Biol Metals (1990) 2:197-202

Original articles

BIOLOGY
METALS

© Springer-Verlag 1990

Ferrioxamine transport mutants and the identification of the
ferrioxamine receptor protein (FoxA)
in Erwinia herbicola (Enterobacter agglomerans)

Ingrid Berner and Giinther Winkelmann

Mikrobiologie/Biotechnologie, Universitdt Tibingen, Auf der Morgenstelle 1, D-7400 Tiibingen, Federal Republic of Germany

Received October 19, 1989

Summary. Iron deprivation of Erwinia herbicola (Ente-
robacter agglomerans) induces the biosynthesis of six
high-M, outer-membrane proteins and large amounts of
ferrioxamine E. Mutagenesis with N-methyl-N -nitro-
N-nitrosoguanidine and selection with ferrimycin A
yielded mutants of E. herbicola K4 (wild type), defec-
tive in the expression of a 76-kDa outer-membrane pro-
tein, as determined by SDS/polyacrylamide gel electro-
phoresis. While in bioassays wild-type cells showed
growth promotion in the presence of ferrioxamines (B,
D,, D,, E, G), enterobactin, citrate, ferrichrome and co-
progen, these mutants failed to respond to ferrioxam-
ines. Moreover, experiments with **Fe-labelled sidero-
phores confirmed that iron transport mediated by fer-
rioxamine E and B in the mutants was completely inhi-
bited, whereas iron transport by other hydroxamate si-
derophores, such as ferrichrome and coprogen was
unaffected. The results are evidence that the 76-kDa
protein in the outer membrane represents the receptor
protein (FoxA) for ferrioxamines in E. herbicola.

Key words: Erwinia herbicola - Enterobacter agglomer-
ans - Ferrioxamines - Ferrioxamine receptor - Iron
transport - Siderophores

Introduction

Erwinia herbicola (Enterobacter agglomerans) has been
shown earlier to represent a group within the Entero-
bacteriaceae that produces siderophores of the ferriox-
amine family (Berner et al. 1988). Iron-starved cultures
excreted the desferri forms of ferrioxamine E as the
principal product and ferrioxamine D, and B as minor
products. It was also shown in that investigation that
other siderophores, such as enterobactin, ferrichrome,
coprogen and even citrate functioned as siderophores,
suggesting the presence of multiple siderophore recep-
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tors in E. herbicola. In Escherichia coli six different out-
er-membrane receptor proteins have so far been identif-
ied (FepA, FecA, FhuA, FhuE, Fiu, Cir} which are re-
sponsible for iron transport mediated by enterobactin,
citrate, ferrichrome, coprogen and for two unidentified
siderophores (Hantke 1983). Strains of E. coli contain-
ing ColV plasmid express additionally a receptor (Iut)
for aerobactin transport (Braun 1981). While E. herbicola
resembles biosynthetically the ferrioxamine-producing
Streptomycetes, the outer-membrane profile shows sim-
ilarities to the Enterobacteriaceae. Ferrioxamine pro-
duction has also been reported in the genus Nocardia,
Micromonospora, Chainia, and also in Pseudomonas,
Chromobacterium and Arthrobacter (Miller and Zihner
1968; Meyer and Abdallah 1980). This communication
describes the isolation of mutants unable to transport
ferrioxamines by use of N-methyl-N'-nitro-N-nitroso-
guanidine and a ferrimycin A selection procedure. The
isolated mutants allowed the identification of the fer-
rioxamine receptor protein (FoxA) in the outer mem-
brane of E. herbicola.

