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In the uropathogenic Escherichia coli strain F11, in silico
genome analysis revealed the dicistronic iron uptake operon
fetMP, which is under iron-regulated control mediated by the
Fur regulator. The expression of fetMP in a mutant strain lack-
ing known iron uptake systems improved growth under iron
depletion and increased cellular iron accumulation. FetM is a
member of the iron/lead transporter superfamily and is essen-
tial for iron uptake by the Fet system. FetP is a periplasmic pro-
tein that enhanced iron uptake by FetM. Recombinant FetP
bound Cu(II) and the iron analog Mn(II) at distinct sites. The
crystal structure of the FetP dimer reveals a copper site in each
FetP subunit that adopts two conformations: CuA with a tetra-
hedral geometry composed of His**, Met*°, His®’, and His'%’,
and CuB, a second degenerate octahedral geometry with the
addition of Glu*®. The copper ions of each site occupy distinct
positions and are separated by ~1.3 A. Nearby, a putative addi-
tional Cu(I) binding site is proposed as an electron source that
may function with CuA/CuB displacement to reduce Fe(III) for
transport by FetM. Together, these data indicate that FetMP is
an additional iron uptake system composed of a putative iron
permease and an iron-scavenging and potentially iron-reducing
periplasmic protein.

Iron plays a critical role in biological systems; however, the
physicochemical properties of iron dictate cells to develop
sophisticated methods for iron acquisition. This is especially
true for pathogenic bacteria, which have to compete with their
hosts for this important transition metal. Under oxic conditions
and neutral pH values, iron is predominantly in its ferric Fe(III)
form, which precipitates as a hydroxide complex. This limits
free iron availability to ~1 atomolar, whereas cells need about
1 uM of bioavailable iron for growth (1-3).
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To overcome the low availability of iron, most bacteria pro-
duce and utilize siderophores, small organic compounds that
chelate ferric iron. Typically, ferric siderophores are recognized
and transported by receptors in the outer membrane and cog-
nate ABC? permeases (4). Uptake of free iron via non-ABC
permeases of the cytoplasmic membrane is far less studied.
However, the ferrous iron transporting systems FeoABC,
MntH, and ZupT from Escherichia coli and other bacteria have
been identified (2). Recently, an additional bacterial iron uptake
permease, EfeU, was identified that belongs to the OfeT (oxi-
dase-dependent ferrous iron transporter) protein family
(Transporter Classification Database entry 9.A.10.1) within the
iron/lead transporter (ILT) superfamily (Transporter Classifi-
cation Database entry 9.A.10) (5). Members of this group are
best characterized in lower eukaryotes, such as Saccharomyces
cerevisiae, where the transport of ferrous iron by Ftrlp (an
OfeT member) is coupled with the oxidation of the transported
iron by a multicopper oxidase (Fet3p) (6).

Some E. coli strains and other bacterial species (7) harbor a
second ILT-type iron permease that is overall much more nar-
rowly distributed than EfeU (2). The predicted proteins belong
to a subgroup of ILT proteins (Transporter Classification Data-
base entry 9.A.10.2.3) different from OfeT proteins. They are
more closely related to the PbrT protein (Transporter Classifi-
cation Database entry 9.A.10.2.1) involved in Pb(II) resistance
in the metal-resistant bacterium Cupriavidus metallidurans
strain CH34 (8). The gene fetM (locus tag EcF11_1995,
ZP_03035145) from the uropathogenic E.coli strain F11
(genomic sequence NZ_AAJU02000030) has a much longer
open reading frame than efell and is probably part of a dicis-
tronic operon. The 276-residue EfeU protein contains seven
predicted transmembrane helices (I-VII), as is typical for Ftrl-
like ILT proteins, and includes two conserved “REGLE” con-
sensus sequences on helices I and IV that may be involved in
iron binding (9). Conversely, FetM is much longer, with a pre-
dicted size of 646 residues and eight transmembrane «-helices.
The first putative transmembrane a-helix is followed by a 349-

3 The abbreviations used are: ABC, ATP-binding cassette; ILT, iron/lead trans-
porter; LB, Luria-Bertani; TMM, Tris-buffered mineral salts medium; BisTris,
bis(2-hydroxyethyl)aminotris(hydroxymethyl)methane; ACES, N-(2-acet-
amido)-2-aminoethanesulfonic acid; CDTA, cyclohexane-1,2-diaminetet-
raacetic acid; AAS, atomic absorption spectroscopy; ITC, isothermal titra-
tion calorimetry; Cu-FetP, copper-reconstituted FetP; SSRL, Stanford
Synchrotron Radiation Lightsource.
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TABLE 1
Bacterial strains and plasmids used in this study

Strains and plasmids Relevant genotype Reference/Source
E. coli strains

F11 Extraintestinal pathogenic E. coli (ExPEC), fetMP~ Ref. 59

ECA150 W3110 AlacZYA This study

ECA458 W3110 AentC AfecABCDE AfeoABC AmntH AzupT This study

ECA611 ECA458 glmS-Gm This study

ECA612 ECA458 glmS-fetMP-Gm This study

ECA613 ECA458 gimS-fetM-Gm This study

ECAG14 ECA458 glmS-fetP-Gm This study

ECA615 W3110 AlacZYA glmS-fetMp-lacZ This study

XL1-Blue recAl, endAl, gyrA96, thi-1, hsdR17, relAl, supE44, Stratagene (La Jolla, CA)

lac (F¢, proAB, laclqZ_M15, Tnl0)
EC100D™ pir-116

F~ mcrA A(mrr-hsdRMS-mcrBC) ®80dlacZAM15 AlacX74 recAl

Epicentre Biotechnologies (Madison, W)

endAl araD139 A(ara, leu)7697 galll galK A~ rpsL nupG pir-116(DHFR)

BL21 F~ dem, omp, hsdS, (rymy ™), lon™, gal\, DE3 Novagen (Darmstadt, Germany)
Vectors
pGEM®-T Easy Promega (Mannheim, Germany)
pASK-IBA3 IBA (Géttingen, Germany)
pET22b(+) Novagen
pTNS1 Ref. 15
pUC18R6K-mini-Tn7T-Gm Ref. 15
pUC18-mini-Tn7T-Gm-lacZ Ref. 15
Plasmids
pECD967 pGEM-fhuF, Ref. 19
pECD1097 pGEM-fetMp This study
pECD1098 pASK-IBA3-fetM This study
pECD1099 pASK-IBA3-fetP This study
pECD1100 pASK-IBA3-fetMP This study
pECD1101 pET22b(+)-fetP This study
pECD1102 pUC18R6K-mini-Tn7T-Gm-fetMP This study
pECD1103 pUC18R6K-mini-Tn7T-Gm-fetM This study
pECD1104 pUC18R6K-mini-Tn7T-Gm-fetP This study
pECD1105 pUC18R6K-mini-Tn7T-Gm-fetMp This study
pECD1106 pUC18R6K-mini-Tn7T-Gm-fetMp-lacZ This study

residue putative periplasmic domain that is followed by the
remaining 268 residues, which can be aligned with the N termi-
nus EfeU (29% sequence identity, E-value 10~ '°). Thus, FetM
resembles EfeU fused to an N-terminal 39-kDa periplasmic
protein with a potential membrane anchor or leader peptide.

FetP (locus tag EcF11_1994, ZP_03035154), located directly
downstream of fetM, encodes a putative periplasmic protein. A
general relationship between FetP homologues and iron metab-
olism has been reported previously. For example, ChpA from
the marine magnetotactic Vibrio strain MV-1 is required for
magnetosome production (10); P19 from pathogenic Campylo-
bacter jejuni is required for growth under iron limitation (11);
Tp34 (TP0971) from Treponema pallidum is a lactoferrin-
binding protein (12). All three homologs can also form
homodimers and bind either copper or zinc.

In this study, we demonstrate that FetM constitutes a func-
tional iron transport system that is enhanced by FetP. Further-
more, we have characterized the biochemical and structural
properties of FetP, giving mechanistic insight into the potential
role of copper binding in iron uptake.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—Strains and plas-
mids used in this study are listed in Table 1, and primers are
listed in supplemental Table S1. E. coli was grown in Luria-
Bertani (LB) medium (13) or in Tris-buffered mineral salts
medium (TMM, pH 7) (14) containing 2 ml of glycerol and 3 g
of casamino acids per liter with or without additional iron.
Antibiotics (15 pg/ml gentamicin, 20 pg/ml chloramphenicol,
or 125 pg/ml ampicillin), metals, and chelators were added as
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indicated. Reagents used in FetP analysis experiments were the
highest purity available (=99%). All metal ions (as chloride or
sulfate salts), MES, BisTris, and ACES were obtained from
Sigma-Aldrich. Glassware was acid-treated to reduce contam-
ination with iron.

