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Erwinia chrysanthemi 3937 possesses a saturable, high-affinity transport system for the ferric complex of its
native siderophore chrysobactin, [N-o:-(2,3-dihydroxybenzoyl)-p-lysyl-L-serine]. Uptake of >Fe-labeled chryso-
bactin was completely inhibited by respiratory poison or low temperature and was significantly reduced in rich
medium. The kinetics of chrysobactin-mediated iron transport were determined to have apparent K,, and V.
values of about 30 nM and of 90 pmol/mg - min, respectively. Isomers of chrysobactin and analogs with
progressively shorter side chains mediated ferric iron transport as efficiently as the native siderophore, which

indicates that the chrysobactin receptor primaril!
only moderately reduced the accumulation of 5
siderophore for E. chrysanthemi.

recognizes the catechol-iron center. Free ligand in excess
Fe. Chrysobactin may therefore be regarded as a true

The enterobacterial phytopathogenic bacterium Erwinia
chrysanthemi 3937 was recently shown to produce in vitro a
low-molecular-weight ferric ion chelator, a siderophore,
which was excreted in response to low-iron stress. The
siderophore, termed chrysobactin (Cb) (Fig. 1), was charac-
terized as N-a-(2,3-dihydroxybenzoyl)-p-lysyl-L-serine (38).
As in other siderophore systems (4), Cb synthesis was
accompanied by membrane protein synthesis. Three low-
iron-induced proteins were detected in the outer membrane
of E. chrysanthemi 3937, and one of these, an 80-kDa
polypeptide, has been identified as the ferric Cb receptor
(Fct) (17, 18, 22). The integrity of this iron transport system
was essential for virulence of E. chrysanthemi 3937 on
saintpaulia plants (17, 19), a phenomenon well established in
animals but not previously observed in plants (32, 37). The
gene encoding Fct, as well as the cbs4ABCE genes involved in
the four primary stages of Cb biosynthesis, are integral parts
of an operon (21, 22).

Many siderophores possess six ligands, allowing full oc-
tahedral coordination of hexacoordinate Fe(III) (25, 33).
However, siderophores with fewer ligands have been de-
scribed. The iron-dicitrate transport system in Escherichia
coli is the perhaps most thoroughly studied (46). Other
examples are the hydroxamates rhodotorulic acid (2),
dimerum acid (14), and fusarinine (14) and the thiazoline-
containing ferrithiocin (23) and pyochelin (13). A relatively
large number of compounds, including Cb, represent yet
another class of nonhexadentate ligands. This class contains
amino acids or peptides, mono- or disubstituted with dihy-
droxybenzoic acid (DHBA) (5, 10, 28, 29, 36, 38 [and
references therein], 44).

Although several reports on monocatecholates have asso-
ciated them with iron transport, some factors have served to
call into question their function as true siderophores. (i)
Many bacteria, e.g., E. coli and Salmonella typhimurium,
produce hexadentate siderophores, such as aerobactin and
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enterobactin, which are extremely efficient ferric iron che-
lators. Enterobactin, which may be the most common en-
terobacterial siderophore, is a hydrolytically labile cyclic
triester of dihydroxybenzoyl serine. Furthermore, receptors
for exogenous hexadentate ferric siderophores are wide-
spread in bacterial genera. (ii) Bidentate ligands are far less
efficient chelators than their hexadentate counterparts, es-
pecially at low concentrations. Monocatecholates found in
culture media have thus tended to be regarded as degrada-
tion products. The same reasoning has been applied to some
monohydroxamates, such as the fusarinines (26). Other
studies have pointed towards a true role for the monocate-
cholates as siderophores. E. coli was postulated to contain a
transport system for complexes containing two molecules of
DHBA (42), and biological activity has been associated with
several of the monocatecholates mentioned above. The
low-iron-inducible outer membrane proteins Cir and Fiu of
E. coli were recently shown to function as cell surface
receptors for monocatecholates (24, 34).

E. chrysanthemi 3937 was found to utilize the exogenous
hexadentate siderophores ferrichrome and enterobactin, and
two low-iron-inducible outer membrane proteins were iden-
tified as their receptors. However, E. chrysanthemi ap-
peared to synthesize only Cb in vitro (18, 38). Furthermore,
in contrast to Erwinia amylovora (8), E. chrysanthemi is
unable to utilize ferric citrate, the main iron carrier in higher
plants, and thus would have to rely on an endogenous
siderophore(s) for iron acquisition in planta. The intercellu-
lar fluid appeared sufficiently low in iron that Cb synthesis
could be induced in planta (18).

