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EfeO-cupredoxins: major new members of the cupredoxin
superfamily with roles in bacterial iron transport
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Abstract The EfeUOB system of Escherichia coli
is a tripartite, low pH, ferrous iron transporter. It
resembles the high-affinity iron transporter (Ftrlp-
Fet3p) of yeast in that EfeU is homologous to Ftrlp,
an integral-membrane iron-permease. However, Ef-
eUOB lacks an equivalent of the Fet3p component—
the multicopper oxidase with three cupredoxin-like
domains. EfeO and EfeB are periplasmic but their
precise roles are unclear. EfeO consists primarily of a
C-terminal peptidase-M75 domain with a conserved
‘HxxE’ motif potentially involved in metal binding.
The smaller N-terminal domain (EfeO-N) is predicted
to be cupredoxin (Cup) like, suggesting a previously
unrecognised similarity between EfeO and Fet3p.
Our structural modelling of the E. coli EfeO Cup
domain identifies two potential metal-binding sites.
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Site I is predicted to bind Cu”" using three conserved
residues (C41 and 103, and E66) and M101. Of these,
only one (C103) is conserved in classical cupredoxins
where it also acts as a Cu ligand. Site II most
probably binds Fe®" and consists of four well
conserved surface Glu residues. Phylogenetic analy-
sis indicates that the EfeO-Cup domains form a novel
Cup family, designated the ‘EfeO-Cup’ family.
Structural modelling of two other representative
EfeO-Cup domains indicates that different subfami-
lies employ distinct ligand sets at their proposed
metal-binding sites. The ~ 100 efeO homologues in
the bacterial sequence databases are all associated
with various iron-transport related genes indicating a
common role for EfeO-Cup proteins in iron transport,
supporting a new copper-iron connection in biology.

Keywords Iron transport - Homology modelling -
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Introduction

Many major biological processes depend upon iron
including oxygen transport and storage, nitrogen
fixation, photosynthesis, DNA biosynthesis and the
citric acid cycle (Andrews et al. 2003). The predom-
inant environmental form of iron is the poorly soluble
ferric form (107'® M at pH 7.0). Relatively
soluble (0.1 M at pH 7.0) ferrous iron is mainly
restricted to anaerobic/microaerobic niches or low pH
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environments. Unsurprisingly, the low solubility of
ferric iron leads to problems of poor bioavailability.
In addition, iron can cause toxicity in the presence of
oxygen due to its tendency to engage in Fenton
chemistry generating highly-reactive free-radical
species. Thus, under aerobic conditions, iron causes
problems of both availability and toxicity (Andrews
et al. 2003; Carrondo 2003; Chiancone et al. 2004).
Consequently, organisms have developed various
strategies that allow them to acquire sufficient iron
for growth whilst avoiding any deleterious effects
caused by iron toxicity. Bacteria often employ a
range of iron transporters, with specificities for
alternative sources of iron, to enable them to
overcome low iron availability. Within bacteria, the
most common type of iron uptake system appears to
involve siderophore-dependent transporters. These
utilise extracellular chelators (siderophores) as fer-
ric-iron solubilising agents. For Gram-negative bac-
teria, the resulting ferri-siderophore complexes are
translocated across the outer-membrane (OM) by a
TonB-dependent OM receptor (TBDR) (Andrews
et al. 2003; Braun et al. 1998; Stintzi et al. 2000).
The complexes are then bound by corresponding
periplasmic-binding proteins and delivered to inner-
membrane ABC-transporters. Host iron-containing
compounds [transferrin, lactoferrin, haemoglobin,
haem, haem-haemopexin] (Andrews et al. 2003;
Bracken et al. 1999; Wandersman and Delepelaire
2004) can also be directly acquired by similar
transporters involving binding of the host iron
complexes to specific TBDRs. In contrast to ferric
iron, ferrous iron can be directly imported using
FeoAB transporters, which are thought to function
under anaerobic-microaerophilic conditions (Cartron
et al. 2006; Hantke 1987). In addition, metal-type
ABC transporters like (Kehres et al. 2002) [e.g.
SitABCD of Salmonella typhimurium] and NRAMP-
like transporters (Kehres et al. 2000; Makui et al.
2000) [e.g. MntH of Escherichia coli] also translocate
Fe", although these systems appear to have greater
affinity for Mn®" than Fe**. ZupT in E. coli also has
affinity for Fe>", along with a range of other divalent
metals (Grass et al. 2002).

Recently, a new type of ferrous-iron transporter,
designated EfeUOB, has been identified in E. coli. It
consists of three protein components and acts mainly
at low pH (Cao et al. 2007). Homologous systems are
present in many other bacteria including Bacillus
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subtilis and Neisseria meningitides (Baichoo et al.
2002; Grifantini et al. 2003; Ollinger et al. 2006).
EfeUOB resembles the high-affinity Fe?" uptake
system (Fet3p-Ftrlp) found in fungi (such as Sac-
chromyces cerevisiae) and some algae (Askwith and
Kaplan 1997, 1998; De Freitas et al. 2003; Fang and
Wang 2002; Fu et al. 2004; Paronetto et al. 2001) in
that EfeU is homologous to Ftrlp, and both systems
are ferrous-iron transporters. Ftrlp is a polytopic,
cytoplasmic-membrane located, ferric permease con-
taining seven transmembrane helices (TMH), belong-
ing to the oxidase dependent Fe*" transporter family
(Debut et al. 2006). It possesses two ‘RExxE’ motifs,
one in TMH 1 and the other in TMH 4, both of which
are required for iron-uptake function (Severance et al.
2004; Stearman et al. 1996). These are thought to
form an iron-binding site, with the conserved Glu
residues acting as the direct ligands. Fet3p is a
multicopper ferroxidase and is absolutely required for
high-affinity Fe*™ uptake. It has three cupredoxin-
like domains binding four copper ions and belongs to
the multi-copper oxidase family (De Silva et al.
1995). This protein is anchored to the outer face of
the cytoplasmic (or inner) membrane and closely
associates with Ftrlp. The mechanism of Fet3p-Ftrlp
iron transport involves reduction of environmental
ferric ion to ferrous ion by means of the ferric/cupric
reductases, Frelp/Fre2p. The ferrous iron thus gen-
erated is bound by Fet3p and re-oxidised, using
oxygen as the oxidant, to the ferric form which is then
transferred to Ftrlp for translocation across the
cytoplasmic membrane into the cytosol.

EfeUOB is encoded by a three gene operon,
efeUOB, that is Fe>*_Fur repressed and alkali-
repressed (acid induced) by CpxAR. EfeU, like
Ftrlp, is predicted to be located within the cytoplas-
mic membrane and to contain seven TMHs. EfeU
possesses 27% amino acid sequence identity with
Ftrlp and the two ‘RExxE’ motifs are conserved.
EfeB is a periplasmic haem-containing peroxidase-
like protein (Cartron et al. 2007) that is exported into
the periplasm by the Tat pathway (Sturm et al. 2006).
EfeO is also periplasmic and contains a predicted N-
terminal signal sequence suggesting export to the
periplasm in a Sec-dependent manner. EfeO consists
of a C-terminal peptidase-M75 (M75) domain (~ 225
residues) and an N-terminal domain of ~ 100
residues that appears to resemble the copper-contain-
ing cupredoxins.