Strain Constructions—To analyze the FetMP system from
uropathogenic E. coli strain F11, single fetMP, fetM, fetP or
fetMp-lacZ chromosomal integrations were generated at the
glmS-linked attTn7 sites of E.coli strains ECA458 (AentC
AfecABCDE AfeoABC AmntH AzupT), ECA150 (AlacZYA), or
E. coli strain F11 as published (15). The complete fet operon or
fetM, including its promoter region (fetMp), was amplified by
PCR from genomic F11 DNA using primer pairs fetMP,,,,,,d/
pGEM fetMPu (for fetMP) and fetMP,,,,,d/pGEM fetMu (for
fetM), and cloned into the pGEM®-T Easy vector. Primer pair
pGEM Delta fetM Ncold/pGEM Delta fetM Ncolu and pGEM-
fetMP as template were used to generate pGEM-fetP. The
JfetMP promoter region was amplified with primer fetMP,,,,,d
and fetMP,,,,,,u and cloned into pGEM vector. Each construct
was subcloned into plasmid pUC18R6K-mini-Tn7T-Gm. The
lacZ gene was amplified by PCR with pUC18-mini-Tn7T-
Gm-lacZ as template using primer pUC18 lacZ Kpnl d
and pUCI8 lacZ Kpnl u for subcloning into pECD1105
(pUC18R6K-mini-Tn7T-Gm-fetMp) to generate plasmid
pECD1106 (pUC18R6K-mini-Tn7T-Gm-fetMp-lacZ). In the
presence of the helper plasmid pTNS1, genes were integrated
into attTn7 sites of the chromosomes of E. coli strains ECA458
(AentC AfecABCDE AfeoABC AmntH AzupT), ECA150
(AlacZYA), and E. coli strain F11.
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Growth Experiments—To produce iron-limited cell cultures
of various E. coli strains, LB overnight cultures were diluted
1:400 in TMM without iron and cultivated overnight at 37 °C
with shaking. Cultures were diluted a second time 1:400 into
fresh TMM without iron. After 2 h of growth at 37 °C with
shaking, cultures were diluted again 1:400 in TMM without
iron and used for further experiments.

For dose-response experiments at different pH values, FeCl,,
FeSO, with 1 mm ascorbate, or cyclohexane 1,2-diaminetet-
raacetic acid (CDTA) was added to iron-limited cultures of
strains ECA611 (glmS-Gm) or ECA612 (glmS-fetMP) in MES or
TMM (pH 5-9). After 16 and 20 h of incubation at 37 °C with
shaking, the turbidity was measured at 600 nm.

For anaerobic dose-response experiments, 0.2% glucose as
the carbon source and FeSO, or FeCl, were added at various
concentrations to iron-limited cultures of E.coli strains
ECA611 (glmS-Gm), ECA613 (glmS-fetM), ECA614 (glmS-
fetP), and ECA612 (glmS-fetMP). Cells were cultivated anaero-
bically for 17 h in Hungate tubes. Growth was measured as
turbidity at 600 nm.

For time course growth experiments, a 1 uMm concentration of
the iron chelator CDTA was added to iron-limited cultures of
the strains ECA611 (glmS-Gm), ECA613 (glmS-fetM), ECA614
(glmS-fetP), and ECA612 (glmS-fetMP). Growth was measured
as Klett units over a time period of 20 h.

Periplasmic Fractionation—Periplasmic fractionation was
performed as published (16). E. coli cells were cultivated until
they reached the mid to late exponential phase, harvested by
centrifugation, and suspended in 0.4 volume of Tris-EDTA-
sucrose buffer (10 mm Tris-HCI, pH 8.0, 0.1 mm EDTA, 20%
(w/v) sucrose) for 10 min at room temperature. Cells were sedi-
mented by centrifugation and suspended in 0.02 volume of ice-
cold 5 mm MgSO, for 20 min at 4 °C. Cells were sedimented by
centrifugation, and the resulting supernatant contained the
periplasmic fraction.

Fur Titration Assays—Fur Titration Assays were performed
as described (17). A high copy number pGEM®-T Easy vector
derivative containing the promoter region of fetMP was trans-
formed into E. coli strain H1717 (18) that harbored a chromo-
somal fhuFp-lacZ fusion. E. coli H1717 transformants were cul-
tivated in LB medium and streaked on MacConkey lactose agar
supplemented with 30 um Fe(NH,),(SO,),. After incubation
for 18 hat 37 °C, the Lac phenotype was recorded. For a positive
control, cells harboring the fhuF promoter region were cloned
in the same plasmid (19).

B-Galactosidase Assays—50 um 2,2’ -dipyridyl, 10 um FeCls,
or 10 uMm FeSO, and 1 mMm ascorbate were added to iron-limited
cultures of E. coli W3110 cells (ECA615) containing a lacZYA
deletion and a single fetMp-lacZ chromosomal integration.
Incubation was continued with shaking for 2 h at 37 °C, and the
B-galactosidase activity was determined (20). For E. coli strain
F11 also harboring a single fetMp-lacZ chromosomal integra-
tion, the experiment was performed as described above, but the
medium contained 0.2% glucose instead of glycerol to repress
expression of the wild-type lacZYA operon of F11.

Sandwich Hybridization Assay—To quantify fetP mRNAs
from E. coli strain ECA612 (glmS-fetMP), a sandwich hybridiza-
tion assay was performed as described previously (21) using two
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unlabeled helper probes, a biotin-labeled capture probe and a
detection probe (supplemental Table S1) that was labeled with
a second generation DIG oligonucleotide 3'-end-labeling kit
(Roche Applied Science). E. coli strain ECA611 (glmS-Gm)
lacking fetMP was used as a negative control. Overnight cul-
tures of both strains were cultivated in TMM without iron (pH
7), diluted 1:20 into fresh medium, and grown to an optical
density of 0.7 at 600 nm. Cultures were treated consecutively
with 100 um FeCl; and 200 um CDTA, samples were taken (1
ml), cell densities were measured, and the fetP mRNA content
was determined by sandwich hybridization. As a reference for
this experimental series, the fetP gene was amplified by PCR
using primers fetP T7 new d and fetP u, fetP mRNA was synthe-
sized with the MAXIscript T7 kit (Ambion), and the resulting
mRNA concentration was determined using the Quant-IT
RiboGreen RNA assay kit (Invitrogen). Different amounts of
this fetP mRNA were added to clarified cell extracts from neg-
ative control cells, a sandwich hybridization assay was per-
formed, and the results were used as a calibration curve.

Expression of fetM, fetP, and fetMP—Strains ECA611 (glmS-
Gm), ECA613 (glmS-fetM), ECA614 (glmS-fetP), and ECA612
(glmS-fetMP) were cultivated in TMM (14) containing 2 ml of
glycerol and 3 g of casamino acids per liter without additional
iron until the turbidity reached 100 Klett units. Total RNA was
isolated as described (22). DNase treatment was performed,
followed by purification with phenol/chloroform and precipi-
tation with ethanol. RNA concentrations were photometrically
determined, and RNA quality was checked on formamide gels
(13). To exclude experimental artifacts resulting from DNA
contaminations, only RNA was used that did not generate
products in a PCR with chromosomal primers. For the RT reac-
tion, 1 pg of total RNA and 0.1 ug of hexamer primers were
incubated at 65 °C for 5 min and snap-cooled on ice. After the
addition of 0.5 mM dNTP-mix, 10 mm DTT, and 100 units of
reverse transcriptase (Superscript II) in reaction buffer (Invit-
rogen), reverse transcription proceeded for 10 min at room
temperature, followed by 1 h at 50 °C. After finishing the RT
reaction, the enzyme was inactivated at 70 °C for 15 min. The
resulting cDNA was amplified by PCR (for primers, see supple-
mental Table S1) as published (22) and separated on an
ethidium bromide-stained agarose gel. RT-PCR-based amplifi-
cation of rpoZ-specific RNA served as loading and process con-
trol. No fetP-specific band was visible when the RNA came from
a fetM-carrying strain or the negative control, and no fetM-
specific band was visible when the RNA came from fetP-con-
taining bacteria or the negative control. However, fetP-specific
bands occurred when the RNA came from fetP- and fetMP-
carrying strains, and fetM-specific bands could be seen when
the RNA came from fetM- or fetMP-possessing bacteria. The
intensities of the bands in the agarose gel were analyzed using
Image] (National Institutes of Health, Bethesda, MD). Finally, a
band of 1636 bp was visible when the primers 1149 fetM down
(RT-PCR) and 2785 fetP up (RT-PCR) were used to PCR-am-
plify the cDNA. This band corresponded in size with a band
coming from the positive control, which used DNA instead of
c¢DNA as template of the PCR. The 1636 bp band did not appear
when the RNA was isolated from the fetP strain, the fetM strain,
or the negative (water) control (data not shown).
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Iron Uptake Experiments—A filtration assay using E. coli
strain ECA458 (AentC AfecABCDE AfeoABC AmntH AzupT)
harboring plasmid pECD1098 (pASK-IBA3-fetM), pECD1099
(pASK-IBA3-fetP), or pECD1100 (pASK-IBA3-fetMP) or the
empty vector pASK-IBA3 as control was performed as pub-
lished (23). Briefly, cells were cultivated overnight in LB
medium, diluted 1:400 into TMM, cultivated overnight, and
diluted into fresh medium to a final turbidity of 30 Klett units.
The cultures were incubated with shaking at 37 °C to a turbidity
of 60 Klett units, 200 ug of anhydrotetracycline per liter was
added to induce expression of the cloned genes, and incubation
was continued for an additional 1 h. The cells were then har-
vested by centrifugation and washed twice with TMM without
casamino acids, phosphate, trace elements, and iron. Metal
uptake was started by the addition of a reaction mix, leading to
final concentrations of 1 uCi of **Fe, 5 um FeSO,, and 1 mm
ascorbate. The **FeCl, (PerkinElmer Life Sciences) had a spe-
cific activity of 89.81 Ci/g.

