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BIOINFORMATICS

Evolution of the iron-responsive element
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SE-405 30 Goteborg, Sweden

ABSTRACT

An RNA hairpin structure referred to as the iron-responsive element (IRE) and iron regulatory proteins (IRPs) are key players in
the control of iron metabolism in animal cells. They regulate translation initiation or mRNA stability, and the IRE is found in a
variety of mRNAs, such as those encoding ferritin, transferrin receptor (Tfr), erythroid aminolevulinic acid synthase (eALAS),
mitochondrial aconitase (MACO), ferroportin, and divalent metal transporter 1 (DMT1). We have studied the evolution of the
IRE by considering all mRNAs previously known to be associated with this structure and by computationally examining its
occurrence in a large variety of eukaryotic organisms. More than 100 novel sequences together with ~50 IREs that were
previously reported resulted in a comprehensive view of the phylogenetic distribution of this element. A comparison of the
different mRNAs shows that the IREs of eALAS and mACO are found in chordates, those of ferroportin and Tfr1 are found in
vertebrates, and the IRE of DMT1 is confined to mammals. In contrast, the IRE of ferritin occurs in a majority of metazoa
including lower metazoa such as sponges and Nematostella (sea anemone). These findings suggest that the ferritin IRE
represents the ancestral version of this type of translational control and that during the evolution of higher animals the IRE
structure was adopted by other genes. On the basis of primary sequence comparison between different organisms, we suggest
that some of these IREs developed by ‘“convergent evolution” through stepwise changes in sequence, rather than by
recombination events.
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INTRODUCTION these proteins results in stabilization of Tfr mRNA and
inhibition of ferritin translation. Conversely, when iron is
abundant, IRP proteins tend to have lower affinity to IREs,
and, as a result, Tfr mRNA degradation as well as ferritin
translation is stimulated. IREs are also present in other
mRNAs whose products are related to iron metabolism.
One example is the erythroid aminolevulinic acid synthase
(eALAS or ALAS2) (Duncan et al. 1999), which is respon-
sible for the first step in tetrapyrrole synthesis. Other
proteins whose mRNA contain IREs are the iron trans-
porters ferroportin (Gunshin et al. 2001) and DMT1
(Abboud and Haile 2000). IREs have also been identified
in mRNAs encoding mitochondrial aconitase and succinate
dehydrogenase (Kohler et al. 1995; Gray et al. 1996),
myotonic dystrophy kinase-related Cdc42-binding kinase
a (MRCKa) (Cmejla et al. 2006), cdc14A (Sanchez et al.
2006), glycolate oxidase (Kohler et al. 1999), the Complex I
75-kDa subunit (Lin et al. 2001), and Alzheimer’s amyloid
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Local RNA structures in untranslated regions of mRNAs
play an important role in translational control. Examples
include riboswitches, which are frequent in bacteria
(Nudler and Mironov 2004; Winkler 2005), and the
selenocysteine insertion sequence (SECIS), which is present
in both bacteria and eukaryotes and is responsible for
incorporation of selenocysteine in proteins (Hubert et al.
1996; Walczak et al. 1997). Another RNA structural
element is the iron-responsive element (IRE), which is part
of a well-characterized system of translational control in
eukaryotes. In the transferrin receptor (Tfr) mRNA there
are five copies of the IRE located in the 3’-UTR, and in
ferritin mRNA a single IRE is located in the 5'-UTR. In
iron-starved cells the IREs are targets of two cytoplasmic
iron regulatory proteins, IRP1 and IRP2. The binding of
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1997). The C in position 1 forms a base pair with G in
position 5 (Addess et al. 1997; McCallum and Pardi 2003).
This base pair is presumably required for efficient IRP
binding (Henderson et al. 1994; Addess et al. 1997). Most
IREs have a conserved C residue five bases upstream of the
CAGUGN sequence, creating a bulge in the hairpin,
whereas others, present in ferritin mRNAs, instead have a
conserved bulge/loop UGC/C (Fig. 1). In the UGC/C-type
IRE the G and C are paired (Gdaniec et al. 1998), and the
results of in vitro selection experiments indicated that this
base pair favors high-affinity binding by IRPs (Butt et al.
1996). IRE stems form an A-helix with a small distortion
due to the conserved, unpaired C or the internal loop bulge
(Gdaniec et al. 1998). The helix between the UGC/C
distortion and the apical loop seems significant since it
contributes to protein binding (Leibold et al. 1990).

The mechanism involving IRE and IRP proteins is an
important mechanism from a physiological point of view as
illustrated by diseases in which the molecular basis of the
disease can be traced to these regulatory components. Thus,
in the human hereditary disease hyperferritinemia cataract
syndrome, ferritin L-chain IRE mutations interfere with
IRP binding and translational repression (Girelli et al. 1995;
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FIGURE 1. Classes of iron-responsive elements based on occurrence
in mRNAs. The IREs are those of ferritin (Hentze et al. 1987),
transferrin receptor (Tfr) (Casey et al. 1988), mitochondrial aconitase
(mACO) (Butt et al. 1996), erythroid aminolevulinic synthase
(eALAS) (Dandekar et al. 1991), ferroportin (Gunshin et al. 2001),
divalent metal ion transporter (DMT1) (Abboud and Haile 2000),
succinate dehydrogenase (SD) (Melefors 1996), myotonic dystrophy
kinase-related Cdc42-binding kinase o (MRCKa) (Cmejla et al.
2006), and cell division cycle 14a (Cdcl4a) (Sanchez et al. 2006).
Human sequences are shown, except in the case of succinate
dehydrogenase, where the Drosophila melanogaster sequence is
shown.

Roetto et al. 2002). Autosomal dominant iron overload is
caused by a mutation in the apical loop sequence of the
H-ferritin IRE (Kato et al. 2001). Furthermore, a syndrome
of progressive neurodegenerative disease and anemia devel-
ops in adult mice that are lacking IRP2 (LaVaute et al. 2001).

The iron-responsive element has previously been identi-
fied in a number of different mRNAs and in many different
organisms. In order to better understand the evolution of
IREs, we have here systematically examined the occurrence
of these elements using computational screening of meta-
zoan genome and mRNA sequences. Like other ncRNAs,
the computational identification of IREs requires methods
that make use of a combination of primary sequence as well
as secondary structure motifs. We have previously identi-
fied and characterized different ncRNA families, mainly
SRP RNA and RNase P and MRP RNA (Regalia et al. 2002;
Rosenblad et al. 2004, 2006; Piccinelli et al. 2005). We have
used methods based on primary sequence matching such as
HMM profiles, pattern matching methods that exploit both
primary sequence and secondary structure, and methods
based on covariance models as used in Rfam (Griffiths-
Jones et al. 2003). Here we have used similar methods to
inventory IRE sequences in metazoa and present a number
of elements that were not previously reported. Using this
novel information, we are able to compare the evolution of
IRE in different mRNAs.

