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Under low-iron conditions, Paracoccus denitrificans excretes a catecholamide siderophore, L-parabactin, to
sequester and utilize iron. In this report, we demonstrate the presence of stereospecffic high-affinity ferric
L-parabactin-binding activity associated with P. denitrificans membranes grown in low-iron medium. Isolated
outer membrane components were shown to be three to four times higher in specific activity for ferric
L-parabactin. The same amount of binding activity existed whether or not the radiolabel was present in the
metal (55Fe) or the ligand (3H) portion of ferric parabactin chelate, suggesting that binding was to the intact
complex. Ion-exchange chromatography of a Triton X-100-solubilized outer membrane mixture on DEAE-
cellulose resulted in a 10-fold increase in binding activity relative to that present in whole membranes.
Polypeptide profiles by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the products of each stage
of the purification showed that binding activity copurified with one or more of the low-iron-induced outer
membrane proteins in the 80-kilodalton (kDa) region. Membrane proteins and [55Fe]ferric L-parabactin
electrophoresed in nondenaturing gels demonstrated the presence of membrane component(s) which stereo-
specifically bound ferric L-parabactin, thus providing independent confirmation of the binding assay results.
Moreover, when the band labeled by ["5Fe]ferric L-parabactin was excised and profiled by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, 80-kDa polypeptides were the major components present. These
results demonstrate the presence of a high-affinity ferric L-parabactin receptor in P. denitrificans membranes
and suggest that one or more of the 80-kDa low-iron-induced polypeptides are components of the ferric
L-parabactin receptor.

Although iron composes 5% of the earth's crust, it is
difficult for living systems to access this essential metal. This
inaccessibility is due in part to the extreme insolubility of the
ferric iron at physiological pH [Ksp of Fe(OH)3 = 10-39 M]
and in part to the tendency of ferric hydroxide to precipitate
as polymerized oxyhydroxides (22).
The critical roles which iron plays in many biological

redox systems are certainly well documented (29). In micro-
organisms, these roles include the fixation of molecular
nitrogen, photosynthesis, DNA synthesis, and electron
transport involved in oxidative phosphorylation. To over-
come the problems associated with accessing the metal,
bacteria have evolved a group of low-molecular-weight,
virtually ferric ion-specific ligands, the siderophores. These
chelators are excreted into the extracellular medium to
sequester exogenous ferric iron as soluble chelation com-
plexes, which the organism can then recognize and transport
into the cell (16, 17).

Since ferric siderophore complexes are typically heavier
than 700 daltons, they do not permeate porin structures in
bacterial outer membranes. Because of this, microorganisms
have developed specific high-affinity transport systems to
assimilate iron from ferric siderophore chelates (8). The
gram-negative soil bacterium Paracoccus denitrificans ex-
cretes a hexacoordinate catecholamide iron chelator, a
siderophore, parabactin (Fig. la) (28). The five aromatic
hydroxyls and the oxazoline ring nitrogen of this ligand have
been shown to be the donor centers coordinated to iron in
the ferric L-parabactin chelate complex (19). We previously
demonstrated that when grown in iron-deficient media, P.
denitrificans is able to assimilate iron from the ferric com-
plex of parabactin (2) in an energy-dependent process.

* Corresponding author.

Moreover, we showed that P. denitrificans exhibits stereo-
specificity in its siderophore requirement. The ferric chelate
of the organism's native siderophore, L-parabactin, was the
most effective in supplying iron to the cells. The ferric
chelate of the synthetic enantiomer, D-parabactin, was un-
able to supply iron to the microorganism in various experi-
mental protocols, including growth stimulation, iron trans-
port (accumulation), and reversal of ethylenediamine di-
o-hydroxyphenylacetic acid (EDDA)-induced iron starva-
tion (2). In the present study, we isolated and partially
purified a membrane-associated, stereospecific ferric L-para-
bactin-binding protein, parabactin receptor, with a Kd esti-
mated to be 0.7 p,M.

MATERIALS AND METHODS
Materials. EDDA was deferrated and purified by the

method described by Rogers (25). D-Parabactin was synthe-
sized and purified in a manner identical to that for L-
parabactin but with D-BOC-Thr instead of L-BOC-Thr (3).
(L)-[3H]parabactin was prepared analogously by starting
with (L)-[3H]threonine. The final specific activity of (L)-
[3H]parabactin was 10.5 x 103 dpm/,Lg. Salicylic acid was
recrystallized twice from hot 0.01 N HCI and sublimed at
70°C in high vacuum.

Bacterial strain and culture conditions. P. denitrificans
(ATCC 19367) was maintained on trypticase agar plates.
Individual colonies were inoculated into 20 ml of trypticase
soy broth and incubated with rotary shaking for 24 h at 30°C.
Inoculations were then made from this culture into a low-
iron minimal salts liquid medium at 200 ,ul of culture inocu-
lum per 100 ml of new medium and were incubated with
shaking at 30°C. The low-iron minimal salts medium was
prepared as previously described (2) but with the addition of
0.2 mg of EDDA per ml and 0.5% Tween 80.
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FIG. 1. Hydrolysis of the oxazoline ring in L-parabactin (a)
(arrow), gives the open chain L-threonyl form, L-parabactin A (b).