Recently, the genes involved in ferric iron transport in E.
chrysanthemi have been studied in depth (21, 22). To further
understand the physiology of this system, we investigated
the transport of iron in wild-type cells, as well as in two
mutants, with isomers of Cb and catecholate derivatives
(Fig. 1). It was found that E. chrysanthemi 3937 possesses a
high-affinity Cb-mediated transport system, by which Fe(III)
is accumulated by a saturable, energy-requiring process.
Only the catecholate moieties appear to be important in
receptor recognition, since enantio-Cb, DHBA-lysine, N-
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FIG. 1. Structure of the catecholate derivatives used in this
study. Cb (N-a-(2,3-dihydroxybenzoyl)-p-lysyl-L-serine) is an endog-
enous siderophore of E. chrysanthemi 3937.

methyl-2,3-dihydroxybenzamide (MDHB), and DHBA were
taken up as efficiently as the native siderophore.

MATERIALS AND METHODS

Materials. When applicable, glassware was washed in 6 N
HCI and rinsed excessively with double-distilled water prior
to use. D-Serine methyl ester hydrochloride was from Chem-
ical Dynamics Corp. CytoScint was from ICN Biomedicals
Inc. Ga,(SO,), was obtained from Fluka AG, and >*FeSO,
(specific activity, 19.63 and 24.22 Ci/g) in 0.1 N H,SO, was
from Du Pont, NEN Research Products.

Spectroscopy. Bausch and Lomb Spectronic 2000 and
Shimadzu UV160 spectrophotometers were used for UV and
visible spectrophotometry. Nuclear magnetic resonance
(NMR) spectra were obtained on a Bruker AM spectrome-
ter, operating at a 400.13-MHz proton frequency, at the
University of California, Berkeley, NMR facility. Mass
spectra (MS) were obtained at the Mass Spectrometry Fa-
cility, University of California, Berkeley.

Chemical synthesis. Cb [N-a-(2,3-dihydroxybenzoyl)-D-ly-
syl-L-serine] (D-L-Cb), its L-lysine-D-serine (L-D-Cb) and
L-lysine-L-serine (L-L-Cb) isomers, and the two isomers of N-
a-(2,3-dihydroxybenzoyl)-lysine (DHBA-D-Lys and DHBA-
L-Lys) were synthesized as described previously (38, 39).

The analog MDHB was prepared by condensation of
methylamine with DHBA. Three millimoles of DHBA was
dissolved in a small volume of tetrahydrofuran, and 1,3-
dicyclohexylcarbodiimide in 10% molar excess was added.
Methylamine (40% in H,0) was added in excess, and the
coupling was allowed to proceed at room temperature over-
night. Acetic acid (300 pl) was added, and the dicyclohex-
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ylurea was removed by filtering. Purification was followed
by thin-layer chromatography (CHCl;-methanol, 4:1), in
which MDHB moved faster than DHBA and was identified
as a blue fluorescent spot which turned red after being
sprayed with FeCl, in 10 mM HCI. After extraction with 10%
(wt/fvol) citrate, pH 5.5, the organic phase was evaporated to
dryness. The residue was dissolved in ethyl acetate and
chromatographed on a silica column in this solvent. Material
adhering to the column was eluted with ethyl acetate-ethanol
(9:1). Fractions containing MDHB were again taken to
dryness, dissolved in CHCl;-methanol (9:1), and chromato-
graphed on a silica column. After removal of organics by
rotary evaporation, the residue was taken up in acetone and
impurities were precipitated with water. MDHB was ob-
tained as a whitish powder after filtration and evaporation of
the acetone. Analyses were as follows. MS (high-resolution
EI) m/z (deviation (A, mmu), relative intensity): [M]*
167.0586 (A 0.4, 50); [M — NH,CH,]* 136.0181 (A 2.0, 100);
[M — C(=O)NH,CH,]* 108.0228 gA 1.6, 23). '"H NMR
(CD;0D): & = 2.90 (s, 3 H), 6.70 (t, °J = 8.0 Hz, 1 H), 6.91
dd, °J = 7.9 Hz, *7 = 1.5 Hz, 1 H); 7.16 (dd, °J = 8.1 Hz,
J = 1.4 Hz, 1 H). A minor impurity was observed at 3.48

pm.