For iron uptake experiments at different pH values, E. coli
strains ECA612 (glmS-fetMP), ECA613 (glmS-fetM), ECA614
(glmS-fetP), and ECA611 (glmS-Gm) were incubated in MES-
Tris-buffered mineral salts medium (pH 5, 7, and 9) and grown
until turbidity doubled. The cells were harvested and washed in
fresh buffer before the uptake assay was started (see above).

Expression of fetP-Strep-tag—The fetP gene was amplified by
PCR from strain F11 genomic DNA as template using the
primer pair pASK3 fetP EcoRId and pASK3 fetP Pstlu and
cloned into vector pASK-IBA3. E.coli strain BL21 with
pECD1099 (pASK-IBA3-fetP) was cultivated in LB medium
with shaking at 37 °C until an optical density of 0.8 at 600 nm.
Expression of fetP was induced with 200 ug of anhydrotetracy-
cline per liter, and incubation was continued for 3 h at 30 °C.
Cells were harvested by centrifugation, and the periplasmic
fraction was isolated as described (16).

FetP protein was expressed as a Strep-tagged protein and
purified using a Strep-tactin affinity chromatography column
according to the manufacturer’s protocol (IBA GmbH). Protein
concentrations were determined with a NanoDrop ND-1000
spectrophotometer using the molecular mass of the mature
periplasmic protein and an extinction coefficient of 29,910 M~ !
cm™ ' at 280 nm, which was calculated from the primary
sequence with the ProtParam tool at ExPASy (available on the
World Wide Web) (24). FetP was detected by Western blot
analyses after SDS-PAGE with Strep-tactin-horseradish perox-
idase conjugate (IBA), and the molecular mass was determined
by MALDI-TOF (UltraflexIl, Bruker Daltonik GmbH).

Expression of FetP without Strep-tag—The fetP gene without
the coding region for the leader sequence was amplified by PCR
using primer pair pET22b(+) fetP Ncold/pET22b(+) fetP
Xholu and cloned into the pET22b(+) vector (Novagen), lead-
ing to plasmid pECD1101. Recombinant FetP was then
expressed with an N-terminal artificial leader sequence and a
C-terminal His, tag, including a thrombin cleavage site. E. coli
strain BL21 (pECD1101) was cultivated with shaking in LB
medium at 37 °C to an optical density of 0.8. Gene expression
was induced with 1 mMm isopropyl-B-p-thiogalactopyranoside
for 3 h at 30 °C. Cells were harvested by centrifugation, and the
periplasmic fraction was isolated as described (16). FetP-His,
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was purified by nickel-NTA-agarose affinity chromatography
(Qiagen). The tag was removed by treatment with biotinylated
thrombin at room temperature for 16 h according to the man-
ufacturer’s directions (Novagen). Streptavidin-agarose chro-
matography and a second affinity chromatography step on
nickel-NTA-agarose were used to eliminate thrombin and
uncleaved FetP protein, respectively. Successful purification
was determined by SDS-PAGE. The untagged protein was con-
centrated using Amicon ultracentrifuge filter devices (10,000
molecular weight cut-off; Millipore), incubated with 10 mm
EDTA for 30 min on ice, and finally dialyzed against different
buffers for subsequent experiments. Protein concentrations
were determined by absorbance at 280 nm as described above.
For crystallographic studies, FetP was overproduced in E. coli
strain BL21 (pECD1101) grown in 2X YT. Each 1-liter culture
was inoculated with 2 ml of overnight culture and incubated at
37 °C with shaking to an optical density of 1.0. The culture
temperature was reduced to 25 °C for 30 min, gene expression
was induced with 0.25 mm isopropyl-B-p-thiogalactopyrano-
side. After overnight incubation, the cells were harvested by
centrifugation, and the periplasmic fraction was isolated as
described above. The periplasmic fraction was dialyzed into 30
mwm phosphate buffer, pH 7.8, 300 mm NaCl, loaded onto a
HisTrap nickel resin affinity column, and FetP was eluted with
increasing imidazole. The buffer was exchanged with 30 mm
phosphate, pH 7.8, or 20 mm BisTris, pH 6.5, by ultrafiltration,
and the protein was digested with thrombin (Hematologic
Technologies). Benzamidine beads were used to remove the
thrombin. The resulting FetP protein (referred to as “as-iso-
lated”) was concentrated to at least 25 mg/ml using Amicon
filter devices (10,000 molecular weight cut-off; Millipore).
Copper-reconstituted FetP— As-isolated FetP was applied to a
Source Q ion exchange column and eluted with a NaCl gradient
in 30 mMm phosphate, pH 7.8. Apo-FetP was prepared by treat-
ment with a 20-fold molar excess of EDTA in 20 mm BisTris, pH
6.5, for 3 h on ice, followed by repeated buffer exchange by
ultrafiltration. Copper-reconstituted FetP (Cu-FetP) was pre-
pared by the direct addition of a 1.5-fold molar excess of CuCl,
to apo-FetP and incubation of the mixture on ice for 20 min,
followed by ultrafiltration to at least 25 mg/ml protein.
Crystallization and Structure Determination—As-isolated
FetP and Cu-FetP were crystallized by the sitting drop method.
A single, large crystal of as-isolated FetP appeared within 2
weeks of incubation with a reservoir of 20% PEG 3350, 0.2 M
ammonium citrate, pH 7. The crystals were soaked in mother
liquor supplemented with 20% ethylene glycol as a cryopro-
tectant and flash frozen using liquid nitrogen, and data were
collected at 100 K at the Stanford Synchrotron Radiation Light-
source (SSRL) on beamline 9-2. An x-ray fluorescence scan was
used to detect transition metals in the crystal. A 1.6 A resolution
data set was collected using incident radiation with a wave-
length of 0.97964 A. Data were processed using iMosflm (25).
MolRep (26) was used to determine initial phases of as-isolated
FetP using one chain from the crystal structure of P19 (Protein
Data Bank code 3LZO). Cycles of structure refinement and
building were performed using Refmac 5 (27) from the CCP4
suite of programs (28) and the program Coot (29). The crystal
structure of as-isolated FetP was determined in space group P3,
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with four subunits per asymmetric unit and twinning with four
twin domains as defined by Refmac (calculated distribution of
41.40, 40.74, 9.00, and 8.85%). Sufficient electron density was
observed to build residues 2—153 of chains A and B and residues
2-152 of chains C and D. A clear break in the electron density
was observed at residue 34 of Chain B and is therefore not
modeled. A Ramachandran plot, with 96.6% of the residues
within the favored regions and only Phe® of chains B and C
flagged as outliers, shows that the structure has excellent stere-
ochemistry (29).

Cu-FetP was crystallized in 0.1 M BisTris, pH 6.5, 25% penta-
erythritol ethoxylate (15:4 EO/OH), 25 mm ammonium sulfate.
Small (~0.05 mm), thin crystals of Cu-FetP in the orthorhom-
bic space group P2,2,2, appeared within a week and were har-
vested 3 months later to improve thickness. The crystals were
flash frozen using liquid nitrogen with no additional cryopro-
tectant, and data were collected at 100 K at the SSRL on beam-
line 7-1. An x-ray fluorescence scan was used to ensure no
detectable contamination by metals other than copper in the
sample and to determine the optimal wavelength for maximal
copper anomalous signal. A 1.7 A resolution data set at
0.97641-A wavelength and a copper anomalous data set at
1.37725-A wave length were collected on a single crystal. Mol-
Rep was used to determine initial phases using one chain from
the crystal structure of as-isolated FetP. The crystal structure of
Cu-FetP was determined with two subunits per asymmetric
unit. Electron density was observed to build residues 4—153 of
chain A and 4-152 of chain B. Other than the two residues at
the C terminus of chain A, the average B-factors of all residues
in both chains are under 35 A2, and 98.9% of the residues in the
Cu-FetP structure fall within the preferred regions, with a sin-
gle outlier (Gly®®) observed in the Ramachandran plot. All
structural figures have been generated with the program
PyMOL (Version 1.2r3pre, Schrodinger, LLC).

Ferric Reductase Assay—The iron reduction assay was per-
formed as described earlier (30). E. coli strains ECA611 (glmS-
Gm) and ECA614 (gimS-fetP) were grown in TMM without
additional iron until the turbidity at 600 nm reached 0.5 units.
Cells of 6 ml of each culture were harvested by centrifugation,
washed twice, and resuspended in 1 ml of assay buffer (50 mm
sodium citrate, pH 4.0, 0.5% glucose). For the assay, 132 pg, dry
weight, of cells were incubated with 1 mm bathophenanthroline
disulfonic acid and increasing concentrations of FeCl, at 37 °C
for 2 h. Absorbance at 520 nm was kinetically recorded. The
amount of ferrous ions produced was estimated by means of a
calibration curve using a solution of known ferrous ion concen-
trations. Ferric reductase activity was expressed in nmol of fer-
rous ions produced under the assay conditions.