RESULTS

We performed computational searches of IREs in available
mRNAs and genomic sequences corresponding to all
proteins related to iron metabolism. We first identified
nucleotide sequences matching the protein under study.
Sequences flanking the coding sequence and that were
expected to contain the entire UTR region were then
extracted and analyzed with respect to IRE. We also carried
out a more unbiased search of all untranslated regions of
human mRNAs with the Infernal software (Griffiths-Jones
et al. 2003). This search did not identify IRE-containing
mRNAs in addition to those encoding proteins previously
known to be associated with IRE. The probability of finding
a hairpin with the IRE consensus properties in UTR
sequences in a random sequence is very low (<le-4 in a
3000-nt sequence). Therefore, we believe that a vast
majority of the IRE predictions reported here are reliable.

All IREs identified in this work (>100) as well as a
majority of IREs that were previously reported (49) are
listed in Tables 1-3. Secondary structure models of repre-
sentative IREs are shown in Figure 1. In Tables 1-3 the
distances to the AUG codon or to the termination codon of
the coding sequence are indicated, as well as the distances
for the 5'-UTR IREs to the 5'-end of the mRNA. The
position of IRE relative to the 5’-end has been shown to be
important for its function as a translational regulator
(Goossen and Hentze 1992). Based on the numbers in
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TABLE 1. Ferritin IREs

Distance to
start codon
(distance to Source
Species 5’-end) IRE sequence Reference sequence
Homo sapiens H 151 (57) UUUCCUGCUUCAACAGUGCUUGGACGGAAC Hentze et al. (1987) M
Homo sapiens L 147 (25) UCUCUUGCUUCAACAGUGUUUGGACGGAAC Dix et al. (1993) M
Mus musculus H 109 (28) UUUCCUGCUUCAACAGUGCUUGAACGGAAC Dix et al. (1993) M
Mus musculus L 150 (28) GUACUUGCUUCAACAGUGUUUGAACGGAAC M
Xenopus laevis H 66 GUUCUUGCUUCAACAGUGUUUGAACGGAAC Muller et al. (1991) M
Xenopus laevis L 97 GUUCUUGCUUCAACAGUGCUUGAACGGAAC M
Rana catesbeiana H 87 (23) GUUCUUGCUUCAACAGUGUUUGAACGGAAC M
Xenopus tropicalis H 98 (42) GUUCUUGCUUCAACAGUGUUUGAACGGAAC M
Xenopus tropicalis L 83 (29) GUUCUUGCUUCAACAGUGCUUGAACGGAAC M
Xenopus tropicalis 74 (3) GUUCUUGCUUCAACAGUGAUUGAACGGAAC M
Xenopus tropicalis H’ 5 GUUCCUGCUUCAACAGUGCUUGGACGGAAC Dix et al. (1993) G
Danio rerio H 179 (5) UUACCUGCUUCAACAGUGCUUGAACGGCAA M
Danio rerio H 96 (15) GUUCUUGCUUCAACAGUGAUUGAACGGAAC M
Tetraodon nigroviridis H 209 (68) UUACCUGCUUCAACAGUGCUUGAACGGCAA M
Tetraodon nigroviridis H 151 GUUCUUGCUUCAACAGUGUUUGAACGGAAC G
Takifugu rubripes 217 (3) UUACCUGCUUCAACAGUGCUUGAACGGCAA E
Takifugu rubripes 163 (23) GUUCUUGCUUCAACAGUGUUUGAACGGAAC E
Branchiostoma belcheri 74 (0) GUUACUGCUUCUUCAGUGUAAGAACGUGAC M
Ciona intestinalis 75 (278) GUUCUUGGGUCGUCAGUGUACGAACGGUAC M
Strongylocentrotus 90 UCUUGCGCUUUCGCAGUGUCGAAACCAGGC G
purpuratus
Apostichopus japonicus 73 (34) GUUUGCGCUUUCGCAGUGACGAAACCAGAC F.X. Zheng, X.Q. Sun, M
and J.X. Zhang,
unpubl.
Astorias forbesii 78 (2) GUUUGUGCGUUCGCAGUGUCGGAACCAAGC Beck et al. (2002) M
Drosophila melanogaster 151 (150) GCCUUCUGCGCCAGUGUGUGUAAAGGC Lind et al. (1998) M
Drosophila simulans 151 GCCUUCUGCGCCAGUGUGUGUAAAGGC G
Drosophila yakuba 163 GCCUUCUGCGCCAGUGUGUGUAAAGGC G
Drosophila ananassae 196 GCCUUCUAUGCCAGUGUGUGUAAAGGC G
Drosophila 208 GCCUUCUAUGCCAGUGUGUGUAAAGGC G
pseudoobscura
Drosophila virilis 229 GCCUUCUAUGCCAGUGUGUGUAAAGGC G
Drosophila mojavensis 221 GCCUUCUAUGCCAGUGUGCAUAACGGU G
Aedes aegypti 92 (84) ACCUUCUGUGCCAGUGUGUAUAAAGGU Zhang et al. (2002) M
Anopheles gambiae NA ACCUUCUGUGCCAGUGCGUAUAAAGGC G
Apis mellifera NA GCCUUCUAUACCAGUGUGUAUAAAGGU G
Tribolium castaneum NA ACCUUCUGCACCAGUGAGUGUAAAGGC G
Nilaparvata lugens 99 (135) GCCUUCUAUACCAGUGAGUGUAAAGGC Abboud and Haile M
(2000)
Manduca sexta H 75 (109) GCCUUCUGCACCAGUGUGUGUAAAGGC Zhang et al. (2001) M
Manduca sexta L 65 (41) GCCUUCUGCGCCAGUGUGUGUAAAGGC Zhang et al. (2001) M
Calpodes ethlius H 87 (97) GCCUUCUGCGCCAGUGUGUGUAAAGGC Nichol and Winzerling M
(2002)
Calpodes ethlius L 80 (102) GCCUUCUGCGCCAGUGUGUGUAAAGGC Nichol and Winzerling M
(2002)
Ixodes ricinus 94 (0) UUUUGCUUCAACAGUGAUUGAACGAGC Kopacek et al. (2003) M
Ixodes scapularis 93 (12) GGUGUUUUGCUUCAACAGUGAUUGAACGAGCAUC  Kopacek et al. (2003) M
Hyalomma asiaticum 95 (3) GUUUUGCUUCAACAGUGAUUGAACGAGC M
Rhipicephalus 95 (1) GUUUUGCUUCAACAGUGAUUGAACGAGC M
haemaphysaloides
Ornithodoros moubata 83 (3) UGUUUUGCUUCAACAGUGUUUGAACGAGCA Kopacek et al. (2003) M
Boophilus microplus 95 (0) GUUUUGCUUCAACAGUGAUUGAACGAGC Mulenga et al. (2004) M
Dermacentor andersoni 95 (12) AUGUUAUGCUUCAACAGUGAUUGAACGAGCAU  Mulenga et al. (2004) M
Dermacentor variabilis 95 (12) AUGUUAUGCUUCAACAGUGAUUGAACGAGCAU Mulenga et al. (2004) M
Amblyomma americanum 92 (13) AUGUUAUGCUUCAACAGUGAUUGAACGAGCAU M
Carcinoscorpius rotundicauda 143 (49) GUCUUCUGUGCCAGUGAGUGCAAAGAC M