Materials and methods

Bacterial strains and growth conditions. Bacierial strains used in
this study are listed and described in Table 1. All strains were
maintained on agar slants containing 0.4% yeast extract, 1% malt
extract, and 0.4% glucose (YMG). Rich medium contained 0.8%
nutrient broth (NB; Difco) and minimal medium contained M9
salts (Miller 1972) and 0.4% glucose. M9 medium was made iron-
deficient either by the addition of ethylenediamine-N, N'-bis(2-hy-
droxyphenylacetic acid) (EDDA, Fluka), a strong nonutilizable
iron chelator, or by passing it through a Chelex-100 column (Bic-
Rad) as described by Matzanke et al. (1989). A stock solution of
EDDA was deferrated by the procedure of Rogers (1973).

Mutagenesis. For mutagenesis of the wild-type strain E. herbicola
K4, N-methyl-N'-nitro- N-nitrosoguanidine (NG, Sigma) was used
(Ankenbauer et al. 1986; Hantke 1987; Miller 1972). M9 medium
+50 uM EDDA was inoculated to a density of As,5=0.05 with an
overnight culture of E. herbicola K4, grown in NB medium. After
growth at 27°C and 120 rpm to a density of 45,3 =0.2, cells were
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Table 1. Mutants obtained from the ferrimycin A selection

Strain Sensitivity to

Growth promotion mediated by

Ferrimycin A Albomycin

Ferrioxamines

Ferrichrome Coprogen Enterobactin

B, D, D3, E, G

K4 (wild type) + + +
FM13? - + -

FEM]1, FM 2
FMS6, FM11
FM15, FM16 - + -
FM20, FM22
FM24, FM26

FM3, FM4
FM7, FM8
FM9, FM10
FMI2, FM14 - + +
FM17, FM21

FM23, FM27
FM28, FM29 |

FMS, FM25 - + +
FM30, FM31 - - -
B 63/1° - + -

-

2 FM13 was isolated as a spontaneous ferrimycin-A-resistant colony from the growth inhibition zone of E. herbicola K4 (wild type)

® This mutant was obtained from a streptonigrin selection

collected by centrifugation at 6000 g and washed twice with 0.9%
NaCl solution. Cells were resuspended in M9 medium to a den-
sity of 10® cells/ml. Mutagenesis was started by the addition of
NG (100 ug/ml) and incubation at 27° C and 250 rpm for 30 min.
Celis were sedimented at 6000 g, washed twice with 0.9% NaCl
solution, resuspended in NB medium and incubated overnight at
27°C.

Selection of mutants. The antibiotic ferrimycin A was used to se-
lect specifically for mutants affected in the outer-membrane re-
ceptor for ferrioxamines. Ferrimycin A is a structural analogue of
ferrioxamines (Bickel et al. 1966) isolated from Streptomyces gri-
seoflavus (ETH9578) and is assumed to be taken up into the cells
by the ferrioxamine route. Selection was carried out as follows.
M9 medivm + 0.1% yeast extract + 50 uM EDDA was inoculated
to a density of As;5 =0.05 with NG-treated cells grown overnight
in NB medium. Cells were grown to a density of As;3=0.3 at
27°C and 120 rpm. Ferrimycin A (40 png/ml) was added to the
culture and incubation was continued for 4 h in the same condi-
tions. Cells were collected by centrifugation at 6000 g and washed
twice with 0.9% NaCl solution and stored at 4°C. Streptonigrin
selection was carried out according to the method described by
Hantke (1987).

Screening of mutants. Ferrimycin-treated or streptonigrin-treated
cells were spread on NB plates containing 1.5% agar (Fluka) with
a density of 50-100 colonies per plate and incubated overnight at
27° C. Colonies were replica-plated onto Chrome azurol S (CAS)
plates (Schwyn and Neilands 1987) and on NB plates containing
1 mM EDDA (Ankenbauer et al. 1986; Braun et al. 1983). Colo-
nies growing poorly on NB+ 1 mM EDDA and showing large ha-
loes on CAS were chosen for bioassays.

