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ABSTRACT. FpVA is an outer membrane transporter involved in iron uptake by the siderophore pyoverdine
(Pvd) inPseudomonas aeruginaskhis transporter, like all other proteins of the same family, consists of

a transmembrane 232stranded barrel occluded by a plug domain. Bketrands of the barrel are connected

by large extracellular loops and short periplasmic turns. Site-directed mutagenesis was carried out on
FpVA to identify the extracellular loops or parts of these loops involved in the various stages-ofF@vd
uptake. The G286C, W362C, and W434C mutations in loopd.t, and Ly, respectively, disturbed the
binding of the apo siderophore, as shown by time-resolved fluorescence spectroscopy. Iron uptake
experiments followed by fluorescence resonance energy transfer (FRET) oP¥sirigdicated that residues
W434 and G701 and, therefore, loopsdnd Ly must be involved in PvetFe uptake by FpvA. The two
corresponding mutants incorporated smaller than normal amouffiSseinto cells, and no Pvd recycling

on FpvA was observed after iron release. Surprisingly, the S603C mutation in loop L7 increased the
amount of Pve-Fe transported. Our results suggest that W43}, @603 (Ly), and G701 (k) are involved

in the mechanism of PveFe uptake.

Iron is an essential element in all living organisms. Its  Under conditions of iron limitation, pyoverdine (Pvd,
uptake often requires the production of siderophetes- Figure 1) is one of the major siderophores produced by
molecular mass, high-affinity iron-chelating molecutes Pseudomonas aeruginasghis molecule possesses a chro-
Gram-negative bacterid 3). Siderophores facilitate iron ~ mophore derived from 2,3-diamino-6,7-dihydroxyquinoline
solubilization and transport in the conditions of iron limitation that renders the molecule colored and fluorescent and is
prevailing in animal and plant hosts during infection. Iron linked to a partly cyclic octapeptide5,( 7). Iron(lll) is
uptake via siderophores in Gram-negative bacteria alwayschelated by the catecholate group of the quinoline moiety
involves a specific outer membrane transporter (QMihd and the two hydroxamate groups of the téN-hydroxy-
an ABC transporter for transport across the outer and inner0rnithines of the octapeptide, with an association constant
membranes, respective3)( The energy required for Of approximately 1& M~* at neutral pH §). Pvd-Fe is
transport across the inner membrane is provided by ATP recognized at the outer membrane and transported into the
hydrolysis. The protonmotive force of the inner membrane Periplasm by the specific OMT, FpvA. The structures of
drives OMT-mediated transport across the outer membranePVA bound to Pvd and PveFe have been solved,(10).
by means of an inner membrane complex comprising TonB, This protelln, like all 5|derpphore outer membrane transport-
ExbB, and ExbD 4, 5). ers, fo_lds into two doma}ms: a transmembraﬂ_qbarrel of
22 antiparallep-strands filled by a small domain, known as
the plug domain. Th@-strands of the barrel are connected
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HO-Om Lys Thr linked to the chromophore of Pvd and the first amino acid
Arg Ser; oH —oT 1 of the peptide moiety can be sterically hindered by aryl azide

(0]
. .C . Y .
N)NkHz O,J: H ON/Q\/\H W/LOH groups, with no effect on the binding or iron uptake
o
H 0

properties of PvetFe @25).

Cs °N
H, N/\/Y
H O N _ . .
~NH ANG-Csy OH FpVA also plays a critical role in controlling the expression
Ser, HO\ﬁNH HO. H Thr, of fpyA and genes related to Pvd biosynthesis, by a regulation
Ho.

cascadeZ6). This cascade involves a transmembrane signal-

N ing system induced by the binding of the siderophoieg)
oH on OJ HO-Orn; to the OMT, and the extracytoplasmic function (ECF) sigma
HoOC S OH factor/antisigma factor pairs, Fpvl/FpvR and PvdS/FpvR
H H (26—33). This regulation resembles PupIR control of the

Ficure 1: Pvd structure. PupB pseudobactinFe receptor ilPseudomonas puticend

FeclR control of the FecA dicitrateFe OMT, FecA inE.
coli (34—36). Following siderophore binding by the FpvA

Fe complex is then transported into the periplasm and iron receptor, a signal is transmitted to the antisigma factor FpvR,
is released from the siderophore by a process involving iron resulting in activation of the Fpvl and PvdS sigma factors
reduction {3). Both the Pvd/PvetFe exchange on FpvAand  (27—30). PvdS directs the transcription of Pvd synthesis
ferric-siderophore uptake across the outer membrane aregenes, in addition to those encoding some secreted enzymes,
dependent on protonmotive force (pmf) and TonBL)( and Fpvl recognizes the promoter of the gene encoding
Finally, after iron release, free Pvd is excreted in the FpvA. However, it is still not clear whether the signaling
extracellular medium and binds again to FpvRd) The molecule is PvetFe or apo-Pvd.
transporter and the mechanism involved in this Pvd recycling  several mutations have been introduced into FpvA extra-
in the extracellular medium are so far unknown. cellular loops, for studies of the involvement of these loops

The translocation of PveFe across the outer membrane i, various stages of PveFe uptake across the outer
by FpvA is itself a multistep process. The structures of membrane: (i) binding of the siderophore to FpvA, (ii)
unloaded FecA (the dicitrate=e OMT inEscherichia col) movements of the extracellular loops (first gate) of FpvA
and FecA loaded with apo- and ferric-siderophdr, (.6), after binding to PvetFe, (iii) opening of the second gate
functional studies on FepA (the enterobactife OMT in (plug domain), and (iv) Pvd recycling on FpvA after the
E. col) (17-19) and on FhuA Z0), and time-resolved  rejease of iron into the periplasm. We used various tech-
fluorescence spectroscopy studies on Fpu)( have  pigues (time-resolved fluorescence spectroscopy, FRET,
suggested that two gating processes control uptake. The firsip,,4—55Fe uptake) to study the phenotypes of these mutants.
gate consists of the extracellular loops closing over the pjutations G286C (loop 1), W362C (loop L), and W434C
binding site after the binding of sideropherBe, and the  (1o0p L) affected the binding of the metal-free siderophore
second consists of the plug closing the barrel and access tqg, FpvA, and mutations W434C, S603C, and G701C affected
the periplasm. _ ~ the Pvd-Fe transport and Pvd production. The FpvAW434C

