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ABSTRACT:. ThePseudomonas aerugino§@vA receptor is a TonB-dependent outer membrane transport
protein that catalyzes uptake of ferric pyoverdin across the outer membrane. Surprisingly, FpvA expressed
in P. aeruginosagrown in an iron-deficient medium copurifies with a ligand X that we have characterized

by UV, fluorescence, and mass spectrometry as being iron-free pyoverdin (apo-PaA). PaA was absent
from FpvA purified from a PaA-deficientP. aeruginosastrain. The properties of ligand binding in vitro
revealed very similar affinities of apo-PaA and ferrieaA to FpvA. Fluorescence resonance energy transfer
was used to study in vitro the formation of the FpvRaA—Fe complex in the presence of PaRe or
citrate—Fe. The circular dichroism spectrum of FpvA indicated a 53%tructure content typical of porins

and in agreement with the 3D structures of the siderophore receptors FhuA and FepA. In the absence of
the protease’s inhibitors, a truncated form of FpvA lacking 87 amino acids at its N-terminus was purified.
This truncated form still bound PaA, and fissheet content was conserved. This N-terminal region displays
significant homology to the N-terminal periplasmic extensions of FecA fmtherichia coliand PupB

from Pseudomonas putidavhich were previously shown to be involved in signal transduction. This
suggests a similar function for FpvA. The mechanism of iron transpdtt aeruginosavia the pyoverdin
pathway is discussed in the light of all these new findings.

In response to iron deprivatioRseudomonas aeruginosa derived from 2,3-diamino-6,7-dihydroxyquinoline that con-
synthesizes at least two known siderophores, pyoveddin ( fers color and fluorescence to the molecule, linked to a partly
and pyochelin Z), characterized by completely different cyclic octapeptideX, 6). The peptide differs among strains
structures, physiochemical properties, and affinities for Fe- by the number, composition, and configuration of amino
(). These systems operate both in the organism’s natural acids. A third constituent of the molecule, usually formed
habitat, soil and water, where the solubility of iron at neutral by a succinamide group linked to the amino group at position
pH is extremely low, and in the human host where the C-3 of the chromophore, can also differ depending on the
availability of free iron is too low to sustain bacterial growth  strain. Iron(lll) is strongly chelated by the cathecolate group
[due to the iron-binding glycoproteins transferrin and lacto- of the quinoline moiety and the two hydroxamate groups of
ferrin (3)]. the two d-N-hydroxyornithines of the octapeptide. The

Pyochelin is a phenolate compound that exhibits a stability constant is approximately #0M ! at neutral pH
relatively low affinity for iron in vitro @, 4). Pyoverdin, the 5, 7.
major endogenous siderophore, possesses a chromophore the mechanism usually proposed for the transport of ferric

siderophores into Gram-negative bacterial cells is comprised
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Scientifique (Program Physique et Chimie du Vivant), the Mimsste s recognized by a specific outer membrane receptor. The
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energy to the outer membrane receptor, and ferric sidero- Bacterial Strains, Plasmids, and Growth Media. P.
phores are pumped against their gradients across the outeaeruginosastrain K691 is a FpvA-deficient mutant whose
membrane. From there, it has been showrEstherichia construction is described below. The Padeficient P.
coli that the ferric siderophores are picked up by binding aeruginosastrain CDC5 was originally described by An-
proteins and actively transported across the cytoplasmickenbauer et al.19). The mutation has been mapped on the
membrane by conventional ABC transporters in a TonB- pvd locus which contains genes involved in the synthesis of
independent fashion. the peptide moiety of pyoverdin. Overproduction of FpvA