Protein determination. The protein concentration was es-

timated by using bovine serum albumin as the standard,
following the method of Lowry et al. (14). Modifications
were made for membrane protein samples as described by
Markwel et al. (15).

Isolation of membranes. Cells in middle- to late-log phase
were harvested by centrifugation at 4°C and washed twice in
50 mM Tris hydrochloride (pH 7.5) containing 10 mM
MgCl2. The washed pellet was mixed with a small volume of
this buffer containing DNase (1 p.g/ml) and RNase (1 p.g/ml)
to give a thick suspension. The cells were homogenized by
two passages of this suspension through a prechilled French
pressure cell (18,000 lb/in2). The crude homogenate was
centrifuged twice (5,000 x g, 30 min, 4C) to remove
unbroken cells and large debris. The resulting clear super-

natant was then ultracentrifuged (105,000 x g, 60 min, 4C)
to isolate the cell envelopes from the supernatant containing
soluble cytosol proteins. The pellet was suspended in 50 mM
Tris hydrochloride (pH 7.5) to a protein concentration be-
tween 10 and 20 mglml to give a clear liquid which could be
stored at 4°C for at least 2 weeks without the formation of
sediment or apparent loss of ferric parabactin-binding activ-
ity.

Extraction of membrane proteins. Solubilized protein ex-
tracts selectively enriched in inner (cytoplasmic) or outer
(cell wall) membrane components were prepared on the
basis of the method described by Schnaitman for Esche-
richia coli (26). Briefly, whole-cell envelopes were extracted
first with 100 mM Tris hydrochloride (pH 7.5) containing 2%
Triton X-100 and 10 mM MgC12, which selectively solubi-
lizes cytoplasmic membrane proteins. Then, the high-speed
pellet of this extraction was reextracted with 2% Triton
X-100-Tris containing 5 mM EDTA instead of Mg2+. This
EDTA-Triton X-100 extract was enriched with outer mem-

brane proteins, including porin, and had none of the red-
brown tinge (cytochromes) present at earlier stages of pun-
fication.

Preparation of iron(III) parabactin chelate. An equivalent
of parabactin was dissolved in 0.01 N NaOH (under argon),
sufficient to neutralize the five equivalents of H+ produced
upon chelation as well as any excess acid present in the
iron(III) stock solution. After the addition of one equivalent
of iron(III), there should be a slight excess of base present.
This chelate solution is then buffered at 7.5 with 100 mM
Tris.
Sephadex G-25 column-centrifugation binding assay. A

method modified from that described by Penefsky (21) was
used to evaluate ferric parabactin-binding activity. Control
experiments to measure the retention of free ligand consisted
of placing on the column and centrifuging 100 ,ul of the
incubation mixture without protein and containing either 8.8
x 105 cpm of [55Fe]ferric parabactin or 2 x 104 cpm of ferric
(L)-[3H]parabactin. Eluates contained 70 to 180 cpm for 55Fe
or background for 3H, indicating 99.99+% retention of free
ligand on the column. Separate control experiments demon-
strated complete passage of macromolecules into the eluate.
Recoveries in the eluate ranged from 95 to 97% for mem-
brane vesicles to 99 to 100% for soluble proteins.
The typical binding assay consisted of incubating a mix-

ture of the protein (50 to 200 ,ug), chelate (50 nM to 90 p.M),
100 mM Tris hydrochloride (pH 7.5), and 0.25 M sodium
salicylate (pH adjusted to 7.5) in a total volume of 200 p.l at
room temperature for 1 h. In experiments to determine the
binding constant (Kd), all mixtures contained 50 nM
[55FeJferric L-parabactin of very high specific activity (2.4
mCi/,umol). Datum points for higher ligand concentrations
were derived from mixtures to which an appropriate amount
of unlabeled ferric L-parabactin had been added. Thus, for
example, the 1 p.M mixture contained 50 nM [55Fe]ferric
L-parabactin and 950 nM cold ferric L-parabactin. The data
were then analyzed as the displacement of radioactive ligand
by nonradioactive ligand by the method of Akera and Cheng
(1).

DEAE-cellulose ion-exchange column. DEAE-cellulose was
equilibrated in 50 mM Tris hydrochloride (pH 7.5) containing
5 mM EDTA and 0.4% Triton X-100. EDTA-Triton X-100-
solubilized receptor was dialyzed against this buffer for 24 h
at 4°C. The column was then eluted with the same buffer and
a 0 to 0.20 M NaCl gradient, representing a total of 10 to 12
bed volumes of eluate. Protein contents of the fractions were
salted out by bringing them to 90% saturation with ammo-
nium sulfate. The protein contents were analyzed for binding
activity and by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE).
SDS-PAGE. SDS-PAGE was performed as described by

Laemmli (12).
Nondenaturing gel electrophoresis and autoradiography.