Analytical Ultracentrifugation—FetP (0.3 mg/ml) in 25 mm
Tris/HCI, pH 7.2, in ultrapure water supplemented with 100 or
20 mm NaCl or a 300 um concentration of either ZnCl,, CuCl,,
or FeCl, or no additives was centrifuged at 25 °C in a Beckman
Optima XL-A centrifuge equipped with an An50T1i rotor and
double sector cells. Sedimentation equilibrium measure-
ments were performed at 8,000 rpm, and sedimentation
velocity was monitored at 40,000 rpm. The data were
recorded at 280 nm and analyzed using the software pro-
vided by Beckman Instruments.
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Atomic Absorption Spectroscopy (AAS)—FetP-Strep-tag pro-
tein (7 um) was dialyzed against 10 mm EDTA on ice for 30 min
and incubated with 35 um ZnCl,, CuCl,, MnCl,, FeCl;, or
FeSO, or no additives in 25 mm Tris-HCI, pH 7.2, for 30 min on
ice. In the case of FeSO,, 1 mMm ascorbate was added to maintain
Fe(II). Excess metal was removed by washing five times with
ice-cold buffer using Amicon ultracentrifuge filter devices
(10,000 molecular weight cut-off; Millipore). Protein concen-
trations were determined as above, and samples were mineral-
ized with 0.5% HNO; and 0.5% H,O, for 5 min at 95 °C before
AAS (ZEEnit®600/650, Analytik Jena AG).

Circular Dichroism Spectroscopy—Far-UV CD spectra
were recorded on a Jasco J710 spectropolarimeter. Spectra of
periplasmic FetP without a tag (0.9 mg/ml) were recorded in 25
mM Tris-HCl, pH 7.2, using ultrapure water at 25°C in a
0.1I-mm cuvette.

Isothermal Titration Calorimetry (ITC)—Metal ion binding
affinities of tagless FetP were analyzed in 25 mm BisTris, pH 7.2,
or 25 mMm ACES, pH 7.2, by monitoring heat changes upon
injection of metal ion solutions into a FetP solutionina VP-ITC
microcalorimeter (MicroCal) at 25 °C. Concentrations of the
stock metal solutions were initially determined by AAS and
diluted into the respective dialysis buffers for the protein. Titra-
tion was carried out by 28 or 56 injections of 10 and 5 ul of metal
ion solution, respectively, at concentrations of 300—800 um
into the stirred reaction cell of the calorimeter (1.4 ml) contain-
ing 35 um FetP. Heats of titrant dilutions were measured
by identical injections into buffer without protein and sub-
tracted to yield net reaction heats. At least three titrations were
carried out for each metal. Results were evaluated using the
MicroCal Origin software.

Diethyl Pyrocarbonate Titrations—Diethyl pyrocarbonate
titrations of the histidine residues of FetP were performed as
published (31, 32).

RESULTS

The FetMP System Is Required for Growth under Iron
Limitation—To investigate the contribution of FetMP to
growth, a single copy of fetMP was inserted into the chromo-
some of E. coli strain ECA458, a derivative of wild type strain
W3110 devoid of all characterized iron uptake systems. Growth
of strain ECA612 (glmS-fetMP) was compared with that of the
negative control strain ECA611 (glmS-Gm). Cells harboring
fetMP grew in minimal medium without added iron at pH 7,
whereas the control strain was unable to grow under the same
iron-limited conditions (Fig. 14). Growth of strain ECA612 was
still observed in the presence of the metal chelator CDTA
added to diminish the bioavailability of trace iron. Supplement-
ing cultures with low concentrations of Fe(II), Fe(IIl), and to
some extent Mn(II) in the presence of CDTA greatly improved
growth of ECA612 in contrast to the control strain lacking
fetMP (Fig. 1A). The growth difference of both strains with
CDTA plus Mn(II) was less prominent compared with
CDTA plus iron. Nevertheless, the residual growth of the
control strain indicates the presence of at least one other
unknown manganese/iron uptake system despite the AentC
AfecABCDE AfeoABC AmntH AzupT deletions. Supplementa-
tion with Zn(II) did not result in the growth of ECA612 beyond
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FIGURE 1. FetMP stimulates growth of an E. coli strain devoid of iron and
manganese uptake systems. The fetMP operon or an antibiotic cassette
control was inserted into the chromosome of strain ECA458 (AentC
AfecABCDE AfeoABC AmntH AzupT), resulting in strains ECA612 (gImS-fetMP)
(black bars) and ECA611 (gImS-Gm) (white bars). Iron-limited cultures of both
strains were diluted 400-fold into Tris-buffered (A and C) or MES-buffered (B)
mineral salts medium at pH 7 (A), pH 5 (B), or pH 9 (C) without added iron or
containing the chelator CDTA without further additives or containing CDTA
plus the indicated metal salts (FeCl;, FeSO, with 1 mm ascorbate, MnCl,, or
ZnCl,). The cultures were cultivated at 37 °C with shaking. Turbidity was
determined at 600 nm after 16 h (A) or 20 h (B and C). Averages of three
independent experiments with S.D. values (error bars) are shown.

the level observed in cultures without added CDTA (Fig. 1A4).
The slight increase in cell densities with Zn(II) may be due to
displacement of trace iron bound by CDTA.

Under acidic (pH 5) or alkaline (pH 9) conditions (Fig. 1, B
and C, respectively), the presence of fetMP also supported the
growth of strain ECA612, whereas no growth was observed for
the control. At either pH, the addition of CDTA abolished
growth of strain ECA612. However, supplementation with
Fe(II) or Fe(IIl) can rescue growth of the fetMP-containing
strain but not that of the negative control. This effect is more
pronounced than the addition of either Mn(II) or Zn(II) at both
acidic and alkaline conditions. Growth with the addition of
CDTA and Zn(II) was similar to that of unsupplemented cul-
tures. Other divalent transition metal cations (Co(II), Cu(II),
Cd(II), and Ni(II)) were also tested, but growth response of
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FIGURE 2. Iron-dependent regulation of fet in a Fur titration assay. E. coli
cells containing a fhuF-lacZ fusion and the vector plasmid pGEM®-T-Easy with
the fetM promoter (7, 2, and 3; three independent clones), the positive control
fhuFp, or no insert (negative control) were cultivated overnight on MacCon-
key lactose agar plates supplemented with 30 um Fe(NH,),(S0,), at 37 °C. The
presence of a Fur box on a high copy number plasmid titrates the Fur repres-
sor away from fhuF-lacZ and leads to -galactosidase activity. This results in
lactose consumption and purple staining of the colonies.

strain ECA612 was similar to that of CDTA plus Zn(II), even if
these metals were supplied at concentrations as high as 50 um
(data not shown). The latter dosage implies that FetMP-medi-
ated iron uptake is not inhibited by these divalent ions. Thus,
FetMP probably serves as an iron import system and may also
transport Mn(II).

Expression of fetMP Is under the Control of the Iron Regulator
Fur—In silico analysis indicated the presence of a binding site
(Fur box) for the global repressor of iron homeostasis, Fur,
upstream of the putative fetMP operonin E. coli strain F11 (data
not shown). To investigate regulation of fetMP expression by
Furinresponse to iron, a Fur titration assay was conducted (17).
In this assay, derepression by iron results in cell colorization if
the promoter of interest is Fur-regulated. This was the case
when fetM promoter (fetMp)-harboring strains were assayed
(Fig. 2), which demonstrated that a functional Fur box regu-
lated the expression of fetMP in an iron-dependent manner.

To corroborate regulation of fetMP expression, a fetMp-lacZ
reporter gene fusion was transferred as a single-copy insertion
into the chromosome of strain ECA150, a AlacZYA derivative
of E. coli wild type strain W3110, and the original strain F11.
When both strains were cultivated at various pH values in the
presence of the iron chelator 2,2'-dipyridyl, maximum up-reg-
ulation of reporter gene (4.5-fold) occurred at pH 6.5 (supple-
mental Fig. S1) (data not shown).

The total mRNA transcripts in E. coli strain ECA612 culti-
vated in TMM without added iron were also examined. The
starting culture contained about 70 fetP-specific mRNAs per
cell (Fig. 3). This number dropped to about 5 copies per cell
within 20 min after the addition of 100 um FeCl,, indicating an
apparent half-life of 5 min (regression coefficient 99.1%) for fetP
mRNA. The subsequent addition of 200 uM of the metal cation
chelator CDTA led to a slow increase of fetP mRNAs per cell
(Fig. 3, inset). CDTA treatment did not fully recover the fetP
expression level probably due to iron storage during the initial
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FIGURE 3. Expression levels of fetMP depend on iron availability. E. coli
strains ECA612 (gImS-fetMP) (@) and negative control ECA611 (gImS-Gm) (O)
were cultivated in TMM (pH 7) without added iron at 37 °C with shaking. After
5 min of incubation, 100 um FeCl; was added (black arrow). At the 25 min time
point, the cultures were divided, and 200 um CDTA was added to one set of
cultures (open arrow, @), whereas no addition was made to the other set (H).
The cells were harvested at various time points, and the fetP mRNA content
was determined using the sandwich hybridization technique. The inset indi-
cates the mRNA levels of fetMP-containing cells after the addition of 200 um
CDTA. Averages of three independent experiments with S.D. values (error
bars) are shown.
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FIGURE 4. The permease FetM is required for growth of E. coli strain
ECA458 (AentC AfecABCDE AfeoABC AmntH AzupT) in the presence of
the iron chelator CDTA. The fetMP operon, fetM, fetP, or empty vector con-
trol was inserted into the chromosome of strain ECA458, resulting in strains
ECA612 (gImS-fetMP) (@), ECA613 (gimS-fetM) (M), ECA614 (gImS-fetP) (A),and
ECA611 (gImS-Gm) (O). Iron-limited cultures of these four E. coli strains were
diluted 400-fold into TMM containing no iron but 1 um CDTA. The cultures
were cultivated at 37 °C with shaking, and the turbidity was measured as Klett
units. Shown are averages of four independent experiments.

growth at 100 um iron. Taken together, fetMP expression is
indeed controlled by the availability of iron through Fur, indi-
cating that fet may be involved in iron uptake.

