FEBS Letters 581 (2007) 2599–2604

Analysis of the rainbow trout solute carrier 11 family reveals iron import
6 pH 7.4 and a functional isoform lacking transmembrane domains
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Abstract A Xenopus oocyte heterologous expression system
was used to characterise iron transport properties of two members of the solute carrier 11 (slc11) protein family isolated from
rainbow trout gills. One cDNA clone diﬀered from the trout
Slc11a containing an additional 52 bp in the exon between transmembrane domains (TM) 10 and 11. The 52 bp contained a stop
codon, resulting in a novel isoform lacking the last two TM
(termed slc11c). Slc11c and another isoform slc11b, import
Fe2+ at external pHs 6 to 7.4. Trout slc11b Fe2+ import was
more sensitive to inhibition by divalent metals. The novel vertebrate slc11c isoform functions without TM11 and 12.
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1. Introduction
There are two functional homologs of the mammalian solute
carrier 11 (Slc11) family of proteins that transport both ferrous
iron (Fe2+) and protons (H+). Both Slc11 homologs are hydrophobic proteins consisting of 10–12 putative transmembrane
(TM) spanning domains [1–3]. Slc11a1 (formerly known as
Natural resistance-associated macrophage protein1, Nramp1)
was discovered by positional cloning and was identiﬁed as
the single gene linked to the leishmania-, salmonella-, and
mycobacteria-susceptibility (Lsh, Ity, Bcg) identiﬁed on mouse
chromosome 1 [1]. Slc11a1 is expressed at the membrane of
acidic phagosomes and is associated with the ability of macrophages to destroy bacterial pathogens [1]. Goswami et al. [4]
using a Xenopus oocytes expression system showed that
Slc11a1 Fe2+ uptake increases as extracellular pH rises suggesting Fe2+/H+ antiporter activity. The resulting elevated phagos-
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omal iron concentration contributes to the antimicrobial
activity by the generation of toxic free radical via the Fenton/Haber-Weiss reaction [5]. However, recently, Forbes and
Gros [6] demonstrated that Slc11a1 Fe2+ (as well as Mn2+
and Co2+) transport is pH-dependent which suggests that the
antimicrobial activity may in fact result from the removal of
essential metals from the phagosome.
The functional characteristics of the mammalian Slc11a2
(formerly known as Nramp 2) suggests that this protein preferentially acts as a pH dependant Fe2+/H+ symporter whose
main role is thought to aid the uptake of non-haem bound iron
from the diet [3] and the transfer of iron from the endosome to
the cytosol following transferrin mediated iron uptake by cells
[7]. However, Slc11a2 has also been located on the phagosome
membrane suggesting a potential antimicrobial role [8]. A
number of divalent metals have been shown to induce an inward current in Xenopus oocytes expressing Slc11a2 [3], and
radiotracer or ﬂuorophore experiments have conﬁrmed that
Slc11a2 can transport 54Mn2+, 60Co2+ [9], Ni2+ [5], 109Cd2+
[10] and Cu+ [11]. The promiscuous transport property of
Slc11a2 has meant it is often referred to as Divalent Metal
Transporter1 (DMT1) [3].
Slc11 homologs have been identiﬁed in a number of teleost
ﬁsh species [12–18] and play an important role in the immune
function of ﬁsh [17,18]. All teleost slc11 identiﬁed to date share
a greater sequence homology to mammalian Slc11a2 rather
than Slc11a1, but only one study has conﬁrmed that a piscine
slc11 homolog transports iron [15]. In rainbow trout
(Oncorhynchus mykiss) there are two slc11 homologs derived
from separate loci termed Nrampa and b [12]. Northern blot
analysis reveals diﬀerential mRNA expression of Nrampa (referred to as slc11a) and Nrampb (slc11b), which suggests that
slc11a is involved in antimicrobial activity and slc11b in nonhaem bound iron transport [15]. Our study identiﬁed a third
trout slc11 isoform, slc11c, whose predicted translated protein
is truncated, lacking TMs 11 and 12. Polymorphisms in mammalian Slc11A1 and A2 can have profound eﬀects on the ability of the translated protein to transport iron, disrupting iron
homeostasis and increasing susceptibility to bacterial infection
[4,19–22]. Due to the lack of functional transport data for teleost ﬁsh slc11 proteins, the present study sets out to characterise the iron transport properties of the rainbow trout slc11b
isoform and the novel slc11c isoform.