Slab gels were prepared with a 3% stacking gel and either a
7.5 or 10% separating gel as for SDS-PAGE, with the
exception that gels contained 0.1% Triton X-100 and SDS
was omitted from sample and running buffers. Membrane
preparations were incubated with [55Fe]ferric L- or D-para-
bactin and electrophoresed at a constant current of 15 mA
per slab for 5 h at 4°C. This gel was not stained for protein
but instead was dried for autoradiography. For each exper-
iment, a twin, nonradiolabeled gel was run in parallel.
Instead of [55Fe]ferric parabactin, the samples for this gel
were incubated with the nonradiolabeled ligand and electro-
phoresed. The gel was stained for protein to serve as the
reference for the autoradiography. The autoradiograms were
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TABLE 1. Effect of various ionic conditions on

[55Fe]ferric L-parabactin and [55Fe]ferrc D-parabactin
binding in membrane microvesicles

Binding (pmol/mg of protein) of:

Additionsa ["5Fe]ferric [55Fe]ferric L/D

L-parabactin D-parabactin

None 88 33 2.7
0.9% NaCl 96 24 4.0
0.5 mM Cyanocobalmin 84 50 1.7
1 M Guanidine-hydrochloride 86 8.6 10.0
0.25 M Salicylate 90 9 10.0

a Ligand concentration, 1.0 puM; 100 pug of protein per 200 pul of incubation
mixture, all in 50mM Tris hydrochloride (pH 7.5), with additions as indicated.

bRatio of bound (L)-(55Felparabactin to bound (D)-[55FeJparabactin.

prepared by exposing the dried untreated gels to Kodak
X-Omatic AR film in a Kodak X-Omatic X-Ray cassette for
5 to 7 days at -70°C. In one experiment, the Coomassie
blue-stained band, corresponding to the band which was
radiolabeled by [55Fe]ferric L-parabactin in a twin 10%
nondenaturing gel, was excised, placed in the sample well of
a standard SDS gel together with SDS sample buffer, and
electrophoresed in a second dimension.

RESULTS

Demonstration of high-affinity binding activity for ferric
L-parabactin in P. denitrificans membranes. The binding
assay conditions were developed by using whole-cell mem-
branes as the source of receptor-binding activity and showed
a linear dependence on receptor concentration. Incubation
periods ranging from 45 min to 3 h at room temperature
yielded similar results. Assays done in triplicate typically
exhibit standard deviations on the order of ±10% when
substantial specific binding activity is present in the sample.
When low binding activity is present, standard deviations
may be ±25% or larger (corresponding to ±50 to 200 cpm).
In initial experiments with 1 ,uM 55Fe-labeled chelate, 100 ,ug
of membrane protein bound about 8.6% of the 55Fe in the
incubation mixture. In the presence of excess (100 ,uM)
unlabeled ferric L-parabactin, binding was reduced to 1.5%.
In binding experiments with 1 ,uM [55Fe]ferric D-parabactin,
100 jig of membrane protein bound 3.3% of the ligand. In the
presence of excess (100 jiM) unlabeled ferric D-parabactin,
there was only a modest reduction in this binding, to 1.5%.
Clearly, binding sites for fecric D-parabactin are far fewer in
number than for ferric L-parabactin. The difference between
the means for L-parabactin (8.6%) and D-parabactin (3.3%)
binding was significant (P < 0.005), and the magnitude and
significance of this difference were reproducible from one
culture batch to another, thus demonstrating the stereospe-
cific, high-affinity ferric L-parabactin binding in P. denitrifi-
cans membranes.
Taken together, these data suggested that P. denitrificans

membranes exhibit at least two types of binding activity: (i)
a specific, saturable, high-affinity binding which is stereospe-
cific for ferric L-parabactin; and (ii) nonspecific binding
which is nonsaturable, and linear up to at least 100 jiM ferric
parabactin, and nonstereospecific, so that the amount of
nonspecific background binding is identical for ferric D- and
ferric L-parabactin. A number of ionic conditions in the
assay mixture were explored with the goal of optimizing
specific binding while minimizing nonspecific binding and
maximizing stereospecificity (Table 1). In these examples,

TABLE 2. Stereospecificity of ferric parabactin binding in
P. denitrificans mnembrane microvesiclesa

Ligand concn (pLM) L/Db

91... 1.0
51 .. 1.0
21 .. 1.0
10 .. 1.0
5 .. 1.2
2 .. 4.0
0.040.. 14.0

a Conditions: 100 pg of membrane protein per 200 RI of incubation mixture.
b Ratio of total bound counts of [55Fe]ferric L-parabactin at a particular

concentration to total bound counts of [55Fe]ferric D-parabactin at the same
concentration.

the binding of ferric L-parabactin was similar under very
different ionic conditions. In contrast to the minimal influ-
ence on high-affinity ferric L-parabactin binding, certain
conditions, such as the presence of 0.25 M sodium salicylate,
markedly reduced the amount of nonspecific (i.e., ferric
D-parabactin) binding. For this reason, we chose subse-
quently to routinely include 0.25 M sodium salicylate in our
incubation mixtures.
With optimized assay conditions, the binding of ferric

L-parabactin and ferric D-parabactin to P. denitrificans mem-
branes was examined in triplicate over a broad range of
ligand concentrations. The stereospecific, high-affinity and
the low-affinity, nonsaturable, nonstereospecific binding ac-
tivities are each clearly demonstrated in these data. At low
ligand concentrations, the high-affinity, stereospecific sys-
tem recognizing ferric L-parabactin dominated, whereas at
high ligand concentrations, this specific system became
saturated and only nonsaturable, nonstereospecific binding
was seen (Table 2). An apparent upper limit of 1 ,uM for Kd
in microvesicular membranes is indicated.