Contribution of FetM and FetP to Growth under Iron Limita-
tion and Iron Uptake—E. coli strains ECA612 (glmS-fetMP) and
ECAG611 (glmS-Gm) were cultivated in TMM with glycerol as
the carbon source in the presence of 1 um CDTA without added
iron. The negative control strain ECA611 was unable to grow
under these conditions (30-h incubation at 37 °C; Fig. 4). In
contrast, E. coli strain ECA612 with glmS-fetMP exited lag
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FIGURE 5. FetMP facilitate iron acquisition of E. coli strain ECA458 (AentC
AfecABCDE AfeoABC AmntH AzupT) derivatives under anaerobic condi-
tions. E. coli strains ECA612 (gImS-fetMP) (@), ECA613 (gImS-fetM) (M), ECA614
(gImS-fetP) (A), and ECA611 (gImS-Gm) (O) were cultivated for 17 h at 37 °C
anaerobically in TMM with 0.2% glucose as carbon source. Additionally, the
growth medium contained the indicated concentrations of Fe(ll)SO, (A) or
Fe(lll)Cl; (B). Turbidity at 600 nm was determined, and averages of four inde-
pendent experiments with S.D. values (error bars) are shown.

phase after 5 h and reached a final turbidity of 264 Klett units
(Fig. 4).

To investigate the individual contributions of FetM and FetP
for growth, their genes were inserted as single copies into the
chromosome of E. coli strain ECA458 (AentC AfecABCDE
AfeoABC AmntH AzupT) to give strains ECA613 (glmS-fetM)
and ECA614 (glmS-fetP). Expression of either gene was verified
by RT-PCR experiments, which indicated that fetP or fetM
mRNA levels in the respective single gene strains were 53—67%
of those in the fetMP-containing strain. Moreover, using RNA
from the fetMP-harboring strain, an RT-PCR product was
obtained using a fetP-specific primer with a fetM-specific
primer (data not shown) to show that fetMP was transcribed as
an operon. The presence of fetP alone did not rescue the iron
uptake-deficient strain ECA458, whereas fetM expression led
to aretarded onset of growth that reached a lower final turbidity
(204 Klett units) compared with strain ECA612 (glmS-fetMP)
(Fig. 4). Thus, FetM alone was essential for growth in the pres-
ence of 1 um CDTA, and FetP co-expression was required for
maximal growth.

Under anaerobic conditions, the presence of FetMP also
stimulated growth of E. coli strain ECA458 (AentC AfecABCDE
AfeoABC AmntH AzupT) (Fig. 5). Relative to the control strain
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TABLE 2
Anaerobic growth in the presence of Fe(lll) and Ag(l)

E. coli strains ECA613 (gimS-fetM) and ECA612 (gimS-fetMP) were anaerobically
cultivated in the dark for 17 h at 37 °C in TMM with 100 pm Fe(III) and 0.2% glucose
as a carbon source. In half of the samples, the growth medium was additionally
supplemented with 1 um Ag(I). Turbidity at 600 nm was determined, and averages
of three independent experiments with S.D. values are shown. Statistics were done
with Student’s ¢ test, 4 degrees of freedom. For comparison of ECA612/ECA613
without silver, F(¢) = 41.6 (p > 0.999) and with silver F(¢) = 5.6 (p > 0.995). For
ECA613 with or without silver, F(£) = 6.1 (p > 0.995), and for ECA612 with or
without silver, F(¢) = 18.6 (» > 0.999).

Turbidity at 600 nm
Bacterial strains 0 um Ag(I) 1 um Ag(I)
ECAG613 (glmS-fetM) 0.647 = 0.005 0.670 = 0.008
ECA612 (glmS-fetMP) 0.873 = 0.005 0.713 = 0.012

(ECA611), the presence of FetMP enhanced growth in the
absence of added iron, which is in contrast to either FetM or
FetP alone. Interestingly, the presence of FetP alone inhibited
Fe(Il) acquisition slightly (Fig. 5). At iron concentrations of 1
uM and above, FetM-containing cells generally reached cell
densities between that of FetMP-containing and control cells.
The presence of high concentrations (100 um) of Fe(II)SO, but
not Fe(III)Cl; stimulated the growth of ECA613 (glmS-fetM)
and ECA612 (glmS-fetMP) similarly (Fig. 5). The presence of
FetP in addition to FetM seemed to be required for maximal
growth at high Fe(III) but not at high Fe(II) concentrations,
with a 1.35 * 0.02-fold difference between the two strains at
100 uM Fe(I1I) (¢ test, p > 0.999) (Fig. 5 and Table 2). This effect
was inhibited in the presence of 1 um Ag(I), which decreased
the growth advantage to 1.06 * 0.03-fold. Ag(I) is an analog of
Cu(I) that can compete for the copper-binding sites of FetP (see
below), preventing electron transfer. These results suggest
involvement of FetP in reduction of Fe(Ill) as part of an iron
uptake system.

Increased Iron Reduction by Cells Expressing fetP—To test
the hypothesis that FetP is an Fe(III) reductase, an iron reduc-
tase assay was performed (30). The formation of Fe(Il) from
Fe(III) was quantified with a colorimetric assay using batho-
phenanthroline disulfonic acid. The negative control strain
ECA611 (glmS-Gm) was able to reduce Fe(III) to Fe(II), but the
presence of FetP in strain ECA614 (glmS-fetP) doubled the
reduction rate (Fig. 6). Analysis of the reduction rate difference
by a Lineweaver-Burk plot yielded an apparent v, of 3 wmol
of Fe(II)/min/g dry weight and an apparent K, of 1.5 mm Fe(III)
(regression coefficient 99.8%; Fig. 6, inset). Therefore, FetP-
producing E. coli cells reduced Fe(III) twice as fast as control
cells, supporting the hypothesis that FetP functions as a Fe(IlI)
reductase.

Expression of fetMP Leads to Increased Iron Uptake—No sig-
nificant differences in iron accumulation were observed when
®>Fe uptake of strain ECA612 (glmS-fetMP) was compared with
the negative control strain ECA611 (g/mS-Gm) in TMM at pH
7 (data not shown). Therefore, the fet genes were cloned into
pASK-IBA3 to increase gene expression. In the resulting
strains, expression of fetMP led to a 2.8-fold increase in iron
accumulation after 10 min (Fig. 7). Whereas FetP alone did not
enhance iron uptake by the cells, FetM alone increased this process
1.7-fold (Fig. 7). In contrast to pH 7, enhanced uptake of *Fe was
observed for strain ECA612 (glmS-fetMP) compared with ECA611
(glmS-Gm) at pH 9 and pH 5 (supplemental Fig. S2). As at pH 7,
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FIGURE 6. FetP functions as an iron reductase in vivo. An iron reductase
assay was performed with E. coli strains ECA614 (gImS-fetP) (A) and ECA611
(gImS-Gm) (O) in the presence of various concentrations of Fe(lll) chloride.
Formation of Fe(ll) was recorded with 1 mm bathophenanthroline disulfonic
acid (BPS) for 2 h at 37 °C at 520 nm using 0.132 mg dry weight (d.w.) of cells,
obtaining a reduction rate of 1/min. An equilibration experiment yielded an
absorption coefficient of 0.0695/nmol of Fe(ll) under these conditions. This
value was used to calculate the iron reduction rate in umol/min/g dry weight,
which was plotted against the Fe(lll) concentration (three experiments, devi-
ation bars shown). The inset shows a Lineweaver-Burk plot of the reciprocal
difference between both curves (1/(Vep — Veontro)) @gainst 1/S in 1/mm. A
linear regression yielded an apparent v,,,, of 3 umol of Fe(ll)/min/g dry
weight and an apparent K, of 1.5 mm Fe(lll) (regression coefficient 99.8%).
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FIGURE 7. FetMP is an iron uptake system. Uptake of *°Fe by cells of strain
ECA458 (AentC AfecABCDE AfeoABC AmntH AzupT) and its fet derivatives
were compared using the filtration method. Strain ECA458 containing the
vector pASK-IBA3 only (O), fetMP (@), fetM (M), or fetP (A) was incubated with
200 pg of anhydrotetracycline per liter for 1 h to induce expression of the
cloned genes. For the uptake experiments, **Fe(l)Cl; at a final 1 uCi, 1 mm
ascorbate, 5 um FeSO, were added to the cells, and samples were removed at
the indicated time points. Averages of three independent experiments with
S.D. values (error bars) are shown. d.w., dry weight.