Bacterial strains. The wild-type strain E. chrysanthemi
3937, the mutant E. chrysanthemi PMV 4089 (Cbs™),
blocked in the synthesis of Cb between DHBA and the final
product, and the biosynthesis and transport mutant E. chrys-
anthemi PMV 4082 (Cbs~ Fct™) have been described previ-
ously (17). The bacteria were kept at room temperature on
Luria-Bertani (LB) plates with biweekly restreakings.

Preparation of radiolabeled complexes. *>Fe complexes
were prepared by adding >*FeSO, to each ligand in H,O at a
metal-to-ligand (M/L) ratio of 1:2.5, 1:3, or 1:4. The solu-
tions were neutralized with NaOH and the pH was adjusted
to 6.5 (or 7.4) by the addition of 1 M MOPS (morpholine-
propanesulfonic acid) (or 1 M Tris) to give stock solutions
ranging from 100 to 600 pM 5Fe complex (0.11 to 0.80
mCi/ml; 1 Ci = 37 GBq). Degassed and nitrogen-purged
solvents were used throughout.

Uptake experiments. All incubations were done at 30°C on
a rotary shaker set at 300 rpm. Single colonies from LB
plates were used to inoculate 10 ml of LB medium, which
was shaken overnight. A 2% inoculum of this culture was
made into MM9 medium (43) with 2.5 pM added FeCl; and
buffered with either 0.1 M MOPS (pH 6.5) or 0.1 M Tris (pH
7.4). After one transfer in MM9 (at least two for kinetic
experiments), 2.5 ml of the culture was used to inoculate
22.5 ml of MM9 in a 250-ml Erlenmeyer flask. This final
culture medium contained 2.5 puM FeCl,; for E. chrysanthemi
PMYV 4082 and PMV 4089 and 0.5 pM FeCl, for E. chrysan-
themi 3937.

After 4 to 6 h (Agye = 1.3) cells were harvested by
centrifugation at 7,000 X g for 10 min. With E. chrysanthemi
PMYV 3937 the supernatant was positive for catechols with
the Arnow molybdate test (1) (45,5 = 0.07 to 0.1), and the
culture thus was iron starved. For kinetic and time-depen-
dent-uptake studies, the cells were centrifuged at 4°C and
washed with cold transport medium (modified MM9 without
Fe) in the absence of glucose. Washed cells were suspended
in transport medium to an Agy of 0.35 or 0.50 (kinetic
measurements) or an Aqy, of 0.80 (time-dependent-uptake
studies) and kept on ice until use. In all cases, cells were
used in less than 2 h.

For the time-dependent-uptake experiments, 2.8 ml of a
cell suspension with an Ay, of 0.80 was placed in a 50-ml
conical polypropylene tube and preincubated for 30 min in
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the rotary shaker. Radiolabeled chelate, as a stock solution
diluted to 200 pl in sterile transport medium, was then added
to give a final concentration of 2 uM 5°Fe-ligand. At intervals
from 2.5 to 30 min, 300-pl portions were withdrawn and
immediately filtered through 0.45-pm-pore-size Millipore
HA filters which had been presoaked for at least 24 h in 50
M unlabeled ferric complex (50 pM Fe, 250 uM ligand) and
washed before use. Filter-bound cells were immediately
washed twice with 5 ml of ice-cold transport buffer without
glucose. The filters were placed in empty scintillation vials
and air dried overnight. Ten milliliters of CytoScint ES was
added, and after equilibration for 24 h, cell-associated radio-
activity was measured by liquid scintillation counting. Four
100-p! portions of each sample were also counted to verify
the total amount of radioactivity. Energy-dependent metab-
olism was inhibited by adding sodium azide to 20 mM at the
onset of the preincubation or by keeping the cell suspension
at 0°C during both the preincubation and the uptake exper-
iment. In experiments performed at pH 6.5 the M/L ratio
was 1:2.5, whereas the ratio was 1:4 for experiments carried
out at pH 7.4. The latter pH was used in a comparison of
D-L-Cb with MDHB and DHBA, the higher pH enhancing
the solubility of the catecholates lacking amino functions.

