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A B S T R A C T

Iron-responsive elements (IREs) are ~35-nucleotide (nt) stem-loop RNA structures located in 5′ or 3′ un-
translated regions (UTRs) of mRNAs that mediate post-transcriptional regulation by their association with IRE-
binding proteins (IRPs). IREs are characterized by their apical 6-nt loop motif 5’-CAGWGH-3′ (W=A or U and
H=A, C or U), the so-called pseudotriloop, of which the loop nts C1 and G5 are paired, and the none-paired C
between the two stem regions. In this study, the yeast three-hybrid (Y3H) system was used to investigate the
relevance of the pseudotriloop structure of ferritin light chain (FTL) for the IRE-IRP interaction and the binding
affinities between variant IRE(-like) structures and the two IRP isoforms, IRP1 and 2. Destabilization of the
pseudotriloop structure by a G5-to-A mutation reduced binding of IRP1 and 2, while restoring the pseudotriloop
conformation by the compensatory C1-to-U mutation, restored binding to both IRPs. In particular, IRP1 showed
even stronger binding to the C1U-G5A mutant than to the wildtype FTL IRE. On the other hand, deletion of the
bulged-out U6 of the pseudotriloop did not significantly affect its binding to either IRP1 or 2, but substitution
with C particularly enhanced the binding to IRP1. In comparison to FTL IRE, IRE-like structures of 5′-amino-
levulinate synthase 2 (ALAS2) and SLC40A1 (also known as ferroportin-1) showed similar or, in the case of
endothelial PAS domain protein 1 (EPAS1) IRE, slightly weaker binding affinity to IRPs. SLC11A2 (a.k.a. divalent
metal transporter-1) IRE exhibited relatively weak binding to IRP1 and medium binding to IRP2. Notably, the
IRE-like structure of α-synuclein showed no detectable binding to either IRP under the conditions used in this
Y3H assay. Our results indicate that Y3H can be used to characterize binding between IRPs and various IRE-like
structures in vivo.

1. Introduction

Iron (Fe2+) is involved in multiple cellular processes, including
respiration, DNA synthesis, oxygen transport, energy metabolism, etc.,
and hence its cellular homeostasis is precisely regulated in most or-
ganisms. In vertebrates, the cellular iron level is stably maintained
within a narrow range to avoid damage to protein, DNA, and lipid, as
an excess or deficiency of cellular iron may lead to physiological mis-
regulation, e.g. abnormal cell proliferation. In humans, impaired iron
homeostasis is associated with inherited hemochromatosis, cirrhosis,
cardiomyopathy, diabetes mellitus, and many neurodegenerative dis-
orders, e.g. Friedreich's ataxia, Parkinson's and Alzheimer's diseases

(Madsen and Gitlin, 2007; Simmons et al., 2007; Fleming and Ponka,
2012). The uptake of cellular iron is predominantly accomplished by
divalent metal transporter 1 (DMT1, encoded by SLC11A2) and trans-
ferrin receptor (TfR1), while the storage and sequestration of cellular
iron is mediated by H- and L-ferritin subunits (HTL and FTL), and the
export and translocation of cellular iron is facilitated by the basolateral
exporter ferroportin (encoded by SLC40A1). All these actions are tightly
controlled to regulate cellular iron homeostasis (reviewed in (Anderson
et al., 2012)).

The key regulator of intracellular iron metabolism is iron-regulatory
protein (IRP), a member of the aconitase superfamily that post-tran-
scriptionally regulates many genes involved in iron metabolism by
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specifically binding to the conserved iron-responsive elements (IREs)
located in the UTRs of mRNAs (Hentze et al., 2004; Wallander et al.,
2006; Wilkinson and Pantopoulos, 2014; Zhang et al., 2014). For in-
stance, when Fe2+ levels are low, IRPs are able to tightly bind to IRE(s)
present in the 3’ UTR of the TfR1 mRNA to stabilize the transcripts and
increase the protein level of TfR1 that promotes iron uptake. On the
other hand, low Fe2+ levels also facilitate IRPs to interact with IREs
located in the 5’ UTR of SLC40A1 mRNA and reduce the protein level of
the iron-exporting Ferroportin. As a result, the iron-sensing IRP-IRE
interaction increases the uptake and the availability of iron in cells. On
the contrary, high Fe2+ levels decrease IRP's IRE-binding affinity, re-
sulting in reduced stability of TfR1 mRNA and increased translation of
SLC40A1 mRNA that synergistically depletes cellular iron (Cairo et al.,
2006). Thus, knowledge of IRE binding affinity is key to the study of
IRP-mediated iron homeostasis (Rouault, 2006; Zhang et al., 2014).

