Multiple determinants within iron-responsive
elements dictate iron regulatory protein binding
and regulatory hierarchy
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ABSTRACT

Iron regulatory proteins (IRPs) are iron-regulated RNA binding proteins that, along with iron-responsive elements (IREs), control
the translation of a diverse set of mRNA with 5’ IRE. Dysregulation of IRP action causes disease with etiology that may reflect
differential control of IRE-containing mRNA. IREs are defined by a conserved stem-loop structure including a midstem bulge at
C8 and a terminal CAGUGH sequence that forms an AGU pseudo-triloop and N19 bulge. C8 and the pseudo-triloop nucleotides
make the majority of the 22 identified bonds with IRP1. We show that IRP1 binds 5’ IREs in a hierarchy extending over
a ninefold range of affinities that encompasses changes in IRE binding affinity observed with human L-ferritin IRE mutants. The
limits of this IRE binding hierarchy are predicted to arise due to small differences in binding energy (e.g., equivalent to one
H-bond). We demonstrate that multiple regions of the IRE stem not predicted to contact IRP1 help establish the binding
hierarchy with the sequence and structure of the C8 region displaying a major role. In contrast, base-pairing and stacking in the
upper stem region proximal to the terminal loop had a minor role. Unexpectedly, an N20 bulge compensated for the lack of an
N19 bulge, suggesting the existence of novel IREs. Taken together, we suggest that a regulatory binding hierarchy is established
through the impact of the IRE stem on the strength, not the number, of bonds between C8 or pseudo-triloop nucleotides and
IRP1 or through their impact on an induced fit mechanism of binding.

Keywords: iron regulatory protein; iron-responsive element; RNA binding protein; RNA—protein interactions; iron metabolism;
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INTRODUCTION is essential (Galy et al. 2005, 2008; Smith et al. 2006). In low
iron, IRPs bind IREs, and when present in the 5" UTR, they
block 43S ribosomal recruitment and hence mRNA trans-
lation (for review, see Muckenthaler et al. 2008). To date
six mammalian mRNAs encoding proteins of widely dif-
ferent function have been identified that possess 5’ IREs.
These mRNAs encode the erythroid-specific isoform of
5-aminolevulinate synthase (eALAS), which catalyzes the
first step in heme synthesis; the H and L subunits of the iron
storage protein ferritin; the iron exporter ferroportin; mito-
chondrial aconitase (m-acon), which is the second enzyme of
the tricarboxylic acid cycle; and the hypoxia-inducible tran-
scription factor HIF 2a (also known as EPAS1) (Wallander
et al. 2006; Leipuviene and Theil 2007; Muckenthaler et al.
2008). Given the varied function of proteins encoded by
mRNA containing 5" IREs, it seems likely that IRPs dif-
ferentially control translation of these mRNAs.

Iron regulatory proteins (IRPs) function as critical com-
ponents of a sensory and regulatory network that controls
cellular iron homeostasis in vertebrates (Wallander et al.
2006; Leipuviene and Theil 2007; Muckenthaler et al.
2008). IRPs bind iron-responsive elements (IREs) in the
untranslated region of mRNA encoding proteins involved
in iron metabolism, or in the adaptive response to changes
in iron availability, and regulate their translation or
stability. IRP1 and IRP2 are orthologous proteins that are
largely but not completely functionally redundant. Under-
scoring the central need for appropriate regulation of iron
metabolism in growth and development is the observation
that genetic ablation of both IRP1 and IRP2 causes em-
bryonic lethality in mice, and their intestinal function alone
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Differences in translational regulation of 5’-IRE-containing
mRNA by IRPs form a critical basis of an adaptive cellular
response to changes in organismal iron status. Multiple
lines of evidence indicate that IRPs differentially regulate
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the translation of mRNAs with 5’ IREs. First, dietary iron
deficiency alone renders ferritin protein undetectable, while
m-acon protein is only decreased twofold in liver (for
review, see Wallander et al. 2006). Additionally, iron excess
preferentially activates ferritin synthesis by an order of
magnitude more than m-acon synthesis. Second, in ery-
throid progenitor cells the translational activity of ferritin
mRNA is less sensitive to activation by iron than eALAS
mRNA, which correlates to the relative need for expression
of the encoded proteins to support erythroid differentiation
(Schranzhofer et al. 2006). Third, genetic ablation of both
IRPs in intestine dramatically increased ferritin and ferro-
portin protein levels yet only modestly increased m-acon
protein, apparently because ferritin and ferroportin mRNA
translation are more strongly repressed by IRP action (Galy
et al. 2008). These findings, along with the observation that
IRPs appear to differentially interact with the ferritin and
m-acon IREs, suggest that IREs differ in their regulatory
potential for dictating control of mRNA translation (Kim
et al. 1996; Ke et al. 2000). In this study, we focused on
determining if an RNA binding hierarchy exists between
IRP1 and 5’ IREs and what sequences within these regula-
tory elements modulate this hierarchy.