In a study of transport as a function of growth medium, the
following media were used: MM9 plus 2.5 uM Fe (0.5 uM for
the final culture), MM9 plus 25 uM FeCl;, MMO9 plus 25 pM
FeCl; plus 0.3% Casamino Acids, LB, and LB plus 0.2%
glucose. Cells were harvested at room temperature, washed
twice in transport buffer without glucose, and suspended to
an Agy, of 0.85. The cells were assayed for transport com-
petence at pH 6.5 as described for the time-dependent study
above, except that the radiolabeled chelate (2.0 pM final
concentration) was added after only a 5-min preincubation
on the rotary shaker.

For kinetic measurements 2.8 ml of cell suspension was
preincubated for 30 min before the addition of 200 pl of
radiolabeled Cb to final concentrations ranging from 10 to
100 nM. Samples (400 pl) were withdrawn every 20 s for 2
min, filtered, and treated as described above. The kinetic
experiment was carried out with two M/L ratios, 1:2.5 and
1:3, and E. chrysanthemi PMV 4089 was used throughout.

To measure the effect of free ligand concentration on
uptake, initial rates were measured with 100 nM >°Fe®* and
Cb concentrations from 200 nM to 5 pM. Experiments were
performed as described for kinetic measurements.

RESULTS

Uptake of ferric Cb. Iron supplied to E. chrysanthemi in
the form of ferric Cb was very efficiently taken up by the
cells. An energy dependence for the uptake process was
shown by an almost complete loss of transport competence
by cells pretreated with the respiratory poison sodium azide
or by cells which were kept on ice during the experiment
(data not shown).

The most rapid uptake of ferric Cb was observed with cells
grown in the modified low-iron MM9 medium, whereas in
complex LB medium the uptake rates were greatly reduced
(Fig. 2). This difference may be ascribed to the repression of
synthesis of low-iron-induced ferric Cb transport functions
in rich medium. However, in MM9 with 25 uM added iron,
significant uptake was observed. The supplementation of LB
and MM9 with glucose and Casamino Acids, respectively,
did not significantly affect uptake (Fig. 2).

Specificity of iron transport. Cb and its analogs are deriv-
atives of a chiral molecule, D- or L-lysine. These chelators
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FIG. 2. Variation of iron uptake by E. chrysanthemi 3937 grown
in different media: MM9 plus 2.5 ‘pM Fe (@), MM9 plus 0.3%
Casamino Acids plus 25 uM Fe ((J), MM9 plus 25 uM Fe (W), LB
plus 0.2% glucose (A); and LB (A). Cells were washed twice with
transport buffer at room temperature, suspended in transport me-
dium, and assayed for uptake of 3°Fe(Cb), 5 at 2.0 uM after a 5-min

preincubation. Data shown are average values from two experi-
ments.

could therefore potentially form optically active metal com-
plexes. Time-dependent-uptake experiments at pH 6.5 were
performed with D-L-Cb and the L-D-Cb and L-L-Cb isomers
and with DHBA-D-Lys and DHBA-L-Lys. As shown in Fig.
3, no difference in the uptake rates between the native
D-L-Cb and any of the DHBA-lysine derivatives was ob-
served. The chirality at the two a carbons of the peptide
backbone was apparently not recognized by the receptor. On
the basis of the results with DHBA-lysine, we furthermore
conclude that the serine moiety was not important in recep-
tor recognition. The same results, within experimental error,
were obtained with the Cbs™ PMV 4089 and, surprisingly,
with the Cbs™ Fct™ PMV 4082 (data not shown). As both
mutants are Cbs™, the possibility of ligand exchange during
the preincubation could be excluded.

The importance of net charge and the positively charged
lysine side chain for receptor recognition of ferric cate-
cholates was probed with MDHB and DHBA. The ferric
complex of MDHB has the same net charge as ferric Cb, —1
for the dimer and —3 for the trimer, whereas ferric DHBA
has one more negative charge per catecholate moiety.
MDHB lacks both the negative and positive charges of Cb
but contains an amide bond, which for an analog of entero-
bactin was found to be crucial for receptor recognition (16).
Both MDHB and DHBA mediated Fe(III) transport as
efficiently as did Cb (Fig. 3); therefore, it may be concluded
that the catecholate moieties and/or the metal center are the
most important structural features of ferric Cb in receptor
recognition.