The opening of the second gate involves a change in theand FpyAG701C mutations decreased the amount of-Pvd
conformation of the periplasmic N-terminal region of the ssgq incorporated into the cells whereas FpvAS603C in-

transporter (the TonB box), indicating to the TonB machinery creased the amount incorporated, using the wild-type strain
that the OMT is loaded with a sideropherEe complex and 55 3 reference.

ready for uptakeX). The interaction between the OMT and

the TonB machinery must induce a major change in the MATERIALS AND METHODS

conformation of the transporter, opening a channel (second

gate). It was initially thought that there were too many  Bacterial Strains, Plasmids, and Growth Mediall
interactions between the plug and the inner face of the barrelenzymes for DNA manipulation were purchased from
for complete removal of the plug from the barrel. However, Fermentas and used according to the manufacturer’s instruc-
recent single-molecule unfolding experiments in the context tions. Escherichia colistrain TOP10 (Invitrogen) was used
of OMTs have suggested that TonB, by exerting a very as a host strain for all plasmid constructions. Site-directed
modest mechanical force upon the OMT, could drive large mutagenesis was facilitated by amplifying tipeA gene by
conformational changes or unfolding of the plug domain PCR, usingPfx polymerase (Invitrogen) and pPVR237),
during siderophoreFe uptake 22). Moreover, in all OMT ~ Which carries thépsA gene on a 4.6 kSpH fragment, as a

structures, the plug domain is highly solvated by water template. The primers used were AEI255-@GGATCCA-
molecules within the barrel. These solvating water molecules CACCGGCCGCATCAGCGAAACCGCGAACAACATCC-

may function as a lubricant, decreasing the energetic cost of3) and AEI256 (>AAGCTTATCGAGGGGCAGGCGCGT-

the movement of the plug within the barr@3j. At last, a ~ GAGTCGTTGCTGCTC-3, which contain aBanHI and
residue on the normally buried surface of the N-domain of Hindlll site (both underlined), respectively. Primer AE255
FepA was recently labeled by fluorescein maleimide in the binds 1099 bp upstream from the ATG start codon, and
periplasm, providing evidence that the transport processprimer AE256 binds 1042 bp downstream from the TAA
involves expulsion of the globular domain from théoarrel ~ stop codon. The resulting 4.6-kb PCR product was inserted
(24). into pCR4BIlunt-TOPO (Invitrogen) according to the manu-

Binding and iron uptake assays with Pvd analogues havefacturer’s instructions, resulting in pTOPO-FpvA.

shown that the opening of the second gate results in the Mutagenesis was carried out with the QuickChange XL
formation of a large channel, because the succinyl moiety Site-Directed Mutagenesis Kit (Stratagene), according to the
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manufacturer’s instructions, using pTOPO-FpvA as the measured every second. The same experiment was repeated
template. The oligonucleotides used for site-specific mu- in the absence of ferric-Pvd.

tagenesis are the following:-5TCGAACTGGGCGCG- For the experiments carried out in the presence of urea,
GCAGTTGGGACAATTAC-3 for G286C mutant, 5 purified FpvA receptors were incubated in 50 mM Tris-HCI
CCCAAGGGATCGGGCTEAGGEGCAGCTTCCCG-3for pH 8.0, 1% octyl-POE and in the presence of increasing
W362C mutant, SGCGATCATGGGCGACTACCTG- concentrations of urea for 1 h. The excitation wavelength
CACCGGACAAC-3 for W434C mutant, SAGTTGG- was set at 290 nm, and fluorescence emission was measured
TATCGCGACTGCAGCAACAAGCTGCTC-3 for S603C from 310 to 550 nm.

mutant, and 5SGACCTACTACACCAACATATGTTTCTA- Time-Resaled Fluorescence Measuremerisiorescence
CACCTCGGCATCC-3for G794C mutant (mutated DNA  intensity and anisotropy decays of Pvd bound to the purified

bases are shown in italics). Cysteine mutagenesis wasyjd-type FpvA and its mutants were obtained from the
accompanied by the introduction of silent base modifications, pojarized components,(t) andlu(t) by the time-correlated
resulting in novel restriction sites (underlined) to facilitate  single-photon counting technique. We used a blue diode laser
screening for the correct mutations. All mutations were | pH400 (maximum emission at 392 nm) from Picoquant
confirmed by sequence analysis. The mutant FpvA proteins (gerlin-Adlershof, Germany), operated at 10 MHz. The
were produced irP. aeruginosaby excising the mutated  fiyorescence emission wavelength was selected with a single
fpuA genes from the pTOPO-FpvA vectors wianHl and - monochromator (Jobin Yvon UV-H10, bandwidth 8 nm). A
Hindlll, and ligating them into the corresponding sites of Hamamatsu fast photomultiplier (model R3235-01) was used
PMMB190 (38), yielding pMMB-FpvA(mut) (where mut  for detection. The instrument response functier5Q0 ps)
denotes the mutation). These plasmids were transferred byyas monitored using a sample scattering at the emission
conjugation into the\fpyA mutant K437 89), using pRK2013  \yavelength. Time resolution was20 ps. Each experimental
as a helper plasmidi(). decayl.(t) andln(t) was stored on a 2K plug-in multichan-
The iron-deficient succinate minimal medium used in these nel analyzer card (Orter Trup-PCI 2k, Ametek France), using
studies has been described elsewhéye B broth (Lennox) Maestro-32 software. Data were sampled automatically,
and LB broth agar medium were used as rich medium in all under microcomputer control. The instrumental response
experiments; both were purchased from Difco. All media function was evaluated automatically every 5 min, by
were supplemented with the relevant antibiotics at the measuring the scattering of a glycogen solution over a 30 s
following concentrations: tetracycline (50y/mL), carbe- period at the excitation wavelength, alternating for 90 s with
nicillin (150 ug/mL), and ampicillin (10Qug /mL). the parallel and perpendicular components of the polarized
Pud Production. The strains were grown overnight in  fluorescence decay, until a total of several million counts
succinate mediunsj at 29°C. The amount of Pvd produced had been reached for fluorescence intensity decay. Samples
was estimated by monitoring absorbance at 400 nm in the Were contained in microcuvettes (120).
extracellular medium, using the extinction coefficient of Pvd ~ Fluorescence intensity decay was analyzed as a sum of
(e = 19000 M1). exponentials|(t) = > a; exp(—t/z;), whereq, is the normal-
s5Fe Uptake in P. aeruginosa ATCC 15695Fe uptake |zed_amplltude and; the lifetime of intensity decay, by the
assays with the various mutants of FpvA were carried out maximum entropy method. MEMSYS 5 (MEDC Ltd., U.K.)