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2.2. Trout Nramp functional analysis in Xenopus oocytes
African clawed toads (Xenopus laevis; 140 ± 30 g) were housed at
King’s College London in 100 L containers ﬁlled with dechlorinated
water maintained at 18 °C with a photoperiod 12:12 h light:dark.
Xenopus oocytes preparation, cRNA synthesis and injection followed
the protocol of Mckie et al. [24], and control oocytes were injected with
an equal volume of water.
Uptake studies were carried out at room temperature in MBS and
repeated three times with diﬀerent batches of oocytes. The pH of the
MBS was altered with HCl and Tris-Base prior to the assay, depending
on the experiment and 1 mmol L1 ascorbic acid was included to reduce the metal into a divalent state prior to experimentation. For
the dose-dependent uptake studies oocytes were exposed to 2, 4, 15,
20, 40 and 70 lmol Fe L1, 615 lmol Fe L1 iron was added as 59Fe
59
Fe,
Amersham,
UK),
(speciﬁc
activity
110 MBq/mg
1
P 15 lmol Fe L the iron concentrations were made up by the addition of cold FeCl3 (made freshly on the day) to 10 lmol 59Fe L1. For
the metal inhibition studies 100 lmol L1 of each of the divalent metals tested (CdCl2, MnSO4, ZnCl3, CoCl2 and Pb(NO3)2) was added to
an MBS containing 16 lmol L1 of 59FeCl3. For the experiments at
pH, 5.5, 6.0, 7.4, 8.0 and 9.0, pH was veriﬁed following the addition
of 5 lmol 59Fe L1 and was stable throughout the 4 h experiment (data
not shown). Ferrous iron concentrations were measured using the phenanthroline method [25] at the beginning and end of the experiment.
Oocyte
uptake
of
cadmium
was
also
measured
at
10 lmol 109CdCl3 L1 (24.9 MBq/lg 109Cd, Amersham, UK). All assays were carried out over 3–4 h, after which the oocytes were washed
three times in ice cold MBS to remove loosely bound radiolabel.
Radioactivity in each individual oocyte was measured using a gamma
counter (LKB Wallac 1282 compugamma), metal uptake rate per oocyte being derived from the following equation:
Oocyte Fe or Cd uptake ¼ cpm=ðSA  tÞ
where ‘cpm’ represents counts per minute measured in the oocyte, ‘SA’
the speciﬁc activity added to the media water (cpm pmol1), and ‘t’ is
the duration of the experiment in hours. For the temporal pattern of
iron uptake ‘t’ was removed.
2.3. Statistical analysis
Data are expressed as means ± S.E.M. and ﬁgures represent typical
results from one of the repeated experiments. Sigma Plot (version 8)
was used to plot graphs and identify the best ﬁt uptake kinetic equations to the data. Analysis of variance (ANOVA) followed by a Tukey–Kramer multiple comparisons test was used to assess signiﬁcant
diﬀerences between treatments (GraphPad Instat statistical package).
In all cases a minimum of P < 0.05 was accepted as a statistically signiﬁcant diﬀerence.

3. Results
Sequencing conﬁrmed the isolation of slc11b, however, the
other cDNA isolated from the gill cells of rainbow trout was

4

A
Fe uptake per oocyte (pmol Fe)

2.1. Trout Nramp isoform isolation
Slc11 cDNAs were generated from total RNA extracted from Rainbow trout (O. mykiss) double seeded primary gill cell cultures (see [23]
for cell culture methodology). Speciﬁc primers were designed to ensure
the whole open reading frame (ORF) for both trout slc11 (slc11a or
Nrampa (AF048760) For: CACAACC ATG AAG ACA GCG
CGG GAA GCA; Rev: GCA CTG CAT CCT CCA TGT TAG;
slc11 b or Nramp b (AF048761) For: CACAACCATG GAG ACA
GAG CGG GAA GC, Rev: GGT GAT CTG CTG TGC ACA
GC). These ORF primers included a ‘kozak’ sequence at the 5 0 end
(underlined). Proof reading PlatinumÒ Taq DNA polymerase (Invitrogen, UK) was used to amplify target DNA sequences for ORF derivation, and resulting product ligated into TOPO 2.1Ò vector (Promega,
UK) and transformed into chemically competent Escherichia coli cells
(Promega, UK). Preparation of clones for sequencing was performed
following the manufacturers guidelines (BigDye Terminator v3.1 Cycle
Sequencing Kit, Applied Biosystems, UK).