Biometals (2010) 23:1-17

In this study, the amino acid sequences of
cupredoxins (Cup) and domains resembling the EfeO
N-terminal domain (the EfeO-Cup domain) were
compared and their phylogenetic relationship ana-
lysed. Results suggest that EfeO-Cup-like domains
represent a distinct new bacterial group within the
cupredoxin superfamily and form two sub-groups:
Cup-M75 proteins and solo-Cup proteins. Structural
modelling of representative EfeO-Cup-like domains
indicates either one or two novel metal-binding sites
(distinct from the Cu-site of classical cupredoxins)
employing different sets of conserved ligands in each
case, with one site favouring Cu®" and the other
preferring Fe®". These findings provide a new insight
into the biochemical properties of EfeO and related
proteins and suggest a potential iron uptake role as
iron-binding and/or electron-transfer components.

Materials and methods

Secondary structure prediction, domain topology
and multiple sequence alignment

The amino acid sequence of EfeO used in this study
is from E. coli K-12 and is available at Uniprot
Knowledgebase (Bairoch et al. 2005) (UniprotKB/
SwissProt accession no: POAB24). The SignalP
server (Bendtsen et al. 2004) was used to predict
the signal peptide cleavage site in EfeO. GeconcT
(Ciria et al. 2004), was used to identify genes
neighbouring efeO and efeO homologues. Domain
predictions were obtained using various databases
and servers: Superfamily (Gough et al. 2001),
INTERPRO (Mulder et al. 2007), Pfam (Finn et al.
2006), SCOP (Murzin et al. 1995) and DomFOLD
(Jones et al. 2005; Marsden et al. 2002; Ward et al.
2004) [incorporating DomSSEA, DISOPRED,
mGenTHREADER and nFOLD]. The presence of
low complexity regions in EfeO amino-acid sequence
was indicated by NCBI-BLAST (Wheeler et al. 2006)
and the Pfam database. The prediction of disordered
regions in EfeO was performed by PrDOS (Ishida and
Kinoshita 2007) and RONN (Yang et al. 2005). EfeO
homologues (125 sequences) were identified using
EBI-WU-BLAST?2 (Altschul et al. 1990) using the
default settings. Multiple-sequence alignments for
either the Cup or peptidase-M75 domains (101
sequences containing Cup domain, and 92 sequences

containing peptidase-M75 domain) were achieved
using EBI-CLUSTALW (Thompson et al. 1994).
Secondary-structure predictions were obtained using
the PSIPRED (Bryson et al. 2005) and Jpred servers
(Cuff et al. 1998). Multiple-sequence alignments
obtained from EBI-CLUSTALW were analysed
using GENEDOC (Nicholas et al. 1997) to generate
improved alignments satisfying secondary structure
element locations. Phylogenetic analysis was carried
out using MEGA4 version software (Tamura et al.
2007) and the multiple-sequence alignments obtained
above. The Neighbour-joining method with default
settings was employed for the construction of trees.

Structural modelling of the Cup domain
of EfeO and its select homologues

A search for suitable structural templates was
performed using local similarity search algorithms
(NCBI-BLAST, EBI-WU-BLAST?2) against the Pro-
tein Data Base (PDB) (Berman et al. 2000) and fold
recognition tools [Phyre (Kelley et al. 2000),
mGenTHREADER (Bryson et al. 2005)] using the
default settings. Amicyanin (Carrell et al. 2004) from
Paracoccus denitrificans (PDB id: 1SFD) was the
nearest structural homologue for EfeO according to
mGENTHREADER (Table S3). Based on the multi-
ple sequence alignment (Fig. 5a) and the mGENTH-
READER result (Table S3), modelling of the EfeO
homologues: Jan and Buc2 from domain I & V
organisation (Janibacter sp. and Burkholderia cepa-
cia, Table S1), respectively, was performed. For all
models, amicyanin was used as the template, in order
to maintain the sequence and structural alignment
found between these homologues. The comparative
modelling program, MODELLER (Marti-Renom
et al. 2000), was used to construct all three theoretical
models. The three models herein are referred to as
Cupecoti> Cupjani and Cuppu, respectively. The val-
idation programs PROCHECK (Laskowski et al.
1993), and MODFOLD (ModFOLDclust v 1.1)
(McGuffin 2007; McGuffin 2008) were used for
assessing the overall stereochemical quality of the
models and selecting the final model in each case.
The overall structural superimpositions and local
superimpositions of metal binding sites between pairs
of structures were performed using the program
LSQKAB as provided by CCP4 (Collaborative
Computational Project 1994).
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Metal-binding site prediction for the Cup domain
of EfeO and selected homologues by GRID

The program GRID (Goodford 1985) was used to
predict potential metal binding sites for amicyanin
(PDB id: 1SFD), as a control, the Cup domain of
EfeO from E. coli (Cupeco)i), and the Cup domain
from B. cepacia (Cuppyk) and Janibacter sp.
(Cupjani)- GRID predicts energetically favourable
interactions between a probe (i.e. a small biologically
active species such as water, carbohydrates, metals)
and a protein. The results are represented in the form
of 3-dimensional (3D) energy contours, showing the
location of energetically favourable binding sites.
The interaction energy Exyz of the probe at each xyz
position on the GRID is calculated as a summation of
energy components, specifically van der Waals,
hydrogen bond, electrostatic interactions and a
hydrophobic term as defined by E,,, = XE; +
YE +ZXEy, Contours at negative energy levels
indicate favourable regions of attraction representing
the most likely points of interaction between a probe
(in this case, metal) and the protein. In this work,
interactions between each of the Cup domains,
Cupecoti> Cupjani and Cuppyk, and their structural
homologue amicyanin (PDB id: 1SFD) against rele-
vant metal cation probes (Fe**, Cu®™, Zn>", Mg”™,
Fe*") were carried out by GRID. All HETATM
records (i.e. all non-protein atoms such as water,
Cu2+, sulphate, etc.) were first removed from the
PDB file for amicyanin. There were no HETATM
records in the homology models for Cupecoti, Cupjani
and Cuppyk. The program GRIN, the first step in the
GRID calculation, was used to prepare each of the
atomic coordinate files by removing hydrogens (in
the case of the homology models) adding counterions
(Na™t was used in each case) to neutralise the overall
charge on the protein taking care not to include
counterions near any potential binding sites, and
including the associated energy variables to individ-
val atom types as defined in GRIN. The move
directive in GRID was set to —1 to allow the
counterions to move in response to the probe. The
GRID calculations were performed in two stages;
firstly, over the entire protein using a grid spacing
(NPLA) of 1 A, and secondly, over those regions
highlighted by this first run which indicated the most
promising regions for metal binding using a grid
spacing of 0.5 A. GRID allows assignment of the

@ Springer

metal cation probes (JTYPE) to reflect the fact that
these metals do not participate in hydrogen bonding
and to emphasise the relative hardness or softness of
the metal thus affecting the type of interaction. For
example, a metal that interacts favourably with
nitrogen and sulphur ligands but not oxygen would
be assigned JTYPE 113. In GRID, metal cation
probes by default are assigned JTYPE 110. For
amicyanin and site I of Cupecoti, Cupjani and Cuppy,
all metal probes were assigned JTYPE 113, to reflect
the increased number of sulfhydryl ligands found at
site I for each of these proteins. For site II in Cupecoji,
all metals probes were assigned a JYTPE of 111,
favouring interaction with oxygen ligands. All other
GRID parameters used were default. The program
MINIM, provided as part of the GRID package, was
used to convert the GRID output to a readable format
suitable for input to PYMOL (Delano 2002) for
graphical viewing and interpretation.