The P. aeruginosaouter membrane receptor for ferric in K691 and CDCS5 strains was achieved by introduction of
pyoverdin is a 86 kDa protein encoded by t#peA gene  plasmid pPVR2. Strains CDC5(pPVR2) and K691(pPVR2)
(11, 12. The expression of this receptor is regulated Were grown under aerobic conditions in a succinate medium
positively by pyoverdin 13) and negatively by the iron  (6) in the presence of 10@g/mL tetracycline and 20Q2g/
concentration in the growth medium. The vaA product mL carbenicillin for strain K691(pPVR2) and in the presence
belongs to the siderophore outer membrane receptor familyof 200 #g/mL carbenicillin for strain CDC5(pPVR2).
and shows homology to the ferric pseudobactin receptors P. aeruginoséPAO1, a wild-type strain, was used in the
PupA and PupB oPseudomonas putidand the coprogen/  construction of the mutant K691 by in vitro mutagenesis and
rhodotorulic acid receptor FhuE &. coli (12). The X-ray ~ gene replacemenk. coli DH5a (20) has been described
structure of FhuA and FepA (respectively tie coli previously. Plasmid pPVR2 is a derivative of tke coli—
ferrichrome-iron and enterobactiniron receptors) have P. aeruginosashuttle cloning vector pAK1900 carrying the
been reported recentlf4—16). Both receptors are composed fprAgene on a 4.6 kBph insert (12). Plasmid pSUP208Tc
of a COOH-terminal3-barrel domain and an NHterminal ~ (21) is a pSUP20222) derivative harboring a deletion in
cork domain, which fills the barrel interior. In the FhuA  thetetgene of this vector. Plasmid pHP@3 ¢ (23) has been
ferrichrome-iron X-ray structure 14, 19, the ferrichrome- described. Due to an instability of t@Tc insert in K691
iron is fixed above the cork well outside the membrane by in the absence of antibiotic selection, K691 and plasmid-
hydrogen bounds and van der Waals contacts, in a bindingcontaining derivatives of this strain were always cultured in
site formed by eight aromatic residues and one residue eactthe presence of tetracycline.
of Arg, Glu, and Gly. The key differences between the  Construction of Strain K691(pPVRZJhe tetracycline-
structures of FhuA and its complex with ferrichrofrieon resistant derivative of th€ interposon @Tc) present on
are localized in the cork domain, especially a helix termed plasmid pHP4®Tc was recovered on a ca. 2 Kma
the switch helix that is located in the periplasm pocket in fragment and inserted into tt&cd site of fprA on pPVR2.
the ligand-free conformation which is completely unwound This necessitated partial digestion of pPVR2 wiitd and
in the FhuA-ferrichrome-iron complex. But despite the isolation of a ca. 9 kb fragment representing a full-length
X-ray data of FhuA, FhuA ferrichrome-iron, and FepA, the ~ PPVR2. Transformants=( coli DH5a) carrying pPVR2 with
mechanism of siderophoréron transport through the outer a2 QTc insert were selected on L-agar containing ampicillin
membrane remains unsolved. In vivo and in vitro electron and tetracycline, and insertion of tiigTc within the fprA
spin resonance spectroscopy showed a ferric-enterobactingene was assessed by restriction analysis. The WTc mu-
induced conformational change in FepA7( 18. These  tagenizedfpsA gene was subsequently recovered on a ca.
changes were not merely associated with ferrisiderophore6.5 kbPst fragment and cloned into the uniqést site on
binding but occurred during its uptake through the outer plasmid pSUP202Tc. Following introduction intcE. coli
membrane and may reflect a change of the conformation of Strain S17-1, the vector was mobilized irfo aeruginosa
FepA. PAO1 via conjugationq1). P. aeruginosé?AOL1 strain used

In this paper we describe the unexpected copurification for this conjugati_on is a derivative carrying a qh_romosomal
of the P. aeruginosauter membrane receptor FpvA with a fp_uA::QTc mutation, selected on L-agar containing tetracy-
tightly bound ligand which was absent when the receptor cline and screened for the absence of plasmid-encoded
was purified from a pyoverdin-deficient strain. This ligand carbenicillin resistance. The lack of FpvA in these putative
was found to be the iron-free form of the siderophore Mutants was confirmed by SB$olyacrylamide gel elec-

pyoverdin (apo-PaA) trophqr_esis of isolated oqter membranes.
Purification of Pyaerdin. Pyoverdin was prepared as
MATERIALS AND METHODS described previously6( 7). Pyoverdin concentrations were

determined spectrophotometrically using the molar extinction

Chemicals The detergents used included Zwittergent 3-14 coefficient of e3g0 nm = 16 500 M and €400 nm = 19 000
(3-(N.N-dimethylmyristylammonio)propanesulfonate) from M- for the PaA and the PaAFe forms respectivelys( 24).
Fluka (Buchs, Switzerland) and octyl-POR-6ctylpoly- Purification of FpyA and FpyA—X. Strains K691 carrying
(oxyethylene)) from Bachem (Basel, Switzerland). Q- the clonedfpra gene on the multicopy plasmid pPVR2 and
Sepharose Fast Flow anion-exchange resin was obtained fronCDC5(pPVR2) were used for the purification of FpvX
Pharmacia (Uppsala, Sweden). Lysozyme, DNAse, RNAse, and FpvA, respectively. Both strains produce FpvA, but
and the protease’s inhibitors (cocktail tablets) were purchasedCDC5(pPVR2) does not produce pyoverdin. The first step
from Boehringer Mannheim (Mannheim, Germany). The of purification in both cases involved preparation of outer
sodium N-laurylsarcosinate (sarkosyl) was from Sigma membranes as describe2b( 26 with some modifications.
(Buchs, Switzerland). The bacteria pellets were resuspended in 50 mM Tris-HCI
pH 8.0 in the presence of 1 mg/mL lysozyme, 1 mg/mL

1 Abbreviations: apo-PaA, iron-free pyoverdin; PaRe, ferric RNAse, 1 mg/mL DNAse, and the protease’s inhibitors
pyoverdin. (cocktail tablets, 1 tablet per 50 mL). The cells were disrupted
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by two passages through a French pressure cell (15 000 Ibfor the competition experiments with apo-PaA, we used the

in?). Incubation of the mixture for 15 min at 3T with 2%
(w/v) sodiumN-laurylsarcosinate (sarkosyl) solubilized the

filtration assay developed for detergent-solubilized G-coupled
receptors (GPCR)28—30). In brief, purified FpvA from

cytoplasmic membranes, leaving the outer membrane intact.strain CDC5(pPVR2) (8 nM) was incubated in a total volume

Outer membranes were pelleted by centrifugation at 2@ 000
for 1 h. The pellets were extracted five times at room
temperature with 50 mM Tris-HCI pH 8.0 and 1% (w/v)

of 500uL of 50 mM Tris-HCI pH 8.0 and 1% (w/v) octyl-
POE at room temperaturerf@ h in thepresence of varying
concentrations of PaA>Fe (0.5-800 nM). The solution of

Zwittergent 3-14 in the presence of the protease’s inhibitors PaA complexed t&°Fe (from>FeCk, specific activity of 3

(cocktail tablets, 1 tablet per 50 mL). The solubilized protein
fractions were dialyzed against 50 mM Tris-HCI pH 8.0 and
1% (v/v) octyl-POE (buffer A) and applied to a Q-Sepharose
Fast Flow column (30 cnx 1 cm) equilibrated with buffer
A. The column was washed with 20 mL of buffer A and
eluted with a linear gradient of-6600 mM NacCl in buffer

A. A final purification was achieved on the same Q-
Sepharose column equilibrated with 50 mM potassium
phosphate buffer pH 6.8 and 1% octyl-POE (buffer B). A
linear gradient of 6500 mM NaCl in buffer B was applied,
and the fractions containing FpvA or FpvA-X were concen-
trated by ultra filtration using Amicon YM10 membranes.