as previously described{). The cells were prepared at an was used as a library of subroutines. Sets of 150 lifetime
optical density at 600 nm of 0.5 in 50 mM Tris-HCI (pH values, equally spaced on a log scale, were used. Fluores-

s ; isotropy decays were analyzed classically as a sum
8.0). The final concentrations of Py{F5Fe] complex were ~ C€Nce aniso :
0.5 uM. The mixtures were stirred at 2L during 30 min of exponential term#\(l)= 3 5; exp(~t/6)) where; is the

and filtered afterward on 0.4m porosity filters (Microsep anisotro_py a_nd?i the rotational correlation time. Sets of 100
France), presoaked in a 0.1% solution of polyethyleneimine. correlation time values, equally spaced on a log scale, were

. : ; ; ; d. For the experiments in the presence of Kl, a stock
Each filter was rapidly washed twice with>32 mL of Tris- used . '
HCI 50 mM pH 8.0 and the radioactivity counted. solution ¢ 5 M KI containing 0.1 mM Ng5;0s was used.

Steady-State Fluorescence Spectroscdgiyorescence RESULTS
resonance energy transfer (FRET) experiments were per-
formed with a PTI (Photon Technology International Time-  Site-Directed Mutagenesis offfy and Insertion of Mutant
Master, Bioritech) spectrofluorometer. In all experiments, the Proteins into the Outer MembranéVe investigated the
sample was stirred at 2& in a 1 mLcuvette, the excitation ~ molecular mechanisms involved in the biological functions
wavelength was set at 290 nm, and fluorescence emissiorof this transporter by introducing a set of six unique single
was measured at 447 nm. We studied the kinetics of iron cysteine mutations, all located in the extracellular loops, into
uptake, as previously describetil( 12, 21). The cells were FpvA (Figure 2). The mutated residues were chosen before
grown overnight as described above at an optical density atthe FpvA structures were solved, based on sequence align-
600 nm of 0.5-0.7. The cells were then pelleted, washed 4 ment with FhuA and using the FhuA structure. Only one of
times with an equal volume of fresh medium, and resus- these mutations involved a residue of the Pvd or Pve
pended in 50 mM Tris-HCI (pH 8.0) at an optical density at binding site (W362C). Cys mutations were introduced in
600 nm of 2. The bacterial suspension (945 was stirred order to label these residues in a next step, with fluorescent
at 29°C in a 1 mLcuvette. Five microliters of ferric-Pvd ~ probes or spin markers (EPR studies) for further investiga-
was added to the 995L of bacterial solution, to obtain a  tion.
final concentration of 0.3 or 0.6M ferric-Pvd. The decrease The cysteine FpvA mutant sequences were inserted into
in fluorescence at 447 nm (excitation set at 290 nm) was the broad-host range expression vector pMMB190 and
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FIGURE 2: Crystal structure of FpvA at 3.6 A, highlighting (in
spacefill to assist visualization) the mutated residues in the
extracellular loops. Th@-barrel and the plug domains of FpvA
are colored respectively in gray and in yellow, and the siderophore
Pvd is colored in red.

B.
Ficure 3: Expression and localization of the different FpvA

; mutants. A. Immunoblot analyses of total cell. Cells from strains
trar)sfer][edAtcAfva K437 Straén' Ir;] these C?nsftrﬁqs’ the P. aeruginos®AO1, K437 AfpvA), and K437 harboring plasmids
variousfpyA mutants were under the control of their own  ,\mMB190 with the mutatedipyA gene were cultured overnight in

promoter, and their expression was thus induced in iron- jron-deficient succinate medium and analyzed by SPAGE
limited conditions. Outer membranes isolated from all these followed by Western blotting and immunodetection using polyclonal

cells were analyzed for FpvA levels and distribution, by FPVA-specific antiserum. B. Coomassie stained SBBGE of

: : outer membrane proteins prepared from cellsPofaeruginosa
SDS-PAGE and Western blotting (Figure 3). FpVA levels PAO1, K437 AfprA), and K437 harboring plasmids pMMB190

were similar to or higher than those in the wild-type strain yith the mutatedpvA gene. The position of FpvA is indicated with
PAO1, and the mutated transporter was correctly targetedan arrow.

to the outer membrane. Cell growth was not affected by these
mutations (data not shown). When pMMB190 constructs ¢, ent (Table 3) were compared, for each of the six