Circular dichroism (CD) spectroscopy
of EfeOecoli

The CD measurements for the mature EfeO,; protein
were carried out using a JASCO J-810 spectropolar-
imeter. CD spectra of EfeO,.q; at 3.2 mg/mlin 30 mM
MES buffer (pH 6.0) were measured at 25°C with a
0.01 cm pathlength cell in the far UV (190-260 nm)
region, at a bandwidth of 1 nm using an average of four
scans. The raw spectral data, ellipticity (), were
expressed as mean residue ellipticity, [0] w2 (deg cm?
dmol "), according to the equation:

[0], ..., = MRW x 0,/10 x d x ¢

mrwi

where ‘MRW’ (mean residue weight for peptide
bond) is described as M/N — 1 and M is the molecular
weight of the mature EfeOc.o; (M = 38,313 Da), ‘N’
is the total number of amino acids (N = 349), ‘0, is
the observed ellipticity in degrees at each wavelength,
‘d’ is the path length of the cuvette (0.01 cm), ‘¢’ is
the concentration of the protein in (3.2 mg/ml, in this
case). The raw CD spectral data for EfeO..,; were
submitted to the DICHROWEB (Whitmore and
Wallace 2004) server for qualitative and quantitative
secondary structure analysis. The dataset SP175,
(Lees et al. 2006) consisting of 72 reference proteins
from high resolution crystal structures (average 1.9 A
resolution) of type ff and mixed o/, was used as the
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reference set for the analysis with an aim to reduce the
spectral variability in the f-sheets of proteins.

Results and discussion
Domain topologies

The domain analysis results from the Superfamily
server, Pfam (PF04302), DomFOLD and the INTER-
PRO database (IPR008972) indicate the presence of a
cupredoxin (Cup) like domain at the N-terminus of the
E. coli EfeO protein (residues 8—116) and a ‘peptidase-
M75° domain (M75, residues 135-372; Pfam
PF09375, also known as ‘DUF451”) in the C-terminal
region. Signal P predicted an N-terminal signal
sequence for EfeO with the most likely cleavage site
between residues 26 and 27 (ANA-AD). Together, the
above predictions strongly suggest a two-domain
organisation for EfeO of E. coli K-12 (EfeOcj;): an
N-terminal Cup-like domain (Cupecop;) and a C-termi-
nal M75 domain (M75...;) separated by a flexible
linker (Fig. 1 and Supplementary Information).
WU-BLAST?2 analysis of the non-redundant
database using the EBI site revealed 125 proteins dis-
playing significant (E-value threshold 10) amino-
acid sequence similarity (>20% identity) to
EfeOecq;, all of which are from bacteria and possess
either an M75 domain or a Cup domain. Of these,
five domain organisations (I-V) are apparent
(Fig. 1). The most common organisation (I) is that
observed for E. coli consisting of an N-terminal Cup

Domain organisations

domain plus a C-terminal M75 domain (65 exam-
ples). All such proteins appear to possess an
appropriately positioned signal sequence and so all
are expected to be secreted. The second most
common organisation (V) consists of an isolated
Cup domain (without any C-terminal M75 domain,
34 examples) which implies that the N-terminal Cup
domain can function independently of the M75
domain. The third most common domain organisa-
tion (II) comprises an isolated M75 domain (appar-
ently secreted) without any Cup domain (18
examples). This indicates that the Cup domain
may not be essential for the iron uptake process
mediated by EfeO-like proteins. The fourth most
frequent domain arrangement (III) contains an
undefined N-terminal domain (~ 130 residues, des-
ignated ‘domain X’, found in B. subtilis and Listeria
species) linked to a C-terminal M75 domain (seven
examples) and so also lacks a recognisable Cup
domain, again indicating that the Cup domain is not
essential for EfeO function. Note that the B. subtilis
efe-like locus, ywbLMN, has been shown to have a
role in iron uptake (Baichoo et al. 2002; Ollinger
et al. 2006) yet the protein corresponding to EfeO
(YwbM), lacks the Cup domain. A signal sequence
is predicted for the B. subtilis protein indicating
these class III EfeO proteins are secreted. Finally,
there is just one example of the class IV domain
organisation where an N-terminal Ftrlp/EfeU-like
domain is followed by a central Cup domain which
is in turn followed by a C-terminal M75 domain
giving an ‘EfeU-EfeO fusion’ protein. This fusion

. 100 amino acids
Linker —

Signal peptide

Cup r\k‘k\Peptidase-M'(S N

_Ftr1/EfeU ~

Domain

organisation
Numbers

| 65
Dom e BN Il 18

[ N N m 7
' WS . v 1
(F—;) vV 34

125

Fig. 1 Domain topology of EfeO. Five domain topologies
(I-V) are apparent for EfeO homologues. The unknown
domain found in the Listeria and B. subtilis proteins is
indicated as ‘Dom X’ (Domain X). The putative flexible linker
region is indicated (not to scale). The SignalP-predicted signal
peptide cleavage site for EfeO of E. coli K-12 is between

residues 26 and 27. The predicted N-terminal Cup-like domain
of EfeO,.q; extends from residue 30 to 116 followed by the C-
terminal M75 domain (135-372). The low complexity region
between the two domains (117-134) is also predicted by Pfam
and the disorder prediction tools RONN and PrDOS
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suggests that EfeU and EfeO interact during the iron
uptake process.

Genetic context analysis

Seven gene organisations (from 58 loci) were iden-
tified for efeO homologues, all of which consisted of
genes encoding M75 domains and/or Cup-M75
domain fusions (Fig. 2a). The most frequent arrange-
ment is efeUOB (type A; 29 cases found in
proteobacteria, actinobacteria and firmicutes), as
found for E. coli. Given the similar genetic organi-
sation and composition, it is highly likely that all 29
of these loci specify analogous ferrous-iron trans-
porters. The next most common arrangement is
efeO;BU (type B; 13 cases found in firmicutes)
where efeU is located at the end of the efe operon and
the efeO gene is of class II (i.e. it does not specify a
Cup domain). Such systems thus lack any Cup
domain indicating, as suggested above, that this