Ci/g, NEN, Boston, MA) was prepared using a 26M
solution of PaA in water. To 74L of this solution was added
48 uL of a solution of**FeCk (3 mCi/g), obtained by dilution
of the stock solution, plus 876L of 50 mM Tris-HCI pH
8.0 and 1% (v/v) octyl-POE. For competition experiments,
purified FpvA (8 nM, 500uL final volume) was incubated
at room temperature f@2 h with PaA-%5Fe (12 nM) and
various concentrations of unlabeled PaA (61600 nM) or
PaA—Fe (0.1-1500 nM). Incubations were stopped by
filtering the assay mixtures over GF/B filters (Whatman),
which were rapidly washed three times with 3 mL of 50
mM Tris-HCI pH 8.0 and counted for radioactivity in a

The purified protein concentration was determined using the scintillation cocktail. The filters were presoaked in 0.1%

molar extinction coefficient at 280 nm (158 740 M
determined from the amino acid sequence) of FpvA. The
purification of FpvA was monitored at each step by SDS
PAGE and Western’s blots using an anti-FpvA antiserum
prepared as described by Poole et aPR)(

FpvA-X and Truncated FpA—X (tFprA—X) N-Terminal
Amino Acid Micro Sequence Analysiutomated Edman
degradations on FpvAX and tFpvA—X were performed on

polyethylenimine to reduce the nonspecific retention of
PaA—5Fe.

Apparent binding affinity constant¥{) of siderophores
were calculated from 1§ values, determined in competition
experiments, according to the Cheng and Prusoff relation
(3)): K; =ICso/(1 + L/Kg) whereL andK, are respectively
the radiolabeled concentration and its equilibrium dissociation
constant which was determined experimentally.

an amino acid sequencer (Applied Biosystems, model 473A) The validity for purified FpvA of this filtration assay

in the liquid pulse mode (Perkin-Elmer, Applied Biosystem
Division, Foster city, CA).

Isolation, Purification, and Characterization of Ligand X
Copurified with FpA. A 50 mL volume of purified FpvA-X
(0.5 mg/mL) was dialyzed against@ and then denatured
at pH 2.0 by the addition of trifluoroacetic acid (TFA).

formerly developed for GPCR was controlled by equilibrium
dialysis experiments (data not shown) and was supported
by the consistency between the measuBggk (the number
of bound PaA-Fe at saturation) and the known number of
moles of FpvA used in the assay.

Formation of the Iron-Loaded RgA—X ComplexPurified

Protein denaturation was followed by fluorescence measure-FpvA—PaA (3.6uM) from strain K691(pPVR2) was incu-
ments (see fluorescence below). X was separated from FpvAbated in the presence of 70 PaA—Fe or 1 mM citrate-

by filtration on a centricon filter (Macrosep, 10K), and the Fe in 3 mL of 50 mM potassium phosphate buffer pH 7.0
solution of molecule X was concentrated to a volume of 500 and 1% (v/v) octyl-POE at room temperature. At different
uL using a Speed-Vac instrument. The remaining octyl-POE times 300uL aliquots of the mixture were applied to a gel
was removed by two successive MeOH/CHI:1) extrac- filtration column (G50, 15x 0.5 cm, Pharmacia) in order
tions. Ligand X was further purified by reverse-phase HPLC to separate unbound Pa/e or unbound citrateFe from
on a column (Nucleosil ODS 5u SIN, Jones Chromatogra- the protein. Iron binding was measured after gel filtration
phy) as described for PaA and Pake by Albrecht-Gary by fluorescence measurements (excitation at 290 nm), and
et al. (7). the percentage of FpvAPaA—Fe formed was calculated.
Electrophoretic analysis of X and PaA on cellulose acetate Iron binding by FpvA-PaA was evidenced by a decrease
membranes (Midifilm, Biomidi) was carried out using a in the peak of emission at 447 nm.
horizontal electrophoresis tank as describ&yd Electro- Mass Spectrometr{spvA—PaA and tFpvA-PaA molec-
phoresis was performed in 100 mM pyridinacetic acid ular weight determination by MALDI-MS was performed
pH 5.0 at a constant voltage (300 V) for 30 min. on a time-of-flight Bruker Biflex TM instrument (Bruker,
The stoichiometry of iron binding to X and PaA was Bremen, Germany) in the linear mode at 19 kV of accelera-
determined as described by Meyer and Abdall2h).(To 1 tion potential. FpvA-PaA and tFpvA-PaA were dissolved
mL of X in 50 mM pyridine—acetic acid pH 5.0 (6.4M, ¢ in CH3CN/H;O (1:1), and 2 mL of this solution was mixed
= 16 500 M at 380 nm), stepwise additions (E) of a with 2 mL of matrix solution (7 mg/mL of a cyano-4-
freshly prepared agueous solution of 028 FeCk in 0.5 hydroxycinnamic acid in 50:50 acetonitrilef8). Finally, 1
N HCI were made. The saturation curve was monitored by mL was deposited on the target and dried under reduced
following the appearance of an absorption at 450 nM, and pressure.
the stoichiometry was deduced using the extinction coef- Mass measurements of X and PaA were performed on an
ficient of PaA-Fe = 6800 M™* at 450 nm). Autospec 6F instrument equipped with an electrospray source
Ligand Binding AssaysFor the determination of the (Micromass, Altrincham, U.K.). The mobile phase was a
dissociation constant of Pa&5Fe from FpvA in vitro, and mixture of HO/methanol (1:1) acidified with 1% acetic acid,
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at a flow rate of 1QuL/min. The sampling cone was at 50 M a b ¢ d & 1| M
eV, and the temperature of the source°® The samples kia kOa
were dissolved in a mixture of #@/methanol (1:1) acidified = = =
with 1% acetic acid and injected using a rheodyn injector 5& e —__ — -ﬁ
fitted with a 10uL loop. G- —— . s
Spect " =
pectroscopy a0 . .
FluorescenceFluorescence experiments were performed e -
with a SPEX Fluorolog-2 spectrofluorimeter (SPEX Indus- — -0
tries, Inc., Edison, NJ). Emission spectra of FpvA were
| E—