The sequence and structure of IREs are highly conserved in mam-
malians, and generally consist of a stem-loop element formed by a five
base pair stem carrying a 6-nucleotide (nt) apical loop motif 5′-
CAGWGH-3′ (W=A or U and H=A, C or U) separated from a lower
stem of variable length by an internal loop or bulge containing a con-
served C (Wallander et al., 2006; Leipuviene and Theil, 2007;
Muckenthaler et al., 2008; Volz, 2008). Since the classic IREs have been
identified in ferritin mRNA (Aziz and Munro, 1987; Hentze et al.,
1987), quite a few IRE-like structures have been proposed later in other
mRNAs, of which the encoded proteins are not necessarily solely in-
volved in iron homeostasis, e.g. 5′-aminolevulinate synthase 2 (ALAS2,
a.k.a. eALAS), endothelial PAS domain protein 1 (EPAS1), and α-sy-
nuclein (Friedlich et al., 2007; Sanchez et al., 2007; Rogers et al., 2011;
Sanchez et al., 2011; Febbraro et al., 2012). Some of these RNA ele-
ments, discovered by immunoprecipitation, were demonstrated to have
IRP binding affinity in vitro using electrophoretic mobility shift assays
(EMSA) (Dandekar et al., 1991; Wilkinson and Pantopoulos, 2014),
whereas those predicted by computational analysis, e.g. the IRE-like
structure found in α-synuclein mRNA 5’ UTR, have not been reported
for direct binding to IRPs, although their involvement in transcriptional
regulation have been reported (Ma et al., 2012).

In this study, we took advantage of the yeast three-hybrid (Y3H)
system (Putz et al., 1996; SenGupta et al., 1996) which has been
broadly used to assay RNA-protein interaction in vivo (Jaeger et al.,
2004b; Hook et al., 2005) to study the relevance of the pseudotriloop
conformation of the FTL IRE for binding to IRP1 and 2. Furthermore,
we also validated the binding potentials of several IRE-like structures to
the two IRP isoforms in Y3H system.

2. Materials and methods

2.1. Constructs of RNA and protein expressing vectors for yeast three-hybrid
system

The Y3H system used in this study is generally adapted from what
has been reported (SenGupta et al., 1996). The wildtype FTL (FTL-wt)
IRE is taken as a standard IRE in this study, of which the apical loop
consists of 5’-CAGUGU-3′. IRE mutants and variants were constructed
by cloning complementary pairs of chemically synthesized DNA oligo-
nucleotides (Eurogentec, Belgium) into NheI/BglII digested pIIIA/
MS2.1*, a modified version of pIIIA/MS2.1 (Jaeger et al., 2004a) in
which the unique SmaI and the flanking redundant sequences were
removed by replacing the fragment between the two EcoRI sites with
the sequence 5′-aatttatactcacatgaggatcacccatgtaattaacactgaggatcacc-
cagtggctagcttctagaaagatctg-3′ thereby creating unique NheI, XbaI, and
BglII sites downstream of the MS2 CP binding sequences (Chen and
Olsthoorn, 2010). Additional nucleotides were introduced at the
bottom of the lower stem of the IREs (indicated in Fig. 4a) that stabilize
the RNA structure in order to minimize the potential formation of al-
ternative structures. The RNA-binding protein expressing vector was
based on the shuttle vector pGADT7 (Clontech, USA) and constructed as

described previously (Chen and Olsthoorn, 2010). DNA fragments en-
coding IRP1 and 2 were generated by PCR and inserted between SmaI
and XhoI sites of pGADT7, in frame with the GAL4 domain at the C-
terminus.