encoding these lcloned receptors were tr ansferred into utations, with the data previously obtained with the wild-
AfpvA APvd strain, no detectable expression c_>f FpvA was type purified FpvA-Pvd complex 21).
observed unless Pvd was added to the medium (data not Only three (FpvA(G286C), FpvA(W362C), and FpvA-
shown). (W434C)) of the six mutations affected the Pvd-binding
In order to evaluate the effect of the mutation on the properties of the transporter (Table-3). For FpvA(W362C),
stability of FpvA, purified receptors were incubated in the g mutation in the close neighborhood of Pvd, the fluorescence
presence of increasing concentrations of urea and theintensity decay of the chromophore became more heteroge-
fluorescence of Trps was monitored (Figure 4). The fluo- neous, with an additional short lifetime compared to the wild
rescence of Trp residues depends on the environment of tthpe (Tab|e _‘]_) We previous|y Showed]_o that the Pvd
residue. If during denaturation a Trp residue leaves the fluorescence intensity decay was sensitive to pH which
hydrophobic core of the protein and is exposed to water, affected the protonation state of the catechol group. We
both the wavelength and the intensity of the fluorescence syggested, according to the similarity between the Pvd
will be changed. Denaturation of the protein started with 4 fluorescence decays at pH 4 and bound to FpvA, that the
M urea for wild-type FpvA and for all the mutants except catechol of Pvd bound to FpvA was either protonated or
FpvA(W362C) and FpvA(G701C), which were apparently H-bonded to protein groups of the binding site. In agreement
slightly more stable (denaturation started with 6 M urea) with this hypothesis, the 3D structure of the FpvRvd
(Figure 4B). None of the mutations introduced in FpvA had complex showed later on that the OH functional group of
a dramatic effect on the protein stability. the catechol was in fact H-bonded to the side chain of Arg204
Effects of the Mutation on Iron-Free:®@ Binding. In and Tyr796 9). The pattern of the fluorescence intensity
conditions of iron limitation, large amounts of Pvd are decay of Pvd bound to the W362C mutant suggested a larger
produced byP. aeruginosastrains (200 mg/L). Since FpvA  heterogeneity of H-bonded states of the Pvd chromophore
is able to bind metal-free Pvd with an affinity of 7 nM, in the mutant, compared to its full H-bonded state in the
apparently all FpvA receptors at the cell surface are loadedwild-type receptor. The replacement of the W362 indole side-
with metal-free Pvd in the absence of iroh2( 42). The chain with the less bulky cysteine thiol group provokes likely
purified FpvA—Pvd complex has been characterized by time- changes in orientation and/or distances of the amino acid
resolved fluorescence spectrosco®l)( We used this side-chains in interaction with the Pvd catechol. This
technique here to study the effect of the mutations on the mutation affects also the fluorescence anisotropy decay which
ability of purified FpvA to bind and interact with metal-free reveals a larger mobility of Pvd in the FpvA(W362€pvd
Pvd. The fluorescence properties of Pvd in its binding site complex characterized by a faster rotational correlation time
(Table 1), its mobility (Table 2) and accessibility to the and a larger semi-angle of rotation compared to Fp¥?&d
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Table 1: Time-Resolved Fluorescence Emission Parameters (Excited-State Lifetinte Their Amplitudesy) of Pvd Bound to FpvA or
Mutated FpvA

sample 71 (NS) 72 (NS) 73 (NS) 74 (NS) oL o o3 ol zOns)
FpvA 6.89+ 0.03 1.86+0.19 0.26+0.11 0.66+ 0.08 0.11+0.04 0.26+0.12 4.65+0.67
FpvA(G286C) 6.99+ 0.04 2.28+0.96 0.60+0.30 0.58+ 0.02 0.17+£0.02 0.25+-0.01 4.57+0.35
FpvA(W362C) 6.8 0.09 2.56+0.39 0.73:0.14 0.17+0.01 0.44+0.07 0.11+0.04 0.24+0.02 0.22+0.12 3.32:0.29
FpvA(W434C) 6.66+ 0.17 1.37+0.10 0.20+0.01 0.65+0.01 0.26+ 0.03 0.09+0.01 4.71+0.12
FpvA(S603C) 6.76+ 0.03 1.69+ 0.07 0.18+0.02 0.66+ 0.03 0.07+£0.01 0.27+0.04 4.60+ 024
FpvA(G701) 6.73t 0.01 1.84+0.01 0.18+0.01 0.61+0.01 0.08+ 0.01 0.31+0.01 4.30+0.01
FpvA(G794C) 6.72:0.02 1.84+0.19 0.16+0.01 0.56+ 0.02 0.06+0.01 0.38+0.02 3.90+0.15

aMEM analysis was performed on the fluorescence inter&ifyreconstructed from the parallel and perpendicular polarized compohghtYs
and () such asS(t) = lw(t) + 2Glw(t) = fooi(z) exp(-t/n) dr, wheret; is the excited-state lifetimeqi(zi) is its normalized amplitude
distribution, andG is a correction factor accounting for the difference in transmission of,{ft¢ andl,n(t) components. The mean lifetinié(lis
calculated astJ= };oi7i. Standard deviations for-34 measurements are shown. Excitation wavelength: 392 nm. Emission wavelength: 450 nm.

Table 2: Fluorescence Anisotropy Decay Parameters of Pvd Bound to FpvA or Mutated FpvA

sample 01 (ns) 6, (ns) ot f2 wmax (deg)
FpvA 34+19 116+ 15 0.003+ 0.003 0.373+ 0.009 11+ 2
FpvA(G286C) 0.6 0.2 99+ 3 0.022+ 0.007 0.31H0.09 20+ 4
FpvA(W362C) 0.38t 0.02 116+ 4 0.043+ 0.005 0.276+ 0.007 28t 1
FpvA(W434C) 0.45+ 0.01 134+ 3 0.049+ 0.008 0.298+ 0.003 25+ 1
FpvA(S603C) 1.® 05 136+ 6 0.016+ 0.004 0.38A- 0.003 9+ 2
FpvA(G701C) 0.8 04 142+ 3 0.018+ 0.02 0.388t 0.006 8+ 2
FpvA(G794C) 0.4+ 04 141+ 15 0.018+ 0.006 0.37A 0.005 11+ 1

aThe fluorescence anisotropy is assumed to be described by a sum of expone(tiasfl(t) — Glun(®))/[Iw(t) + 2Gln(t)] = Si6i expt/0;).
G is a correction factor accounting for the difference in transmission of.{t andl.(t) components. Thé; andg; coefficients are respectively
the values of the center and partial anisotropy of each rotational correlation time peak. The wobbling-in-cong.angs calculated fromyf/r]
= [(1/2)cosmwmaf1 + coswmay]? (47), using a value of the intrinsic anisotropy of 0.394, measured in vitrified medium (glycerol 75% w/w at
—50 °C) (21). Excitation wavelength: 392 nm. Emission wavelength: 450 nm.

subnanosecond motionmax With respect to the wild-type

Table 3: Stera-Volmer lodide Quenching Parameters e
receptor (Table 2). The accessibility of Pvd to the solvent