recorded with an excitation wavelength of 290 nm and slit

i itati isgi _ Ficure1: Purification of FpvA. Proteins frorR. aeruginosastrains
widths of 1 and 4 mm for excitation and emission, respec K691(pPVR2) (lanes-ad and f) and CDC5(pPVR2) (lane €) were

tively, in 50 mM Tris-HCI pH 8.0 and _1% (VIv) QCtY"POE- resolved by SDSPAGE (10% gel) and stained with Coomassie

When the effect of urea on the maximum emission wave- pyillant blue. Key for lanes: M, molecular weight marker; a, outer

lengths of tryptophans and of the copurified ligand was membranes; b, soluble fraction after Zwittergent 3-14 treatment;

studied, samples were incubated for at least 30 min beforec, after the first anion exchange chromatography at pH &4; d

spectra were recorded. Emission spectra of X and PaA weredfter anion exchange chromatography at pH 6.8; f, FpvA migrates

recorded with an excitation wavelength of 400 nm and the as a lower MW band when purified in the absence of protease
inhibitors.

same slit widths as above in 50 mM Tris-HCI pH 8.0.

UV—Visible. Absorption spectra in the visible and ultra- 14 ¢
violet regions were performed on a Cary 1E UYwuisible 12 008 ~
double-beam spectrophotometer (Varian Analytical Instru- it T
ments, Les Ulis, France).

Circular Dichroism.CD analyses were performed with a 08
Jobin Yvon CD6 spectropolarimeter (Jobin-Yvon Instruments 0,6
SA, Longjumeau, France). Protein samples were placed in 04
a 0.02 cm path-length quartz cuvette for measurements in
the far-UV region (185260 nm). The protein was diluted
in 50 mM potassium phosphate buffer pH 6.8 and 1% (v/v)
octyl-POE to a concentration of 24M for FpvA and 2.2
uM for tFpvA—X. Deconvolution of the spectra was done
using the Provencher and the VRSL prograd®, (33.

Absorbance
(=]
]

Absorbance

0 400 250
wavelength (nm)
02 F

[0 ] B R B i B S e e e
250 300 350 400 450 500 550
A wavelength (nm)

310°

RESULTS 2,510°

Purification and Characterization of RA and Fp/A—X.
Two Pseudomonas aeruginosérains were used to purify
the FpVA receptor, a PaAproducing strain (strain K691,
carrying thefpuA plasmid pPVR2) and a strain that is unable
to produce pyoverdin (strain CDC5(pPVR?2)). The first stage
of purification was an outer membrane preparation. Zwit-
tergent 3-14 was the best detergent to solubilize the receptor o b , L ) )
from outer membranes but was then exchanged for octyl- 320 360 400 440 480 520
PoE, which does not precipitate at@ and does not interfere wavelength (nm)
with protein concentration assays. Purified proteins were B
recovered from both Stralns (6 and 5 mg from respectlvely Ficure 2: UV and fluorescence SpeCtra of purlfled FpVA and

18 L of culture of K691(pPVR2) and CDC5(pPVR?2) strains) ngﬁié' ésécl#r\dr:pﬁggag(g;fgﬁg(d -nrnf (?nnsleel[)girﬁg\,r\],ts 0; t?lgar

as judged by SDSPAGE (Figure 1), Western's blot,  maximum of absorption at 400 nm which is absent in the FpvA
N-terminal sequencing, and mass spectrometry measurespectrum (not shown). (B) Fluorescence spectra. Note that the
ments. By MALDI-MS, a molecular weight of 86 102 emission maximum at 447 nm with FpwAX (thin line) is absent

i ifi i with FpvA (thick line). The excitation wavelength was set at 290
1167 Da was determined for FpvA purified from both strains. nm. Proteins were dissolved in 50 mM Tris-HCI pH 8.0 and 1%