Solubilization of ferric L-parabactin-binding activity in ap-
parent association with outer membrane proteins. In the
Schnaitman stepwise detergent extraction of the cell enve-
lope (26), ferric L-parabactin activity was mainly found in the
Mg2+-Triton X-100-insoluble fraction (Fig. 2) and then in the
EDTA-Triton X-100-soluble fraction, which was enriched in
80-kilodalton (kDa) low-iron induced proteins (Fig. 3). This
fractionation behavior was as expected for outer membrane
proteins, at least in gram-negative enteric bacteria. Although
the Schnaitman scheme has not been critically evaluated for
P. denitrificans, there are several reasons to suggest that the
EDTA-Triton X-100-soluble fraction was indeed enriched in
outer membrane proteins. Firstly, the EDTA-Triton X-100-
soluble fraction was colorless, indicating the absence of
cytochromes, which are major components of the cytoplas-
mic membrane in P. denitrificans. The Mg2+-Triton X-100-
soluble fraction, in contrast, was a deep red-brown color,
indicating that this fraction was selectively enriched in
cytoplasmic membrane components. Secondly, there ap-
peared to be selective enrichment of the 33-kDa outer
membrane porin (31) in the EDTA-Triton X-100-soluble
fraction (Fig. 3). Finally, the SDS-PAGE profile of outer
membranes, isolated free from cytoplasmic membrane by
sucrose density gradient centrifugation (9) of French pres-
sure cell-sheared P. denitrificans cells which had been iron
starved, was similar in all major details to the SDS-PAGE
profile of the EDTA-Triton X-100-soluble fraction, including
the presence of the low-iron-induced, 80-kDa proteins (Fig.
3).

Binding properties of the Triton X-100-solubilized receptor.
The binding assay normally used "5Fe as the radiolabel. The
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FIG. 2. Purification of ferric L-parabactin-binding activity from
P. denitrificans. Briefly, P. denitrificans cells were disrupted by
hydraulic shear in a French pressure cell. The high-speed supema-
tant contained soluble proteins, most of which are cytoplasmic.
Hence this fraction was termed the Cytosol. The high-speed pellet
consists of Whole Membranes. Extraction of whole membranes with
50 mM Tris hydrochloride (pH 7.5) containing 2% Triton X-100 and
10 mM MgCl2 (Mg++TX-100 Extract) selectively solubilizes inner
membrane proteins as judged by the presence of cytochromes. The
high-speed pellet of this extraction (Mg++TX-100 Pellet), depleted
of inner membrane components, is extracted with 50 mM Tris
hydrochloride (pH 7.5) containing 2% Triton X-100 and 5 mM
EDTA to solubilize outer membrane proteins (EDTA TX-100 Ex-
tract) such as porin (see the 33-kDa band in Fig. 3 and text). All data
represent preparations from the same culture batch and are ex-
pressed as picomoles of [55Fe]ferric L-parabactin bound per milli-
gram of protein and are uncorrected for nonspecific low-affinity
binding, which under the assay conditions ([ligand] = 1 ,uM) is about
15 ± 7 pmol/mg of protein. The dashed line represents the base line
after correction for this nonspecific background.

assumption was that 55Fe remained in the form of [55Fe]
parabactin chelate and that any counts bound to the protein
thus represented bound chelate. It was important to demon-
strate that this was indeed the case, and that, for example,
55Fe was not stripped from the parabactin ligand so that
iron became protein bound in a form not associated with
parabactin. We synthesized (L)-[3H]parabactin for use as a
ligand. In side-by-side experiments, an equal amount of
solubilized protein was assayed for the binding of [55Fe]
ferric L-parabactin or ferric (L)-[3H]parabactin in each case
at a chelate concentration of 1 FM. This protein preparation
had a specific activity of 226 ± 14 pmol/mg of protein for the
binding of [55Fe]ferric L-parabactin and 243 ± 13 pmol/mg
of protein for ferric (L)-[3H]parabactin. Thus for each mole
of iron bound, there was 1 mol of L-parabactin bound. The
gallium(III) (L)-[3H]parabactin chelate, also at a concentra-
tion of 1 ,uM, was also bound well by this preparation (149 ±
20 pmol/mg of protein). Ga(III) cannot be reduced under
physiological conditions. Thus, this result argues against an
obligate redox stripping of metal from its L-parabactin che-
late under binding assay conditions. These results are con-
sistent with a receptor protein recognizing and binding the
ferric L-parabactin chelate and then carrying it intact in the
column assay and into the eluate.
An apparent dissociation constant (Kd) for ferric L-para-