FetM was necessary for iron uptake, and FetP enhanced iron
import. Increasing the pH value from 5 to 9 led to a 20-fold
higher iron accumulation of the cells after 10 min.

FetP Is a Dimeric, Periplasmic Metal-binding Protein—A
unique feature of the FetMP system is the presence of FetP, a
predicted 19,224-Da, 175-residue protein. SignalP analysis (see
the SignalP 3.0 site on the World Wide Web) predicted a highly
probable 24-residue N-terminal leader featuring the n-region
MTMKKT, the h-region LIASAVMASIFI, and the c-region
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TABLE 3
Metal binding to FetP (34.3 um) as determined by ITC
Conditions” Metal titrated n K, AH AS AG
UM kcal/mol cal/mol/K kcal/mol

BisTris Cu?* 0.915 4.1 —2.18 +17.3 —7.33
BisTris, 27.4 um Mn*" Cu** (1.0)? 69.4 —1.52 +13.9 —5.66
BisTris, 160 um Zn** Cu** NB* NB NB NB NB
BisTris Mn?" 0.404 0.6 —3.82 +15.5 —8.44
BisTris, 94 um Cu?* Mn?* PE? PE PE PE PE
BisTris, 160 um Zn>* Mn>* 0.372 10.9 —3.49 +11 —6.77
BisTris Zn** NB NB NB NB NB
ACES Zn>** 1.4 15.2 +2.27 +29.6 —6.55
ACES, 34.3 M Mn>* Zn>* (1.0) 348 +8.89 +45.6 —4.70
ACES, 34.3 um Mn?* Zn** (1.5)° 303 +5.48 +34.5 —4.80
ACES, 94 um Cu** Zn** NB NB NB NB NB
ACES Mn?** 0.426 3.6 —4.66 +9.27 —7.42
ACES, 160 um Zn** Mn?" 0.548 14.4 —9.37 —-9.3 —6.60
ACES, 94 um Cu** Mn?* 0.435 45 —22.0 —46.1 —8.26
ACES Cu** NB NB NB NB NB

“25 mwm buffer, pH 7.2.
? i assumed in the modeling to allow calculation of the other values.
¢NB, no binding was observed.

@ PE, positive enthalpy. AH of about +1 kcal/mol, but the data could not be used in binding site models to calculate discrete values for K.

APAAFAF. To test this prediction, the fetP gene was cloned
into vector pASK3 (producing plasmid pECD1099), which
added a C-terminal Strep-tag epitope to FetP and changed the
predicted sizes of the preprotein and the mature protein to
21,888 and 18,662 Da, respectively. Transformation of
pECD1099 into E. coli strain BL21 allowed for FetP-Strep-tag
protein purification from the periplasmic fraction of these bac-
teria (supplemental Fig. S3, inset), demonstrating that FetP was
indeed a periplasmic protein.

MALDI-TOF analysis (supplemental Fig. S3) of purified
FetP-Strep-tag protein yielded two major peaks corresponding
to 18,676 and 18,739 Da. The 18,676 Da signal agreed with the
predicted size of 18,662 Da of the periplasmic protein lacking its
leader sequence within an error of 0.075%. The size difference
of 63 Da was close to the atomic mass of copper of 63.43 Da.
Therefore, it was likely that the mature periplasmic FetP-Strep-
tag protein was purified from E. coli in two forms: with and
without one tightly bound copper cation.

To analyze the metal-binding properties of the protein, puri-
fied FetP-Strep-tag was dialyzed against EDTA to remove any
bound copper and other metal cations; incubated in the pres-
ence of a 5-fold excess of Fe(II), Fe(III), Mn(II), Cu(II), or Zn(II);
and washed with buffer to remove excess unbound metal ions.
Metal content was quantified by AAS. Molar metal/protein
ratios of 0.6 iron, 0.7 manganese, 1.5 copper, or 1.0 zinc, respec-
tively, were determined (data not shown). When FetP-Strep-
tag was cross-linked using tris-2,2‘-bispyridylruthenium(II), a
band corresponding to a FetP dimer appeared after 10 s of incu-
bation time (data not shown).

Because the Strep-tag may interfere with the metal-binding
process, the fetP gene was recloned into pET22b(+) to produce
a His-tagged protein with an artificial periplasmic leader
(pECD1101). FetP was then purified by nickel-NTA-agarose
affinity chromatography from the periplasmic fraction of E. coli
strain BL21, and the His tag was removed by thrombin digest.
The success of removal of the His tag and of the biotinylated
protease was controlled by SDS-PAGE (data not shown).

Because metal binding was required for dimerization of Tp34, a
FetP homolog from T. pallidum (12), dimerization of FetP was
studied using analytical ultracentrifugation (Table S2). The exper-
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imentally determined mass of FetP was 35,283 Da, which was
independent of variations in sodium chloride concentration or
the presence or absence of transition metals, indicating a stable
dimer. The observed sedimentation coefficient of 2.7-2.8 S also
fitted well to a dimeric species. Thus, FetP was a dimer even in
the absence of transition metals.

CD spectroscopy was used to investigate if transition metals
changed the structure of FetP (supplemental Fig. S4). Almost
no changes in the spectrum were visible in the presence of a 2:1
ratio of Fe(II), 2:1 Mn(II), or 3:1 Zn(II), but the addition of
Cu(Il) in a ratio of copper/FetP of 2:1 altered the spectrum
significantly (supplemental Fig. S44). The difference spectrum
(no addition minus Cu(II) addition) started with a strong min-
imum at 190 nm and displayed two maxima at 202 and 233 nm
(supplemental Fig. S4B). Thus, binding of copper but not of
other metal cations may lead to conformational changes of
FetP.

To quantify the metal binding affinities of FetP, ITC (Table 3)
was employed. These ITC metal-binding studies used 34.3 um
FetP, including negligible amounts of free metal. Therefore, the
data obtained represent minimum (weakest) affinity values. A
variety of buffers were tested, but most buffers caused either
Cu(II) or Zn(II) to precipitate. Neither 25 mm ACES nor Bis-
Tris, both at pH 7.2, caused precipitation and were finally used.
However, Zn(II) binding to FetP in Bis-Tris and Cu(II) binding
in ACES buffer was not detected by ITC, probably due to buffer
effects (Table 3).

FetP bound ~2 coppers/dimer in BisTris with a K, of 4.1 um
in a process that was enthalpy- and entropy-driven. In contrast,
FetP bound between 2 and 3 Zn(II)/dimer in ACES buffer with
a K, of 15.2 um, but binding was exclusively driven by a gain in
entropy (Table 3 and supplemental Fig. S5, 2 and b). Mn(II) was
used as a substitute for Fe(II). FetP bound ~1 Mn(II)/dimer in
either buffer with K, values of 0.6 um (BisTris) or 3.6 um
(ACES). Similar to copper binding, manganese binding was
enthalpy- and entropy-driven (Table 3 and supplemental Fig.
S5, ¢ and d). Interestingly, neither copper nor zinc prevented
binding of manganese by FetP (Table 3). In the presence of
Cu(II) or Zn(II), FetP bound ~1 Mn(II) per dimer with K, val-
ues between 14 and 45 um (ACES). Likewise, the presence of
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FIGURE 8. General structure of the Cu-FetP dimer with bound copper. The two subunits are shown in blue and green, respectively. Copper atoms are shown

in orange. Copper ligands are represented as stick models.

Mn(II) did not prevent binding of copper or zinc by FetP. Thus,
there is one manganese (or, by analogy, one iron) binding site
per FetP dimer. This site is different from the binding sites for
copper or zinc, which do not interfere with the binding of
Mn(II). Although no binding of Zn(II) in BisTris and Cu(II) in
ACES was measured, introducing Zn(II) or Cu(II) to FetP pre-
vented binding of the other metal in these two buffer systems
(Table 3). Therefore, copper and zinc appear to compete for the
same binding sites or at least for the same ligands. The negative
enthalpy and a low K, value of the copper binding, the presence
of Cu(Il) in FetP periplasmic preparations, and the conforma-
tional effects of copper ions from the CD spectra support
Cu(Il), rather than Zn(II), as the native cation in FetP.

FetP was also titrated with diethyl pyrocarbonate prior to the
ITC measurements to chemically modify surface-exposed his-
tidine residues. The occlusion of accessible histidine residues
did not prevent binding of Zn(II) or Cu(II) by FetP, although a
stepwise increase in the absorbance at 243 nm during diethyl
pyrocarbonate titration (32) was observed (data not shown).
This indicates that if histidines are ligands of these cations, they
are buried within FetP.

Overall Structure of FetP—The crystal structure of recombi-
nant FetP expressed and isolated from the periplasm of E. coli
was solved to 1.6 A resolution (Fig. 8 and Table 4). The four
molecules of FetP in the asymmetric unit are arranged in two
dimers in which each subunit is related by non-crystallographic
2-fold rotational symmetry (root mean square deviation of 0.6
A over all Ca). Each FetP dimer is a relatively flat, oval-shaped
macromolecule, with dimensions of ~20 X 35 X 75 A. A gap in
the electron density suggests proteolytic cleavage at residue 34
on chain B, which was left unmodeled. Inspection of the protein
sample on an SDS-polyacrylamide gel confirmed the presence
of two additional distinct bands correlating with the FetP cleav-
age products along with the band for full-length FetP (data not
shown).