Bioassay. Growth promotion by different siderophores and
growth inhibition by different antibiotics was studied in the fol-
lowing medium: 100 mM Tris (Trizma, Sigma), 0.03 g/t KH,PO,,
0.5g/1 NaCl, 1g/t NH,Cl, 1mM MgSO,-7H,0, 0.1 mM
CaCl,-2H,0, 0.4% glucose, 1 mM EDDA, 0.4% agar. Bioassay
medium (10 ml) was inoculated with 0.3 ml of an overnight cul-

ture in NB medium and poured into sterile plates. After solidifica-
tion, filter paper disks (6 mm) containing either 0.15 nmol sidero-
phores or 0.15 pg ferrimycin A or 1.5 ug albomycin, were placed
on the plates and growth or inhibition was scored after 1 or 2 days
of incubation at 27°C.

Isolation of outer membranes. Isolation of outer-membrane pro-
teins was carried out according to published procedures (Hantke
1981; Eick-Helmerich and Braun 1989) with slight variations.
Cells grown in M9 medium + 50 uM EDDA (100 ml) to a density
of A5:5=0.5 were collected by centrifugation and suspended in
1 ml ice-cold 0.2 M Tris/HCI pH 8.0. Then 2 ml 0.2 M Tris/HCI
pH 8.0, 1 M sucrose and 0.2 ml lysozyme (2 mg/ml) were added.
The suspension was frozen overnight at —70°C and thawed at
27°C, before 0.2 ml 10 mM EDTA pH 8.0 was added. The cells
were incubated for 15 min at room temperature. Then, 2 ml ex-
traction buffer (2% Triton, 50 mM Tris/HCl pH 8.0, 10 mM
MgCl,) and 0.2 ml DNase (1 mg/ml) were added. Incubation was
continued for 20 min at room temperature. The cleared solution
was centrifuged for 15 min at 6000 g to remove residual cells and
cell debris. The supernatant was then centrifuged for 1h at
40000 g. The sediment, containing the outer-membrane proteins,
was washed twice with 1 ml bidistilled water and used for SDS/
polyacrylamide gel electrophoresis.

Electrophoresis. SDS/polyacrylamide gel electrophoresis of mem-
brane proteins was carried out according to Laemmli (1970). Gels
(8%) were run at a constant current of 35 mA for approximately
2.5 h and stained with Coomassie blue R 250 (Serva).

Siderophores and sideromycins. Enterobactin was isolated from a
fepA muitant of E. coli AN 311 (Young and Gibson 1979) by ad-
sorption of the culture filtrate to XAD-2 (Serva, Heidelberg), de-
sorption with methanol and purification on LH20 (Pharmacia,
Freiburg). Ferrichrome was isolated from cultures of Ustilago
sphaerogena or Neovossia indica (Deml et al. 1984). Coprogen was
purified from culture filtrates of Neurospora crassa according to
Wong et al. (1983). Ferrioxamine E was isolated from Streptomyes
pilosus (Meiwes 1989). Ferrioxamine B was provided by Ciba-



Geigy (Basel) and ferrioxamine D, was prepared by N-acetylation
of ferrioxamine B. Ferrioxamine D, and G were gifts from W.
Keller-Schierlein. Samples of ferrimycin A, danomycin and albo-
mycin were kindly provided by H. Zihner. *Fe-labelled sidero-
phores were prepared as described earlier (Berner et al. 1988).
Streptonigrin was obtained from K. Hantke.

Transport assay. Transport of **Fe-labelled siderophores was car-
ried out as described previously (Berner et al. 1988) with slight
variations. Cells grown in M9 medium + 50 uM EDDA (100 ml)
to a density of A5,3=0.5 were collected by centrifugation and
washed twice with M9 + 10 uM nitrilotriacetate. The cells were
finally suspended in M9 medium to a density of As,3=0.5. Ali-
quots of this suspension were taken for the transport assay and
preincubated for 10 min at 27°C and 120 rpm. Transport was
started by the addition of **Fe-labelled siderophores to a final
concentration of 0.5 uM (specific activity 2.2 kBq/nmol). Samples
{1 ml, corresponding to 0.2 mg dry mass) were taken at intervals,
filtered on cellulcse nitrate membrane filters (0.45 um, Sartorius)
and washed twice with ice-cold 0.9% NaCl solution. The radioac-
tivity on the filters was measured in a liquid scintillation count-
er.