IRP1 RNA binding activity is controlled by its iron-
dependent formation of an Fe-S cluster in the protein,
converting it to the cytosolic isoform of aconitase (c-acon),
which cannot bind RNA. In order to bind the IRE, c-acon
undergoes a large-scale structural rearrangement of its four
domains upon loss of the Fe-S cluster to form IRP1 and
then is believed to bind to the IRE in a manner consistent
with the principle of induced fit (Williamson 2000; Dupuy
et al. 2006; Walden et al. 2006). The ferritin IRE adopts a
stem—loop structure in solution that is similar but not iden-
tical to that formed when bound to IRP1 (Sierzputowska-
Gracz et al. 1995; Laing and Hall 1996; McCallum and
Pardi 2003; Walden et al. 2006). The central elements of the
IRE required for recognition by IRP are a midstem C bulge,
referred to here as C8, separated from a terminal loop of
sequence CAGUGH (H =U, C, or A) by an upper stem of 5
base pairs (bp) and sufficient base-pairing below C8 to
stabilize the IRE secondary structure (Dandekar et al. 1991;
Leipuviene and Theil 2007; Volz 2008). The first (C14) and
the fifth (G18) nucleotides of the terminal loop base-pair,
forming an AGU pseudo-triloop (Henderson et al. 1994;
Sierzputowska-Gracz et al. 1995; Addess et al. 1997; Walden
et al. 2006). We refer to these components of the IRE as the
core IRE. Increasing the length of the upper stem or the size
of the terminal loop, altering the identity of the conserved
unpaired loop nucleotides, or disrupting the secondary
structure of the IRE decreases IRP affinity (Barton et al.
1990; Leibold et al. 1990; Bettany et al. 1992; Kikinis et al.
1995). Additionally, a lower stem beneath the midstem
C bulge is essential for the high-affinity binding by IRP1 to
the ferritin IRE (Barton et al. 1990; Harrell et al. 1991). The
central basis for the strength and specificity of the IRP1/IRE

interaction lies in the presence of two large spatially
separated RNA binding sites in IRP1 that promote a total
of 22 intermolecular bonds primarily with the unpaired
nucleotides of the C bulge and pseudo-triloop. These bonds
give rise to this unique RNA/protein complex (Walden
et al. 2006).

If an RNA binding hierarchy exists among IREs, it likely
arises due to sequence and structural differences of IREs
that are localized to the stem region and that modify the
number or strength of protein-RNA bonds, or allow for
additional IRE-specific bonds with IRP. In this regard, it is
of interest that in the ferritin IRE/IRP1 complex, there are
several protein/RNA bonds in the stem region at least one
of which (Asn685:G26) should allow for unique bonds with
this IRE (Walden et al. 2006). The ferritin IRE also has
a more complex midstem bulge structure that appears to
contribute to its selective recognition by IRP2 relative to
other IREs (Ke et al. 1998, 2000). Additionally, IRPs can
bind some IREs with a nonconsensus bulged nucleotide on
the 3’ side of the stem (e.g., DMT1 and HIF 2a) or to
naturally occurring or SELEX-generated RNA stem-loops
that differ significantly from the canonical IRE sequence or
structure (Henderson et al. 1994, 1996; Butt et al. 1996;
Meehan and Connell 2001; Rogers et al. 2002). Taken
together, these findings indicate that the rules of what
defines the IRE remain to be fully elucidated.