Examination of the metal content of as-isolated FetP crystals
by an x-ray fluorescence scan revealed the presence of copper
and nickel in approximately equal amounts. Fluorescence sig-
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TABLE 4
Data collection and refinement statistics for FetP
As-isolated FetP Cu-FetP
Data collection” )
Resolution range (A) 50.00-1.60 38.41-1.70
(1.69-1.60) (1.79-1.70)
Space group . P3, P2,2,2,
Cell dimensions (A) a = 134.85 a = 38.41
b =134.85 b= 5197
. c=4542 ¢ = 146.65
Wavelength (A) 0.97964 0.97641
Unique reflections 114166 31725
Completeness (%) 93.6 (88.1) 96.7 (93.5)
Average I/al 8.3(2.4) 11.5(2.9)
Redundancy 4.1(3.6) 4.8 (4.2)
erge 0.080 (0.393) 0.030 (0.143)
Refinement
R/ Rivee 0.171/0.208 0.196/0.235
No. of waters . 356 223
Average B-factors (A?)
All atoms 21.1 32.8
Protein 20.8 32.2
Copper 22.7
Waters 25.4 40.3
Root mean square deviation, 0.012 0.012
bond lengths (A)
Ramachandran plot
Most favorable (%) 96.6 98.9
Allowed (%) 3.1 0.7
Protein Data Bank code 3NRP 3NRQ

“Values for the highest resolution shell are shown in parentheses.

nal strength was weak (data not shown), consistent with low
metal occupancy in the structure. Nickel contamination of the
sample is probably due to purification with a Ni(Il) affinity
chromatography. Because no other exogenous transition met-
als were introduced during the protein purification process and
in agreement with the MALDI-TOF result for purified FetP-
Strep-tag (supplemental Fig. S3), copper was probably acquired
from the medium during FetP expression in E. coli. Based on
these results, FetP was treated with EDTA, and the crystal
structure of copper-reconstituted FetP (Cu-FetP) was solved to
1.7 A resolution. Structural comparisons between the as-iso-
lated and copper-reconstituted FetP crystal structures reveal
minimal overall fold differences (root mean square deviation of
0.4-0.6 A over all Ca as calculated by TopMatch (33)). Unless
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CuB2

FIGURE 9. The copper centers of FetP are in differing conformations. Copper sites A (A and B) and B (Cand D) are shown as ball and stick representations. The
two conformations of the copper cation and its ligands at each site are shown side by side to highlight the changes in ligand identity and geometry in each
conformation. The copper cation is shown as an orange sphere and is always bound to His**, Met®°, and His®” from the same subunit and His'*”* from the other
subunit. Similar to the copper cation, Met® is also observed in two conformations. In CuA1 (A), copper is additionally bound to Glu*® (CuA1-O distance 2.7 A)
in a degenerated octahedral arrangement with five copper ligands. The three His-N atoms all lie on the same plane, and the Cu-N bonds form nearly right
angles (97-105°), whereas the Glu*®-O-Cu-Met®°-S atoms almost form a straight line. In CuA2, the copper atom is in the center of a tetrahedral complex (B),

similar to that of CuB2 (D).

specified, any subsequent descriptions of the structural features
of FetP will be based on the copper-reconstituted structure.

A single dimer was observed in the Cu-FetP crystal structure,
with each subunit composed primarily of two 4-stranded anti-
parallel B-sheets stacked upon each other in an immunoglobu-
lin-like fold (Fig. 8). Structural alignments of Cu-FetP reveal
greater overall fold similarity with P19 (Protein Data Bank code
3LZO; root mean square deviation of 0.7 A over all Ca) than
Tp34 (Protein Data Bank code 206E; root mean square devia-
tion of 1.5 A).

The dimer interface was analyzed with the program PISA
(34), which reveals an extensive interface area of ~1600 A2 (or
~20% of the total solvent-accessible surface area of each sub-
unit) and involves 45 residues from each subunit. An estimated
solvation free energy gain of —45 kcal/mol upon interface for-
mation indicates a predicted stable dimer in solution. Tight
packing of the dimer interface is also supported by lower than
average B-factors in this region (data not shown).

The FetP Copper-binding Site—Anomalous dispersion dif-
fraction data collected at the copper anomalous edge indicate
the locations of the copper ions in the structure. Two copper
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ions (CuA and CuB) were identified from ~30 o symmetry-
related peaks in the anomalous dispersion maps. The copper
ions are buried, separated by ~29 A and are related by the
2-fold symmetry of the FetP molecule. Each copper site (Fig. 9)
is located at the dimer interface and is formed by three histi-
dines (His**, His®’, and His'?’* (an asterisk denotes a ligand
originating from the symmetry-opposing subunit)), Met®°, and
Glu®. The buried nature of the copper sites agrees with the
inaccessibility of the histidine ligands for modification by
diethyl pyrocarbonate mentioned above. The sites are located
at the surface of the core 3-sandwich with two residues (His**
and Glu*®) originating directly from a 3-strand and His'*”* that
is derived from an extended loop from the opposing subunit. In
each site, the copper ion and Met”® were observed in two posi-
tions (supplemental Fig. S6) denoted 1 and 2 (Fig. 9). Each con-
former is refined at 50% occupancy with similar B-factors.
Analysis of the two copper binding modes indicates that in both
conformers, the copper is four-coordinate, involving a sulfur
atom of Met® and the three imidazole ring nitrogens of His**,
His®’, and His'?”* (Table 5). In conformer 2, the copper sites
adopt a tetrahedral geometry (supplemental Fig. S7, Cand F). In
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TABLE 5

Ligand bond lengths (&) in the primary site of the Cu?>*-FetP crystal
structure

Only ligand distances up to 3 A are listed

Distance to copper site

Atom CuAl CuA2 CuBl1 CuB2
A

His** 2.1 2.1 1.9 2.1
His®’ 1.8 2.3 1.8 2.4
His'?>"* 2.3 2.2 2.1 2.2
Met*°-1? 2.7 2.7

Met*°-2” 2.3 2.2
Glu*® 2.7

“ His'?” originates from the symmetry-related subunit.
® Two conformations of Met®° are observed.

conformer 1 of CuA, however, the oxygen atom of Glu,, may
form a weak fifth ligand (supplemental Fig. S7A and Table 5) in
a degenerated octahedral complex with a Cu-O distance of 2.7
A, drawing the copper below the plane defined by the three
His-N atoms. No suitable residue is present to serve as a poten-
tial sixth ligand. In contrast, the Cu-O distance is 3 A in con-
former 1 of CuB (Table 5 and Fig. 9B), leaving the copper atom
in the plane defined by the three His-N& atoms (supplemental
Fig. S7D). Met” and Glu*® are located on opposing sides of a
plane formed by the three His residues, with Met”® in multiple
conformations to maintain a Met-S-Cu association during the
copper displacement.

Adjacent to each of the copper sites, three residues from the
same subunit (Met??, Met®**, and Met®®) and His'?>** from the
other subunit form another putative metal binding site, “CuC”
(supplemental Fig. S8). Met>* is situated on a flexible lid-like
loop at the molecular surface of FetP that is observed in differ-
ing conformations in each subunit (supplemental Fig. S9). In
the more open loop conformation, the distance between
Met?%-S and His'**-Ne is 7.6 A, whereas in the closed confor-
mation, this distance is reduced to 3.5 A. A metal ion modeled
in site CuC within coordinating distance of these four putative
ligands in the closed conformation would be ~7 A from the
nearest copper ion (supplemental Fig. S8).

The Copper-binding Site Is Preformed—Examination of the
2F, — F, maps of the as-isolated FetP structure reveals no elec-
tron density for an ion or molecule bound in the copper-bind-
ing site of chain A and either a full occupancy water or a low
occupancy copper ion in chains B, C, and D (data not shown).
Because all of the interactions are within hydrogen-bonding
distance, a water molecule has been modeled into these three
sites. The longer hydrogen-bonding distances between the cop-
per ligands and the modeled waters in these sites suggest that
when little to no metal is bound, the loops in this region expe-
rience some flexibility but preform a binding site ready for
incoming copper. The presence of copper, on the other hand,
tightens the protein fold in the copper-binding region, as dem-
onstrated in the Cu-FetP structure and by CD spectroscopy
(supplemental Fig. S4).

DISCUSSION

The FetMP system from the uropathogenic E. coli strain F11
was able to supply iron (and potentially manganese) to E. coli
cells, especially under acidic or alkaline conditions. The integral
membrane protein FetM was central to this task, whereas the
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periplasmic protein FetP enhanced iron acquisition at low fer-
rous iron concentrations and in the presence of ferric iron in
general. FetP is a dimeric protein that bound copper, zinc, iron,
and manganese. In the copper-loaded FetP crystal structure,
copper was coordinated by residues His**, Met®°, His?’, and
His'*”* from the other respective subunit as well as forming a
weaker interaction with Glu*®. These five aminoacyl residues
are conserved in the 100 closest homologs of FetP in a BLAST
search (data not shown), including the three previously charac-
terized homologs, ChpA from the marine magnetotactic Vibrio
strain MV-1 (10), P19 from the pathogenic Campylobacter
jejuni (11), and Tp34 (TP0971) from Treponema pallidum (12).