(continued)
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TABLE 1. Continued

Distance to

start codon

(distance to Source
Species 5’-end) IRE sequence Reference sequence
Lymnaea stagnalis 89 (17) UGUCUUGCUGCGUCAGUGAACGUACAGACA von Darl et al. (1994) M
Crassostrea gigas 67 (1) UUUUGCUGCGUCAGUGAACGUACGGA Durand et al. (2004) M
Haliotis discus 81 (28) UUUGUCUUGCUGCGUCAGUGAACGUACGGGCAAA M
Meretrix meretrix 77 (10) UUUGUCUUGCUGCGUCAGUGAACGUACGGGCAAA M
Periserrula leucophryna 79 (19) UAUCUUGGGACGUCAGUGUGCGUACGGAUC Jeong et al. (2006) M
Pacifastacus leniusculus 104 (9) GCUCCGGGUCGCCAGUGUGUGAACGAGC Huang et al. (1999) M
Litopenaeus vannamei 95 (7) UGCUCCGGGUCACCAGUGUGUGGACGAGUA Hsieh et al. (2006) M
Daphnia pulex 68 GUUAUUGCUUCGCCAGUGUGUGAACAUUGC G
Daphnia pulex 67 UUUAGCUUCGUCAGUGCACGAACAAG G
Daphnia magna 68 (33) UUUUGCUUCGCCAGUGUGUGAACAAG G
Daphnia arenata 67 (55) GUUAUUGCUUCGCCAGUGUGUGAACAUAGC G
Nematostella vectensis 71 UUUUGUGCUUCAACAGUGAUUGAACCGAAA G
Nematostella vectensis 75 UUUUCUGCUUCAACAGUGUUUGAACCGAAA G
Reniera sp. JGI-2005 145 UGUCUUGCUGUGGCAGUGACUGCACGGACU G
Suberites ficus 89 (4) UGUCUUGCGCGUGGCAGUGUCUACACGGACC M

In cases in which a reference is given, the IRE was reported previously. UGC, C-bulges, and CAGUGN loop sequences are in bold. The class of
source sequence used in the identification of the IRE is (M) mRNA, (G) genomic, or (E) EST. The distance to the start codon refers to a genomic
distance in the case a genomic sequence was analyzed. In some instances, the distance was not available (NA) because of incomplete genome
assembly. Values within parentheses are distances to the 5’-end of the mRNA/EST sequence.

Tables 1 and 3, it would seem that the ferritin (with the
exception of insects) (Nichol and Winzerling 2002) and
eALAS IREs typically are close to the 5'-end of the mRNA,
whereas the ferroportin and mitochondrial aconitase
(mACO) IREs are more distantly located. In the mACO
mRNA the AUG codon is part of the IRE hairpin structure
(Gray et al. 1996), and this position of AUG is highly
conserved in mACO (Table 3). The sequences, structure,
and phylogenetic distribution of the different IRE families
(Fig. 1; Tables 1-3) are discussed in more detail below. The
phylogenetic distribution of IREs and the corresponding
proteins is summarized in Figure 2. In addition to the
proteins listed in Table 1 and Figure 2, we also examined
IRE structures of glycolate oxidase (Kohler et al. 1999),
the Complex I 75-kDa subunit (Lin et al. 2001), and
Alzheimer’s amyloid precursor protein (Rogers et al
2002). However, these IREs offer a problem from a
bioinformatics perspective as they deviate strongly from
the consensus structure of the IRE. Furthermore, these IRE
sequences do not seem to be conserved among mammals.

Ferritin

Ferritin is a highly conserved protein that is found in
metazoa, plants, eubacteria, and archaea. In metazoa two
ferritin chains are identified, H and L. Xenopus has an
additional chain referred to as the H' or M form (Dickey
et al. 1987). H and H' chains are characterized by catalytic
activity associated with specific amino acid residues (Liu
and Theil 2004), and these properties in combination with
phylogenetic analysis were exploited to classify protein

sequences as H/H' or L. In Xenopus tropicalis we discovered
yet another ferritin chain, but were not able to classify
this on the basis of protein sequence (Table 1). Danio
rerio (zebrafish) is unusual in the respect that one of
the ferritin chain genes is present in many copies (on
chromosome 3).

The IREs identified in ferritin mRNAs are shown in Table
1. In addition, we identified IREs in a number of mammals
that are not shown in Table 1. For a majority of organisms
where we found more than one ferritin chain, each of the
corresponding mRNAs has an IRE. This includes human
and mouse L and H chain mRNAs (Dix et al. 1993) as well
as the X. tropicalis L, H, and H' chain mRNAs (Table 1). As
a rule, this IRE is of the UGC/C type as will be discussed
further below. Human and mouse ferritin IREs have base-
paired regions that flank the IRE (Dix et al. 1993). However,
a comparison of all available ferritin mRNA sequences
shows that such regions occur in very few metazoan species
and are not evolutionarily conserved.

The only metazoan species where we failed to identify an
IRE were Caenorhabditis elegans and Schistosoma mansoni,
consistent with previous observations (Schussler et al. 1996;
Gourley et al. 2003). We were not able to find IREs in
organisms outside the metazoan group. IRE-like sequences
have been identified in Bacillus subtilis (Alen and
Sonenshein 1999) and in Escherichia coli (Dandekar et al.
1998). However, these IREs have structures that are
different from the consensus IRE considered here, and it
was not possible to find phylogenetic support for the
bacterial structures as homologs in closely related bacteria
could not be identified.
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TABLE 2. Transferrin receptor IREs