found to be a novel isoform termed slc11c. Slc11c cDNA
(GenBank Accession number EF495162) is similar in sequence
to slc11a (0.28% diﬀerence in nucleotide sequence) but contains a 52 bp insert between the coding region between
TM10 and TM11. The 52 bp sequence starts with a stop codon
and thus the predicted slc11c open reading frame (1419 bp) encodes a protein of 473 amino acids, which lacks TM11 and 12;
TM that are present in other vertebrate Slc11 proteins [2].
Xenopus oocytes injected with either slc11c or b cRNA
showed a temporal and dose-dependent uptake of 59Fe
(Fig. 1). Oocytes expressing slc11c imported twice as much
Fe2+ than those expressing slc11b over a 300 min ﬂux experiment (Fig. 1A). A sigmoidal, three parameters, equation was
used to best ﬁt the dose-dependent uptake data. The maximum
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Fig. 1. (A) Temporal pattern of iron uptake in oocytes exposed to
17 lmol 59Fe L1 and (B) oocyte dose dependent uptake of 59Fe
during a 3 h exposure period, both at pH 6. Oocytes were either
injected with slc11c (ﬁlled circles with dashed line) or slc11b cRNA
(open circles with solid line), whereas control oocytes were injected
with water. Values are means ± S.E.M. (N = 8–13). A sigmoidal, three
parameters, equation was used to best ﬁt the dose-dependent uptake
data (slc11c: y = 0.3/1 + e((x  xo)/24.6); slc11b: y = 0.24/1 + e((x  xo)/
25.2)
). An ‘asterisk’ indicates a signiﬁcant diﬀerence in uptake rates
between slc11c and the control, a ‘cross’ denotes that both slc11c and b
are signiﬁcantly diﬀerent when compared to the control, and an ‘X’
shows a signiﬁcant diﬀerence between slc11c and b (P < 0.05).
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4. Discussion
Sequence analysis of the Slc11 family typically predicts a
protein with 12 putative transmembrane (TM) domains [2]
and this is the case for the original Slc11 protein family members isolated from the rainbow trout [12]. However, anomalies
exist in the eukaryote kingdom and within yeast and Drosophila the Slc11 homologs are predicted to have 11 and 10 TM domains, respectively [2]. In the current study we have identiﬁed a
trout slc11 isoform that is similar to slc11a (AF048760) except
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Fig. 3. (A) The uptake of Fe (16 lmol L1 Fe; 1 mmol L1 ascorbic
acid) by control oocytes (white bars) and oocytes expressing slc11c
(black bars) or slc11b (grey bars) in the presence metals (100 lmol L1)
at pH 5. A ‘double asterisk’ represents signiﬁcantly higher uptake rates
of Fe by slc11c and slc11b when compared to the control for each
separate metal treatment (P < 0.01). (B) Data expressed as a % of
control Fe uptake in the absence of metal. Bars labelled with diﬀerent
letters are signiﬁcantly diﬀerent from each other (P < 0.05). All values
are means ± S.E.M., N = 6.
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iron transport capacity (Jmax) and half maximal uptake rate
(Km) for iron for both slc11c or slc11b were similar
(Fig. 1B): Jmax of 0.3 pmol Fe h1 and 0.24 pmol Fe h1 and
Km of 24.6 lmol Fe L1 and 25.2 lmol Fe L1, respectively.
Iron uptake by oocytes expressing slc11c or b was pH dependent (Fig. 2) being signiﬁcantly greater at pH 5, 6 or 7.4 compared to uptake rates at pH 8 or 9 (Fig. 2). Results conﬁrm
that the 1 mmol L1 ascorbic acid was suﬃcient to keep
5 lmol 59Fe L1 in the ferrous state throughout the experimental period at each pH concentration tested (Fig. 2). There was
no diﬀerence in the uptake rate observed between the trout
Slc11 isoforms.