Results

The selection procedure described for ferrimycin-A-re-
sistant mutants of E. herbicola is based on the general
properties of sideromycins to enter the cells via sidero-
phore transport pathways and receptors. Sideromycins,
like ferrimycin A;, A, and B, danomycins A and B and
albomycins (61, 8, &) are secondary metabolic products
of Streptomyces (Keller-Schierlein et al. 1984). Albomy-
cin is an antibiotically active ferrichrome analogue (fer-
richrysin derivative), of which the structure has recently
been revised by Benz et al. (1982). Structural formulae
of ferrioxamines and ferrimycin A; are given in Fig. 1.
Ferrimycin A, is the principal components of the ferri-
mycin mixture (A;, A,, B) isolated from Streptomyces
griseoflavus. As our ferrimycin was not highly purified,
we used the designation ferrimycin A in the present pa-
per indicating that the A-type predominates in the mix-
ture. Thus, ferrimycins represent antibiotic derivatives
of ferrioxamine B both of which are dependent on the
ferrioxamine receptor for entrance into the bacterial
cells, as shown in the present investigation. Generally,
outer-membrane receptors are not present in visible
amount in SDS/PAGE gels, unless the iron content of
the growth medium is significantly reduced. Therefore,
the iron content of growth media was varied to differ-
ent degrees in order to study the synthesis of iron-regu-
lated outer-membrane proteins in E. herbicola (Fig. 2).
Wild-type cells of E. herbicola K4 were grown in: (a)
M9 medium +200 pM FeCl;, (b) M9 medium, (¢) M9
medium +50 uM EDDA, (d) M9 medium + 300 uM
EDDA in order to demonstrate iron-dependent expres-
sion of outer-membrane proteins. As shown in Fig. 2,
partial derepression was seen in M9 medium without
further iron removal, but complete derepression of
iron-regulated outer-membrane proteins could only be
seen in media supplemented with EDDA.

Mutagenesis with NG and subsequent ferrimycin A
selection yielded 31 ferrimycin-A-resistant clones (fre-
quency 0.2%) as shown in Table 1. Surprisingly, dano-
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Ferrioxamine B R =H, R = CH;4
Ferrioxamine D; R = COCH; R’ = CH;
Ferrioxamine G R = H, R’ = CH,- CH,- COOH

Ferrimycin Ay, R= _co R =CH;

et
v Fe(m)- -o r';( \N.

Ferrxoxamme E Ferrioxamine D,

Fig. 1. Structural formulae of ferrioxamines (B, D,, D,, E, G) and
ferrimycin A,

S
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Fig. 2. SDS/polyacrylamide gel electrophoresis of outer-mem-
brane proteins from E. herbicola K4 (wild type). (a-e) Cells were
grown in M9 medium containing decreasing amounts of bioavail-
able iron. (a) Marker proteins (94 kDa, 67 kDa, 43 kDa); (b) M9
medium +200 uM FeCl;; (¢) M9 medium without addition; (d)
M9 medium +50 pM EDDA; (e) M9 medium +300 uM EDDA
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mycin was not antibiotically active against E. herbicola,
although it is a derivative of ferrioxamine G. The strep-
tonigrin selection procedure, which has been described
earlier for the selection of Fe(II)-aerobactin receptor-
deficient E. coli strains (Braun et al. 1983), did not work
well with E. herbicola and only one mutant (B 63/1)
could be obtained which showed ferrimycin A resist-
ance and inhibition of ferrioxamine transport.