Distance to Source

Species IRE termination codon IRE sequence Reference sequence
Homo sapiens a 1033 UUUAUCAGUGACAGAGUUCACUAUAAA Casey et al. (1988) M
b 1083 AUUAUCGGAAGCAGUGCCUUCCAUAAU  Casey et al. (1988) M
c 1486 AUUAUCGGGAGCAGUGUCUUCCAUAAU  Casey et al. (1988) M
d 1551 UGUAUCGGAGACAGUGAUCUCCAUAUG  Casey et al. (1988) M
@ 1598 AUUAUCGGGAACAGUGUUUCCCAUAAU  Casey et al. (1988) M
Mus musculus a 990 UUUAUCAGUGACAGAGUUCACUAUAAA M
b 1049 AUUAUCGGAAGCAGUGCCUUCCAUAAU M
C 1428 AUUAUCGGGAGCAGUGUCUUCCAUAAU M
d 1493 UAUAUCGGAGACAGUGAUCUCCAUAUG M
e 1540 AUUAUCGGGAACAGUGUUUCCCAUAAU M
Gallus gallus a 818 UUUAUCAGUGACAGCGUUCACUAUAAA Chan et al. (1989) E
b 874 AUUAUCGGAAGCAGUGCCUUCCAUAAU  Chan et al. (1989) E
c 1361 AUUAUCGGGGGCAGUGUCUUCCAUAAU  Chan et al. (1989) E
d 1425 UAUAUCGGAGGCAGUGACCUCCAUAUG  Chan et al. (1989) E
@ 1472 AUUAUCGGGGACAGUGUUUCCCAUAAU  Chan et al. (1989) E
Danio rerio Tfrla a 1787 UUUAUCAGUGACAAGGAUCACUAUAAA G
Tfrla b 1845 AUUAUCGGAAGCAGUGCCUUCCAUAAU G
Tfrla c 3246 AUUAUCGGGAGCAGUGUCUUCCAUAAU G
Tfria d 3312 GAUAUCGAGGGCAGUGCCCCUCAUAUU G
Tfrla e 3358 AUUAUCGGGAACAGUGUUUCCCAUGAU G
Tfr1b a 446 UUUAUCAGUGACAGUGUUCACUAUAAA G
Tfrib b 491 AUUAUCGGAAGCAGUGCCUUCCAUAAU G
Tfr1b c 807 AUUAUCGGGAGCAGUGUCUUCCAUAAU G
Tfrib d 873 UAUAUCGAGGGCAGUGAUCCUCAUAUU G
Tfrib e 919 AUUAUCGGGGACAGUGUUUCCCAUAGU G
Tetraodon nigroviridis ~ Tfrla a 540 UUUAUCAGUGGCAGGGUUCACUAUAAA G
Tfrla b 594 AUUAUCGGGAGCAGUGCCUUCCAUAAU G
Tfrla c 750 AUUAUCGGGAGCAGUGUCUCCCAUAAU G
Tfria d 818 CUUAUCGGAGGCAGUGCCCUCCAUAUU G
Tfrla e 866 AUUAUCGGGAACAGUGUUUCCCAUAAU G
Tfr1b a 296 UUUAUCAGUGGCAGAGUCCACUAUAAA G
Tfrib b 340 GUUAUCGGGAGCAGUGCCUUCCAUAAU G
* 603 GUUAUCGGGAGCAGUGUCUUCCAUAAU G
Tfr1b ¢ 638 AUUAUCGGGAGCAGUGUCUUCCAUAAU G
Tfr1b d 729 UAUCGAGAGCAGUGACUCUCAUA G
Tfrib e 776 CUUGUCGGGGACAGUGUUUCCCAGAGU G
Takifugu rubripes Tfrla a 501 UUUAUCAGUGGCAGGGUUCACUAUAAA G
Tfrla b 561 AUUAUCGGGAGCAGUGCCUUCCAUAAU G
Tfrla c 690 AUUAUCGGGAGCAGUGUCUCCCAUAAU G
Tfrla d 758 CUUAUCGGAGGCAGUGCCCUCCAUAUU G
Tfrla e 804 AUUAUCGGGAACAGUGUUUCCCAUAAU G
Tfr1b a 277 UUUAUCGGUGGCAGUGCCCACUAUAAA G
Tfrib b 320 GUUAUCGGGAGCAGUGCCUUCCAUAAU G
* 518 AUUAUCGGGAGCAGUGUCUUCCAUAAU G
Tfr1b ¢ 553 AUUAUCGGGAGCAGUGCCUUCCAUAAU G
Tfrib d 628 UAUCGAGAGCAGUGACUCUCAUA G
Tfrib e 675 CCUAUCGGGGACAGUGUUUCCCACAGU G
Gasterosteus aculeatus — Tfr1b a 305 UUUAUCAGUGGCAGUGCCUACUAUAAA G
Tfrib b 357 GUUAUCGGAAGCAGUGCCUUCCAUAAU G
* 708 GUUAUCGGGAGCAGUGUCUCCCAUGAC G
* 744 GUUAUCGGGAGCAGUGUCUCCCAUGAC G
* 780 GUUAUCGGGAGCAGUGUCUCCCAUGAC G
* 816 GUUAUCGGGAGCAGUGUCUCCCAUGAC G
Tfr1b ¢ 852 GUUAUCGGGAGCAGUGUCUCCCAUAAU G
Tfrib d 932 UUUAUCGGGAGCAGUGUCUUCCAUAUU G
Tfrib e 970 CUUAUCGGGGACAGUGUUUCCCAGAGU G

In cases in which a reference is given, the IRE was reported previously. C-bulge and CAGUGN loop sequences are in bold. The class of source
sequence used in the identification of the IRE is (M) mRNA, (G) genomic, or (E) EST. The distance to the termination codon refers to a genomic
distance in the case a genomic sequence was analyzed. In Tetraodon, Takifugu, and Gasterosteus, there are IREs (indicated with an asterisk) in
addition to the well-conserved IREs a—e.
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TABLE 3. IREs of DMTT, ferroportin, mACO, eALAS, Cdc14A, and IREs of restricted phylogenetic distribution

Distance to
start/termination
codon (distance Source
Species to 5'-end) IRE sequence Reference sequence
DMT1 isoform 1
Homo sapiens 28 GCCAUCAGAGCCAGUGUgUUUCUAUGGU Gunshin et al. (2001) M
Rattus norvegicus 36 GCCAUCAGAGCCAGUGUgUUUCUAUGGU  Gunshin et al. (2001) M
Canis familiaris 33 GCCAUCAGAGCCAGUGUgUUUCUAUGGU M
Loxodonta africana 33 GCCAUCAGAGCCAGUGUGUUUCUAUGGU G
Dasypus novemcinctus NA GCCAUCAGAGCCAGUGUGUUUCUAUGGU G
Monodelphis domestica 33 GCCAUCAGAACCAGUGCGUUUCUAUGGU G
Ferroportin
Homo sapiens 201 (202) AACUUCAGCUACAGUGUUAGCUAAGUU Abboud and Haile (2000) M
Mus musculus 202 (102) AACUUCAGCUACAGUGUUAGCUAAGUU Abboud and Haile (2000) M
Gallus gallus 87 (105) GACUUCAGCUACAGUGCUAGCUAAGUC M
Danio rerio 129 (81) GACUUCAGCUACAGUGAUAGCUAAGUU Donovan et al. (2000) M
Mitochondrial aconitase
Homo sapiens —5 (194) CUCAUCUUUGUCAGUGCACAAAAUGGC Butt et al. (1996) M
Mus musculus —5 (184) CUCAUCUUUGUCAGUGCACAAAAUGGC Butt et al. (1996) M
Canis familiaris —5 (1) UUCAUCUUUGUCAGUGCACAAAAUGGC M
Bos taurus -5 (8) CUCAUCUUUGUCAGUGCACAAAAUGGC Butt et al. (1996) M
Gallus gallus —5(387) UUCAUCUUUGUCAGUGCACAAAAUGGC M
Danio rerio -5 (23) CACAUCUUUGUCAGUGAACAAAAUGGC M
Tetraodon nigroviridis -5 CACAUCUUUGUCAGUGAACAAAAUGGC G
Ciona intestinalis -5 GUCAUCUUUGUCAGUGAACAAAAUGGC G
Succinate dehydrogenase
Drosophila melanogaster 21 (96) AAUUGCAAACGCAGUGCCGUUUCAAUU Melefors (1996) M
Drosophila mojavensis 11 AAUUGCAAACGCAGUGACGUUUCAAUU G
Drosophila virilis 10 AAUUGCAAACGCAGUGCCGUUUCAAUU G
Drosophila pseudoobscura 22 AAUUGCAAACGCAGUGCCGUUUCAAUU G
Drosophila ananassae 21 AAUUGCAAACGCAGUGCCGUUUCAAUU G
Drosophila yakuba 21 AAUUGCAAACGCAGUGCCGUUUCAAUU G
Drosophila simulans 21 AAUUGCAAACGCAGUGCCGUUUCAAUU G
eALAS
Homo sapiens 30 (10) UCGUUCGUCCUCAGUGCAGGGCAACAG Duncan et al. (1999) M
Mus musculus 15 (12) UGGUUCGUCCUCAGUGCAGGGCAACAG Duncan et al. (1999) M
Xenopus tropicalis 21 GUGUUCGUCCUCAGUGCAGGGCAACAG G
Danio rerio 133 (44) UCGUUCGUCCUCAGUGCAGGAUAACGA M
Takifugu rubripes 148 UCGUUCGUCCUCAGUGUAGGAUAACGG G
Ciona intestinalis 166 UAGUUCGUCCUCAGUGAAGGGCAAUUG G
Cdc14A variant 1
Homo sapiens 329 AUAUUUACAUGUACAGUGUUACAUUAUAUAU  Sanchez et al. (2006) M
Rattus norvegicus 303 AUUUACAUGUACAGUGUUACAUUAUAU Sanchez et al. (2006) M
Canis familiaris 331 ACACUUACAUGUACAGUGUUACAUUAUUAUG G
Loxodonta africana 333 AUUUACAUGUACAGUGUUACAUUAUGU G
Dasypus novemcinctus 327 ACAUUUACAUGUACAGUGUUACAUUAUGUAU G
MRCKa
Homo sapiens 786 GAAAACACUUGCAGAGCCAGGUUUUGC Cmejla et al. (2006) M