domain is not essential for function of Efe transport-
ers. The next most common gene arrangement is
efeUOBOy; (type C; 9 cases all from proteobacteria)
which also resembles the type A organisation except
for the presence of an additional efeO gene, at the end
of the operon, which is of class II (lacking the Cup
domain). The presence of two efeO genes, each
specifying a different class of EfeO protein, indicates
that EfeO; and EfeOp; may have distinct, but related,
functions in transport. The fourth most common
organisation is efeUO;;B (type G; 3 cases from
actinobacteria) which again resembles the type A
arrangement except that the efeO gene encodes a
class IIT EfeO protein containing domain X in place
of the Cup domain. In addition, there are three other
gene organisations that are found only once or twice:
efeOBU; efeUO;yB; and efeO;B. Interestingly, all
seven arrangements include an efeB homologue along
with efeO, and in all but one case there is also an efeU
equivalent. This indicates that EfeO is functionally
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Fig. 2 Schematic representations of the genetic contexts of
efeO-like loci. Loci containing genes specifying a EfeO-like
MT75 domains (domain organization I-IV; Fig. 1) or b solo-
Cup domains (of domain V organization; Fig. 1). The EfeOeoj;
amino acid sequence was used as input for Gene Context Tool
2 analysis, using default variables to search 580 genomes for
sequence similarity (probability score minimum of 1 x 107'%).
A total of 58 matches were reported and seven genetic
organizations were observed (A-G). Slight differences in the
total number of matches discovered in Figs. 1, 2 reflect
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differences in cutoff scores applied and the sequence databases
utilized. b Gene context analysis for the solo-Cup domain.
Among the 38 matches obtained, three distinct gene organi-
zations (H-J) were apparent. The presence of two solo-Cup
domain gene clusters (of the H and I organizations) in B.
cenocepacia, B. cepacia and B. pseudomallei, is indicated with
thick and dotted black lines. ‘Rr’ and ‘His_kin’ indicate genes
specifying a histidine kinase and response regulator from the
two component signal transduction systems
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dependent upon both EfeB and EfeU, and is consis-
tent with a similar biological function for all 58 loci
in ferrous iron uptake (Cao et al. 2007).

Gene-context analysis for those genes encoding a
solo-Cup domain of the EfeO family (solo-Cup,
domain V organisation), all from proteobacteria,
revealed 38 gene clusters containing solo-Cup encod-
ing genes. These divide into three major types (H-J;
Fig. 2b), all possessing features suggestive of an iron
(or metal) transport function and are discussed further
in the Supplementary Information.

The peptidase-M75 domain of EfeO

The above analyses indicate that the M75 domain of
EfeO is crucial for EfeUOB transporters. Indeed, no
loci could be found where efeU- and efeB-like genes
are both present in the absence of an M75-encoding
efeO-like gene. To date, the only other character-
ized member of the peptidase-M75 family is the
Zn-containing membrane-located metallopeptidase
‘imelysin’ protein from Pseudomonas aeruginosa.
Secondary-structure prediction for the M75 domain
of EfeO (residues 135-372) using Jpred and PSI-
PRED indicates a high a-helix content (55 and 65%,
respectively) and no f-strand composition. Further-
more, quantitative estimation based on the far-UV

EfeO

Pssl EQH———
) Yep5 GDN———
Y |ace

JClm

Pad2 EQG-
o] Metb
1 Bacl
L'J_' Myc2
M ¥Pss4 SQN———
& NLiml  : KEAEIEVENE ____ 02 —
B oFr2 KL GLPAGLPGGVHD-PD (e Y bi =
(I-‘ HXXE

(site III motif)

Fig. 3 Multiple-sequence alignment of a region of the M75
domain (residues 196-258) of EfeO from E. coli K-12 with
selected homologues. The M75 domain region of class I, II, III
and IV domain organization members were aligned and
manually edited using EBI-CLUSTALW and GENEDOC
software, respectively. The HxxE motif (site III), a potential
zinc-binding site for the M75 metallopeptidases, is fully
conserved. Absolutely conserved residues are shown in white

Q--——==DD——~~—-—SLA:MTA D
QPSPDANGGDVYTPLGMDRAHFHQ

CD spectrum of EfeOe.q; (Fig. S1; residues 27-375)
indicates a secondary structure composition of 48%
o-helix, 13% f-strand and 39% random coil or turn.
Subtraction of the anticipated secondary structure
contribution of the EfeO Cup domain (50% f-strand;
Fig. 4) from the CD-derived composition suggests
that all the f-strands of EfeO are contributed by the
Cup domain whereas all the a-helices are within the
M?75 domain, consistent with the PSIPRED and Jpred
predictions.

Alignment of the amino acid sequence of the M75
domain of E. coli (K-12) EfeO with that of 91 EfeO-
homologues (65 class I, 18 class II, 7 class IIT and one
class IV sequences; Table S1; Fig. 3 and S2) shows
that the highly conserved HxxE motif, that acts as a
potential Zn-binding site for M75 metallopeptidases,
is completely conserved within the M75-domain of
EfeO proteins. This suggests that the M-75 domain is
likely to be metal binding with the HxxE motif
corresponding, at least in part, to a metal-binding site
(here designated ‘site III’). The above observations
would be consistent with a role for the M75 domain
of EfeO in specific inter-protein iron transfer, with
the peptidase similarity providing protein—protein
interaction capacity (perhaps with EfeU) and the
HxxE motif acting as part of an Fe*'-binding site
enabling delivery of iron to EfeU.

230 240 250
YTEVVDIQ) '159233'9——55 163
AVTOIKQQILAQSLA-—E : 63
O TLE! GETE‘A—-H' 163
SSVRTJADLUATOTYQ-—3A : 60
A TQK ! YDA HADGFSVDIS :73
:vKE'lD GITFP-- iE : 67
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_______ 1-;5_ b TIOK VI--5V ;62
————————— rrancp:"n s'-'vuol Q"'

_________ SLE.HDV&!‘”DKEL'I*:AKALQAEUKNHKLE—— K :60
————————— SAASLAAS,VGISSEVAG/RAAFPTQEFD-- N :63

rp-~ GE :67

bold letters against a black background whereas 80 and 60%
conserved residues are shown in white or black bold type
against a grey background, respectively. Residue numbers are
based on those of EfeO..,;. Representatives from all four
domain organizations are shown here for simplicity and the
complete alignment with all members is provided in the
supplementary material (Fig. S2). A description of each protein
is provided in Table S1
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The cupredoxin (Cup) domain of EfeO

The Cup domain of the EfeO proteins is not fully
conserved, it is present in more than 70% of all cases
observed, indicating an important, although not vital,
function in ferrous transport. In addition, it is found
as a solo domain associated with 38 potential
bacterial iron/metal transporters which is again
indicative of an important iron (or metal) transport-
related function. Cupredoxins (blue-copper proteins)
are copper-containing, mono-domain, electron-trans-
fer proteins possessing a ‘Greek key’ f-barrel topol-
ogy. They generally contain a single ‘type I' (or
‘blue-copper binding’) copper ion acting as a high-
potential (>250 mV) electron carrier. The copper is
held in a distorted tetrahedral fashion by one
conserved Cys and two conserved His residues,
together with one or two variable axial ligands (e.g.
Met, Gln, Leu) (Adman 1991; Carrell et al. 2004;
Dennison 2005; Messerschmidt et al. 2001). The so
called ‘multicopper oxidases’ (MCO) possess two,
three or six cupredoxin domains (Adman et al. 1995;
Suzuki et al. 2000; Messerschmidt et al. 1993; Ducros
et al. 2001; Zaitseva et al. 1996). Such proteins either
function as oxidases or reductases and typically
possess four Cu atoms classified into three types: a
type L, II and III (Solomon et al. 1996). Since only a
single Cup domain is found within EfeO proteins, this
domain would appear more closely similar to the
cupredoxins suggesting a role in electron transfer.