Kinetics of ferric Cb uptake. To further investigate the
presence of a specific carrier-mediated uptake process for
ferric Cb, its kinetics of assimilation were studied. The
transport of >*Fe-Cb was characterized by a rapid phase,
lasting less than 30 s, followed by a slower linear phase. The
former may represent association of labeled ferric sidero-
phores and cells, whereas the latter phase presumably rep-
resents true transport. Results in Fig. 4 show that at ferric
Cb concentrations between 10 and 100 nM, transport occurs
via a saturable process. Initial uptake rate values were
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FIG. 3. Time-dependent uptake of ferric catecholates by E.
chrysanthemi PMV 4089 (M/L = 1:4, pH 7.4) (A) and E. chrysan-
themi 3937 (M/L = 1:2.5, pH 6.5) (B). Uptake was measured at 2.0
uM 55Fe(chelate) with the following DHBA derivatives: D-L-Cb (@),
L-D-Cb (O), L-L-Cb (A), DHBA-D-Lys (W), DHBA-L-Lys (0O),
MDHB (A), and DHBA (+). Data shown are average values from at
least two experiments.

essentially constant over a concentration range of ferric Cb
from 50 nM to 100 M and linear, with 44y, values from 0.35
to 0.80, over a period of up to 8 min for the highest
concentrations (data not shown). Furthermore, no difference
was observed between the two ferric Cb complexes in which
the M/L ratios were 1:2.5 and 1:3. In the former it is
theoretically not possible to quantitatively form the Tris
complex. Cb-mediated >Fe uptake obeyed simple Michael-
is-Menten kinetics, as indicated by a straight line in the
Hanes-Woolf plot (not shown). The initial uptake rate val-
ues, V,, were generated from the first 2 min of uptake. Data
points were fitted by linear regression to a line whose slope
was equal to the initial uptake rate. As the initial phase of
very rapid cell association may not represent true transport,
the first datum point for each experiment was omitted.
Furthermore, as the chelate pool became depleted within the
time course of the experiment for the four lowest concentra-
tions, initial uptake rates were generated from three and four
datum points for 10 to 20 nM and 30 nM, respectively. The
apparent K, and V., values were generated with the
Fortran program of Cleland (11). For the ferric Cb com-
plexes with 1:2.5 and 1:3 M/L ratios, K,,, values (nanomolar)
were found to be 29.9 + 3.6 and 34.6 = 4.2, respectively.
Values for V,,,,, (picomoles per milligram of dry weight per
minute) were found to be 86.7 + 4.0 and 93.3 + 4.7,
respectively. All data were corrected for growth during the
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FIG. 4. Concentration-dependent kinetics of >*Fe(Cb) uptake by
iron-starved cells of E. chrysanthemi PMV 4089 (Cbs~) at M/L
ratios of 1:2.5 (O) and 1:3.0 (®). Data are presented as average
values with standard deviation bars for five and six experiments,
respectively.

assay period. The value for V., is comparable to those for
other bacterial ferric siderophore transport systems (6, 7, 9,
33). Remarkably, the K, value of about 30 nM represents
one of the lowest for a ferric siderophore-receptor system,
although similar values have been reported (9, 12, 30).
Notable is that, of these, pyochelin is also a nonhexadentate
siderophore, and the K,,, value for the weak chelator citrate
was in the same study measured to be 100 nM (12). The only
reported kinetic data for a monocatecholate siderophore
gave a K, value of 0.23 pM (3). For fungi that frequently
produce large amounts of siderophores, transport systems
with considerably lower affinities have been described (33,
49).

The influence of free Cb on the uptake of the ferric
complex was probed by measuring initial uptake rates at 100
nM Fe and Cb concentrations from 200 nM to 5 pM. The
initial uptake rates were slightly reduced by increasing the
ligand concentration (Fig. 5). However, at an M/L ratio of
1:50 the uptake rate was still approximately 70% of the rate
at an M/L ratio of 1:2.

DISCUSSION

Siderophore-mediated iron acquisition has for a long time
been recognized as an important factor for the virulence of
bacterial pathogens to higher organisms (37, 48). For phyto-
pathogenic species this correlation is thus far restricted to
the enterobacterium E. chrysanthemi 3937. This strain re-
quires a functional iron assimilation system for systemic
virulence on saintpaulia plants (17). The monocatecholate
derivative Cb was identified as a native siderophorelike
compound of E. chrysanthemi 3937 (38). Recently the Cb
system has been extensively studied genetically. Four genes
(cbsABCE) are involved in the biosynthesis of Cb, and a fifth
gene (fct) encodes the ferric Cb receptor. These genes are
clustered in the E. chrysanthemi 3937 genome, forming an
operon spanning about 8 kb (21, 22). The function of each
cbs gene product appears to be completely interchangeable
with a counterpart from the E. coli enterobactin ent system
(15, 22). Furthermore, E. coli EntB~ cells transformed with
a plasmid carrying the fct gene not only expressed high
amounts of Fct in the outer membrane but were also able to
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FIG. 5. Inhibition by free ligand of uptake of 5*Fe(Cb) by iron-
starved E. chrysanthemi PMV 4089 cells. Initial uptake rates were
determined from the first 2 min of uptake at 0.1 M **Fe and 0.2 to
5.0 uM chrysobactin. Data shown are average values from three
experiments.