-1

sample Ksv (M7 v (ns) ka (S) was also greater for this mutant than for the wild type, as
IF:’VdAPH4 01-295’ é3-8252 z igj shown by the higher bimolecular quenching constant for
ngA(GZSGC) 070 6.9 T 10 iodide (Table 3). A larger opening of the Pvd binding site is
FpvA(W362C) 0.57 6.87 & 107 likely in this FpvA(W434C) mutant.
FpvA(W434C) 0.55 6.79 & 107 G286 is located at the C-terminal end ®&trandp1 of

3K is the Sterr-Volmer constant given by the slope of the linear the-barrel, far from the Pvd binding site. The fluorescence
plot z./z versus [I] (71 andt are the excited-state lifetime values in  intensity decay of the chromophore was not affected in
the absence and in the piresence afispectivelyk is the blmolecular FpVvA(G286C) (Table 1), indicating that the major interac-
quenching constantky; = KsJ/71. Excitation wavelength: 392 nm. . . .
Emission wavelength: 450 nm. tions of the fluorescent r_lng,_and of the catechol group in
particular, are preserved in this mutant, whereas they are not
in the W362C mutant. However, fluorescence anisotropy

(Table 2). This mutation induces also a higher accessibility - ) "
of Pvd to the solvent, assessed by a value of the bimoleculardecay and accessibility to the water-soluble quencher K with

. g ) RS this mutant differed from those for the wild-type FpvA
quenching constar, of iodide twice as high in this mutant . S
as in the wild-type receptor (Table 3). In FpwRvd, W362 Pvd complex. In this mutant, Pvd was significantly more

is close to a hydroxamate group of the Pvd octapeptide mobile in its binding site, as shown by the higher value of
moiety, and may therefore be involved in FpvRvd the semi-anglemax of the wobbling-in-cone rotation (Table

stabilization 2). It was also more solvent-accessible, as shown by the

) . higher value of the bimolecular quenching constant in these
WA434 is located in Ioopj,wl_O_Afrom the Pvd molecule,  mants than in the wild-type transporter (Table 3).
and contributes to loop stability through van der Waals

interactions with the surrounding residues of loop. L
Consistent with the large distance between the mutation and\’ ! ; ; : :
the fluorophore in the FpvA(W434C) mutant, the interactions nificant change in fluorescence intensity decay or anisotropy
of the catechol with the groups stabilizing the Pvd molecule decay was observed (Tables 1 and 2).

in the receptor binding site are almost unaffected as assessed Effects of the Mutations on:eé—Fe Uptake.We inves-

by the slight change in Pvd fluorescence intensity decay: atigated the iron-transporting abilities of the six mutants, using
greater contribution of the intermediate lifetime and a lesser either>*Fe or FRET. The relative amounts ¥Fe acquired
contribution of the shortest lifetime were generally observed by the cells were compared (Figure 5). FpvA(G286C), FpvA-
(Table 1). The influence of this mutation on the mobility of (W362C), and FpvA(G794C) transported similar amounts
the bound Pvd was, however, far from negligible, as shown of iron to the wild-type FpvA over the 30 min incubation
by the doubling of the semi-angle of the wobbling-in-cone period. FpvA(W434C) (loop }) and FpvA(G701C) (loop

For the other three mutations in the extracellular loops
(FPVA(S603C), FpvA(G701C), and FpvA(G794C)), no sig-
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FicUrRe 5: Pvd-mediated®Fe uptake byP. aeruginossPAO1 and
K437 (AfpvA) expressing mutant FpvA receptors. Cells cultured
in the absence of iron were washed and resuspended at g OD
of 0.6 in 50 mM Tris-HCI (pH 8.0) and incubated in the presence
340 L ] of 0.5uM Pvd—5%Fe at 30°C (white) and at 0C (black). Incubation

was stopped after 30 min; the cells were washed and harvested on
filters. Data are the means of triplicate experiments.

tion compared to PvdFe (14). These typical FRET signals
were observed for FpvA(W362C) and FpvA(G794C) (Figure
A 6B), indicating that these transporters, despite their mutation,
could still undergo loading with PvéFe, transporting this
' ' ' ' ' complex into the periplasm. The metal was then released
and free Pvd was recycled on the transporters.
B. Urea (M) For FpvA(G286C) and FpvA(S603C) (Figure 6C), this
Ficure 4: A. Evolution of the intrinsic Trp emission spectrum of  signal was characterized by larger amplitudes for the
wild-type FpvA as a function of urea concentration (0 M urea (black f|,orescence intensity of the recycling step than for the first

line), 1 M urea @), 8 M urea ) and 10 M urea4)). B. Evolution . . .
of the intrinsic Trp emission of fluorescence for all the mutants as step. As the amplitude of FpvAPvd—Fe formation (first

a function of urea concentration. The experiment has been carriedStep) was similar to that for formation of the equivalent
out with wild-type FpvA @), FpvA(G286C) #), FpvA(W362C) complexes with FpvA(W362C) and FpvA(G794C) (Figure

(W), FpvA(W434C) ©), FpvA(S603C) ¢©), FpvA(G701C) ), 6B), the larger amplitude of the second step may be due to

FpvA(G794C) p). Purified FpvA and mutants (1Qog/mL) were i
incubated in 50 mM TrisHCI pH 8.0, 1% octyl-POE and in the more efficient FRET for FpvA-Pvdec, due to a more
favorable conformation of the transporter.

presence of increasing concentrations of urea (0 to 10 M). The
excitation wavelength was set at 290 nm. Finally, a third type of fluorescent signal was observed

for FpvA(G701C) and FpvA(W434C). Only the first part of

Lg) accumulated 20% and 60%, respectively, [B5& than the fluorescent signal, the decrease in fluorescence was
the wild type. In contrast, FpvA(S603C) (loop)Lseemed observed (Figure 6D), indicating that these transporters were
to transport PvetFe more efficiently than the wild type, as  loaded with Pve-Fe, but that no recycling occurred, even
70% more>Fe was incorporated. after 2 h (data not shown). This may be due to an FpvA