Sequence conservation and phylogenetic
relationships of the Cup domains of EfeO proteins

A multiple-sequence alignment of the Cup domain of
119 EfeO-like sequences and cupredoxins (Fig. 1)
(Table S1; Fig. 4 and S3) shows that the sequences
fall into three major groups on the basis of shared
conservation, designated Cup-I (Cup domains from
class I and IV EfeO proteins), Cup-II (solo domain
Cup proteins from class V EfeO proteins) and Cup-III
(classical cupredoxin proteins). Unsurprisingly, these
three groups form three distinct clads in the corre-
sponding phylogenetic tree (Fig. S4). The defined
secondary-structure elements of cupredoxins appear
well conserved with few interruptions caused by
insertions or deletions. In addition, the predicted
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secondary structure for the Cup domain of EfeO and
its homologues matches the defined structure well
(80%), suggesting an accurate alignment has been
achieved (Fig. 4 and S3). Thus, all of the proteins
included in Fig. 4 (and S3) are likely to adopt a
cupredoxin fold.

Only three residues are absolutely conserved (G51,
G97 and Y99), which indicates the divergence of
these sequences (Fig. S3; see Table 1 for roles played
by such residues). Of particular note is the manner in
which the patterns of conserved residues acting as
defined, or potential, Cu ligands varies between the
three distinct groups (Fig. 4). For the Cup-I group
(class I and IV EfeO Cup domains), only the Cys
(position 103) is conserved among the four Cu
ligands (two His and one Cys and one Met) typically
employed by cupredoxins. However, an alternative
potential ligand (C41) is highly conserved in the Cup-
I proteins, but not in the other groups, indicating that
this residue may act as a novel metal ligand for
members of this group. An EEREN motif (residues
77-81) is also highly conserved in the Cup-I group
only, that may also contribute to metal binding. For
the Cup-II group, a different pattern of potential
metal ligands is observed. Of the four classical type 1
Cu ligands, only H106 is conserved. However, there
is a well conserved Asp residue at the same position
as the Cys residue normally employed as a Cu ligand
in cupredoxins (position 103) which could therefore
act as a metal ligand for Cup-II proteins. In addition,
there is an absolutely conserved RKEKV motif
(residues 77-81) that replaces the (E/D)EREN motif
observed in the Cup-I group and this may also
contribute to metal binding through its Glu residue.
Both the Cup-I and -II groups share a very well
conserved E(W/F)E motif (66-68) that may also act
in metal binding. This motif is absent from the
classical cupredoxins of the Cup-III group suggesting
a specific purpose within the EfeO-like Cup proteins.
It is interesting that both the Cup-I and -II proteins
possess just one of the four highly conserved Cu
ligands employed by the Cup-III proteins, but the
identity of the conserved residue is different in each
case. This highlights the cupredoxin-like nature the
Cup-I and -II proteins but also indicates that they
have each evolved in a different manner presumably
to perform somewhat different functions.



Biometals (2010) 23:1-17 9
(A)
30 60 70 Bq_ 90 100,_) 110 116
feld : --ADVEQ - 1fi0--THSOKAR: EN —*rtmq -kl TANTo-FEEN a.c LLTNPK-] WKGE: 92
- Yep5 : ---- ¥ I H——’vsm(sd: LEFTQ-K T, #1-GLLSNPK--KI/TVTVA: 88
Yeps2: ----QVE: I H--Fvsoml S FTQ-K.T. LLSNPK-cK/TVA--: 86
H hfl : —=—- Ino- -!HSQ g 3 T LLTNPE- GE: 88
g- jeml : ---GSW, M K-~ NSGR LLTNPR- VIDS: 89
] el2 : ---GSVSi lK--aN’SG i D - K- GVMVWDER -~ - -EN LLTNPR- VIDS: 89
Qcal : ---DTE V-~ KSDRTV{H) B FEQ-THT, LLSNPR- WTAT: 89
HU{PSSE : =——=TE 7 V-~.RSE Ay CI-SQ-VE -.\-" SGLLSNPR-:T/HVTPT: 839
Jan : ----PITYTAN-- sni:iovan‘rm f-QIRj LA~ KGTE -rg:.sn-'rg E: LAE|EH H-KPGMVGK--IRSTFT-: 89
Ly Hilste : --E | TAT-~ szvsxg e-m IE--. KGS rs-ﬁ'rno- <mzux- RIN-KPGMKGK-SIRQDVO-: 90
H_Ecp2 :==-LPTFT/TFQP-3GT T -REKTEIT-- G-12=VKS HOPEFDV-KTIAVKE-: 87
a ut ——LpTrxqt.'A——u Gl m:“ﬂmux: (R~ TGKGA, —ﬁsﬁs ,;,npé‘l__s—:- .xr;?m;\- “ViA AK--: 86
5 : =--IEILIGGDDGS LNNE cEKI T/ KNNA- GFEHNV._,FD .DEIPSGVDSGKI mx.kan;_hzwzvu———rz sks ﬂiqcihdi;vs TVN-: 99
- Pav ------ vTc:Emr.rp JSETVY| VNGE- VMEHNV. S VGEDAFRG---—---~ EMTKDQAYAITE -~ %DY EHP--EMRGK/IVE-: 89
E. i :=AEVAD DIAKMKYETPE, H) SDTVT], IN-REAMPHNVHFVAG) LGEAALKG-~~~-~~~ B MKKEQAYSLTF-=-=T] DYHTREP--FMRG -: 92
a Cup-I, s c EXE EER EN MC
Cup-1I. s} EXE EER EN c
Cup-I, € EXE XEX EN c
Cup-II EXE REE KV D H
Cup-III H C H M
% K ) ) =P rEm) ) -
cup-111 ) m)m) ) =) ) —> =
(B)
30 40 50 60 70 B8O a0 100 110 116
Efe0: ANAADVPQ--VEVIVIDEQCEPMT ITVNAGRTQFI IONHSQORALEWE ILKGVMVVEERENIAPGFSQEMTANL-QPGEYDMTCGLLTNPEGELIVE
Ami FARAREVADGAIVVDIAFMEYETPELHVEVGDTVIWIN-REAMPHNVHFVAGVLGEAALKGPMMEREQAY SLTFTEAGTYDYHCTFHPFMRGEVVVE

- =) =)

Fig. 4 Multiple-sequence alignment of the Cup domain of
EfeO from E. coli K-12 with related proteins. a The complete
alignment (Fig. S3) includes 65 and 34 EfeO-like Cup-I and
Cup-II domains, respectively, together with 19 classical (Cup-
III) cupredoxins from the ‘copper bind’ family (PF00127).
Representatives from each species for the three families are
shown here for simplicity. Alignment of the Cup-I and -II
domains was achieved as for Fig. 3. The ‘copper bind’
cupredoxin alignment was taken from Pfam and then aligned
with the Cup-I and -II sequences to generate a final combined
alignment. The sequences are organized into three groups
(Cup-1, -II and -II) on the basis of sequence similarity and
phylogeny, with the Cup-I family further divided into four
subfamilies: Cup-I4, Ip, Ic, Ip (Fig. S4). Conserved known (or
potential) metal ligands for each families are indicated in bold

Structural modelling of the Cup domain
of EfeO and select homologues

Although the above sequence comparison indicates
that there are two major types of EfeO-like Cup
domain and that each has a unique pattern of potential
metal ligands, it remains unclear whether the
observed motifs occupy positions within the corre-
sponding tertiary structures that would allow them to
form metal-binding sites. To determine whether this
is possible, a structural model was generated of the
Cup domain of EfeO from E. coli K-12. A protein
fold recognition method (McGuffin et al. 2001) was