utilize ferric Cb as an iron source (22). In the light of these
results, we investigated the biological properties of ferric Cb.

We have in this study shown that Cb very efficiently
mediates iron transport in E. chrysanthemi 3937. The uptake
process was a saturable energy-requiring process, com-
pletely inhibited by the respiratory poison sodium azide or
0°C temperatures. Uptake was also significantly reduced
when cells were grown in rich medium containing approxi-
mately 10 uM iron. However, cells grown in minimal me-
dium with 25 pM added iron were, surprisingly, found to
transport ferric Cb at a considerable rate. Previous results
have indicated that the Cb operon is turned off under such
conditions of iron repletion (22). The Fct protein is not
detectable in the outer membrane (17), and no catecholates
are produced according to results of the Arnow test (detec-
tion limit, approximately 10 nM) (38). Although there is no
clear explanation for these findings, they may be related to
the unexpected behavior of the Fct™ mutant, which retained
the ability to take up the ferric Cb complex. Similar obser-
vations were also made in bioassays, in which growth of
iron-deprived Fct™ PMV 4082 cells could be stimulated by
supernatants from low-iron cultures of E. chrysanthemi 3937
(38) as well as by high concentrations of Arnow test-positive
intercellular fluid from saintpaulia plants infected by E.
chrysanthemi 3937 (18). Growth could not, however, be
stimulated by the purified free ligand at equal concentrations
(38), although it is conceivable that this observation may be
due to an inability of Cb to successfully compete for Fe(III)
with EDDA present in the agar at 100 pg/ml. Of relevance
for these results may be the presence of a receptor for ferric
enterobactin in E. chrysanthemi 3937; it was recently deter-
mined that E. coli could transport both dihydroxybenzoyl
serine and DHBA by three receptors, albeit with varying
efficiency (24). Furthermore, other reports have described
siderophore transport systems which consisted of more than
one receptor, or mechanism, with different affinities for one
ferric siderophore species (6, 31, 41). It appears possible that
our results may likewise reflect the presence of a second,
perhaps less stringently regulated, ferric catecholate trans-
port system, and the question will be addressed experimen-
tally.
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Peripheral groups have been shown to affect transport for
several siderophores (33, 45, 49). The sensitivity of the E.
chrysanthemi ferric catecholate transport system to struc-
tural variations of the Cb backbone was therefore probed by
a successive shortening of the molecule, as well as by using
isomers of Cb and DHBA-lysine. The ferric complexes of
Cb, DHBA-lysine, and MDHB have identical iron-binding
ligands and net charge; any uptake rate changes should thus
be due to reduced receptor affinity and not to nonspecific
electrostatic interactions. However, all the DHBA deriva-
tives tried were taken up as efficiently as Cb. This included
ferric DHBA, which in addition to having one more negative
charge per catechol moiety, lacks an amide bond. Further-
more, results obtained with the isomers of Cb and DHBA-
lysine show that the two chiral centers of Cb are not
important for receptor recognition. Our data thus indicate
that the specificity of the Cb-mediated ferric uptake system
of E. chrysanthemi is restricted to the iron-catecholate
center. The reason for the presence of the D-lysine-L-serine
backbone, if it is not required for receptor recognition, is
thus an open question. It seems possible that resistance to
extracellular degradation, increased solubility, and de-
creased uptake by other microorganisms could all be valid
explanations.