The UV spectrum of FpvA purified from the PaA-  (viv) octyl-POE.
producing strain K691(pPVR2) grown in an iron-deficient
medium showed that the protein was copurified with a ligand of 290 nm, ligand X was excited by energy transfer via the
X having almax at 400 nm at pH 8.0 (Figure 2A). This tryptophans of FpvA. The copurified ligand X could be
copurification was quite evident from fluorescence measure- excited directly at 400 nm, also with an emission peak at
ments. When purified FpvAX was excited at the excitation 447 nm (spectrum not shown). No evidence for such
wavelength of the tryptophans (290 nm), emission peaks atcopurification was observed by UV or fluorescent measure-
337 nm and at 447 nm were observed (Figure 2B), corre- ments when FpvA was purified from the Padeficient
sponding to the fluorescence of the FpvA tryptophans and strain CDC5(pPVR2) (Figure 2B). It is interesting to note
of molecule X, respectively. At the excitation wavelength that under none of the various steps of the purification

210° |
1,56 10°
110°

510° L

fluorescence intensity (a.u.)
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Table 1: Characteristics of X, Pa and PaA

X PaA PaA-Fe

UV (Amay 50 mM pyridine- 360 nm 360 nm 400 nm

acetic acid pH 5.0 380 nm 380 nm 450 nm
fluorescenceAmay) excitation 400 nm 460 nm 460 nm not fluorescent
electrophoretic migration dist on cellulose acetate membranes 15 mm 15 mm 6 mm
HPLC C18 (retention time) 22 min 18 min 22 min
mass spectrometry 1387 Da 1334 Da 1387 Da
mass spectrometry after acetic acid treatment 1334 Da 1334 Da

a X migrates as PaAFe most probably because iron loading occurs on the HPLC column as judged also from the shift in UV absorption
maxima after purification by HPLC.

process (dialysis, chromatography) did molecule X dissociate
or separate from FpvA.

Purification and Characterization of the Ligand X Copu-
rified with FpvA. Ligand X was tightly bound to FpvA and
could be only removed from the receptor using harsh
conditions (e.g. urea, strong acidic medium). To characterize
the copurified ligand X, purified FpvAX from the PaA-
producing strain K691(pPVR2) was denatured at pH 2.0 by
the addition of TFA (trifluoroacetic acid). This denaturation
was monitored by fluorescence spectra measurements (ex- i A
citation at 290 nm) where the observed tryptophan emission 0 200 400 600 800 1000
peak shifted from _337 to 350 nm a_nd_the ligand X emission concentration of PaA-55Fe (nM)
peak at 447 nm disappeared (emission spectra not shown).
FpvA—X denaturation at pH 2.0 led to a decay of the energy
transfer between the tryptophans of FpvA and the copurified
ligand X. Molecule X was then separated from denatured
FpvA by filtration on a centricon, and the separation was
monitored by UV or by fluorescence (excitation 400 nm)
spectra measurements.

Table 1 compares the features of ligand X, PaA, and-PaA
Fe. At pH 5.0, X had amax at 360 and 380 nm typical of 20
PaA ). In 50 mM pyridine-acetic acid pH 5.0, the addition : o o]
of iron to X transformed the spectrum to one typical of 0 . . T
pyoverdin-Fe(lll) complexes, exhibiting amax at 400 and 0,1 1 10 100 1000
a shoulder at 450 nn2{, 34 Table 1). When excited at B siderophore concentration (nM)

400 nm, X had a fluorescence emission maximum at 460 Ficure 3: (A) Saturation curve and Scatchard analyzes for the
T P s e O o et fescbod f Ml o Puied v
e el 1o svan COCS2) (s ) s bt b 5o

/> temperature in the presence of different concentrations ofPaA
was the same as for PaA (15 mm; Table 1). To determine ssge in 50 mM Tris-HCI pH 8.0 and 1% (v/v) octyl-POE. Each
the molecular mass of ligand X by mass spectrometry, X point is the average of triplicate determinations. Inset: Scatchard
was further purified by HPLC using the PaA purification analyses of specific binding. (B) Competition by unlabeled PaA

; ; PP Fe and iron-free PaA for the binding of Pa#°Fe to purified FpvA.
protocol 6, 7). During this HPLC purification, X captured Experiments were performed as described in Materials and Methods

iron from the column and formed an-Xe complex with iy the presence of 8 nM purified FpvA from strain CDC5(pPVR?2),
the same retention time as PaRe (Table 1). Mass 12 nM PaA-55Fe, and various concentrations of Pa#) @nd PaA-
spectrometric measurements gave a mass of 1387 Da foiFe @). Results are expressed as the percentage of the specifie PaA
X—Fe in agreement with the mass determined for PRA **Fe binding. Each point is the average of triplicate determinations.
under the same conditions. After acetic acid treatment of Experiments were repeated two times with comparable results.
X-Fe, a mass of 1334 Da was measured, identical to the massypical displacement binding experiments (Figure 3B). A 12
determined for apo-PaA under the same conditions (TablenM concentration solution of PaAFe was used to incubate
1). purified FpvA together with various concentrations of
From these data, it was possible to clearly identify X as nonlabeled ferrie-PaA or iron-free PaA. The nonradioactive
iron-free PaA. Furthermore, the titration of X with an iron- concentrations at which a 50% maximal specific binding was
(1) solution according to Meyer and AbdallaBY) showed observed (IGy) for FpvA were estimated to be 30 and 15
a 1:1 stoichiometry (data not shown). nM respectively for apo-PaA and PaAe. TheK; (Materials
Binding Characterization of FpA. As shown in Figure and Methods) can therefore be calculated to be 17 and 8
3A purified FpvA from strain CDC5(pPVR2) binds PaA nM respectively for apo-PaA and PaAe. The comparison
%5Fe in a saturable manner with a dissociation constant of of the binding constants calculated above for Pd& and
14 +£ 4 nM (n = 5) derived from Scatchard analysis. This apo-PaA to FpvA shows no significative difference between
Kq value is consistent with thK; value deduced from the the affinities of these two forms of PaA to FpvA. These
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Ficure 4: Formation of iron-loaded FpvAPaA. Purified FpvA- FIGURE 5: Far-UV circular dichroism spectra of purified FpvA.
PaA from PaA producing strain K691(pPVR2) was incubated for The purified FpvA protein (2.1:M) was solubilized in 50 mM
different lengths of time in the presence of /0l PaA—Fe @) or potassium phosphate buffer pH 6.8 and 1% (v/v) octyl-POE.