SDS/polyacrylamide gel electrophoresis of ferrimy-
cin-A-resistant clones revealed that several of these
clones lacked a 76-kDA iron-regulated outer-mem-
brane protein (Fig. 3). Other clones which were resist-
ant to ferrimycin A or possessed a reduced sensitivity
towards ferrimycin A, still contained the 76-kDa pro-
tein.

The ferrimycin-A-resistant clones which were de-
void of the 76-kDa protein and those which showed a
reduced sensitivity but still contained the 76-kDa pro-
tein, as well as the corresponding wild-type strain E.
herbicola K4, were compared for their ability to utilize
various siderophores in growth promotion tests. As
shown in Table 1, growth promotion in wild-type E.
herbicola K4 was positive with ferrioxamines B, D;, D,,
E, G, as well as with enterobactin, coprogen, ferrich-
rome and citrate, confirming the earlier reported obser-
vation of multiple siderophore receptors in this group
(Berner et al. 1988). One group of ferrimycin-A-resist-
ant mutants (FM1-FM26) were unable to utilize fer-
rioxamines (E, D,, D,, G, B) but grew well with entero-
bactin, coprogen, ferrichrome and citrate. A second
group of ferrimycin-A-resistant mutants (FM3-FM29)
still grew with ferrioxamines and all other sidero-
phores. Typical results of these bioassays are shown in
Fig. 4. Growth zones in the presence of all siderophores
and sensitivity to ferrimycin A and albomycin can be
seen on plates with wild-type (Fig. 4a) and mutant
FM13 (Fig. 4b). The mutant FM13 was resistant to fer-
rimycin A but remained sensitive to albomycin and did

76 kDa » S o ot —
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Fig. 3. SDS/polyacrylamide gel electrophoresis of outer-mem-
brane proteins from (a) E. herbicola K4 (wild type) and (b-i) fer-
rimycin-A-resistant mutants, lacking the 76-kDa receptor protein:
(b) FM11, (¢) FM13, (d) FM15, (¢) FM16, (f) FM22, (g) FM1,
(h) FM2, (i) FM6. Cells were grown in M9 +50 uM EDDA as
described in Materials and methods

Fig. 4. Growth promotion tests with siderophores and inhibition
of growth by sideromycins. (a) E. herbicola K4 (wild type), ferri-
mycin-A- and albomycin-sensitive; (b) E. herbicola FM13, ferri-
mycin-resistant. The bioassays were prepared as described in Ma-
terials and methods. Numbering is clockwise starting from the up-
permost disk: (1) ferrioxamine E, (2) albomycin, (3) enterobactin,
(4) coprogen, (5) ferrichrome, (6) ferrioxamine B, (7) ferrimycin A
(center)

not grow in the presence of ferrioxamines (Table 1).
Other mutants (FMS5, FM25) were resistant to both fer-
rimycin A and albomycin (Table 1). The results clearly
demonstrate that some of the ferrimycin-resistant
clones were still able to utilize ferrioxamines. Growth
response with other siderophores remained generally
unaffected except for FM5 and FM25, where ferrich-
rome and coprogen utilization was absent.

A comparative transport study with cells of both
wild-type E. herbicola K4 and ferrimycin-A-resistant
mutants, using >°Fe-labelled ferrichrome, coprogen,
ferrioxamine E and ferrioxamine B, ciearly showed that
mutants lacking the 76-kDa outer-membrane protein
were no longer able to transport iron complexed by fer-
rioxamines, while iron transport by ferrichrome and co-
progen was unaffected (Table 2). It is interesting to
note that in the mutant strains, where ferrioxamine up-
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Table 2. Transport of >Fe-labelled siderophores in E. herbicola K4 (wild type) and mutants lacking the 76-kDa receptor protein

Strain Transport (pmol/mg dry mass) of

ferrioxamine E ferrioxamine B ferrichrome coprogen

5 10’ 20 5 10’ 20 5 10’ 20’ 5 10’ 20
K4 (wild type) 260 510 888 165 300 560 138 277 475 45 109 294
FM2 4 5 7 2 3 5 219 426 776 168 375 680
FM13 3 5 7 2 3 6 300 569 935 165 325 632
B 63/1 4 6 12 5 5 8 291 600 1145 188 435 565

Incubation with labelled siderophores and measurement after 5 min (5'), 10 min (10") and 20 min (20') of uptake were as described in

Materials and methods

take is blocked, transport of iron by ferrichrome and
coprogen is significantly enhanced.