-— o -
= = ) ) ==

letters at the bottom of the alignment. The consensus defined
secondary structure (f-strands only) for 19 classical cupredox-
ins (Cup-III proteins) is indicated by grey arrows, and that
predicted by PSIPRED and Jpred for the Cup domain of
EfeO..q; is shown with black arrows on the bottom of the
alignment. The conserved motifs and potential metal ligands in
the case of Cup I-III families are highlighted with dotted boxes
whereas the potential metal ligands which are common among
these families are in solid-line boxes. b Pairwise sequence-
structure based alignment between Cupe..); and P. denitrificans
amicyanin. The pair-wise alignment was generated using
mgenTHREADER and this alignment was used to generate
the homology model of Cupe.,; (Fig. 5). The f-strands for
Cupeco;i and amicyanin are indicated with black and grey
arrows, respectively

used to find structural homologues of Cupeco; (res-
idues 27-116). Phyre and mGenTHREADER gave
highest predicted matches for amicyanin, a known
cupredoxin, from P. denitrificans (PDB id: 1SFD),
and the derived structural alignment gave a sequence
identity of 18%. PSIPRED and Jpred evaluation of
the alignment of secondary structural elements for
EfeO and amicyanin gave an overall agreement of
90%, with slight differences in the third and fourth
p-strands of Cupecq; (III and IV; Fig. 5b). MODEL-
LER was used to construct an amicyanin-based
model for Cupeco; (Table S3). There were no irreg-
ularities in the stereochemical parameters according
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Table 1 Summary of the GRID predicted metal binding
ligands for site I & site II of Cupecoli, Cuppurk» Cupjani and the
known copper binding site of amicyanin (PDB id: 1SFD)

GRID probe Residues in contact with GRID probe

41 62 66 68 77 78 80 101 103 106 111

Cu site: amicyanin

cu*t H C H
acy?+ H C H M
Site 1
Cupecoii (Cup-14)
Cu*t C E M C
Fe** C E M C
Zn*t C E M C
Mg>*  C E M C
Fe** E C
Cupjani (Cup-Ip)
Cu*t C E C
Fe*™ C E C
Zn*t C E C
Mgt  C E C
Fe** E C
Cuppyrk (Cup-II)
Cu*t E D H
Mg>" E D H
Fe*™ E D H
Zn*t E D H
Fe** E D
Site 11
Cupecoii (Cup-1a)
Fe** E E E E
Fe>™ E E E E
Cu*t E E E E
Zn>* E E E E
Mg>* E E E E

* Crystallographic copper for amicyanin. The preferred metals
for the different binding sites in each protein are listed,
according to their relative interaction energies for the
respective M>* and M>" probes used. Residues in bold are
potential Cup-I/Il Cu ligands that are conserved in classical
cupredoxins (e.g. amicyanin)

to a PROCHECK analysis, and the Ramachandran
plot showed 95% of residues in the most favoured
regions with no residues in the disallowed regions
suggesting a stereochemically accurate model. A
pairwise Ca structural superimposition between the
Cupecoii model and amicyanin (1SFD), using the
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program LSQKAB as provided by CCP4, gave an
RMS deviation of 0.7 A (Fig. 5a).

The Cupeco; domain model structure

The Cupeco; domain structural model consists of
seven f-strands (strand I, residues 32-36; II, 52-59;
I, 65-70; 1V, 75-81; V, 88-94; VI, 98-103; VII,
110-116) accounting for 50% of the Cup portion of
the EfeOc.,; polypeptide (Fig. 5a). The pf-strands
are organised into two sheets forming a Greek key
p-barrel structure typical of cupredoxins. In accor-
dance with the multiple-sequence alignment (Fig. 4),
the model suggests a metal-binding site (designated
site I) comprising two conserved Cys residues
(residues 41 and 103), the conserved E66 residue,
and the partially-conserved M101, all of which
appear to be in close structural proximity (Fig. Sb).
A comparison between the site I motif of Cupecoy;
(C41, E66, M101 and C103) and the copper-binding
site of classical cupredoxins (amicyanin, azurin and
pseudoazurins) (Carrell et al. 2004; Crane et al. 2001;
Inoue et al. 1999) shows both sequence and structural
conservation for these proteins of a single Cys residue
(Cys103; Fig. 4 alignment, Fig. 5b, c), supporting a
role for this Cys in metal binding for Cupeco;. The
two His residues involved in copper binding in
cupredoxins, as mentioned above, are not conserved
in Cupecoyi- These His residues superimpose with two
Leu residues in the Cupe.o; model. However, C41 of
Cupecori 18 well conserved in Cup-I sequences and
together with C103 forms part of putative metal
binding site I in Cupeco;- The potential role of Cys
residues as ligands in metal binding is well known
(Cobbett and Goldsbrough 2002; Kojima et al. 1999;
Klaassen et al. 1999; Murphy and Taiz 1995;
Palmiter 1998; Solioz and Vulpe 1996). The Met
residue (M111 in amicyanin) that usually occurs as an
axial ligand in cupredoxins is not present in the
Cupecoi; model; instead there is a Pro. However, an
alternative residue, M101, appears able to act as a
distal ligand at site I in the model. The final residue in
site I, E66, structurally replaces the Asn residue (not
a Cu ligand in classical cupredoxins) typically
observed in other cupredoxins. It is possible that the
carboxylate (or carbonyl) of E66 of Cupe..; could
perform a role in metal binding at site I.

The Cupeco; model contains a negatively-charged
cluster of residues (E68, 77, 78 and 80) on the protein
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(A) Cup,,,; superimposed upon amicyanin

(B) Amicyanin - Cup,,;

clovcros

Fig. 5 Cup domain homology models and metal-binding site
prediction for the Cup domain of EfeO from E. coli K-12.
a The Cupe,; domain homology model (orange) was
generated using amicyanin of P. denitrificans (PDB id:
ISFD) as template (blue). The f-strands are numbered: S1-
S7. b Structural comparison of representatives from the Cup-I5
(Cupecori), Cup-Ip (Cupjani), Cup-II (Cuppyn) and Cup-III
(amicyanin) groups, based on the homology models and the
crystallographic structure of amicyanin. The comparison
demonstrated conservation of two residues (E66 and C103)
for Cupecoii (green) and Cupja,; (green), conservation a His
residue (H106) between Cupy, (green) and amicyanin (red).
A conserved Asp residue, found only in the Cup-II family (as
represented by Cuppyk), structurally superimposes with the
otherwise highly conserved C103 in the remaining Cup family
members. Residue numbering is according to EfeO and the
view is approximately 90° rotated in the y axis with respect to
the view in A. ¢ Close up view of the copper-binding site in the
crystallographically determined amicyanin structure. Metal-
binding residues (H62, C103, H106, M111) are shown as red
sticks and surrounding residues, forming a hydrophobic patch