MW
kDa

-93

A"45

FIG. 3. Polypeptide compositions of purification fractions pro-
filed by SDS-PAGE. Samples of the same fractions for which
biochemical binding data were presented in Fig. 2 were subjected to
SDS-PAGE and stained with Coomassie blue. Thus, bar 1 in Fig. 2
corresponds to lane 1 in Fig. 3, bar 2 corresponds to lane 2, bar 3
corresponds to lane 3, and bar 5 corresponds to lane 5. Arrows point
to a group of several ca. 80-kDa polypeptides which are induced in
P. denitrificans grown under low-iron conditions.

bactin binding to the partially purified Triton X-100-solubi-
lized receptor was estimated by incubation in the presence of
50 nM [55Fe]ferric L-parabactin of very high specific activity
and then adding various amounts of unlabeled ferric L-
parabactin (0 to 89.95 ,uM) to achieve a total ligand concen-
tration range of 50 nM to 90 ,uM. Data were then analyzed as
the displacement of [55Fe]ferric L-parabactin by the unla-
beled ferric L-parabactin (1). The total ligand concentration
at which 50% maximal specific binding activity is observed is
estimated to be Kd = 0.7 ,uM (Fig. 4). This corresponds to an
apparent Km of 0.5 to 1 ,uM, as measured for the overall rate
of iron transport in whole cells (2; unpublished observa-
tions). For comparison, the ferric enterobactin receptor in E.
coli has a Kd of 0.3 ,uM (10).

Ferric L-parabactin-binding assays performed at pH val-
ues of 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 varied only slightly
(±10%), demonstrating that there was remarkably little
effect of pH on binding over the pH range of 6.0 to 9.0.

Demonstration of stereospecific ferric parabactin-binding
activity in electrophoresis gels. When membrane proteins
were incubated with [55Fe]ferric L- or D-parabactin and then
subjected to SDS-PAGE, autoradiograms revealed that all of
the radiolabel moved with the dye front (i.e., none remained
protein bound under these conditions). We therefore per-
formed the same experiment by using the nondenaturing,
nonionic detergent Triton X-100 in place of SDS. Figure 5a
shows the results of such an experiment in which the gel
matrix was polymerized from 10% monomers. Distinct
bands of radiolabel were seen near the top of this gel with
[55Fe]ferric D- or L-parabactin as the radioligand. By far the
most intensely labeled band was seen with [55Fejferric
L-parabactin (arrow). [55Fe]ferric D-parabactin did label
some bands, the most intense of which (arrow) was clearly
different from the most intensely labeled band seen with
[55Fe]ferric L-parabactin as the ligand. Because of the poor
mobility experienced in this 10% gel, we prepared a gel from
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FIG. 4. [55Fe]ferric L-parabactin-binding curve. With the excep-
tion of the 10 nM concentration, all assay mixtures contained 50 nM
[55Fe]ferric L-parabactin of very high specific activity. For each
concentration above 50 nM, sufficient nonradioactive ferric L-
parabactin was added to give the nominal total ligand concentration,
e.g., 100 nM = 50 nM [55Fe]ferric L-parabactin plus 50 nM unlabeled
ferric L-parabactin; 1 ,uM = 50 nM [55Fe]ferric L-parabactin plus 950
nM unlabeled ferric L-parabactin, etc. The data were then analyzed
as radioactive ligand being displaced competitively by nonradioac-
tive ligand. The affinity of receptor protein for ferric L-parabactin is
expressed as the concentration at which 50% of binding sites are
occupied, i.e., Kd = ca. 0.7 ,uM.

7% monomers to form a more porous matrix in hopes of
better separation of these bands. Figure 5b demonstrates
more clearly the difference between the D- and L-chelate-
labeled bands (arrows). [55Fe]ferric D-parabactin labeled
only one band of very low mobility near the top of the gel.
This clearly differed from the strongly labeled single band of
comparatively high mobility seen with [55Fe]ferric L-para-
bactin as the ligand.
On a 10% gel, a twin of that shown in Fig. 5a, Coomassie

blue staining revealed that of the five or six distinct bands,
only one was labeled by [55Fe]ferric L-parabactin. These
stained bands were excised with a razor blade and electro-
phoresed in a second dimension by SDS-PAGE. The radio-
labeled band contained 80-kDa polypeptides as the major
components.

DEAE-cellulose ion-exchange chromatography. The SDS-
PAGE protein profiles of fractions from DEAE-cellulose
column chromatography with ferric L-parabactin-binding
activity are shown in Fig. 6b. Many lower-molecular-weight
proteins eluted from the column in the earlier fractions and
prior to NaCl reaching its maximum value. The 80-kDa
proteins then eluted from the column at the end of the
gradient (lanes 2 and 3), and they were substantially free of
major contaminants. The samples corresponding to lanes 1
to 3 all contained ferric L-parabactin-binding activity and
were combined to give a preparation with higher specific
activity for [55Fe]ferric L-parabactin binding (824 pmol/mg of
protein) than the protein mixture applied to the column (306
pmol/mg of protein). Clearly, the 80-kDa proteins predomi-
nate. Nonetheless, several minor contaminants remained as
revealed by SDS-PAGE.