In cases in which a reference is given, the IRE was reported previously. C-bulge and CAGUGN loop sequences are in bold. The class of source
sequence used in the identification of the IRE is (M) mRNA or (G) genomic. The distance to the start or termination codon refers to a genomic
distance in the case a genomic sequence was analyzed. For D. novemcinctus the distance was not available (NA) because of incomplete
genome assembly. Values within parentheses are distances for 5’-UTR IREs to the 5’-end of the mRNA/EST sequence.

It is particularly interesting to note that 5'-UTR UGC/C-  ferritin mRNAs strongly suggests that IRE is a very early

type IREs are identified even in lower metazoa such as
Porifera (sponges) and Cnidaria (Fig. 3), showing that the
ferritin IRE is remarkably conserved. Thus, the IREs in the
lower metazoa are in most cases very similar to those in
mammals (Fig. 3). The presence of IRE in lower metazoan

metazoan invention.
UGC/C-type IRE
As a rule, the ferritin IRE is of the UGC/C type. Exceptions

are found in the group of insects and in the horseshoe crab
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FIGURE 2. Phylogenetic distribution of iron-responsive elements and corresponding proteins. Open symbols refer to a situation in which a
protein ortholog is found but not an IRE in the UTR. A filled symbol means that the protein as well as an IRE have been identified. Example

species or genera analyzed in this work are shown in italics.

as will be discussed further below. In this investigation we
have collected a large number of novel sequences that are of
the UGC/C type. They all strongly support a secondary
structure with a UGC loop and C bulge. Variants of the
UGC sequence occur in Strongylocentrotus purpuratus (sea
urchin) and Apostichopus japonicus (CGC) (F.X. Zheng, X.Q.
Sun, and J.X. Zhang, unpubl.), Daphnia pulex (water flea;
AGC), Ciona intestinalis, and Periserrula leucophryna (UGG)
(Jeong et al. 2006), Pacifastacus leniusculus (signal crayfish)
(Huang et al. 1999), and Litopenaeus vannamei (Pacific white
shrimp; CGG) (Hsieh et al. 2006). All the UGC/C-type
sequences consistently support a G-C pairing (Fig. 3) as
previously shown by structural studies of selected IREs
(Addess et al. 1997; Gdaniec et al. 1998; Walden et al. 2006).

In some instances, the same sequence can be folded into
either the UGC/C type or the C type. Examples are IREs
from vertebrates, D. pulex, Lymnaea stagnalis (great pond
snail), Crassostrea gigas (Pacific oyster), and Reniera.
However, in these cases, the C-type structure seems
thermodynamically less favorable.

C-bulge-type IRE

Whereas most IREs that we identified seem to be of the
UGC/C-bulge type, a restricted number of phylogenetic

958 RNA, Vol. 13, No. 7

groups presents the C-type element. Thus, in the group of
insects including six species of Drosophila, Anopheles
gambiae, Apis mellifera, and Tribolium castaneum as well
as in the Carcinoscorpius rotundicauda (Southeast Asian
horseshoe crab), IREs were found to be of the C type as
previously shown for Drosophila (Georgieva et al. 1999). In
Drosophila the IRE is located in an intron part of the gene,
although this intron is sometimes included in the spliced
product (Lind et al. 1998). A comparison of this element
from the different insect species shows that the IRE is highly
conserved with multiple compensatory mutations that pre-
serve the hairpin structure, providing further evidence that this
sequence element is functionally important.

The only sequence outside of the insect group that seems
to be of the C-bulge-type IRE is that from C. rotundicauda,
a member of Chelicerata. It is an intriguing observation
that it is much more similar in sequence and secondary
structure to insect IREs than to other members of Cheli-
cerata like the ticks (Table 1).

Comparison of the base-pairing schemes of ferritin IREs
shows that the non-Watson—Crick pair G-A is rather
frequent in the invertebrates (it occurs in Amblyomma
americanum, Dermacentor variabilis, P. leniusculus, L. van-
namei, P. leucophryna, and Suberites ficus and is commonly
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FIGURE 3. Structure of ferritin IREs. Selected IREs of nonvertebrate metazoa are shown. All the IREs shown were identified in this work except
for those of L. stagnalis (von Darl et al. 1994), C. gigas (Durand et al. 2004), P. leucophryna (Jeong et al. 2006), P. leniusculus (Huang et al. 1999),
D. variabilis (Mulenga et al. 2004), and L. vannamei (Hsieh et al. 2006). Structural features of this class of IRE include (1) the UGC bulge where the
G is able to pair with the C in the opposite strand; (2) a variability of the UGC consensus sequence; and (3) a G-A pair in some of the structures.

located next to the bulge region) (Fig. 3). The G-A pair is,
however, not found in vertebrate ferritin IREs, or in any
nonferritin IREs.

In summary, it would seem that the UGC/C type of IRE
was the ancestral version of the element that has been
conserved in evolution, although it was converted into the
C type in insects and horseshoe crab.