Amicyanin - Cupy,

(P52, M71, P96) are shown as grey sticks. The crystallographic
and GRID predicted position for copper are represented as
green and yellow spheres, respectively. d Close up view of the
predicted metal-binding sites showing specific residues,
according to GRID, for the Cupe,; domain. According to
GRID, site I has preference for an M2t (with preference for
Cu*, indicated by a green sphere) in tetrahedral geometry
(C41, E66, M101 and C103) and site II has preference for Fe’™
(indicated by a magenta sphere) in square planar geometry
(E68, 77, 78 and 80), highlighted with red and blue sticks
(respectively) with a surrounding hydrophobic patch of
residues (V36, 156, L65, W67) shown as grey sticks. The
views in the case of ¢ and d are approximately 90° rotated in
the x axis with respect to the view in b. Structural comparisons
of amicyanin and the third Cup domain (residues 382-500) of
Fet3p (the third Cup domain of Fet3p was selected because,
unlike the other two, it has a type 1 copper centre) with
Cupecoli» show an overall similarity in fold but with much
closer similarity to the amicyanin (RMSD 0.7 A, and RMSD
28 A, respectively) reflecting the corresponding sequence
identities (18 and 6%, respectively) (Color figure online)
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surface, adjacent to the proposed copper binding site.
Three of these residues (E68, 78 and 80) are
absolutely or highly conserved in the Cup-I group.
This negative patch of Glu residues represents a
second potential metal-binding motif, designated site
IT (Fig. 5d; Pastore et al. 2007; Taylor et al. 2005;
Fang and Wang 2002). And finally, there is a
hydrophobic patch comprised mainly of residues
V34, 156, 157, L65 and W67 surrounding and below
site I (Fig. 5d). A similar hydrophobic patch (M28,
Met51, M71, P52, P94, P96 and F97), surrounding an
exposed His residue, is also seen in amicyanin and
acts as potential electron transfer site (Durley et al.
1993). Collectively, these highly conserved residues
and motifs in the Cup-I proteins may play a
significant role in metal binding and electron transfer
as part of the EfeUOB-mediated iron uptake process.

Structural comparison of the metal-binding sites
of Cup-I5, Cup-Ip, Cup-II and Cup-III proteins

It is interesting to observe that while all four site I
ligands (C41, E66, M101, C103) found in the Cup-I
group proteins (e.g. Cupeco;) are conserved in the
Cup-Ig group, only three out of four site I ligands (all
but M101) are conserved in Cup-Ic and Cup-Ip
groups. For the solo-domain Cup-II proteins, C41 and
M101 are absent and C103 is replaced with an Asp.
This leaves E66 as the only conserved potential
ligand at site I for the EfeO-Cup family as a whole.
However, there are other well-conserved residues that
could act as alternative potential metal ligands for the
Cup-Ic, p and -1I proteins (Fig. 4). In order to explore
the distinctive features of the various EfeO-like Cup
domains in more detail, representative proteins from
the Cup-Ic, p (Cupjani) and Cup-II groups (Cuppyri)
were selected for model building and structural
comparison with Cupe.o; and amicyanin (Cup-Io
and -III groups). Both Cupj,,; and Cupyyk produced
classical cupredoxin folds with RMSD values of 0.5
and 0.9, respectively, when superimposed upon the
amicyanin structure (Table S3). Comparison of the
site I region in the three model structures indicates
that all have the potential to bind metal but, as
expected, would employ slightly different ligand sets.
Residues E66 and C103 of Cupjani (Cup-Ip) are well
conserved within the Cup-Icp groups and align
structurally with the corresponding site I residues in
the Cup-I5 and -II structures, and so could contribute
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to metal binding at site I (Fig. 5b). In addition,
potential ligand C41, which is well conserved in the
Cup-I group, may also act as a metal ligand at site I
for Cupjani- For Cupgy (Cup-1D), although potential
ligand, C103, is replaced by an Asp (conserved in
Cup-II proteins), D103 could still act as a metal
ligand at this site (Fig. 5b). The absence of potential
ligand C41 is compensated by the presence of H106
which is structurally aligned with the same residue in
the Cu-binding site of amicyanin. This residue is
highly conserved in the Cup-II and -III proteins only.
This suggests a plausible, yet distinct, metal binding
motif at site I of the Cup-II proteins comprising three
residues: E66, D103 and H106 (Fig. 5b).

Structural superimposition of the predicted site II
metal-binding residues (gwE—EEREyN; potential
metal ligands non-subscripted) of Cupecqr;, With the
equivalent residues in the other two models, Cupjan;
(grY—GEyEy) and Cuppu (ewE—RKEgKy), shows
that two of the four proposed ligands of this site are
well conserved in Cupj,y; (and other Cup-I, proteins)
with one of the other two replaced with Tyr, an
alternative potential metal ligand. However, in
Cuppuk (and other Cup-II protein) site II is poorly
conserved with just one of the four Glu ligands in
Cupecoi; present, and none of the three alternative
residues are likely to be able to bind metal (Fig. 4).
This suggests that site II is unlikely to be a metal-
binding site in the solo-Cup-II domain proteins, but
could be in all of the Cup-I proteins.

GRID prediction of metal-binding sites in Cup-I,,
Cup-Ip, Cup-II and Cup-III proteins

To further assess the validity of these potential metal-
binding sites, the program GRID was used to predict
possible metal (Cu®*", Zn*", Fe*™, Fe’', Mg*")
binding sites for each of the three Cup domain
models as well as amicyanin. For amicyanin, the top
most favourable interaction site was within 2 A of the
known crystallographic position for Cu?" and
showed interaction with three of the four key residues
(H62, C103, H106) known to bind copper (Fig. 5c).
For Cupecori, GRID predicted two favourable metal-
binding sites corresponding to sites I and II (Table 1;
Fig. 5d). GRID identified site I as a mononuclear
divalent-metal (Cu®", Fe**, Zn** or Mg”") binding
site (Fig. 5d) with an energetically favoured interac-
tion with Cu®" employing all four site I ligands,
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namely C41, E66, M101 and C103. These residues
are in agreement with the potential metal ligands
predicted above. In addition, GRID predicted a
potential interaction of a trivalent Fe’' at site I,
however, only two (C103 and E66) of the four
potential ligand residues are predicted to interact with
the trivalent metal. This suggests a potential of site |
in EfeO to support either a trivalent or divalent metal,
but with a preference of Cu®" over Fe**.

Analogous GRID calculations for Cupjani (Cup-Ip)
showed an equal preference for Cu®" and Fe* " at site I,
with the three anticipated metal-binding ligands (C41,
E66, C103) suggested in the multiple sequence align-
ment (Fig. 4) interacting with the metal (Table 1). For
the Cuppyk domain model (Cup-II), the GRID predic-
tions also showed a preference for Cu?t at site 1,
again showing energetically favourable interactions
(Table 1) with the three conserved metal-binding
residues (E66, C103 and H106) indicated by the
multiple sequence alignment (Fig. 4). As with Cupecori,
both the Cup-II and -Ip models also show potentially
favourable interactions with Fe>T at site I (Table 1) but
only two of the three possible ligands are predicted. In
addition to the potential Cu®"-binding site I, GRID also
predicted a second metal-binding site (matching site IT)
for Cupeco; With a preference for Fe3 ™" involving
residues E68, E77, E78 and E80 (corresponding to the
ewE—EEREyN motif, see above). In contrast, there
were no analogous GRID interactions predicted for an
equivalent site II in either Cuppy (EwE—RKgKy) or
Cupjani (5rY—GEvVEN).

Conclusion

Sequence comparison coupled with homology mod-
elling suggest that the Cupe.o; domain contains two
well-conserved metal-binding sites separated by 12 A
with site I binding Cu** and site II favouring Fe’™.
Potential Cu-binding site I differs from that of the
well characterised cupredoxins since Cupecoy
employs ligand-residues that are mostly distinct from
those of classical cupredoxins and the site is located
in a slightly different region of the structure. The
predicted Fe*'-binding site II has no apparent
equivalent in the cupredoxins and it is therefore
probable that, if this site is genuine, it represents an
adaptation to enable the iron-transport associated
function of EfeO.