Recombinant Tp34 from T. pallidum, soaked in 10 mm
Zn(II), bound a Zn(II) atom in a degenerated octahedral geo-
metry that is coordinated by 3 His, 1 Glu, and 1 Met residue,
corresponding to the copper-coordinating residues from FetP
(12). The authors discuss that this geometry may represent a
novel zinc-binding site or that zinc could have bound adventi-
tiously to a site that would bind a different metal in vivo. In FetP,
copper and zinc binding exclude each other (Table 3), and thus,
both metals bind to the same site. The binding of different
metals to sites with very similar ligand identities and geo-
metries has been described before (35), such as in the case of
the manganese-binding periplasmic protein MncA and the
copper-binding CucA from the cyanobacterium Synechocys-
tis strain PCC6801 (36). Similar to FetP, ChpA from the
marine Vibrio contained copper after purification of the
periplasmic protein fraction from its native host (10). P19
from C. jejuni was shown to preferentially bind copper over
zinc (11). In this protein, copper is also bound to 3 His and 1
Met residues plus a nearby Glu residue, all corresponding to
the respective residues in FetP, Together with the MALDI-
TOF and CD data for FetP, all of these lines of evidence
indicate that copper rather than zinc is the likely cofactor of
FetP and its relatives.

In contrast to the other previously characterized FetP
homologs, the copper ion in each binding site in the crystal
structure of FetP exhibited two residence probability max-
ima (1 and 2) and had conformation differences between the
two copper-binding sites in the FetP dimer (CuA and CuB).
Copper plasticity has been also been shown recently for the
copper-dependent tyrosinase from Bacillus megaterium
(37). Histidine-rich copper-binding motifs as in CuA and
CuB of FetP is Cu(II)-specific in the copper homeostasis pro-
tein CopC, whereas a more methionine-rich binding motif is
Cu(I)-specific (38, 39). Interestingly, an additional copper-
binding site CuC might exist in FetP adjacent to the other
copper sites and is composed of Met>?, Met**, Met®®, and
His'**. Both Met*” and Met®® are conserved in the 100 clos-
est relatives of FetP in a BLAST search (data not shown),
including P19, ChpA, and Tp34 (10-12), whereas Met** and
His'*® are not. CuC was in a tetrahedral “metal-ready” con-
formation when the adjacent site was in the CuB conforma-
tion, whereas the Met,, “lid” of CuC was in the open confor-
mation when the adjacent site was in the CuA conformation.
Although a stoichiometry of three bound copper ions was
not observed by ITC analysis, the binding of a third copper to
the FetP dimer was demonstrated by AAS. Possibly, CuC
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may preferentially bind Cu(I) and thus may not be detected
in the ITC titrations.

In addition to copper, FetP also bound iron (as shown by
AAS) and manganese (as demonstrated by AAS and ITC).
Mn(II) has been used in other studies as a substitute for Fe(II)
because the latter is highly reactive and can denature or damage
proteins by the Fenton reaction (40-42). Binding of manga-
nese is not hindered by the presence of either zinc or copper
ions (Table 3), indicating that Mn(II) binds to a site distinct
from the copper-binding sites. This is interesting because man-
ganese is far down below in the Irving-Williams series (43),
such that Zn(II) or Cu(II) should easily be able to displace this
cation if they compete for the same site (44). Besides its role
as an iron proxy in biochemical experiments, however, Mn(II)
was also a substrate for FetMP, as indicated by growth experi-
ments (Fig. 1).

A manganese- or iron-binding site was identified in P19 from
C. jejuni, composed of 2 Glu and 1 Asp residue that correspond
to residues Glu®, Glu*®, and Asp®* of FetP (11). These residues
are all conserved in FetP relatives, including ChpA and Tp34
(data not shown). Interestingly, Glu*® seems to be involved
in the binding of manganese/iron and/or copper in the CuAl
conformation. Binding of copper in this conformation might
thus prevent binding of manganese and iron to this site but
would allow binding if the copper site is in the CuB confor-
mation. This may explain why FetP bound only one manga-
nese per dimer in the AAS and ITC experiments and one iron
in the AAS determination although two iron/manganese
binding sites should exist in a homodimer. Alternatively, the
copper ion in the CuA1l conformation may displace the car-
boxylic group of Glu*® in such a way that one oxygen inter-
acts with copper and the other allows binding of iron or
manganese. Regardless, occupation of CuAl may interfere
with iron or manganese binding.

The membrane-bound FetM protein was essential for iron
supply by FetMP. In agreement with the greater peptide
sequence similarity of FetM with the Pb(II) transporter PbrT
(8) than to the iron transporter EfeU (9) and its ability to import
Mn(II), FetM may import Fe(Il) rather than Fe(III). Periplas-
mic FetP was important for FetMP-mediated iron uptake at
low iron concentrations and at higher Fe(III) concentrations
but not at higher Fe(II) concentrations (Fig. 5). Fe(III)-re-
ducing activity of E. coli cells was also doubled when FetP
was present (Fig. 6). Thus, FetP may have a dual function as
a periplasmic Fe(II) chaperone and a Fe(III) reductase, pos-
sibly using a temporarily bound Cu(I) in CuC as an electron
donor with copper ion displacement between sites CuA and
CuB as a mechanism for electron transfer. Moreover, inhibi-
tion by Ag(I) of the specific growth-stimulating effect of FetP
in the presence of 100 uM Fe(III) may indicate that the silver
ion can compete with Cu(I) for the CuC site or may remove
copper from CuA or CuB, thereby preventing reduction of
Fe(III) to Fe(II). Nevertheless, the in vivo copper reduction
assays demonstrate that E. coli can reduce Fe(Ill) in the
absence of FetP, which may explain why FetP is not essential
for iron uptake by FetM. In this model, the function of FetP
is analogous to that of the S. cerevisiae ferrireductases Frelp
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and Fre2p, which solubilize iron from ferric hydroxide com-
plexes for its uptake (45).

To our knowledge, neither Frelp nor Fre2p has been puri-
fied, and their K, values for iron have not yet been determined,
so that the K, values of FetP and a Fre protein cannot be com-
pared. Moreover, the apparent K, value of FetP was deter-
mined with whole cells as a difference between FetP-expressing
and control cells, which might explain the high value of 1.5 mm.
Nevertheless, the v, .. for iron reduction of FetP-expressing
cells would equal a reduction rate of about 1.8 million irons/
cell/min, which would be sufficient even at micromolar
iron concentrations to provide the 300,000 iron atoms that
E. coli cells contain.*

Prior to high affinity Fe(III) uptake by Ftrlp, ferrous iron is
oxidized again by the multicopper oxidase Fet3p, a glycosylated
ferroxidase at the yeast plasma membrane and a homolog of the
human plasma protein ceruloplasmin (46). Fet3p contains a
mononuclear copper site that reacts with Fe(II) (or free Cu(I))
and a trinuclear copper cluster that transfers the metal-derived
electrons to reduce molecular oxygen to water (47, 48). FetP
does not contain a copper cluster similar to that of Fet3p and is
unlikely to have ferroxidase activity.

The other E. coli gene that is a member of the ILT family
encodes the EfeU protein and is part of a tricistronic operon,
which is under dual control by the Fur repressor in response to
the iron status (9) and by CpxAR repression at high pH (49).
When the efe operon is expressed in a strain lacking all known
iron uptake systems, the cells gained a major growth advantage
(9, 49). The other two Efe proteins are both periplasmic pro-
teins. EfeB is a hemoprotein proposed to promote iron extrac-
tion from heme (50), whereas EfeO is a novel cupredoxin-like
protein (51, 52). In contrast to Efe, the Fet system is not
involved in heme-iron acquisition (data not shown). Reminis-
cent of the yeast model, the current working hypothesis for the
Efe system is that EfeB mediates iron extraction from heme,
EfeO oxidizes Fe(Il) to Fe(IlI), and the Fe(IIl) is delivered to
EfeU for uptake with the electron given to an unknown electron
acceptor via EfeB (51).

E. coli strain F11 is able to colonize the bladder and is there-
fore exposed to urine, a liquid with changing pH values, oxygen
tension, and concentration of organic matter (53). These
parameters strongly influence the solubility of Fe(IIl) (54).
At moderately acidic or alkaline conditions, more soluble
Fe(III)(OH); or Fe(IlI)(OH), complexes, respectively, exist
instead of the insoluble Fe(III)(OH), complex, facilitating the
use by strain F11 of Fe(III) in the bladder. We have shown that
FetMP is useful for growth under these conditions (Fig. 1, Band
C). If FetP uses Cu(I) as electron donor for Fe(III) mobilization,
it would link iron and copper homeostasis as shown in yeast.
FetP would also change the more toxic Cu(l) into the less toxic
Cu(II), reminiscent of the function of the copper resistance pro-
tein CueO (55-58). In summary, E. coli F11 can be expected to
have the ability to use both oxidation states of iron efficiently
under conditions of ever changing Fe(II)/Fe(III) ratios, proba-
bly aiding in colonization of the urinary tract.

4D. H. Nies, unpublished results.
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