1 mM citrate-Fe ©) as described under Materials and Methods. Measurements were carried out at 22 over an optical pathway
After incubation, the protein was separated from unbound-PaA 4t .02 cm.

Fe or citrate-Fe and the percentage of ferric FpvRaA formed

calculated as described in Materials and Methods. . . -
! S descr ! s S possible to determine whether purified FpvRaA was

binding the iron ion of PaAFe or whether there was an
dexc:hange between the FpvA-bound PaA and PBRA. In
the presence of an excess of Pdfe, the saturation plateau

binding data for iron-free PaA are fully consistent with the
copurification described above and indicates that the purifie

FpvA retains its binding activity and specificity after S . .
detergent extraction and purification. of the prote|r=r5|deroph_0re|ror! complex formation was
The saturable binding of iron free PaA to FpvA could also re_:acr_]ed only aﬁer 50 h incubation at room temperature. The
be followed by fluorescence resonance energy transferEnﬁécug;%rgq?;'clﬂgf Fr%\gz_nPcZA;:: msnisanﬁféﬁefzgeﬁ
measurements between the tryptophans of FpvA and apo- P .
PaA when excited at 290 nm (data not shown). Purified FpvA (results not shown). Indeed, the saturation pla}teau of the
from strain CDC5(pPVR2) had only one emission peak vaA_—PaA—Fe complex formation was reached in less than
which occurred at 337 nm and corresponded to the tryp- 15 min.-— _ _
tophan fluorescence (Figure 2B). When the protein binds NO significant iron complexation was observed when
iron-free PaA, a second peak of fluorescence emissionPurified FpvA—PaA was incubated in the presence of 1 mM
appeared at 447 nm reflecting the energy transfer betweenCitrate-Fe, even after 8 days of incubation. We have shown
FpvA and apo-PaA, acting, therefore, as an indicator of that PaA alone in solution was able to complex iron from
binding. In theory, the fluorescence resonance energy transfefcitrate—Fe in a few seconds at pH 5.0 (results not shown).
between FpvA and apo-pyoverdin can be used to determineFrom the results described in Figure 4, it was not possible

the binding constants for apo-PaA and feriRaA to its 0 conclude whether purified FpvAPaA was unable to
receptor. However, for technical reasons (sensitivity, direct chelate iron when citrate was the donor or if the kinetics of

ligand excitation) a concentration of FpvA of at least 150 Chelation were much slower than when P&#e was the iron
nM had to be used. This protein concentration is too high donor. Bates and Wernich83) have shown that transferrin
compared to the affinity of apo-PaA to FpvA (17 nM chelates iron wqh different .klne.tlcs depending on the iron
according to the displacement experiment described abovedonor. Transferrin chelates iron in a few seconds from ferric
with PaA—55Fe) to avoid ligand depletion and therefore may nitrilotriacetic acid, in 20 h from citrateFe and in 6 days
lead to erroneous interpretation of ligand association datafrom EDTA.
when the Scatchard plot is used. Circular Dichroism (CD) Spectral Analysis of BA. The
Formation of an Iron-Loaded RpA—PaA Form: FpA— secondary structure of purified FpvA was assessed from the
PaA—Fe. To determine if FpvA-PaA was able to complex ~ CD far-UV spectrum obtained in 50 mM potassium phos-
iron in vitro, FpvA—PaA purified from the PaA-producing ~ phate buffer pH 6.8 and 1% (v/v) octyl-POE at room
strain K691(pVR2) was incubated for different lengths of temperature. The CD spectrum of FpvA displayed a negative
time in the presence of PaAFe or citrate-Fe as described ~ band at 217 nm and a strong positive band at 195 nm (Figure
in the Materials and Methods. After incubation, the protein 5) which is characteristic of a highsheet content (reviewed
was separated from unbound PaRe or from citrate-Fe in ref 36). Deconvolution of the spectrum using the CONTIN
by gel filtration (which did not dissociate ligand from FpvA) program 82) indicated 57%3-structure, 3%o-helix, and
and the ratio of the fluorescence emission at 337 nm to the40% random coil, values almost identical to those obtained
emission at 447 nm was calculated after excitation at 290 for the E. coli porin OmpF (58%-structure, 8%u.-helix,
nm. As shown in Figure 2B, when excited at the excitation and 34% random) using the same spectropolarimeter and
wavelength of the tryptophans (290 nm), FpvRaA was deconvolution program or from the X-ray coordinates of
characterized by two emission peaks at 337 and 447 nm.OmpF (58%3-sheet, 4.5%:-helices and 37.5% remainder).
Since the PaAFe complex is not fluorescent, the formation These data are also comparable to the CD values published
of the iron-complexed form of FpvAPaA could be visual- ~ for FhuA (37, 3§ and consistent with the X-ray structures
ized by the disappearance of the emission peak at 447 nmof FhuA (14, 13 and FepA 16); respectively the ferrichrome
Figure 4 shows a very slow FpvAPaA—Fe complex and the enterobactin outer membrane receptors Eoooli.
formation when purified FpvAPaA was incubated in the Purification of a Proteolyzed Form of Rp—PaA. The
presence of PaAFe. From this experiment it was not presence of the protease’s inhibitors (cocktail tablets) was
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7 FecA 1 ..... JAQVNI| APGS] HSQ HE SVPASLTR Qo H DY D)
T FpvA 1 ...QHVEFDI| PPQ Sl QADIK PEEVR RSISR IKIGKILE
z PupB 1 AAQAQADFDI PAGPH SAIIH TALTE STS| a RIF D