FIG. 5. Autoradiograms following Triton X-100-PAGE of P.
denitrificans membrane proteins in the presence of [55Fe]ferric D- or
L-parabactin. When membrane proteins were incubated with (D)- or
(L)-[55Fe]parabactin (PB) and subjected to SDS-PAGE, all radiola-
bel moved with the dye front (i.e., none was protein bound). We
therefore performed the same experiment with the nondenaturing,
nonionic detergent Triton X-100 in place of SDS. (a) Results of such
an experiment in which the gel matrix was polymerized from 10%o
monomers. The large diffuse spot at the bottom represents unbound
radiolabel. Both (D)- and (L)-[55Fe]parabactin were associated with
distinct bands near the top of the gel. By far the most intensely
labeled band is seen with L-[55Fe]parabactin (arrow). (D)-[55Fe]
parabactin (arrow) did label at least one band, but it was clearly
different in mobility from that labeled by (L)-[55Fe]parabactin. We
then repeated the experiment with a gel prepared from 7% mono-
mers to form a more porous matrix. (b) Results demonstrating more
clearly the difference between the (D)- and (L)-[55Fe]parabactin-
labeled bands (arrows). (D)-[5"Fe]parabactin labeled only one band
of very low mobility near the top of the gel; this clearly differed from
the strongly labeled single band of comparatively high mobility seen
with (L)-[55Fe]parabactin.

DISCUSSION

In gram-negative bacteria, the expression of outer mem-
brane proteins in response to iron starvation is common.
Examples include Vibrio cholerae (27), Klebsiella aerogenes
(30), Campylobacterjejuni (6), and Agrobacterium tumefa-
ciens (13). Typically, these proteins are in the molecular
mass range of 70 to 90 kDa and are widely assumed to
function as receptors for ferric siderophores. However, only
for E. coli has there been any biochemical evidence pre-
sented in support of this view. An 80-kDa outer membrane
ferric enterobactin receptor has been purified and character-
ized with a Kd of ca. 0.3 ,uM (7, 10). Strong genetic evidence
supports the proposed role in iron transport of the ferric
enterobactin receptor encoded by the fepA gene, which has
been mapped and sequenced (11).

In this report, we confirm the observation of Hoe et al. (9)
that several 80-kDa region outer membrane proteins were
derepressed by P. denitrificans in response to iron starvation
(Fig. 3; unpublished observations). In addition, we present
biochemical data which strongly implicate at least one of
these 80-kDa region polypeptides to be responsible for
stereospecific high-affinity binding of ferric L-parabactin by
P. denitrificans membranes. Although we have yet to
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FIG. 6. SDS-PAGE polypeptide profile of DEAE-cellulose chro-
matography fractions containing [55Fe]ferric L-parabactin-binding
activity. (a) Enlarged view of the SDS-PAGE profile of the Triton
X-100-EDTA-solubilized mixture of P. denitrificans outer mem-

brane proteins applied to a DEAE-cellulose column which had been
equilibrated with 50 mM Tris hydrochloride (pH 7.5) containing
0.4% Triton X-100 and 5 mM EDTA. After application, the column
was eluated with several column bed volumes of this buffer,
followed by buffer containing a 0 to 100 mM NaCl gradient. The
protein in fractions of eluate was concentrated by salting out with
90% saturated ammonium sulfate at 4°C. Samples were then assayed
for binding activity by the column centrifugation method, and the
polypeptide composition was profiled by SDS-PAGE. No ferric
L-parabactin-binding activity eluted from the column until the end of
the gradient ([NaCl]eluate = 100 mM), when all the binding activity
came off the column in a bolus. Lane 1 in panel B corresponds to
combined fractions 36 and 37, in which the binding activity was first
detected in the eluate; the remainder of the binding activity then
eluted in fractions 38 to 43 (lane 2) and 44 (lane 3). SDS-PAGE
showed that the low-iron-induced 80-kDa proteins copurified with
the binding activity and that these were substantially free of major
contaminants of lower molecular weight (see panel a), most of which
eluted from the column in earlier fractions. The specific activity of
the protein mixture put on the column was 306 pmol/mg of protein,
compared to that of combined fractions 36 through 44, which had a

specific activity of 824 pmol of [55Fe]ferric parabactin bound per mg

of protein.

achieve a homogeneous preparation, we found that the
binding activity and the 80-kDa components on SDS-poly-
acrylamide gels copurified. The preparation which had the
highest specific activity (824 pmol/mg of protein) for ferric
L-parabactin binding was found to contain predominately
80-kDa components, with species of other molecular weights
present only in minor amounts as determined by SDS-PAGE
(Fig. 6). The view that one or more of these 80-kDa compo-

nents are responsible for the binding activity was further
supported by electrophoresis in nondenaturing gels, which
allowed the band binding [55Fe]ferric L-parabactin to be
identified by autoradiography. When this band was excised
and examined by SDS-PAGE, 80-kDa polypeptides were the
major components present.