To understand how mRNAs with 5° IREs may be dif-
ferentially recognized, we determined the affinity of IRP1
for all known 5" IREs. We find that IRP1 bind these IREs
with affinities arrayed in a hierarchical manner that re-
lates to the strength of their regulation by IRP in vivo. Our
examination of previously identified but uncharacterized
IRE mutants that give rise to hereditary hyperferritinemia
cataract syndrome further substantiates a role for modest
changes in IRE binding affinity in the action of IRPs in
vivo. Using a structure—function approach, we show that
multiple determinants within the core IRE region function
in concert to modulate IRP1 binding affinity and provide
evidence suggesting that limited changes in the strength of
bonds between IRP1 and the C8 or pseudo-triloop regions
of the IRE could be sufficient to establish differential
binding. Unexpectedly, our studies show that the consensus
secondary structure of IRE does not represent the full range
of structures recognized by IRP1, suggesting the existence
of novel IREs. Taken together, our study supports the
concept that multiple determinants within the IRE stem act
in an integrated manner to dictate their varied regulatory
potential.

RESULTS

The IRE and its interaction with IRP1

The IRE is defined by conserved sequence and secondary
structure (Fig. 1A; Wallander et al. 2006; Leipuviene and
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FIGURE 1. Features of the IRE and interaction with IRP1. (A) Secondary structure and sequence of known mammalian 5’ IRE. The core IRE is
a short stem—loop structure composed of a 6-nt terminal loop, with the sequence CAGUGH, where H is usually U or C but can be A, an unpaired
single nucleotide C bulge (C8) 5 bp to the 5’ of the first nucleotide of the terminal loop and sufficient base-paired stem to stabilize the secondary
structure. The terminal loop forms an AGU pseudo-triloop as shown here. In addition to the core elements, IREs contain base-paired flanking
sequences of varying length (see Supplemental Fig. S1). The sequence and predicted secondary structure for the known mammalian 5’ IREs
include rat L-ferritin, human H-ferritin, human ferroportin, human HIF 2a, human erythroid 5" aminolevulinate synthase (eALAS), and porcine
mitochondrial aconitase (m-acon). The IRE consensus sequence and structure are displayed as dots for complementary base pairs. (B) The IRE
consensus sequence derived from using the WebLogo version 2.8 (Crooks et al. 2004) is represented as information content. Sequence data for all
known mammalian 5’ IRE were used. For a given position, nucleotide height represents the frequency of occurrence for a given nucleotide, and
overall position height represents conservation at that position. (C) The evolutionary history of 5' IREs was inferred using the minimum
evolution method (Tamura et al. 2007). The optimal tree with the sum of branch length 1.6 is shown. The tree is drawn to scale, with the branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (5000 replicates) is given. (D) Structure of the IRP1:H-ferritin IRE complex (Walden et al.
2006). Domains 1-3 of IRP1 contact the terminal loop of the IRE, and domain 4 binds the C8 bulge. A representation of the bound IRE is
presented with the unpaired nucleotides C8, A15, G16, and U17 and their phosphates forming the majority of the bonds with IRP1; these four
nucleotides are shown in space-filling mode. The representations were created using PyMOL (DeLano Scientific LLC) and crystallographic file
2IPY (RCSB Protein Data Bank).