Transferrin receptor

In mammals there are two types of transferrin receptor,
Tfrl and Tfr2. In the fishes there are two isoforms of Tfrl,
called Tfrla and Tfrlb. Tfrl and Tfr2 are related to the
proteins NLDL, NLD2, and PSMA (Mahadevan and
Saldanha 1999; Ghosh and Heston 2004), and these
proteins share a domain structure with the three Pfam
domains PA, Peptidase M28, and the Tfr dimerization
domain. In an attempt to identify possible homologs to
Tfrl and Tfr2 in lower animals such C. intestinalis and
Branchiostoma, we searched available protein sequence
databases. A number of Ciona proteins were identified
with domains characteristic of the Tfr/NLDL/NLD2/PSMA
family. However, in a phylogenetic analysis these Ciona
proteins do not clearly associate with Tfr (data not shown).
Although we cannot formally exclude that there is a Tfr
homolog in Ciona, we were not able to identify an iron-

responsive element in any of the mRNAs in Ciona related
to the Tfr/NLDL/NLD2/PSMA family.

In mammals the Tfr1 mRNA has five iron-responsive
elements (IRE-a—IRE-e) (Fig. 4), whereas Tfr2 mRNA is
lacking IREs. Here we identified IREs also in other
vertebrates, such as the fishes D. rerio, Fugu rubripes,
Tetraodon nigroviridis, and Gasterosteus aculeatus (stickle-
back). In these fishes IREs were present in both Tfrla and
Tfr1b mRNAs (Fig. 4; Table 2). Surprisingly, we identified
additional IREs in the Tfrlb mRNAs of F. rubripes,
T. nigroviridis, and G. aculeatus in the region between
IRE-b and IRE-c (Fig. 4; Table 2). For instance, in G.
aculeatus there are four such IREs, all identical.

The canonical sequence of the IRE apical loop is
CAGUGN. In the human Tfrl mRNA the first IRE (IRE-a)
has a noncanonical CAGAGU loop sequence. Also in other
species this IRE is characterized by having a noncanonical
loop sequence (chicken CAGCGU, D. rerio Tfrla
CAAGGA, and T. rubripes Tfrla CAGGGU) (Fig. 4). An
exception is the corresponding fish Tfrlb IRE, which is
more similar to the canonical sequence (Fig. 4; Table 2).

A comparison of the mRNA region containing the five
IREs from different species shows a remarkable degree of
conservation. A phylogenetic analysis strongly suggests that
the order of IREs has been preserved during evolution. Not
only are the IREs highly conserved, but also are three
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FIGURE 4. Transferrin receptor IREs. (A) A multiple alignment of selected vertebrate sequences of the Tfr 3'-UTR region containing five IREs.
In the fish D. rerio, T. nigroviridis, and F. rubripes, both Tfrla and Tfr1b mRNAs contain IREs. (In the case of Gasterosteus we have no information
whether the sequence is 1a or 1b.) Three postulated hairpins (h1, h2, and h3) are also shown (Casey et al. 1989; Chan et al. 1989; Koeller et al.
1989; Schlegl et al. 1997). Additional IREs in the fishes between the IRE-b and -c elements are represented as shaded boxes. (B) Proposed

secondary structure of the region using the human Tfr sequence.

additional regions as indicated in Figure 4. All of these
regions are able to form short hairpin structures, as pre-
viously noted for the human Tfr1 mRNA (Casey et al. 1989;
Chan et al. 1989; Koeller et al. 1989; Schlegl et al. 1997).

Mitochondrial aconitase

Human, porcine, murine, and bovine mitochondrial aco-
nitase mRNAs have previously been shown to contain an
IRE (Butt et al. 1996). Here we identified such an element
also in chicken Gallus gallus, in X. tropicalis, the fishes
D. rerio and T. nigroviridis, and in the sea squirt C. intestinalis.
The IRE is extremely well conserved in sequence from
mammals to Ciona as indicated in Table 3. Consistently,
the AUG codon is part of the IRE hairpin. We have not been
able to find an IRE in any nonvertebrate species among the
metazoa, including S. purpuratus (sea urchin), Branchiostoma

960 RNA, Vol. 13, No. 7

(lancelet), nematodes, insects, and lower metazoa, although
all these organisms have a mitochondrial aconitase. It would
therefore seem that the IRE was acquired at a stage of
evolution close to the development of Chordata (Fig. 2).

Erythroid aminolevulinic acid synthase

In vertebrates there are two forms of eALAS, referred to as
H (housekeeping form) and E (erythroid form). The
phylogeny of this enzyme as well as its IRE has been
studied by Duncan et al. (1999). The enzyme is widely
distributed and is found in metazoa, fungi, protists, and
eubacteria. Both H and E forms are present in vertebrates.
Previous analysis of the distribution of IREs showed that it
is present in the E-form of vertebrate eALAS genes
(Duncan et al. 1999). Thus, an IRE was identified in mRNA
of human, whale, rat, mouse, chicken, and toadfish,
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whereas it seems to be absent in hagfish. In addition, we
here found IREs in the E-chain mRNAs of T. rubripes,
D. rerio, X. tropicalis, and C. intestinalis. Consistent with
previous observations (Duncan et al. 1999), we were not
able to identify an IRE in the sea urchin or in the lower
metazoa like Nematostella. Therefore, the distribution of
the eALAS IRE seems to be very similar to that of
mitochondrial aconitase (Fig. 2).

Ferroportin

Ferroportin is a protein found in vertebrates, many
invertebrates, plants, and the fungal groups Basidiomycota
and Pezizomycotina, as judged by PSI-BLAST searches as
well as searches using the Pfam model of the ferroportin
domain (data not shown; Finn et al. 2006). However, a
search of IREs in ferroportin mRNAs revealed such
elements only in vertebrates. In more deeply branching
organisms like C. intestinalis, Ciona savignyi, Branchios-
toma, and Strongylocentrotus, homologs to ferroportin were
identified, but no IREs could be identified in their mRNAs.
Table 3 lists IREs identified in man, mouse, chicken, and
zebrafish. The ferroportin IRE sequence, like that of
mitochondrial aconitase, is remarkably conserved.

DMT1

The DMT1 protein is found in all vertebrates and in sea
urchin. We identified IREs in DMT1 mRNAs of mammals,
including the marsupial opossum. A closely related sequence
is identified in X. tropicalis, although with a nucleotide
change in the CAGUGN consensus motif (Fig. 5). This
is most likely not a sequencing error because the sequence is
consistently present in all ESTs corresponding to this mRNA
as well as in all primary reads of genomic sequence. Fishes
also seem to have 3'-UTRs with reasonable primary sequence
similarity to the corresponding mammalian sequences

T. nigroviridis GGGGCGC
F. rubripes

Pagrus major

Morone saxatilis
Paralichthys olivaceus
Scophthalmus maximus
Xenopus tropicalis

M. domestica

M. musculus

H. sapiens

AGGACA
AGGACA

T. nigroviridis

F. rubripes

Pagrus major

Morone saxatilis
Paralichthys olivaceus
‘Scophthalmus maximus
Xenopus tropicalis

M. domestica

M. musculus

H. sapiens

:CATTCCTCTTTCCTCTTGGAGACACTGAGCCCTGTACA
CATTCTTCTGTCCTGTCGGAGACTCTGAGCCCTGTACA
;CATTCCTCTGTCCTCTCGGAGACTCT ------- TTACA

(Fig. 5). However, neither is a CAGUGN motif present,
nor a hairpin structure characteristic of IRE (Fig. 5). These
observations would suggest that the mammalian DMT1 IRE
evolved from a non-IRE sequence by gradual changes
involving nucleotide substitutions of the ancestral sequences.