FechA 46 VESEhJLIp QL PLC SWILEPAP APKEDALTVV 85
E Fpva 48 PNQAE ELLR GASVPFYG] ITISVAEA ADSSVDLGAT 87
1 PubB 51 IDQ L‘IIL‘ GLERASRAA SYSLQASA STGALELSAV 90
] FIGURE 7: Sequence comparison of the N-terminal extension of
FpvA with PubB fromP. putidaand FecA fromE. coli. Identical

or strongly similar regions are boxed. The proposed TonB box from
] FecA is underlined44).

emission 337 nm / emission 447 nm

10 contained a molecule of apo-PaA in its binding site. In other
_ words, iron-free PaA binds to FpvA with a stoichiometry of
FiIGURE 6: Urea denaturation of FpvAPaA and tFpvA-PaA. The 1:1. Similarly, one molecule of ferric siderophore per
ratio of emission at 337 nm to the emission at 447 nm was measuredmmecu'e of receptor has been calculated for FepA and FhuA,
at various urea concentrations for FpvRaA @) and tFpvA- - -
PaA ). two siderophore outer membrane receptor€otoli (40,

41). The CD spectrum of FpvA in the far UV indicates that
necessary during the purification of FpvA to avoid the the protein belongs to thbarrel class of membrane proteins
formation of a truncated form of FpvA (called tFpvA) or as the porins (see results, Figure 5) and as the siderophore
FpvA—PaA (called tFpvA-PaA) (Figure 1). The molecular ~ outer membrane receptors FhuA and FeAA<16).
mass as determined by mass spectrometry (MALDI-MS)  When purification of FpvA-PaA was carried out in the
yielded 77 177+ 1025 Da for the proteolyzed form and absence of protease inhibitors, a truncated form of FpvA
86 1094 1167 Da for the full length protein. N-terminal  PaA lacking the first 87 N-terminal amino acids (tFpvA
micro sequencing of the 77 kDa species revealed a sequenc@®aA) was obtained. tFpvAPaA is as stable as FpvAPaA
ssMITSNQLGTIg; that was matched to the primary sequence as judged from urea denaturation curves (Figure 6), it retained
of FpvA (12). From the molecular mass and the N-terminal pyoverdin binding ability, and its far UV CD spectrum and
sequence it could be concluded that the C-terminus of tFpvA S-sheet content was comparable to that of the native form
was intact and that cleavage occurred only at the N-terminus.(data not shown). These results imply that the first 87 amino
The CD spectra of tFpvAPaA in the far UV showed that  acids do not contribute to thé-barrel structure, and they
tFpvA—PaA remains g-sheet protein (data not shown). are consistent with the 3D structures of FhuA and Fep®(
Fluorescence measurements (excitation set at 290 nm) of16). This stretch of amino acids may be part of a long
tFpvA—PaA purified from the PaA-producing strain K691- periplasmic extension as predicted for the FecA ferric citrate
(pPVR?2) indicated that this truncated protein still bound apo- receptor ofE. coliand the PupB ferric pseudobactin receptor
PaA (emission spectra not shown). Figure 6 shows the effectof Pseudomonas putidaFor these two receptors, this
of urea on the ratio of emission at 337 nm to the emission N-terminal extension in front of the tonB box has been shown
at 447 nm for FpvA-PaA and tFpvA-PaA. When the  to play a role in signal transduction and transcriptional control
protein started to be denatured 7 M urea, apo-PaA was  of iron transport genes probably by interacting with the signal
no longer able to be excited by energy transfer via the transducer, a protein with a simar topology as the TonB
tryptophans, yielding a decrease in the emission peak at 447protein (FecR foiE. coli or its analogue irP. putidd (42—
nm and an increase of the ratio calculated in Figure 6. It is 45). There is some evidence that pyoverdin positively
clear, therefore, that the absence of the 87 N-terminal aminoregulates receptor gene expressib8)(and there is a clear
acids did not destabilize tFpvAPaA and did not affect the  homology between the N-terminal sequence of the three

urea (M)

binding of apo-PaA to the receptor. receptors (Figure 7, 30% and 23% identity, 51% and 53%
similarity to PupB and FecA, respectively). This supports
DISCUSSION the hypothesis that FpvA possesses as well a periplasmic

