, and
not any one specific iron transport system, that
is involved in the regulation of synthesis of
enterochelin and the three outer membrane
polypeptides. These components are not syn-
thesized in large quantities when cells with a
defect in the enterochelin-mediated uptake sys-
tem are in an environment where an alterna-
tive iron transport system can operate. Thus,
RW193 (entA) cells do not overproduce the
outer membrane polypeptides when grown in
media containing citrate or high concentrations
of iron, and, similarly, when the fep mutant is
grown in the presence of citrate, only low levels
of enterochelin and the iron-regulated mem-
brane polypeptides are synthesized. We noted,
however, that the low-affinity uptake system
was unable to prevent derepressed synthesis by
AN102 (fep) of enterochelin and 74K, 81K, and
83K; these molecules were produced in large
quantities by AN102 growing in M9 medium
supplemented with 400 ,AM FeCl3. Apparently,
the amount of enterochelin released into the
medium by fep cells is sufficient to bind (and
thereby render unavailable for uptake by the
low-affinity system) the majority of the iron
supplement. In support of this explanation, su-
pernatants from these cultures were the pink
color characteristic of ferric-enterochelin com-
plexes.
Atomic absorption analyses of stationary-

phase and exponentially growing AB1515 cells
grown in minimal media supplemented with
varying iron concentrations indicate that the
regulatory level of cell-associated iron is ap-
proximately 400 ng/mg (dry weight) of cells. The
relative standard deviation in these measure-
ments was less than 5%. Under the conditions
used in these experiments, at an optical density
at 540 nm of 0.1, there are approximately 108
cells per ml, and each cell has a dry weight of
approximately 0.35 pg. The regulatory level of
cell-associated iron is, therefore, 2.55 x 10-18
mol per cell. Assuming that the cellular volume
is 1 ,m3 (10) and that all the cell-associated
iron is intracellular, the regulatory level is 2.55
mM. This figure is similar to that obtained by
indirect measurements for the regulation ofthe
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FIG. 6. The relative abundance of 83K, 81K, and 74K in the total membrane complement throughout the
growth cycle ofAB1515. Total membrane preparations from AB1515 cells grown in iron-depleted M9 medium
supplemented with 3 pM (A) or 1 (B) FeCI3 were analyzed as in Fig. 5. Cells were harvested from
overnight cultures, which served as the inoculum (1), and then at optical densities of 0.1 (2), 0.2 (3), 0.4 (4),
0.8 (5), and in stationary phase (6).

enterochelin-biosynthetic enzymes (5).
The atomic absorption spectroscopy determi-

nations of cell-associated iron, which were per-
formed on samples taken throughout the bacte-
rial growth cycle and on cultures growing in
varying concentrations of iron, demonstrate (i)
the ability ofE. coli to rapidly accumulate high
levels of iron, (ii) that the extent of this accu-
mulation is dependent on the amount of iron
available in the medium, and (iii) that almost
all available iron quickly becomes cell-associ-
ated. Therefore, during the exponential growth
phase, the amount of iron per cell decreases
with each generation. Rapid transport and ac-
cumulation of iron by E. coli have previously
been demonstrated by uptake experiments with
59Fe or 55Fe (5, 30); recent studies indicate that
any of the three active' transport systems for
iron may be able to carry out the extensive up-
take (3, 23). In this work, the amount of cell-
associated iron is shown to attain levels five to
fifteen times greater than that necessary to
shut off synthesis of the protein components of

the enterochelin system; presumably, the syn-
thesis of enterochelin-biosynthetic enzymes and
the iron-regulated outer membrane polypep-
tides is halted at approximately 400 ng of iron
per mg (dry weight) of cells. The mechanism by
which this extensive uptake occurs is unclear.
If this accumulation is dependent solely upon
the enterochelin system, then it may be essen-
tially an "overshoot" phenomenon, resulting
from the continued functioning of the entero-
chelin system components made before the on-

set of repression. The basal levels of these com-
ponents that are synthesized when the intra-
cellular iron concentration is high may also
contribute to this uptake. In addition, some of
this uptake may occur by means of an unchar-
acterized high-affinity iron transport system as
well as by the low-affinity system.
Models for the regulation of enterochelin syn-

thesis have been proposed (4, 24); these schemes
use negative regulation, although there is no

evidence that excludes positive control. To ex-
tend these models to include regulation of 74K,

83 K
8i K -

I71 K

U

J. BACTERIOL.

moose& Amwwdwfib.

"--§-



REGULATION OF IRON TRANSPORT COMPONENTS 339

81K, and 83K, the repressor (aporepressor plus
bound iron) must be able to recognize at least
three widely scattered sites on the E. coli chro-
mosome. The ent gene cluster is located at 13
min (2), the structural gene (feuB) for 81K is
presumably at 72.5 min (12), and 74K is proba-
bly coded for by cir, which has been mapped at
43 min (2). (No mutants in the structural gene

for 83K have been isolated.) An understanding
of regulation in this sytem will require the
isolation ofmutants unable to synthesize a nor-

mal regulatory polypeptide; such mutants
should overproduce enterochelin even in an en-

vironment where all four iron transport sys-

tems can function.
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