IREs with a restricted phylogenetic distribution

Succinate dehydrogenase is a ubiquitous Krebs cycle
enzyme. The Drosophila mRNA of succinate dehydrogenase
has been reported to contain a physiologically significant
IRE (Gray et al. 1996). We found the sequence of this IRE
to be perfectly conserved in all available Drosophila species
(Table 3). However, we have failed to identify such an IRE
in other insects, including the closely related A. gambiae.
Neither was an IRE identified in other metazoan succinate
dehydrogenase mRNAs. It would therefore seem that the
recruitment of the IRE to the succinate dehydrogenase
mRNA is an event highly specific to Drosophila.

A number of IREs has been reported that seem to be
restricted to primates or to primates, rodents, and dog.
Such an example is Cdcl4a (Sanchez et al. 2006), where the
IRE is found only in human, rat, and dog, but the protein is
also present in frog and chicken. The human MRCKa has
homologs in chimpanzee, mouse, and dog. However, only
the human sequence can adopt the structure postulated by
Cmejla et al. (2006). The chimpanzee sequence has a nucle-
otide change that disrupts a base pair present in the proposed
human IRE hairpin structure. In mouse, rat, and dog there
is weak sequence similarity to the human sequence, but none
of these sequences has the consensus features of the IRE.

DISCUSSION

We have assembled 49 previously known IREs and have
identified >100 additional sequences (Tables 1-3). These

- CTGC- TGC]
< CTOT- TG
-CTGT-TA
- CTGC- TAA]
« CTGC- TA
TCTCCCTA

C- GTTTGTTT
A- TTTTGTGT
C- TCTT- TGT
GCTTTTGTGT
A- TTTTGTAT

FIGURE 5. Alignment of 3'-UTR region of DMT1 mRNA. Sequences immediately downstream from the termination codon of DMT1 mRNAs
were subjected to a multiple alignment using T-Coffee (Notredame et al. 2000) with default parameters. The sequences are from six fish species
(on top) in addition to frog, opossum, mouse, and human. The IRE consensus loop sequence CAGUGN is shown, as well as the location of the

IRE hairpin.
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novel sequences were not previously reported in the
literature or annotated as such elements in sequence data-
bases. Out of the 107 novel IREs listed in Tables 1-3, only
20 are reported also in Rfam (Griffiths-Jones et al. 2003).
This is partly because not all possible genomic sequences
have been analyzed in the context of that database. We also
noted that some of the IRE sequences presented in Rfam
are false positives.

The compilation of IREs reported here allows us to
examine structural properties and consensus features of the
IRE, and it also allows interesting conclusions as to the
evolution of this regulatory element.

Structure and evolution of ferritin IREs

The ferritin IRE is widely distributed among metazoa.
Thus, we identified it in all metazoa examined, except
C. elegans and S. mansoni. We found an IRE also in the
deeply branching metazoa Nematostella and the sponges
Reniera and S. ficus.

Most of the ferritin IREs fold into a UGC/C-type
structure. It has been shown that a base pair is formed
between the G in the UGC bulge and the C in the other
strand (Addess et al. 1997; Gdaniec et al. 1998; Walden
et al. 2006). This type of pairing is strongly supported by
the IREs that we have identified here (Fig. 3). A certain
variation in the UGC sequence is apparently allowed, with
C or A in the first position and with G in the third position.
Another common feature of the ferritin IRE is an A-G pair
adjacent to the UGC/C bulges (Table 1; Fig. 3).

Whereas most ferritin IREs are of the UGC/C type, the
insect species Drosophila, Apis, Aedes, and Tribolium as well
as the horseshoe crab C. rotundicauda are unusual in that
they have an IRE of the C-bulge type. It is interesting that
the chelicerate C. rotundicauda has a C-type IRE, whereas
other chelicerates like D. variabilis and A. americanum have
a UGC/C-type IRE. Assuming that the UGC/C-type IRE is
the ancestral form, this would suggest that evolution to a
C-type IRE occurred more than once.

We noted that some of the ferritin IRE sequences can
fold into either a UGC/C-type or C-type structure. This
suggests a possible mechanism of evolution from UGC/C-
type to C-type structure. First, one or more nucleotide
substitutions allowed a C-type structure. Then further
changes stabilized this structure. As an alternative mecha-
nism, the C-type structure could be obtained more directly
by deletion of the U being part of the UGC loop.

It is interesting to note that a vast majority of insect
ferritin IREs that are of the C type also have a UGC triplet
as part of the stem on top of the C-bulge (underlined in
Table 1). This might be a coincidence but could also be of
functional significance, relating this type of IRE more
closely to the UGC/C type.

Why are most ferritin IREs of the UGC/C type, whereas
others are of the C type? A C-type IRE is known to bind
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IRP2 much less efficiently than a UGC/C-type of IRE (Ke
et al. 1998), whereas the binding of IRP1 is less influenced
by the IRE structure. Therefore, a conversion during
evolution from UGC to C type may be a way to fine tune
the IRE/IRP regulatory mechanism.

Transferrin receptor IREs

We identified a number of vertebrate Tfr IREs that were
not previously reported. The presence of IREs in Tfrla as
well as Tfr1b mRNAs in fishes is also a novel finding. The
transferrin receptor, as well as the IRE contained within its
mRNA, occurs in vertebrates. The only fish species in
which we failed to identify Tfr IREs is Petromyzon marinus,
a more deeply branching vertebrate. However, only single-
pass DNA sequencing reads are available for this organism,
and we cannot exclude the possibility that such IREs will be
identified once we have access to sequences from a more
advanced stage of the genome sequencing project. On the
other hand, if such IREs are, indeed, missing in Petromyzon,
this is an interesting observation, as it would suggest
that Tfr IREs have appeared early in the evolution of
vertebrates.

Multiple alignments of vertebrate Tfr 3'-UTR regions
show a high degree of conservation in the parts that contain
the IRE structures. All IRE sequences as well as their order
are remarkably conserved. Neighbor-joining analysis of all
Tfr IRE sequences showed that all the elements are grouped
according to their position in the cluster (data not shown).
Not only are the IREs highly conserved but also three
additional potential hairpin regions as indicated in Figure
4. For the first of these hairpins (Fig. 4, hl), there are
compensatory mutations that give support to the proposed
hairpin structure. For the two other helices (Fig. 4, h2,h3),
the sequences are all identical. Two additional helices were
suggested in Schlegl et al. (1997). However, we could not
find comparative genomics support for any of these.
The Tfr 3'-UTR regions are known to contain AU-rich
elements, for instance, between IRE-a and IRE-b and
between hl and h2 (Koeller et al. 1989; Theil 1993). These
elements are identified also in fishes, although some of
them are less pronounced (Fig. 4).