From 125 Cupecoi; homologous, two major types of
EfeO-like Cup domain were recognisable on the basis
of domain organisation, metal-binding sites, phylog-
eny and genetic co-localisation. One type (Cup-I) is
composed of two domains, an N-terminal Cup
domain and a C-terminal peptidase-M75 domain
(e.g. EfeO of E. coli), and the other (Cup-II) consists
of a Cup domain only. All appear to be secreted
beyond the cytoplasmic membrane and nearly all are
encoded by genes adjacent to firl/efeU homologues
suggesting interaction of the Cup domain with the
Ftrlp-like ferric permease. All of the Cup-I proteins
were additionally associated with an EfeB homo-
logue, although in some cases the EfeO proteins
consist of an M75 domain only. The Cup-II solo
domain proteins lack the predicted Fe**-binding site
I of the Cup-I proteins, employ a different set of
ligands at the proposed Cu-binding site I and in no
case are they associated with EfeB-like or M75-
domain proteins. Instead, they tend to be associated
with a cytosolic polyferredoxin and a periplasmic
iron-transporting ‘pl9’ protein. These differences in
domain organisation, predicted metal-binding sites
and transporter composition indicate a functional
distinction between the Cup-I and Cup-II systems.
Phylogenetic analysis (Fig. S4) shows that the EfeO-
like Cup-I and -II proteins populate two distinct, but
related, branches of the cupredoxin superfamily. The
tree organisation suggests that the EfeO-Cup proteins
form a major new cupredoxin sub-family. As far as
we are aware, there is no other well defined case of a
cupredoxin domain (excluding MCOs) functioning as
part of any type of transporter, yet the data presented
here strongly suggest that all the EfeO-like Cup
proteins are components of iron (or metal) transport-
ers. Thus, we suggest that the EfeO-like Cup proteins
represent a new family of cupredoxins with all known
members serving roles in iron transport.

A proposed mechanism of action for EfeO in the
iron transport process is presented in Fig. 6. The
model suggests that ferrous iron initially binds to
EfeO and is then oxidised prior to transfer to EfeU.
The electrons released from the ferroxidation process
are delivered initially to the copper at site I, and are
then passed on to the haem group of EfeB for disposal
by combination with an unknown oxidant (which is
unlikely to be molecular oxygen). Two potential iron-
binding sites (II and III) are suggested for EfeO, one in
the Cup domain and the other in the M75 domain—
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Fig. 6 Schematic representation of three types of Ftrl1p/EfeU-
dependent ferrous-iron transporter and the suggested mecha-
nisms employed. Three types of defined or putative Ftrlp/
EfeU—dependent transporter are shown: a the Cup-I type,
exemplified by EfeUOB of E. coli; b the Cup-II type, for which
the poorly characterised C. jejuni system is the best known
example; and c¢ the well characterized Ftrlp-Fet3p type,
typified by the corresponding system of S. cerevisiae. In each
case, environmental ferrous ion is the initial substrate and is
first engaged within the intermembrane space (periplasm) by a
specific ferrous iron binding protein (EfeO-M75, p19 or Fet3p).
The ferrous iron is then oxidised and the released electrons
delivered to an oxidant (such as molecular oxygen) via a Cu
site (located in EfeO-Cup, solo-Cup or Fet3p). The oxidised
iron is then transferred to the Ftrlp ferric-iron permease for
translocation across the CM. For the Ftrlp-Fet3p system,

this indicates that iron may bind to one site initially,
and then move to the other site following oxidation.
The transfer of iron between sites III and II could be
mediated by the proposed inter-domain mobility of
EfeO enabled by the inter-domain flexible linker.
This mobility could also assist the proposed site I
mediated electron transfer between the M75 domain
and EfeB. As there are examples where the Cup
domain is absent in EfeUOB-like transporters, it
seems likely that the M75 domain would provide the
primary ferrous-iron-binding site and that the pro-
posed role of the Cup domain in electron transfer is

@ Springer

ferrous-iron binding and disposal of electrons released through
ferrous-iron oxidation occur within a single protein (Fet3p).
For the other two systems, it is suggested that these processes
are mediated by different components. In the case of the Cup-I
system, EfeB (a DyP haem peroxidise) is proposed to function
as the reductase using its haem (Hm) group as an intermediate
electron acceptor, whereas for the Cup-II system the Pfr
(polyferredoxin) is suggested to fulfil this purpose employing
its four [4Fe-4S] clusters to accept and pass on electrons to an
intracellular acceptor. The extracellular ferric-iron reductases,
Frelp and Fre3p, are indicated for the Frtlp-Fet3p system.
Equivalent reductases have not yet been indentified for
bacteria. Subcellular locations are indicated: CM, cytoplasmic
membrane; IMS/P, intermembrane space/periplasm; and OM/
CW, outer membrane/cell wall

not an essential requirement. This suggests that if
iron does move between sites III and II then it is
most likely to transfer in the site III to II direction,
possibly following oxidation of the iron bound at
site III. Thus, the presence of the Cup domain could
enhance the efficiency of the iron transport process
by increasing the rate of electron exchange, by
acting as an intermediary in the transfer of iron from
the M75 domain to EfeU and by increasing the
availability of site III for ferrous iron binding. In
cases where there are two EfeO proteins (with and
without a Cup domain) it is possible that the two
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EfeO proteins offer different metal affinities or
selectivities.

For the solo EfeO-Cup proteins, the compositions
of the corresponding iron transport systems differ
considerably to those of the EfeUOB-like systems
(Fig. 6). The differences in composition likely reflect
the use of a distinct mechanism and/or discrete
oxidants for the two types of transporter. It is possible
that the p19 protein functionally replaces the M75
domain in ferrous-iron binding and that the polyferre-
doxin takes the place of EfeB in disposing of electrons,
whereas the Cup protein retains its role in electron
transfer. However, if this model is true it is unclear
how electrons could pass from the periplasmic com-
ponents to the polyferredoxin, unless the Ftrlp/EfeU
homologue is able to mediate this. Clearly, an
understanding of the details of these two types of
bacterial transporter will require further study.

A major presumption is that the Cup-I and Cup-II
transporter systems both utilise ferrous iron as sub-
strate but deliver iron across the cytosolic membrane in
the ferric form and so thus engage in ferroxidation.
This assumption of a ferroxidation step is based upon
the established mechanism employed by the related
Ftr1p-Fet3p system and on the apparent inclusion of
redox components (cupredoxins, haem peroxidases,
polyferredoxins) within the Cup-I and Cup-II systems.
However, the purpose of such a oxidation step within
the transport processes mediated by these transporters
is not clear. It is possible that an oxidation step would
provide the driving force to energise the translocation
process, or that the inclusion of a redox step enhances
transport specificity. Currently, the energy mode
employed by the Ftrlp-Fet3p system is unknown so
ferroxidation remains a possibility. Indeed, a combi-
nation of enhanced specificity along with energy
provision would provide a very satisfactory justifica-
tion for the utilisation of a ferroxidation step within the
iron-translocation pathways of the Ftr1p/EfeU-depen-
dent transporters, as depicted in Fig. 6.
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