In this paper we describe the successful purification and N-terminal with the same signal transduction function.
characterization of FpvA, the ferric pyoverdin receptor, from  To our knowledge, copurification of a siderophore receptor
two P. aeruginosastrains, one producing PaA [K691- with bound iron-free siderophore has never been reported,
(pPPVR2)] and one unable to produce PaA [CDC5(pPVR2)]. and no other data are available on the binding of metal-free
Surprisingly, the characterization of purified FpvA expressed siderophores to cells, outer membranes, or purified sidero-
in strain K691(pPVR2) by UV and fluorescence spectroscopy phore receptors. Gutermandq, 47 has noted that iron
revealed a copurification of FpvA with iron-free PaA. Royt free enterobactin, the siderophore producedbyoli, is an
(39) described a membrane associated iron chelator (MAIC) inhibitor of the action of protein antibiotic colicin B i&.
extracted with ethanol from the inner membranesPof coli. In contrast to the results of Guterman, Pugsley and
aeruginosa The UV spectra described for this MAIC Reeves48) have shown that iron-free enterobactin is a much
molecule is completely different from the one described here less effective inhibitor of colicin action than ferric entero-
for PaA copurified with FpvA. The energy transfer observed bactin. In our case, it is interesting to note that the energy
between the copurified iron-free PaA and the FpvA tryp- transfer between apo-PaA and the tryptophans of FpvA was
tophans (Figure 2B) indicated that apo-PaA is located within also clearly detectable using outer membrane preparations
a binding pocket of the protein at a short distance from prepared from strain K691(pPVR2) (data not shown). This
tryptophans. Using the molecular extinction coefficient of suggests that iron-free PaA is already bound to FpvA on the
FpvA at 280 nm and of apo-PaA at 380 nm, we could surface of the cells and that this copurification may not be
estimate that 100% of the purified FpvA from strain K691 an artifact of the purification protocol. Moreover, in vitro,
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purified FpvA from strain CDC5(pPVR?2) is able to bind apo-
PaA or the PaAFe complex in a saturable fashion with
equivalent affinities (Figure 3) and purified FpvAaA from
strain K691(pPVR2) can be loaded with iron upon incubation
with PaA—Fe (Figure 4). This strongly suggests that the two
forms of purified FpvA (FpvA and FpvAPaA) are func-
tional, at least as regards to ligand binding. Pd#& binds
purified FpvA with a dissociation constant of 14 nivl4 (n

= 5) which is consistent with the values described for other
ferric siderophores for their receptors in intact cells or in
vitro (40, 49, 50. Locher and Rosenbush4i), using
experimental conditions ignoring ligand depletion, described
a probably underestimated affinity of irefierrichrome for
FhuA (in the range of 56100 nM).

The inhibition constant determined for iron free PaA to
FpvA (Ki = 17 nM) raises questions about the iron transport
mechanism irP. aeruginosalndeed, as with other sidero-
phore-producing Gram-negative bacter, aeruginosa

Schalk et al.

coupling will also be necessary in the earlier step of iron-
binding to the receptor.

It is not clear yet wether this proposed mechanism and
the high affinity binding of the apo-siderophore to its receptor
may be a common feature of all siderophore receptors or
whether this is a unique property of the subclass of receptors
involved in signal transduction (FpvA, FecA, PubB) which
possess an additional N-terminal extension. As described
above FpvA may act as the ferric citrate receptor FecA for
which siderophores in the growth medium trigger transcrip-
tional activation of genes. For this class of receptors apo-
siderophore binding (retention) to the receptor may be
involved in this process.

Clearly, the mechanism of iron transport via FpvRaA
across the outer membrane remains an open question and
certainly additional data for FpvA and other ferric sidero-
phore receptors are needed before any solid conclusions can
be made.

produces and excretes siderophores in the extracellular

medium under iron-limited conditions. If the uptake mech-
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an energized cytoplasmic membrane. In the medium under
iron limitation, the free form of the siderophore is always in
excess relative to the iron-loaded siderophore. Thus, it is
difficult to conceive how an efficient iron uptake mechanism
can cope with a receptor which has the same affinity for
iron-loaded and iron-free siderophore.

Binding of apo-PaA or PaAFe complex to FpvA is
relatively fast and is complete within less than 15 min under
our experimental conditions, suggesting that the FpvA
binding site is accessible to its ligand. Irrespective of how
the FpvA-PaA complex was formed (purification of the
preformed complex from a pyoverdin producing strain or
incubation of apo-PaA with the PaA free form of the
receptor), it is extremely stable, and dissociation could be
obtained only under denaturing conditions. These observa-
tions argue in favor of a slow, for iron-free PaA from
FpVvA. These results imply that since, under iron limitation,
P. aeruginosgroduces pyoverdin in excess relative to iron
and FpvA, a FpvA-PaA complex forms initially in the outer
membrane and this complex would not be able to transport
iron into the periplasm efficiently unless a cofactor is present
or a triggering mechanism is activated. Since this stable
FpvA—PaA complex is also present in outer membrane
preparations, the cofactor is probably a periplasmic protein.
The best candidate cofactor is the protein TonB, and there
is evidence that iron-loaded siderophores promote the
interaction of FhuA and FepA with TonB{—53). Whether
iron-free siderophores also promote this interaction has not
been investigated. We predict that, in order to get efficient
iron uptake under iron limitation, the FpvAPaA receptor
in the outer membrane should interact with a cofactor,
probably TonB, to trigger either fast iron loading of the
already bound pyoverdin or pyoverdin exchange with iron-
loaded siderophores from the external medium. This is
different from the current view that TonB triggers a con-
formational change to release bound ferric siderophore inside

the periplasm. Under our hypothesis TonB-dependent energy

carbenicillin.
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