Theil 2007; Muckenthaler et al. 2008; Volz 2008). As noted (Piccinelli and Samuelsson 2007). The sequence and

above, the elements of the core IRE are a stem—loop with
a CAGUGH terminal loop, an unpaired/bulged cytosine
(C8) 5 bp to the 5’ of the loop, and sufficient additional
stem below C8 to stabilize IRE secondary structure.
Analysis of the core IRE region for the six known mam-
malian mRNAs with 5’ IREs revealed that, other than the
C8 bulge, the nucleotides of the stem are not well conserved
across IRE families (Fig. 1B; Leipuviene and Theil 2007;
Volz 2008). The ferritin and HIF 2« IREs differ from the
core 5" IRE structure due to the presence of additional
bulge nucleotide(s) that, at least in the case of ferritin (Ke
et al. 1998, 2000), affect IRP recognition. These differences
in stem sequence and structure are the basis for the
observed phylogenetic relationship between IRE families
that is illustrated by the relatedness of ferritin IREs to
themselves but less so with other IREs as noted by others
(Fig. 1C; Piccinelli and Samuelsson 2007). The evidence
suggests that the ferritin IRE is the ancestral element among
the 10 natural IRE-containing mRNAs known to date
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structural divergence in the IRE stem across vertebrate
IRE families, relative to the ferritin IRE, argues for the
functional diversity of these post-transcriptional regulatory
elements.

The structure of IRP1 in complex with the H-ferritin IRE
provides key insights concerning how binding specificity is
achieved and suggests mechanisms through which an IRE
binding hierarchy might be established. In this complex,
the RNA is inserted into a cleft formed between domains
I-III and IV of IRP1, and the IRE binds at two large and
spatially separate binding sites (Fig. 1D; Walden et al. 2006;
Volz 2008). Together, these sites make 22 bonds with the
RNA: 10 bonds with the unpaired nucleotides A15, G16,
and Ul7 of the pseudo-triloop and their phosphates in
a pocket formed by domains II and III, while the second
site that is in domain IV makes eight bonds with the C8
bulge (Walden et al. 2006). The four remaining bonds
occur between IRP1 and the IRE stem and include G26, the
only known base-specific contact unique to the ferritin IRE.
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Any additional impacts of the IRE stem on binding affinity,
as would be required in a broader regulatory hierarchy,
likely arise due to stem-induced alterations in the strength
or number of bonds between IRP1 and the C8 or pseudo-
triloop nucleotides, or to introduction of bonds not present
in the IRP1:H-ferritin complex. Our goal was to determine
if an IRE binding hierarchy exists and to further define the
roles of the RNA determinants of such a hierarchy.

Establishing conditions for quantification
of the IRP1-IRE interaction

The affinity of purified IRP1 for specific IREs was de-
termined under equilibrium conditions by direct titration
of IRP1 with limiting [*?P]-labeled IRE (Ryder et al. 2008).
IRP1 formed a single major complex with the L-ferritin or
m-acon IREs (Fig. 2A). From these data, the apparent Ky
of IRP1 was determined to be 17.5 pM for L-ferritin IRE,
which is in general agreement with values others have
reported using cytosol (Haile et al. 1989; Barton et al. 1990)
or purified protein (Alam et al. 1989; Allerson et al. 1999).
The ferritin IRE binding isotherm reached saturation and
was easily modeled with a Hill coefficient of 1, indicating
a lack of cooperativity in binding. In contrast, use of
identical conditions for the m-acon IRE was not optimal
and required adjustment of the RNA concentration (cf. Fig.
2A and Fig. 3A). Although binding saturated with less than
the full complement of IRE probe shifting in this and other
experiments, the Ky was not dependent on the fraction
shifted (data not shown). RNA that remained unbound
likely represented incompletely folded RNA or is incapable
of binding because of radiochemical decomposition as a
consequence of the high specific radioactivity necessary for
determining pM binding affinities (see Materials and
Methods).

To convert apparent Ky to actual Ky values, it was
necessary to determine the fraction of IRP1 protein that
was active for RNA binding. Stoichiometric titration
(Polach and Uhlenbeck 2002) was used to calculate the
fractional activity of each IRP1 preparation using the fact
that IRP1 binds the IRE with a 1:1 stoichiometry (Fig. 1D;
Walden et al. 2006). The IRP1:IRE ratio was varied over
nearly a 10-fold range with the RNA concentration at
35-fold higher than the apparent Ky. Binding was saturable
and with breakpoint characteristic. From this analysis the
activity of two IRP1 protein preparations was determined
to be 54% and 57%. The mean activity of the protein
preparations was used to adjust the apparent dissociation
constant for the L-ferritin IRE, yielding a mean value of
14.0 = 4.3 pM (Table 1).