The ferric catecholate transport system in E. chrysan-
themi appears to be functionally related to other systems.
The genetic similarity to ent was mentioned above, and there
are also biological precedents. From a study utilizing inert
Rh complexes it was concluded that only the carbonyl group
of the DHBA moiety and the Tris-catechol portion of ferric
enterobactin were essential for receptor recognition (16). In
relation to monocatecholate-mediated iron transport, we
may again refer to the study with receptor mutants of E. coli
(24), as well as to an early study in which DHBA-D-serine
was found to be equally effective as a growth promoter as the
natural L isomer (35). In B. subtilis, which produces the
monocatecholate siderophore itoic acid (DHBA-glycine),
both amino acid-substituted DHBA compounds and DHBA
were determined to transport Fe(III) (40). Furthermore,
DHBA-substituted B-lactam antibiotics were taken up via
the cir and fiu gene products in E. coli (34). It would be
interesting to determine if this broad specificity is of general
occurrence in microbes which produce monocatecholate
siderophores.

At the concentrations, M/L ratios, and pH used here,
ferric bis-Cb would be the almost exclusively present species
(39). The high efficiency of Cb in mediating Fe(III) transport
under these conditions indicates that Fe(III) (Cb), is a
biologically active species. This idea was supported by the
lack of difference in the kinetic studies with M/L ratios of
1:2.5 and 1:3, as almost all label was taken up during the
course of the experiments and the 1:2.5 mix cannot quanti-
tatively form a Tris complex. Stereospecific recognition of
the metal center has been regarded as of major importance
for several ferric siderophore receptors (6, 33, 45, 49).
Although the Cb analogs used in this study formed optically
active ferric Tris complexes, whose conformation around
the iron center depended on the chirality of the amino acid to
which DHBA was attached, the bis complexes were opti-
cally inactive (39). No conclusion can therefore be drawn
regarding the sensitivity of the ferric Cb receptor to the
handedness of the metal center propeller of an Fe(III)
(catecholate); complex. To determine this and to unequivo-
cally prove if both ferric bis- and Tris-Cb are biologically
active, complexes of a kinetically inert metal ion could be
used. Another unanswered question is the precise mecha-
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nism, of several proposed models (33), by which Cb medi-
ates Fe(III) transport.

In a report discussing the roles of the cir and fiu gene
products (34), it was determined that the free ligand was
taken up at a rate exceeding even that of the ferric complex,
and a “‘salvage” role for the putative monocatecholate
receptors was proposed. Although E. chrysanthemi does not
appear to produce hexadentate siderophores, the inhibition
of Cb-mediated Fe(III) transport by the free ligand was
investigated. Initial uptake rates were only moderately re-
duced, even at a 50-fold excess of ligand over iron. This
result thus showed that free Cb is not recognized by Fct.
There are at least three possible explanations for the ob-
served reduction. First, the receptor may have some, albeit
low, affinity for the free ligand. Second, contaminating
unlabeled Fe(IIl) in the medium may be chelated, thus
competing with the isotopically labelled ligand. Finally, the
possibility exists that ferric bis-Cb is the only biologically
active species or that the receptor has significantly lower
affinity for ferric Tris-Cb and that the excess of free ligand
shifted the equilibrium towards the Tris complex. Neverthe-
less, we conclude that the presence of the monocatecholate
Cb in the culture medium of iron-starved E. chrysanthemi
3937 cells reflects a siderophore function of this compound.
Other nonhexadentate catecholates have been found to
possess biological activity in both gram-positive and gram-
negative bacteria (3, 24, 27, 40, 47). Dihydroxybenzoyl
serine was also shown to efficiently remove iron from human
transferrin (20). Furthermore, the fungus Gliocladium virens
produces several different mono-, di-, and trihydroxamates,
which all showed biological activity (26). Interestingly, the
mono- and dihydroxamate ferric complexes (cis- and trans-
fusarinine, rhodotorulic acid, and dimerum acid) were taken
up at higher rates than the trihydroxamates. It thus appears
possible that some microorganisms have applied a strategy
of using less-efficient siderophores, which may be biologi-
cally active either by being produced in very large amounts
(hydroxamates) or by rapid removal from the Fe(OH),-ferric
siderophore equilibrium by efficient receptors (catechol-
ates). Bidentate siderophores may also be less metabolically
expensive than hexadentate siderophores with regard to
both synthesis and removal of iron from the ferric complex.

In conclusion, our results indicate that Cb may be re-
garded as a true siderophore for E. chrysanthemi. Recently,
intercellular fluid from E. chrysanthemi-infected saintpaulia
plants was found to contain Arnow test-positive material,
which also was active in a bioassay with iron-starved Cbs™
cells (18). Although direct evidence for the identity of the
Arnow test-positive material and Cb is lacking, it is tempting
to speculate on a biological role for Cb in iron acquisition in
planta.
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