Notable differences between Tfr 3'-UTRs of fishes and
other vertebrates are that some fishes have more than five
IREs and that the IRE-a of many of the fish Tfrlb mRNAs
have a canonical CAGUGN apical loop sequence. Thus,
the T. rubripes, D. rerio, and G. aculeatus Tfrlb have the
sequence CAGUGY (Fig. 4). Based on these observations, a
model of IRE evolution could be envisaged in which the
Tfr1b 3’-UTR represents a more ancestral form of the IRE/
IRP regulatory region. Originally a single IRE was dupli-
cated, giving rise to five or more IREs as in Tfr1b. Evidence
of such a duplication process is clearly seen in the case of
G. aculeatus, where four identical copies of the IRE have
been produced. The next step is a gene duplication event
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giving rise to the Tfrla gene, where the IRE-a is eventually
changed to confer a specific advantage. Finally the Tfrlb
gene was lost during vertebrate evolution. The fact that a
consensus sequence has been avoided during the evolution
of the IRE-a suggests that it has an important function
although it is not binding the IRP proteins effectively.

IREs of restricted phylogenetic distribution

The MRCKa IRE is identified only in primates, and only
the human sequence can adopt the structure proposed in
Cmejla et al. (2006). Therefore, we cannot find any phylo-
genetic support at all for this IRE. Further experiments are
necessary to clarify its role in IRP-mediated control. In case
it is a bona fide IRE, then it has apparently appeared at a
late stage in evolution and possibly by a mechanism of
evolution as described for DMT1 above.

A special case is the Drosophila succinate dehydrogenase
mRNA that seems to use an IRE sequence (Gray et al.
1996). It is interesting to note that this IRE is restricted to
Drosophila and not found in other insects examined,
including the closely related A. gambiae. In Drosophila the
only other known IRE is that of ferritin. It is an interesting
observation that, as in ferritin mRNA, the succinate
dehydrogenase IRE has a UGC sequence (Tables 1, 3). This
might reflect an evolutionary process in which the succi-
nate dehydrogenase IRE evolved from the ferritin IRE.

The ferritin IRE, an ancestral system of iron regulation

We suggest that the IRE/IRP system first operated in ferritin
mRNA, as we have identified IREs in the ferritin mRNAs of
deeply branching metazoa like sea anemone and sponges,
phylogenetic groups where there is no evidence of IREs in
other mRNAs. Therefore, the IRE/IRP system in ferritin
mRNA is most likely the ancestral version of this type of
translational control. Later in evolution IREs appeared in
other mRNAs, presumably using in part the same repertoire
of IRP proteins as the ferritin IRE. Thus, mACO and eALAS
IREs appear at the level of Chordata; Tfr and ferroportin
IREs appear with the development of vertebrates; the DMT1
IRE appear at the level of mammals (or possible earlier);
and the remaining IREs appear at a later stage.

How does a gene acquire an IRE during evolution? Such
an element may be recruited from another gene by DNA
recombination, or the IRE can arise independently through
changes to a UTR sequence by “convergent” evolution.
In both cases, a positive selection may occur for effective
binding to an already existing iron regulatory protein. For
most of the IRE families, the available sequence data cannot
be used to discriminate between these two mechanisms of
IRE evolution. However, there seems to be evidence of a
convergent evolution in the case of DMT1 mRNA and the
IRE present in the 3’-UTR as shown in Figure 5. We cannot
exclude that the alignment is fortuitous, and it would be

more reliable if we had access to more sequences reflecting
the evolution from teleosts to mammals. Nevertheless, the
alignment would suggest a progression from a non-IRE-like
sequence in the teleosts to a “consensus” IRE like the one
observed in mammals.

MATERIALS AND METHODS

Genome and protein sequences

The majority of protein sequences were retrieved from NCBI
(ftp.ncbi.nih.gov/blast/db/), SWISS-PROT (http://www.expasy.ch/
sprot/), and UniProt (http://www.expasy.uniprot.org/). Genomic
sequences were from NCBI (ftp.ncbi.nih.gov/genomes/), EMBL
(http://www.ebi.ac.uk), ENSEMBL  (http://www.ensembl.org),
and TraceDB (ftp.ncbi.nlm.nih.gov/pub/TraceDB). Multiple align-
ments available at the UCSC Genome Bioinformatics Site
(http://genome.ucsc.edu) were used to identify evolutionarily con-
served sequences.

Identification of iron-responsive elements

To identify as many potential IREs as possible, we searched all
available mRNA and genomic sequences. We used pattern
matching as well as the cmsearch of the Infernal software
(Griffiths-Jones et al. 2003). Patterns were constructed on the
basis of known properties of IREs, and cmsearch used covariance
models from Rfam or more specific models, such as models based
on C- or UGC/C-type IRE alignments. FASTA34 (Pearson 2000)
or BLAST (Altschul et al. 1997; Altschul and Koonin 1998)
searches were carried out in order to identify closely related
homologs. Sequences were checked for conserved primary
sequence motifs and the ability to fold into a secondary structure
typical for the iron-responsive element. Secondary structure
predictions were carried out with MFOLD (Zuker 1989).

Identification of protein homologs

In order to identify as many homologs as possible to previously
known proteins whose mRNAs are known to contain IREs, we
made use of BLAST searches (Altschul et al. 1997; Altschul and
Koonin 1998). The database searched was the NCBI GenBank set
of proteins (Benson et al. 2006), but some proteins were absent
in this set and were retrieved from individual genome projects.
Alternatively, they were identified from TBLASTN searches of
genome sequences or predicted by Genewise alignments (Birney et
al. 2004). Additional homologs were in some instances identified
with Pfam models (http://hmmer.wustl.edu/; Eddy 1998; Bateman
et al. 2004).

Phylogenetic analysis of proteins

All the proteins considered to be significant homologs based on
E-values were retrieved, and multiple alignments were created
using ClustalW 1.83 (Thompson et al. 1994) or T-Coffee (Notredame
et al. 2000). Neighbor-joining trees were obtained with ClustalW
using the bootstrap option.

Phylogenetic analysis was also carried out using programs of
the PHYLIP package (Felsenstein 1996). For each ClustalW or
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T-Coffee alignment, we used parsimony (PROTPARS), maximum
likelihood (PROML), and neighbor joining (NEIGHBOR). The
neighbor joining was based on a matrix created by PROTDIST.
SEQBOOT was used to generate for each of the three methods’
500 bootstrapped data sets. CONSENSE was then used to
compute a consensus tree by the majority-rule consensus tree
method for the three different procedures.
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