We used FRET analysis, with the Trp residues of FpvA, transporter blocked in its Pvt-e-loaded form being unable
to follow the complete PvelFe uptake cycle in the mutants. to transport PveFe into the periplasm. Alternatively, Pvd
The typical fluorescence signal for iron uptake via Pvd in Fe may be transported into the periplasm and iron released
P. aeruginosawhen excited at 290 nm and monitored at from the siderophore, but the mutated transporter may not
447 nm, displays two steps: a decrease of fluorescencebe able to recycle Pvd or to bind recycled Pvd. Moreover,
corresponding to the formation of FpvAvd—Fe upon the  the kinetics of FpvA-Pvd—Fe formation for FpvA(W434C)
addition of Pvd-Fe; and a subsequent increase correspondingand FpvA(G701C) are slower than those for wild-type FpvA.
to the recycling of Pvd on FpvA (formation of FpvAPvdec) Equilibrium was reached after more than an hour for FpvA-
(Figure 6A (L3, 14)). During the second step, the fluores- (W434C) and FpvA(G701C) (Figure 6D) and within 10 min
cence always returned exactly to the same level as that befordor wild-type FpvA (L3) and the other four mutants (Figures
the addition of PvetFe, indicating that all the FpvA receptors 6B and 6C). Moreover, for FpvA(W434C) and FpvA-
were loaded again with iron-free recycled Pvd. In the (G701C), the binding trace was clearly a composite of at
presence of saturating concentrations of Pkd, the time least two kinetics parameters, indicating that binding occurred
course is monophasic (Figure 6B), indicating that all of the in at least two steps. The first step is a rapid process, taking
receptors remained loaded with Pvile and that recycled place in the course of a minute or so. It represents about
or newly synthesized Pvd molecules were unable to bind to half of the FRET and probably corresponds to the binding
the receptor, probably because present at a lower concentraef Pvd—Fe to the transporter. The dependence on-hel
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Ficure 6: Iron uptake followed by FRET. Panel A shows the typical fluorescent signal obtained with strains expressing wild-type FpvA.
The Pvd-producing, FpvA-overproducing K691(pPVR2) cells were washed and resuspended gi@of @ 50 mM Tris-HCI (pH 8.0)

and incubated at 2%C. After the addition of 0 nM (black line), 25 nM)), 50 nM (), 100 nM @), 250 nM () of Pvd—Fe, the variation

in fluorescence at 447 nm (excitation set at 290 nm) was monitored by measuring the emission of fluorescence at 447 nm every second for
30 min (14). Panels B, C, and D: Cell$ppA(W362C), panel BfpvA(G286C), panel CipvA(W434C), panel D) cultured in the absence

of iron were washed and resuspended at arg®@f 2 in 50 mM Tris-HCI (pH 8.0). We then added 300 nk,(panels B, C, and D) or

600 nM Pvd-Fe @, panels B, C, and D), and monitored changes in fluorescence at 447 nm (excitation at 290 nm). The experiments were
repeated in the absence of cells (black line, panels B, C, and D). For the other three mutants, the observed kinetics were similar to those
presented in panels B, C, and D for FpvA(G794C), FpvA(S603C), and FpvA(G701C), respectively.

concentration of this first step for FpvA(W434C) and FpvA- DISCUSSION
(G701C) indicates that these two mutants probably have a

lower affinity for Pvd-Fe than wild-type FpvA. The second . Ve previously used the fluorescent properties of Pvd to
step took about half an hour, and its biological significance nVestigate the mechanism of iron uptake by the FpvA/Pvd

is unknown but may correspond to a change of conformation p‘?‘thw_ay- We used this appro_ach again in t_his StUdY' together
of the transporter. The data obtained for FpvA(W434C) and W'th S|te-d|rgcted mutagenesis on FpvA. Six mutations were
FpvA(G701C) are consistent with a simple kinetic pattern introduced into the extracellular loops of FpvA (Figure 2)
involving the binding of PvéiFe to the FpvA receptor ' to facilitate identification of the extracellular loops or parts
followed by isomerization to stabilize the rate. A similar of these loops involved in the various steps of PFe

kinetic sch h ready b et din vi uptake. None of the mutations affected the export of the
INetic scheme has already been repofedtro andin vivo transporter in the outer membranes (Figure 3) and its stability
for FpvA in the absence of TonB activatiohl). However,

. . o (Figure 4). Among the six mutations, only one mutation
the amplitude of the 1_‘|rst kl_net|c co_mponent_represented about(G794C located on loop1k) gave the wild-type phenotype
90% of the FRET signal in previous studies. for Pvd production, siderophore binding, and iron uptake
Effects of the Mutations onJé Production.In addition (Table 4). This mutation had no apparent structural conse-
to transporting PvetFe, FpvA also plays a critical role in  quences for PvdFe binding and transport, even though
controlling the expression dpvA and of genes relating to G794 was followed by Phe795 and Tyr796, both of which
Pvd biosynthesis, through a regulatory cascaZi®). (The are involved in the Pvd binding pocket. The other five
G286C, W362C, and G794C mutants produced similar mutants had phenotypes different from that of the wild type
quantities of Pvd to the wild type. The W434C, S603C, and (Table 4).
G701C mutants produced 20% less Pvd. This Pvd production Metal-Free Rd Binding.FpvA, like FptA (the pyochelir
was estimated using the absorbance of this siderophore aFe OMT in P. aeruginos FhuA, and FecA (the fer-
400 nm @). richrome-Fe and citrate Fe OMTSs, respectively, i&. coli),
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residue, such as glycine, by a cysteine residue could modify

Table 4: Summary of the Data Presented in This Work - ’
the structure around the mutated site. The G286C mutation

Pvd Pvd  Pvdmotion Pvd-®Fe  Pvd/Pvd-Fe causes steric hindrance, due to the presence of a nonpolar
Mutations  production  binding uptake  exchange hydrophobic cysteine sulfhydryl group, potentially disturbing
G286C-L,  Wiphen [ alioced] [moemobile] Wiphen  Wiphen interactions between th#& andf», strands. This region and,
" indeed, this residue may therefore be important for the correct
WSe2CTTa N plieni| affected W) more mobile |RNHEEpHERTNIT e, ‘ folding of FpvA. Moreover, theSz; and 22 strands are
W434C-Ly 20% affected | | more mobite | | -20% | affected | connected ,by loop 4, WhiCh, antair_'s the Phe,7_95,and
Tyr796 residues of the Pvd binding site. Destabilization of
S603C-Ly | -20% WT-phen.  WI-phen F10% WT-phen. the 2, strand due to the G286C mutation may slightly disturb
cmcr, | 2|  wrphem  Wrphen o m the interactions bet\_/veen Phe795, Tyr796, and P\_/d. In FpvA-
(G286C), the protein may be slightly misfolded in the area
G794C-L,,  WT-phen  WT-phen.  WT.phen  WT-phen  WT-phen. surrounding loop ki, resulting in Pvd being less tightly