2.2. Yeast three-hybrid assay

The pIIIA/MS2.1-IREs, vectors that produce the chimeric RNA of
IRE and MS2 Coat protein (CP) binding sequence, and the pGADT7-
IRPs, vectors that express the IRP-GAL4 fusion protein were co-in-
troduced to yeast strain L40-coat which expresses the MS2-CP-LexA
fusion protein (SenGupta et al., 1996). Transformed yeast cells in-
heriting both vectors were cultured on selective medium. To assay the
reporter of RNA-protein interaction, HIS3 expression, we monitored the
phenotypic growth of transformed yeast L40 coat on 3-Amino-1,2,4-
triazole (3-AT) containing Yeast Nitrogen Base (YNB) medium as de-
scribed previously (Haeger, 2004; Chen and Olsthoorn, 2010). Briefly,
three independent colonies of L40-coat yeast which were transformed
simultaneously with pIIIA/MS2.1-IREs and pGADT7-IRPs were cultured
2 days in Leu−, Ade−, and Ura− YNB medium at 30 °C. The yeasts were
then sub-cultured, in 1-to-1000 ratio, to an optical density of ~0.2 at
600 nm, followed by applying 2 μl onto Leu−, Ade−, Ura−, and His−

YNB agar containing 0 to 15 mM 3-AT. After culturing for 4 days at
30 °C, the phenotypic growth of two represented clones was docu-
mented.

3. Results

3.1. Binding affinity between IREs and IRPs in yeast three-hybrid system

The RNA baits, FTL-wt IRE and its mutants, and the protein preys,
IRP1 and 2, were cloned into expression vectors for Y3H assay, re-
spectively (Fig. 1, adapted from SenGupta et al. (SenGupta et al.,
1996)). Each mutant of FTL IRE (Fig. 2a) was co-transformed to yeast
strain L40-Coat with either IRP1 or IRP2 expressing vectors to study the
IRE-IRP interaction in yeast. The binding affinity between the tested
IREs and IRPs was evaluated by the phenotypic growth of the yeast on
HIS− media, as binding between the bait and the prey leads to trans-
activation of the reporter gene HIS3 (SenGupta et al., 1996; Jaeger
et al., 2004b; Jaeger et al., 2004a), enabling the transformed yeast to

IRP1
or IRP2

LexA op HIS3
LexA

MS2
Coat Protein

MS2 CP Binding
Sequence

Gal4 domain

Canonical IREs, IRE
mutants or IRE-like
structures

Fig. 1. The yeast three-hybrid (Y3H) system to assay binding affinity between
IRE and IRP1 and 2. The principle components of the Y3H system used in this
study are shown, including (i) the hook, fusion protein consisting of LexA DNA-
binding domain and MS2 coat protein (CP), (ii) the bait, a chimeric RNA
structure consists of MS2 CP binding sequence and IRE, IRE mutants or IRE-like
structures, (iii) the fish, transcriptional activation domain Gal4 fused to IRP1 or
2. The transcriptional activation of the reporter gene HIS3 only occurs upon
sufficient RNA-protein interaction between the tested IRE and the IRP that
completes the formation of the trimeric complex (illustration adapted form
(SenGupta et al., 1996)).
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grow on media without histidine supplementation.
In Y3H assays, non-specific RNA-protein/protein-protein interaction

and/or promoter leakage may lead to background HIS3 expression.
Therefore, 3-AT is usually added to the medium to eliminate false-po-
sitive RNA-protein interaction in Y3H system. In our study of IRE-IRP
interaction, yeast possessing solely MS2-coat binding sequence without
the RNA bait IRE, showed false positive growth on selective medium
without 3-AT when the vector expressing either IRP1 or 2 was co-
transformed (Fig. 2b). However, addition of 2mM of 3-AT could com-
pletely suppress such false positive growth and can be considered as the
threshold for specific IRE-IRP interactions in the following tests. IRP1
shows strong binding affinity to FTL-wt IRE, exhibiting good growth on
the media containing 3-AT up to 6mM (Fig. 2b). A similar growth
pattern was observed for IRP2 (Fig. 2b), suggesting that IRP2 and IRP1
have similar binding affinity for the wildtype FTL IRE.