An unexpected finding was the presence of bands of
protein in the nondenaturing gels which apparently stereo-
specifically bound ferric D-parabactin, the synthetic enan-
tiomer of the natural siderophore of P. denitrificans. While
the amount of this apparent high-affinity binding activity for
ferric D-parabactin was much less than the amount of ferric
L-parabactin-binding activity present in these same prepara-
tions (Fig. 5), the observation was reproducible. Moreover,
[55Fe]ferric D-parabactin-binding activity clearly differed in
electrophoretic mobility from the band heavily labeled by
[55Fe]ferric L-parabactin. That P. denitrificans should con-
tain even minor amounts of proteins stereospecifically rec-
ognizing the unnatural mirror image of its natural sidero-
phore, L-parabactin is a puzzling finding. We are exploring
this further.
Note that the oxazoline ring of L- or D-parabactin contains

two asymmetric carbons derived from L-(2R,3S)- or D-
(2S,3R)-threonine. In addition, ferric parabactin chelate ex-
hibits chirality around the metal coordination center, as is
characteristic of coordination compounds with three sets of
bidentate ligands (5, 18). We have 300-MHz nuclear mag-
netic resonance evidence that ferric D-parabactin is mostly,
if not exclusively, a right-hand (A) coordination propeller
while ferric L-parabactin is a left-hand (A) coordination
propeller (4). Our nuclear magnetic resonance data support
the original interpretation by Neilands of circular dichroism
spectra of ferric L-parabactin (19). Thus ferric L- and D-
parabactin are of opposite configuration at all chiral centers.
It is of interest, however, that the closely related compound
ferric L-parabactin A, in which the oxazoline ring is hydro-
lyzed to give the open chain L-threonyl form (Fig. lb), is of
opposite coordination chirality (i.e., A) to that of ferric
L-parabactin (19). An intriguing possibility is that P. denitri-
ficans produces proteins which stereospecifically recognize
the chiral metal coordination center of ferric L-parabactin A
and that such a protein might well also recognize and bind
ferric D-parabactin, since both have the same chiral coordi-
nation configuration (A).

Ferric siderophore outer membrane receptors, as a gen-
eral rule, may recognize the chirality at the metal center as a
primary prerequisite to binding (18). The A-chelates ferric
L-parabactin A and ferric D-parabactin are unable to effec-
tively reverse EDDA-induced iron starvation in P. denitrifi-
cans (2), possibly because the ferric L-parabactin outer
membrane receptor is stereospecific for A-chelates. While
they remain to be experimentally defined, proteins that
recognize and bind ferric L-parabactin A may nonetheless be
of importance in the P. denitrificans iron uptake apparatus.
Of particular interest is the possibility that processing of
ferric L-parabactin, after it is bound by the outer membrane
receptor, could include hydrolysis of the oxazoline ring to
give ferric L-parabactin A, which is much more readily
reduced than ferric L-parabactin (24), to provide the cell iron
in readily usable form, since parabactin does not form tight
complexes with Fe(II). While current data are consistent
with the ferric L-parabactin receptor primarily recognizing
A-chirality at the metal center as the basis for its stereospe-
cificity, further binding studies of parabactin analogs and
related compounds of known coordination chirality are
required. Such binding studies, as well as experiments to
identify apparent specific ferric L-parabactin A-binding pro-
teins, are in progress in our laboratory.

In summary, our current view is that iron transport in P.
denitrificans involves the recognition and binding of ferric
L-parabactin present in the extracellular milieu by a high-
affinity receptor in the bacterial outer membrane. The poly-
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peptide component(s) of this outer membrane receptor has
been tentatively identified as one or more of the several
low-iron-induced polypeptides in the 80-kDa region on SDS-
polyacrylamide gels. Our laboratory is currently involved in
the further characterization of the receptor, as well as in
studies aimed at understanding and defining the steps in-
volved in processing the complex between the initial binding
to the receptor and the final delivery of iron to the cyto-
plasm.

ACKNOWLEDGMENT

This work was supported by Public Health Service grant GM-
34897-01 from the National Institutes of Health.

LITERATURE CITED
1. Akera, T., and V. K. Cheng. 1977. A simple method for the

determination of affinity and binding site concentration in recep-
tor binding studies. Biochim. Biophys. Acta 470:412-424.

2. Bergeron, R. J., J. B. Dionis, G. T. Elliott, and S. J. Kline. 1985.
Mechanism and stereospecificity of the parabactin-mediated
iron transport system in Paracoccus denitrificans. J. Biol.
Chem. 260:7936-7944.

3. Bergeron, R. J., and S. J. Kline. 1982. Short synthesis of
parabactin. J. Am. Chem. Soc. 104:4489-4492.

4. Bergeron, R. J., and S. J. Kline. 1984. 300-MHz 'H NMR study
of parabactin and its gallium (III) chelate. J. Am. Chem. Soc.
106:3089-3098.