Iron uptake, at an external concentration of
16 lmol 59Fe L1, by Xenopus oocytes expressing slc11c or b
was signiﬁcantly inhibited by various divalent metals added
at a concentration of 100 lmol L1 (Fig. 3). Oocytes expressing slc11c exhibited higher uptake rates of 59Fe when compared to those expressing slc11b (Fig. 3A). Thus, to compare
the degree of inhibition between the two isoforms we expressed
the results as a percentage of the uptake in the absence of competing metal (Fig. 3B). When expressed in this way slc11b is
more sensitive to inhibition by metal than slc11c. The hierarchy of inhibition for slc11c being Cd > Mn > Co > Zn > Pb,
whereas all metals inhibited iron uptake to a similar degree
in oocytes expressing slc11b. Xenopus oocytes injected with
slc11b signiﬁcantly accumulated 109Cd when compared to
those injected with water or slc11c (Fig. 4).
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Fig. 2. pH-dependent iron uptake (5 lmol 59Fe L1) in control
oocytes (white bars) or expressing slc11c (black bars) or slc11b (grey
bars). Values are means ± S.E.M. (N = 7). An ‘asterisk’ indicates a
signiﬁcant diﬀerence from controls (P < 0.05). Values in parentheses
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duration of 3 h at pH 6. Values are means ± S.E.M. (N = 5–8). Bars
labelled with diﬀerent letters are signiﬁcantly diﬀerent from each other
(P < 0.05).
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it possesses an additional 52 bp sequence between the region
encoding for TM domain 10 and 11. The start of the insert
contains a nucleotide sequence encoding a stop codon which
results in the predicted translated slc11 isoform being truncated and lacking 112 amino acids including the last 2 TM domains (termed slc11c). Using a reverse primer speciﬁc to slc11c
and a forward primer the other side of a predicted intron (intron 13 of the human SLC11A2 [26]) we used PCR to show
that the additional 52 bp is not an additional exon (data not
shown). Thus, we predict that slc11a and slc11c are likely
products of gene duplication that may have arisen following
the ancestral tetraploidisation known to have occurred in the
salmonid lineage [27]. Thus, in rainbow trout there are at least
3 slc11 proteins and potentially other yet to be identiﬁed isoforms or splice variants.
The observation that slc11c expressed in Xenopus oocytes
imports iron (Figs. 1 and 2) suggests that the C-terminal region
containing the last 2 TM domains is not essential for transport
function. This contrasts to the observation that various amino
acid deletions and mutations in other TM domains of the
mammalian protein greatly aﬀect iron transport capabilities
of Slc11 members [21,22]. For example, recently a CTT deletion in intron 4 of Slc11a2 was shown to disrupt normal splicing causing mRNA transcripts to lack part of exon 5 [20]. The
translated protein lacked 40 amino acids including the whole
of TM2; the consequence is a loss of transport function and
microcytic anaemia [20].
The dose-dependent uptake curve for both transporters
exhibited similar maximum iron transport capacity and half
maximal uptake rates for iron (Fig. 1B) (Jmax of
0.3 pmol Fe h1 and a Km of 24.6 lmol Fe L1 for slc11c
whereas slc11b had a Jmax of 0.24 pmol Fe h1 and a Km of
25.2 lmol Fe L1). The dose-dependent shape of the uptake
curve diﬀers to that observed for other DMTs studied in oocyte expression systems [9]. The reason for this is unclear,
but resembles the iron uptake proﬁle observed in vivo for rainbow trout [29]. These Km values are higher than other Slc11a2
homologs; for example, Xenopus oocytes expressing rat and
yeast Slc11a2 both generate Km values of below 5 lmol Fe L1
[9,28]. These data suggest that both O. mykiss slc11 isoforms
isolated from gill tissue have a relative low aﬃnity for iron.
This is in stark contrast with the observed branchial iron uptake rate aﬃnity of 6.5 nmol Fe L1 for O. mykiss when exposed to 16 nmol 59FeCl3 L1 for 3 h in circumneutral
freshwater [29]. The conﬂicting uptake rate aﬃnity data would
indicate that other proteins present on the ﬁsh gill apical surface (e.g. mucus or membrane bound ferrireductases) are capable of binding iron with greater aﬃnity than slc11, and are
responsible for the measured in vivo Km values.