: — bound to its binding site. However, this misfolding cannot
“ The gray box corresponds to the only mutated residue within the he particularly severe, as this mutant transpoffée as

siderophore binding site. The squares indicate the modified phenotypes. . _. . . . -
Pvd production was monitored by UV fluorescence assays in the efficiently as the wild type (Figure 5) and as it has a stability

extracellular medium. Pvd binding and motion in the FpvA mutants IN Urea equivalent to wild-type FpvA (Figure 4).
were studied by various techniques based on time-resolved fluorescence Pvd—Fe Uptake Time-resolved fluorescence spectroscopy
g}izchSCOPy (T?blesifg. PV?I—SSFﬂe up3tgke_co(r'£¢spong§ t'g,th'fl F‘};d " could not be used to investigate the properties of -Fvel
€ incorporation In the CEls after 59 min (FIgure o). FInally PVl hinding to FpvA, because Pwdre is not fluorescent.
f Vd_Fﬁ exchange was followed by FRET (Figure 6). WT-phen.: wild- Howe\?er info?mation about the effect of the mutations on
e enotype. ’

e P e Pvd—Fe binding properties and uptake irffo aeruginosa

) . o cells could be gleaned from the iron uptake data. FpvA-
binds the apo and ferric forms of its siderophore at the same 2g6¢) (loop L), FpvA(W362C) (loop L), FpvA(S603C)
site. This property seems to be common to many siderophore(|00p L,), and F,va(G794C) (loop L) Hisplayed S5F@
OMTs and to hemoprotein OMTSs, such as HasB)(  jncorporation at least as efficient as that with the wild-type
According the time-resolved fluorescence spectroscopy stud-vaA (Figure 5). All four mutants completed at least two of
ies presented here (time-resolved fluorescence emissionye major steps involved in PvdFe uptake: exchange of
parameters (Table 1), fluorescence anisotropy decay parampyq for pvd-Fe on the FpvA binding site (decrease in
eters (Table 2), and iodide quenching parameters (Table 3)) i ,orescence in Figures 6B and 6C) and recycling of Pvd on
the binding of metal-free Pvd to FpvA was affected in three A after iron release (increase in fluorescence in Figures
mutants: G286C, W362C, and WA434C. Only the W362 in gp anqd 6C). The kinetics of these two steps were the same
loop Ls belongs to the Pvd binding site. This residue is o these four mutants and for wild-type FpvA. However,
located very close to Pvd, withi4 A (9, 10). G286 is in the higher-amplitude FRET signals were observed for FpvA-
L, loop, fa;:\from the Pvd moiety, and W434 is in the L 5603C) (loop 1) and FpvA(G794C) (loop L) (Figure 6C).
loop, ~10 A from the Pvd chromophore. For these three Thg conformation of FpvA loaded with recycled Racgh
mutations, the iron-free siderophore was less tightly bound (FPVA—PVecye) must be slightly different for these two

to its binding site and it was also more mobile and more 1, iants; such that the efficiency of FRET between the Trp
solvent accessible than with wild-type FpvA. Moreover, for ociques of FpvA and the Pvd chromophore is higher.

FpvA(W362C), an additional fluorescence lifetime was |nterestingly, the replacement of W362 by an alanine residue
observed, indicating that this mutated FpvA and the chro- compromises Pve5Fe binding and uptaketd), whereas
mophore moiety of Pvd differed from those for the wild- i replacement by a cysteine residue had no effect.
type FpvA-Pvd complex. These data are not surprising 4, FpvA(G701C) (loop ) and FpvA(W434C) (loop 4),
because W362 is part of the siderophore-binding site. which incorporated smaller amounts $fFe than the wild
W434 affects the apo-siderophore binding (Tables3)L type, only a decrease in fluorescence corresponding to the
This residue, which, unlike W362, does not interact direCtIy formation of vaA—Pvd—Fe was observed, with no Pvd
with Pvd, is located in loop Land helps to stabilize the  recycling on FpvA (Figure 6D). These mutants were loaded
conformation of this loop as observed in the crystal structure with Pvd—Fe, but the loading kinetics were very different
(9, 10) The bU”(y W434 side chain interacts with several from those for the W||d_type receptor: slower, Pyde
atoms of the surrounding residues in loap and the W434C  concentration-dependent and biphasic, with a fast first step
mutation strongly decreases the steric constraints imposedand a slower second step. Previous binding studies of-Pvd
by this indole ring. This substitution may increase the Ga to wild-type FpvA have shown also biphasic kinetics:
flexibility of loop L. Residues of thes; and s strands  the bimolecular step (association of the ligand with the
connected by loop 4 are involved in binding Pvd. The  receptor) was followed by a slower step that presumably led
W434C mutation may therefore have an effect on the to a more stable complex (). The most likely explanation
conformation of loop L and, therefore, on the conformation  for this second step is that the binding of the ligand to the
of the siderophore binding site and its interaction with metal- wild-type FpvA (11) or to the FpvA mutants (present study)
free Pvd. induces a conformational change of the transporter. Further
G286C is the last residue of strafid and is located far  studies will be necessary to elucidate if this second step in
from the Pvd binding site. Strangh interacts with strand  the binding kinetic corresponds to a change of conformation
P22, the lasiB-strand of the barrel. Interactions between these of some extracellular loops. Since the kinetics in Figure 6D
two f-strands close the barrel. The replacement of a nonbulky were slower compared to the other kinetics presented in
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Figure 6, these data suggest also that FpvA(G701C) and Does this two-gated system also work with the binding of
FpvA(W434C) have lower affinity for PveFe. Following apo-Pvd? Interestingly, two of the residues (S603 and G701)
loading of the mutated FpvA with PveFe, transport  apparently involved in closing the first gate during Pk
occurred, but less efficiently than for the wild type, as less uptake had no effect on the apo-Pvd binding (Table8)1
Pvd—55Fe was incorporated into the cells (Figure 5). Surpris- The structure analyses of FpvA loaded with Pvd or Pké
ingly, absolutely no Pvd recycling on FpvA was observed (9, 10) and FecA loaded with apo-dicitrate or ferric-dicitrate
(Figure 6D), suggesting either that Pvd recycling involves (16) showed that both forms of the siderophore bind to a
FpvA and these mutants were unable to carry out this processcommon binding site on the transport@r 16, 46). However,
or that Pvd recycling occurs only when all the PJee previous studies have already clearly shown that apo-Pvd
required has been transported into the periplasm. Furtherbinding involves a mechanism very different from that
studies are required to improve our understanding of this involved in binding of the ferric formX(1, 21). Pvd—metal
complex step of Pvd recycling and to identify the precise binds much more rapidly with FpvA than the apo forbi)
step affected by the G701C and W434C mutations. In addition, once bound to FpvA, Pwvdnetal (the experi-
Surprisingly, the S603C mutation increased the amount ments had been carried out with Pv@a) is less accessible
of 5%Fe within the cells. No such phenotype has ever to the aqueous solvent in its binding site than apo-Pvd, less
previously been described for a siderophore OMT. The most mobile, and has an environment less polt)( These data
likely explanation is that S603 (loop7Lmay be important  indicate that Pvetmetal is more trapped in its binding site
for the closing of the first gate and/or the translocation of than apo-Pvd. Since both forms of Pvd have the same binding
Pvd—Fe across FpvA. The replacement of this residue by a site, Pva-Fe or Pvd-Ga can only be trapped in its binding
cysteine may increase the efficiency of Puee uptake. In site because of a change of conformation of some extracel-