Discussion

The present contribution is evidence that ferrimycin A
is a powerful tool for the selection of Erwinia herbicola
mutants defective in ferrioxamine transport. Among the
three ferrioxamines (B, D,, E) produced by E. herbico-
la, ferrioxamine E is the principal siderophore (Berner
et al. 1988). The ferrioxamine route is the most impor-
tant iron-uptake route in these bacteria, although other
siderophores like enterobactin, ferrichromes, coprogen
and ferric citrate can also be used as iron donors. In
this regard the herbicola group is very similar to E. coli,
where multiple siderophore receptors have also been
observed (Braun and Winkelmann 1987). The biosyn-
thesis of catecholate siderophores has not been ob-
served in the herbicola group but predominates in other
Erwinia groups, e.g. in the plant pathogenic E. chrysan-
themi which has been shown to produce chrysobactin
[N-a-(2,3-dihydroxybenzoyl)-D-lysyl-L-serine], a novel
siderophore of the catecholate family (Persmark et al.
1989).

The lack of an iron-regulated 76-kDa outer-mem-
brane protein is very obvious in mutants obtained after
ferrimycin A selection, suggesting that in these mutants
the ferrioxamine receptor is absent. However, some fer-
rimycin-A-resistant mutants still expressed the 76-kDa
protein. Subsequent growth-promotion tests revealed
that these mutants still utilized ferrioxamines. There-
fore, ferrimycin resistance is not only dependent on the
presence or absence of a receptor protein but may also
rely on other factors such as inactivation of the anti-
biotic residue or target insensitivity after mutation. A
reduced sensitivity to ferrimycin A was also observed.
Some of the ferrimycin-A-resistant mutants, which
lacked the 76-kDa protein, show additional defects in
the 40-kDa protein region, the function of which is still
unresolved. Below the 76-kDa protein band there is an-
other faint band to be seen in gels of the wild-type E.
herbicola K4 which, like the 76-kDa protein, diap-
peared in the corresponding mutants. It remains open
whether or not this protein is also involved in ferriox-
amine uptake in a sense that two receptors for the same

or for different ferrioxamines (E and D, or B) are ex-
pressed. Degradation during preparation and SDS gel
electrophoresis may occur as observed for the entero-
bactin receptor protein (FepA) in E. coli.

From the results obtained with E. herbicola, it can
be inferred that the iron-regulated 76-kDa outer-mem-
brane protein is the ferrioxamine receptor protein
which we named FoxA. Mutants of E. coli, defective in
iron utilization from ferrioxamine B, have been re-
ported and assigned to the FhuF gene locus (Braun et
al. 1987). Although there is a functional similarity of
the receptors in both bacterial groups, receptors and
gene loci have to be defined separately unless a com-
plete sequence identity has been demonstrated.
Growth-promotion assays and iron transport measure-
ments strongly support the assignment of a ferrioxam-
ine-specific outer-membrane receptor. Ferrimycin A re-
sistance alone is not sufficient to identify ferrioxamine-
transport-defective strains. Only those ferrimycin-A-re-
sistant clones which lack the 76-kDa receptor protein
were unable to transport ferrioxamines. The mutants
FM2, FM13, B63/1 served as typical representatives for
uptake studies with **Fe-labelled siderophores. The ab-
solute transport rates of ferrichrome and coprogen in
these mutants were significantly enhanced compared to
the wild-type strain, which may be attributed to a more
pronounced iron deficiency in the FoxA mutants.
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