Optimal iron uptake in Xenopus oocytes expressing slc11 c
or b occurs in acidic pHs. Because the internal pH of oocytes
is reported to be approximately 7.35 [30] Fe transport by
Slc11a2 is thus H+-coupled (Fe2+/H+ symporter). Iron transport rates of Xenopus oocytes expressing trout slc11c or b
are elevated at an extracellular media pH of 5 or 6 compared
to pH 8 or 9 (Fig. 2). The ferrous iron concentration at each
pH condition remained constant in the presence of 1 mmol L1
ascorbic acid indicating that the lower iron uptake rates observed at pH 8.0 and pH 9.0 is due to a reduction in the proton
gradient. This supports the hypothesis that the trout slc11,
which shows a higher sequence homology to mammalian
Slc11a2, functions as a Fe2+/H+ symporter. One of the impor-
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tant roles of slc11 is in the immune function of ﬁsh [12–
14,17,18], however, the mechanism by which these proteins exert their antimicrobial activity is uncertain. The observation
that these proteins transport Fe2+ down a proton gradient suggests that their antimicrobial activity is due to the removal of
Fe2+ (or other divalent metals) from the acidic phagosome and
bacterial death due to essential micronutrients starvation. This
corroborates the ﬁndings of Forbes and Gros [6] who demonstrated that the mammalian Slc11a1 might act as a metal eﬄux
protein at the phagosome membrane. One cannot exclude the
possibility that the full-length slc11a is a Fe2+/H+ antiporter,
however, this is unlikely given that pH-dependency of the
slc11 Fe2+ transport is due to histidine resides in TM 6 [28].
In addition to the observation that the trout slc11 can act as
Fe2+/H+ symporters we also observed iron uptake rates at pH
7.4 that were similar to the rates measured at pH 5 or 6
(Fig. 2). This result supports the observation by Mackenzie
et al. [31] that a component of iron transport by slc11a2 may
be H+-uncoupled. However, in contrast to the trout slc11,
Fe2+ transport by the mammalian slc11a2 at pH 7.4 is at a substantially lower rate if compared to transport in acidic environments [31]. It has been hypothesised that a slc11 protein that
transports iron eﬃciently at circumneutral pH is beneﬁcial
for the acquisition of iron by teleost ﬁsh [32–37]. This is because the pH of the external medium from which the ﬁsh extracts iron will often be mildly alkaline, hindering iron
transport by a Fe2+/H+ symporter. For example, freshwaters
are typically circumneutral, and can be as a high as pH
10.5 in the summer months during cyanobacterial blooms
[38], whereas the intestinal lumen of freshwater ﬁsh has been
measured at pH 7.3 (proximal region of rainbow trout intestine, [39]), and in the marine ﬁsh intestine, due to the secretion
of bicarbonate, lumen can be considerably alkaline (pH 9)
[40]. However, a caveat has to be added; mucus secreted by
the transport epithelia creates a barrier between the epithelium
and the surrounding medium. The chemistry of the microclimate close to the branchial or intestinal epithelium created
by this mucosal covering has not been accurately assessed,
but may well aﬀect both the metal availability and transport
conditions close to the site of import.
Gunshin et al. [3] were the ﬁrst to show that a range of divalent metals could evoke an inward current in Xenopus oocytes
expressing slc11a2. Conﬁrmation that slc11a2 can transport
other divalent metals has been ascertained from the use of
radiotracer and ﬂourophores (e.g. [9,10,41,42]). Iron uptake,
by Xenopus oocytes expressing slc11c and b were signiﬁcantly
inhibited by divalent metals (Fig. 4A). Slc11b was found to be
more sensitive to inhibition by metals than slc11c (Fig. 4B).
However, it is important to note that inhibition of Fe2+ uptake
does not in itself mean that these metals are being imported by
the piscine slc11. This was demonstrated in the 109Cd uptake
experiment where slc11b was found to import 109Cd, whereas
oocytes injected with slc11c cRNA did not accumulate the
radiolabel (Fig. 4A). It is uncertain why slc11b shows greater
aﬃnity for metals, presumably this is due to the presence of
the last two TM domains. However, the extracellular loop between TM11 and 12 does not contain cystine or histidine (sequence VTSLSSVAL for slc11b (Nrampb) [12]), amino acids
normally associated with metal interactions.
This study has characterised the iron transport properties of
teleost ﬁsh slc11 proteins. Xenopus oocytes expressing slc11b
and the novel slc11c eﬃciently transports Fe2+ at pH 7.4, sug-
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gesting an uncoupling Fe2+ transport to the proton gradient.
In addition, slc11c lacks TM 11 and 12 showing that this region does not play a role in Fe2+ import.
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