3.2. Relevance of the IRE pseudotriloop structure to IRP binding affinity

One of the structurally conserved features of the IRP binding IRE is
the C1:G5 intra-loop base pairing (Fig. 2a), making the apical loop a
classic example of pseudotriloop (Henderson et al., 1994;
Sierzputowska-Gracz et al., 1995). We have studied the importance of
the C1:G5 base pairing for IRE-IRP binding in yeast by evaluating the
binding affinity between the G5A mutant FTL1 and IRPs (Fig. 2b). The
result indicated that disruption of this intra-loop base-pairing reduced
the binding to IRP1 as shown by the lowered 3-AT resistance (Fig. 2b).
Interestingly, restoration of the pseudotriloop by the compensatory C1U
mutation (mutant FTL2) significantly increased binding of IRP1 relative
to FTL-wt IRE as indicated by sustained growth at 10mM 3-AT
(Fig. 2b). Binding of IRP2 was less influenced by the pseudotriloop
conformation as disruption (FTL1) and restoration (FTL2) of the intra-
loop base pair slightly reduced and increased growth respectively, re-
lative to FTL-wt (Fig. 2b).

3.3. Relevance of U6 and G3 in IRE pseudotriloop for IRP binding

Four additional mutants of FTL IRE were constructed to investigate
the role of conserved bases within the 5’-CAGWGH-3′ motif for binding
to IRP1 and 2, respectively (Fig. 3). Deletion of U6 (mutant FTL3)
seemed to increase binding affinity to IRP1 in one data set but not in the
other (Fig. 3b), so at best we can conclude that deletion of U6 has no
detrimental effect on IRP1 binding in Y3H. Replacing U6 with C (mu-
tant FTL4) did increase binding affinity (Fig. 3b). Substitution of G3 by
U either with (mutant FTL6) or without (mutant FTL5) an additional
U6G mutation merely resulted in slightly lower binding of IRP1 relative
to FTL-wt IRE (Fig. 3b). IRP2 was rather insensitive to deletion of U6
(FTL3) and mutations in the loop (FTL5 and 6) but showed on average
stronger binding to the U6C mutant (Fig. 3c, FTL4).

3.4. Validation of the binding between IRE-like structures and IRPs

Several recently identified IRE-like structures (Fig. 4) were vali-
dated for their binding affinity to IRPs in Y3H, including the IREs of
EPAS1, α-synuclein, SLC40A1, ALAS2, and SLC11A2 mRNAs. All these
RNA structures exhibit the characteristic features of an IRE (Fig. 4a).
Fig. 4b shows that IRP1 binds strongly to the IRE-like structures of
SLC40A1, EPAS1, and ALAS2 and weakly to the IRE-like structures of
SLC11A2, whereas the interaction between IRP1 and the proposed IRE
of α-synuclein is below the detection threshold set for a specific RNA-
protein interaction in Y3H. Compared to FTL-wt IRE, IRP1 binds to
SLC40A1 and EPAS1 IREs with similar affinity, and to SLC11A2 IRE
with lower affinity. Although the variation between the datasets of
ALAS2 is high, binding of IRP1 is on average similar to FTL-wt. We
conclude that IRE-like structures having a relatively stable 5-basepair
upper stem tend to interact with IRP1 with similar affinity as FTL IRE,
whereas structures with a thermodynamically unstable upper stem, e.g.
IREs of SLC11A2, bind weaker to IRP1 in Y3H system. A similar trend of
binding was found between these IRE-like structures and IRP2 as well,

(a) (b)