5. Cotton, F. A., and G. Wilkinson. 1980. Advanced inorganic
chemistry, 3rd ed., p. 744. John Wiley & Sons, Inc., New York.

6. Field, L. H., V. L. Headley, S. M. Payne, and L. J. Berry. 1986.
Influence of iron on growth, morphology, outer membrane
protein composition, and synthesis in Campylobacter jejuni.
Infect. Immun. 54:126-132.

7. Fiss, E. H., P. S. Samuelson, and J. B. Neilands. 1982. Properties
and proteolysis of ferric enterobactin outer membrane receptor
in Escherichia coli K12. Biochemistry 21:4517-4523.

8. Hider, R. C. 1984. Siderophore-mediated absorption of iron.
Struct. Bonding 58:25-87.

9. Hoe, M., B. J. Wilkinson, and M. S. Hindahl. 1985. Outer
membrane proteins induced upon iron deprivation of Para-
coccus denitrificans. Biochim. Biophys. Acta 813:338-342.

10. Hollifield, W. C., and J. B. Neilands. 1978. Ferric enterobactin
transport system in Escherichia coli K-12 extraction, assay, and
specificity of the outer membrane receptor. Biochemistry 17:
1922-1928.

11. Kadner, R. J., M. D. Lundrigan, and K. Heller. 1987. Sequences
and interactions of proteins participating in the transport of iron
and vitamin B12 in Escherichia coli, p. 85-97. In G. Winkelman,
D. van der Helm, and J. B. Neilands (ed.), Iron transport in
microbes, plants and animals. VCH Publishers, New York.

12. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)

227:680-685.
13. Leong, S. A., and J. B. Neilands. 1981. Relationship of sidero-

phore-mediated iron assimilation to virulence in crown gall
disease. J. Bacteriol. 147:482-489.

14. Lowry, 0. H., N. J. Rosenbrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

15. Markwel, M. K., S. M. Haas, L. L. Bieber, and N. E. Tolbert.
1978. A modification of the Lowry procedure to simplify protein
determination in membrane and lipoprotein samples. Anal.
Biochem. 87:206-210.

16. Neilands, J. B. 1972. Evolution of biological iron binding cen-
ters. Struct. Bonding 11:145-170.

17. Neilands, J. B. 1974. Microbial iron transport, p. 3-34. In J. B.
Neilands (ed.), Microbial iron metabolism. Academic Press,
Inc., New York.

18. Neilands, J. B. 1981. Iron absorption and transport in microor-
ganisms. Annu. Rev. Nutr. 1:27-46.

19. Neilands, J. B., T. Peterson, and S. A. Leong. 1980. High affinity
iron transport in microorganisms. ACS Symp. Ser. 140:263-278.

20. Ong, S. A., T. Peterson, and J. B. Neilands. 1979. Agrobactin, a
siderophore from Agrobacterium tumefaciens. J. Biol. Chem.
254:1860-1865.

21. Penefsky, H. S. 1977. Reversible binding of phosphate ion by
beef heart mitochondrial adenosine triphosphatase. J. Biol.
Chem. 252:2891-2899.

22. Raymond, K. N., and C. J. Carrano. 1979. Coordination chem-
istry and microbial iron transport. Accounts Chem. Res. 12:
183-190.

23. Reenstra, W. W., L. Patel, H. Rottenberg, and H. R. Kaback.
1980. Electrochemical proton gradient in inverted membrane
vesicles from Escherichia coli. Biochemistry 19:1-11.

24. Robinson, J. P., and J. V. McArdle. 1981. Electrochemistry of
ferric complexes of parabactin and parabactin A. J. Inorg. Nucl.
Chem. 43:1951-1953.

25. Rogers, H. J. 1973. Iron-binding catechols and virulence in
Escherichia coli. Infect. Immun. 7:445-456.

26. Schnaitman, C. A. 1971. Solubilization of the cytoplasmic
membrane of Escherichia coli by Triton X-100. J. Bacteriol.
108:545-552.

27. Sigel, S. P., and S. M. Payne. 1982. Effect of iron limitation on
growth, siderophore production, and expression of outer mem-
brane proteins of Vibrio cholerae. J. Bacteriol. 150:148-155.

28. Tait, G. T. 1975. The identification and biosynthesis of sidero-
chromes formed by Micrococcus denitrificans. Biochem. J. 146:
191-204.

29. Weinberg, E. D. 1984. Iron withholding: a defense against
infection and neoplasia. Physiol. Rev. 64:75-102.

30. Williams, P., M. R. W. Brown, and P. A. Lambert. 1984. Effect
of iron deprivation on the production of siderophores and outer
membrane proteins in Klebsiella aerogenes. J. Gen. Microbiol.
130:2357-2365.

31. Zalman, L. S., and H. Nikaido. 1985. Dimeric porin from
Paracoccus denitrificans. J. Bacteriol. 162:430-433.

VOL. 170, 1988 3717