IRP1 binds 5’ IREs in a hierarchical manner

While it has been suggested that differences in IRP RNA
binding affinity could be a basis for differential regulation
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FIGURE 2. Affinity and activity of IRP1 binding to IRE. (A) Binding
curves for IRP1 with the L-ferritin and m-acon IRE as determined by
EMSA. The IRP1 concentration was varied from 0.1 pM to 1.0 nM
with the L-ferritin and m-acon IRE present at 0.1 pM. Results are
plotted as fraction bound as a function of the concentration of active
IRP1 and demonstrate that different RNA concentrations are required
to establish equilibrium conditions for specific IRE. For the L-ferritin
IRE (M) used, the results obtained exhibited characteristics of equilib-
rium binding, while the results for the m-acon IRE (A) did not and
required adjustment of the RNA concentration given its lower affinity
for IRP1 (see Materials and Methods and Fig. 3A). (B) Determination
of the fractional activity of purified IRP1 by stoichiometric titration.
The L-ferritin IRE was kept at a constant saturating concentration
(0.6 nM) while IRP1 was varied from 0.12 to 55 nM, allowing for
variation of the IRP1:IRE ratio from 0.2 to ~9. The linear increase in
fraction bound saturated at an IRPI:IRE ratio of 2.3, indicating 54%
active protein. The activity of the other IRP1 protein preparation used
was 57% active protein (data not shown). The x-axis in panel A
denotes the amount of active IRP1 protein.

of mRNA with 5’ IREs, no studies to date have directly

compared the binding affinities of IRP1 for various IREs.
Using the EMSA assay described above, we determined the
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TABLE 1. Adjusted equilibrium dissociation constant (Ky) of IRP1
for 5’ IREs

IRE Kg (pM) = SEM Kl

L-Ferritin 14.0 = 4.3° 1.0 £ 0.3
H-Ferritin 221 = 2.2° 1.6 = 0.2
Ferroportin 33.1 * 9.0°P 24 + 06
HIF 2a 41.9 + 10.4*b 3.0 + 0.7
eALAS 87.8 + 24.4P¢ 63 * 1.7
m-Aconitase 129 +* 21.7¢ 92 = 1.6

Note: For K4 (pM) £ SEM, the values for each IRE are mean *
standard error of the mean for n = 4 determinations; values with
different superscripts are significantly different (P < 0.05). For
L-ferritin versus HIF 2a, P = 0.067; for ferroportin versus eALAS,
P =0.078.

equilibrium RNA binding affinity of IRP1 for all mamma-
lian 5" IREs. The RNAs used were ~65 nt long to allow for
the inclusion of the extensive base-paired flanking sequence
found in some IREs that can affect their function (Harrell
et al. 1991; Dix et al. 1993). IRP1 bound these IREs with
pM affinities that varied over a ninefold range. The
L-ferritin IRE had the highest affinity (14.0 = 4.3 pM), and
the m-acon IRE (129 £ 21.7 pM) had the lowest affinity
(Fig. 3; Table 1). In this and subsequent figures, the results
are presented as K.; that is, the ratio of RNA binding
affinities for the experimental RNA relative to a control
RNA, which was usually L-ferritin. It is of interest that the
mRNAs with IREs exhibiting the lowest binding affinity for
IRPI (i.e., m-acon and eALAS) are less stringently regulated
at the translational level as compared to ferritin mRNAs
(Schalinske et al. 1998; Schranzhofer et al. 2006). Using the
affinities determined here, the difference in Gibbs standard
free energy of binding between the IRP1 complex with
L-ferritin versus the m-acon IRE is calculated to be 1.4
kcal/mol (delCardayre and Raines 1995; Ryder et al.
2008). Thus, the sum of contributions of the various bond
types and interactions giving rise to different IRE:IRPI
complexes is similar in magnitude to the thermodynamic
contribution of a single H-bond.