Fig. 2. Yeast three-hybrid assay to verify the
relevance of the pseudotriloop base pairing
of the IRE to the binding with IRP1 and 2.
(a) The secondary structures of the IRE of
ferritin light chain (FTL-wt) and the pseu-
dotriloop mutants FTL1-2 are shown. Base
substitutions are marked with a circle. The
dotted-line represents the intra-loop base
pairing of the pseudotriloop. (b) In the yeast
assay, higher resistance to 3-AT represents a
stronger RNA-protein interaction. “w/o
FTL” is the negative control of which the
RNA ligand has no chimeric IRE element,
while clones FTL1 and FTL2 contain mu-
tated IRE elements. The upper panel dis-
plays the binding affinities between the
tested FTL IRE/mutants and IRP1 while the
lower panel shows the binding to IRP2, re-
spectively.
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except that IRP2 bound to SLC11A2 IRE more strongly than IRP1 did
(Fig. 4c).

4. Discussion

4.1. Insights in binding affinities between IRPs and variant IRE-like
structures in vivo

In the studies of IRP-IRE complex reported previously, two large and
spatially separate domains of IRP1 have been shown to bind to the IRE,
which predominantly form 10 bonds with the AGU pseudotriloop and 8
bonds with the inter-stem C- bulge (Walden et al., 2006; Volz, 2008),
suggesting that the pseudotriloop and the C-bulge of IREs are the cri-
tical binding sites for IRP1. All the IRE variants studied in this study

exhibit such a characteristic AGU pseudotriloop and the C-bulge
(Fig. 4a), but their binding affinities for IRPs were found differ in Y3H
system. For instance, IRP1 and 2 interact with EPAS1 and ALAS2 IREs
as strongly as with FTL IRE, whereas the interactions with SCL11A2 and
α-synuclein IREs are much weaker than FTL IRE (Fig. 4b). Thus, the
presence of the apical AGU sequence and the bulged C is not a guar-
antee for strong binding to IRPs. Notably, although the IRE-like struc-
ture located in the 5’UTR of α-synuclein mRNA (Friedlich et al., 2007;
Febbraro et al., 2012) has been reported to play a role in regulating the
expression of α-synuclein (Rogers et al., 2011; Mikkilineni et al., 2012;
Bandyopadhyay et al., 2013), its direct binding to IRPs is substantially
weaker than other tested IRE-like structures and cannot be distinguish
from non-specific RNA-protein interaction in Y3H (Fig. 4). This result is
in agreement with the previously reported inability to identify IRPs

(a)

(b) (c)

Fig. 3. Yeast three-hybrid assay to verify the relevance of G3 and U6 of the IRE to the binding with IRP1 and 2. (a) The secondary structures of the IRE of ferritin light
chain (FTL-wt) and the mutants tested (FTL3-6) are shown. Base substitutions are marked with a circle while base deletions are marked with a triangle. The dotted-
line represents the intra-loop base pairing of the pseudotriloop. (b) The binding affinities between IRE mutants FTL3 to 6 and IRP1 were assayed by Y3H system,
respectively. Clone w/o FTL is the negative control of which the RNA ligand has no IRE structure, while clones FTL3 to 6 contain mutated IRE elements. (c) The
binding affinities between IRE mutants FTL3 to 6 and IRP2 were assayed by Y3H system, respectively.
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through RNA pulldown with the IRE-like structure of α-synuclein, as
well as the failure to detect α-synuclein mRNA by protein pulldown
with IRP1/2 (Sanchez et al., 2011; Koukouraki and Doxakis, 2016).
Collectively, these data suggest that the iron-mediated translational
regulation of α-synuclein mRNAs does not directly or solely rely on IRP-
IRE interactions but mediated by a more complex mechanism.