FecA, this loop is involved in closing the citrat€e binding lular loops. This change of conformation of the transporter
site before substrate uptakeg]. is apparently absent for the apo Pvd binding to FpvA.
The Two-Gated Systed two-gated mechanism for ferric- The present data, previous time-resolved fluorescence

siderophore uptake involves a change in the conformation spectroscopy studies on FpvRvd—Ga 21), the structures
of the extracellular loops after Pvdre binding to FpvA, of unloaded FecA (the dicitratece OMT in E. coli) and
trapping Pve-Fe in its binding site, followed by the opening FecA loaded with apo- and ferric-siderophoté,(16), and
of the second gate (plug domain). According to the pheno- functional studies on FepA (the enterobaetife OMT in
types observed for the mutants studied here (Table 4), W434.E. coli) (17—19) and FhuA R0) suggest that a two-gated
S603, and G701 must be involved in the opening or closing system controls uptake of sideropheifée. Moreover, in the
of one of these gates. These three residues are located in thease of the FpvA/Pvd system, the two-gated system seems
extracellular loops of FpvA (Lfor W434, L; for S603, and  to work for the ferric form and not for the apo form of the
Lo for G701), suggesting that they probably play an important siderophore.
role in the closing of the first gate (extracellular loops). Pvd Production.The W434C, S603C, and G701C muta-
Glycine is a flexible residue, which can easily accommodate tions decreased Pvd production by 20%. These mutations
its Phi and Psi main chain angles, whereas tryptophan is aalso modified uptake phenotype (decrease in -PVee
bulky residue involved in the geometric constraints of a loop incorporation for W434C and G701C and increase inPvd
conformation in FpvA. In the W434C and G701C mutants, %5Fe incorporation for S603C, Figure 5). Despite the low
either the first gate cannot close or the conformations of loops diminution of Pvd production (20%), a parallel seems to exist
L, and Ly do not allow Pvd-Fe uptake to occur normally.  between PveFe binding and/or uptake and signal trans-
Moreover, other residues of loop nay be involved in Pvd  duction. Interestingly no such parallel seems to exist between
binding, and W434C may simply have an indirect effect on the binding of apo-Pvd and Pvd production. Indeed, the
the conformation of the binding site. W434C mutation affected the apo-Pvd binding and produc-
S603 also seems to be involved in the closing of this first tion, whereas the G701C and S603C mutations affected Pvd
gate, but the S603C mutation increases the efficiency of production but not apo-Pvd binding. These data suggest that
Pvd—-Fe uptake (Figure 5). FpvA may adopt a conformation the binding of Pve-Fe, rather than of apo Pvd, probably
increasing its ability to transport iron. S603 is part of loop induces regulation of the genes involved in iron uptake in
L;. The deletion of this loop in FhuA2Q), FepA 8), or P. aeruginosa
FecA @5 abolishes iron uptake, whereas only a large In conclusion, we have presented here a first characteriza-
movement of loop k and Lg upon binding of the ferric-  tion of the phenotypes generated by the mutations G286C,
siderophore is observed in FecAg). W362C, W434C, G794C, S603C, and G701C (Figure 2).
Based on outer membrane transporter sequence alignment®ur data suggest that W434, S603C, and G701C are involved
and the structures of FhuA, FepA, FecA, FpvA, and FptA, in iron uptake and in the closing of the extracellular loops
the extracellular loops are very specific for each transporter over Pvd-Fe, after binding to FpvA. This closing of the
in terms of sequence and conformation. Almost nothing is extracellular loops does not seem to be involved in the
known about conformational changes in these extracellular binding of metal-free Pvd. The apo and ferric forms of Pvd
loopsin vivo, except that loop {seems to move in FhuA  bind to FpvA via two different mechanisms, as suggested
(20), FepA (18), FecA @5), and FpvA (Table 4 and Figures by previous FRET-based studiekl( 21). Finally, our data
5 and 6) in response to substrate binding. The motion of thealso suggest a parallel between PWE uptake and the
other loops may be more complex and specific to each regulation of Pvd production. Clearly more work will be
transporter, as deletion of the various extracellular loops in necessary to confirm these first data. One of the next steps
FhuA (0), FepA (8), and FecA 45 gave different will be to express these mutants in a Pvd-deficient mutant,
phenotypes. so that these receptors can be labeled with a fluorescent probe
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or a spin marker (EPR studies) to investigate the conforma-
tion changes occurring in these extracellular loops during
Pvd-Fe uptake.
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