4.2. Differential binding affinities between the IRP1/2 and variant IREs

Of the two IRP isoforms, IRP1 functions both as an RNA-binding
protein and as the cytosolic aconitase, while IRP2 functions solely as an
RNA-binding protein. It has been proposed that IRP1 is the major iron
sensor and IRE binder as the abundance of IRP1 is higher than that of
IRP2 in most cells (Hentze and Kuhn, 1996). However, it is IRP2 that
was found to dominate the regulation of mammalian iron homeostasis

and control the expression of TfR1 and ALAS2 mRNAs (Meyron-Holtz
et al., 2004a; Meyron-Holtz et al., 2004b; Wilkinson and Pantopoulos,
2014). Recently, IRP1 and 2 were found to regulate, respectively and/
or collaboratively, different cellular mechanisms of iron metabolism,
tumorigenesis, and neurodegeneration (Cho et al., 2010; Maffettone
et al., 2010; Wang et al., 2014). In Y3H system, we have found that the
differences in IRP1 and 2 to bind the canonical IREs, e.g. FTL and
SLC40A1 IREs, were not significant. This is in agreement with the data
of Allerson et al. (Allerson et al., 1999) showing that FTL IRE constructs
bind to IRP1 and 2 equally well in gel-shift assays. However, with re-
spect to certain non-canonical IRE-like structures and mutants, e.g.
SLC11A2 IRE and the C1U:G5A mutant (FTL2) tested in this study, IRP1
and 2 did show differential binding affinities in vivo. Recently, cellular
mRNAs that exclusively associated with IRP1 or IRP2 were identified
with immunoprecipitation (Sanchez et al., 2011). These results implied

(a)

(b) (c)

Fig. 4. Variant IREs studied in yeast three-hybrid system. (a) Secondary structures of ferritin light chain (FTL) IRE (Aziz and Munro, 1987), SLC40A1 IRE
(Lymboussaki et al., 2003), endothelial PAS domain protein 1 (EPAS1) IRE (Sanchez et al., 2007), α-synuclein IRE (Friedlich et al., 2007), 5′-aminolevulinate
synthase 2 (ALAS2) IRE (Dandekar et al., 1991), and SLAC11A2 (Abboud and Haile, 2000) are shown. The highly conserved A, G, and U bases in the IRE pseu-
dotriloop are boxed, and the numbering indicates the span of each element according to the reference mRNA sequences of each gene (Accession number
NM_000146.4, NM_001430.5, NM_000345.3, NM_014585.5, NM_000032.5, NM_000617.2. Additional nucleotides were introduced into the lower stem region as
indicated to stabilize the IRE structure. (b) Yeast three-hybrid assay to verify the binding affinity between variant IREs and IRP1 and (c) IRP2.
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that the two isoforms of IRP, to a certain extent, can selectively regulate
the expression of different subsets of mRNA in cells, depending on their
binding preference to the variant IREs. The functional relevance of such
selectivity may be of great interest in the future.

4.3. Interpretation of the IRE-IRP interaction in vivo

Recently, Khan et al. (Khan et al., 2017) reported that the kinetic
and thermodynamic properties of ferritin and mitochondrial aconitase
IRE-IRP1 interaction in vitro is affected by temperature and the presence
of Mn2+. This observation suggests that in vitro and in vivo RNA-protein
binding assays, e.g. EMSA and Y3H, may lead to different conclusions
due to their specific binding conditions. For example, Goforth et al.,
(Goforth et al., 2010) reported that IRP1 binding affinities for EPAS1
and ALAS2 IREs were 3.0 and 6.3 fold lower than that for the FTL IRE,
respectively. However, we did not observe such binding differences in
Y3H system in vivo (Fig. 4). Also, Gunshin et al. have shown using gel-
shift assays that IRP1 binds to the 30-nt DMT1 IRE with a higher affinity
compared to IRP2 (Gunshin et al., 2001), whereas here we showed in
Y3H system that the 46-nt ALAS2 IRE (which differs from DMT1 only
by an additional 16-nt lower stem) is preferentially bound by IRP2
(Fig. 4). These findings suggest that the length of the IRE hairpins could
make a substantial difference in their binding affinities to IRP1 and 2.
Considering that most IREs are part of a much longer mRNA in vivo the
use of short RNA probes in gel-shift assays in vitromay not represent the
actual situation. In this respect, an in vivo system such as Y3H involving
larger RNAs and other proteins and nucleic acids comes closer to the
actual conditions under which these IREs operate.

Altogether, our data show that the Y3H system can be used to
compare binding affinities of IRPs between canonical IREs and various
IRE-like structures in a semi-quantitative manner in vivo.
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