Mutations in the L-ferritin IRE that decrease the affinity
for IRPs lead to dysregulation of ferritin synthesis. These
mutations cause the disease hereditary hyperferritinemia
cataract syndrome (HHCS), and the effect on IRP binding
affinity correlates with the clinical severity of the disease
(Girelli et al. 1995; Allerson et al. 1999). Therefore, we
analyzed IRP1 affinity for L-ferritin IREs containing mu-
tations associated with HHCS in order to evaluate the
relationship between IRE binding affinity and regulation in
the context of the binding hierarchy for natural IREs. We
chose two HHCS L-ferritin IRE mutants that would be
predicted to not disrupt IRE secondary structure in the
upper stem or C8 bulge region essential for high IRP1 af-
finity and whose binding characteristics have not been
previously examined. We first examined the A37G mutant
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FIGURE 3. Wild-type and mutant 5’ IRE have different affinities for
IRP1. The affinity of IRP1 for 5" IREs was determined by the direct
titration of IRP1 by EMSA. (A) [**P]RNAs (63—66 nt) representing
the IRE and its flanking sequence were synthesized, gel-purified, and
quantified, and their affinity for IRP1 was determined. The data are
representative of four to six experiments for each RNA. A nonlinear
regression was performed for each experiment to obtain the Kj.
Results are also reported as mean = SEM (see Table 1). The RNAs
analyzed were rat L-ferritin (H); human H-ferritin ([J); human
ferroportin (A); human HIF 2« (@); human eALAS (V); and porcine
m-acon (®). (B) Effect of mutation of the human L-ferritin IRE
found in hereditary hyperferritinemia cataract syndrome (HHCS) on
IRP1 binding. The wild-type (M) and an HHCS truncation mutant
human L-ferritin IRE, G25-5" ((J) (Burdon et al. 2007), were syn-
thesized, and their affinity of interaction with IRP1 was determined.
(C) IRPI1 affinity was determined for short L-ferritin (27 nt), Fpn
(24 nt), and eALAS (24 nt) core IRE RNAs that lack flanking se-
quence. Equilibrium dissociation constants were normalized to that of
L-ferritin and presented as K,y = SEM (see Materials and Methods)
or as the mean value for Ky. Each RNA was analyzed three times. In
this panel, P-value; g and P-valuepp, refer to the comparison of the
RNA of interest to the short 24-27-nt L-Ft or Fpn IREs. (N.S.) Not
significant. The x-axis in panels A and B denotes the amount of active
IRP1 protein.
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(AI12G in the numbering system used herein) (Cremonesi
et al. 2003) that substitutes a wobble base pair for the A12/
U21 base pair and decreased affinity 1.4-fold, although this
was not statistically significant (Table 2). Next, we exam-
ined a deletion mutant that alters the start site of tran-
scription, resulting in a truncation of the 5’ side of a distal
region of the lower stem (Burdon et al. 2007). This
mutation decreased affinity nearly twofold (Fig. 3B; Table
2) (P = 0.045). These results suggest that subtle alterations
in IRP1 affinity that are within the ninefold range observed
for natural 5’ IREs are sufficient for altered regulation of
mRNA translation in vivo.

To determine the extent to which the RNA binding
hierarchy for natural IREs was dependent on the core IRE
region, we eliminated the flanking sequences from L-ferritin,
ferroportin, and eALAS IREs (see Supplemental Fig. S1 for
predicted secondary structures of IREs with flanking
sequences). Short 24- to 27-nt RNAs were synthesized for
each of these three IRE, and their affinities of interaction
with IRP1 were determined (Fig. 3C). Truncation of
flanking sequence resulted in a five- to sevenfold loss of
affinity of the L-ferritin, ferroportin, and eALAS IREs for
IRP1 (RNAs 3-1 to 3-3). Importantly, although elimination
of the flanking sequences reduced the affinity of interaction
of these IREs with IRP1, the relative difference in binding
was not greatly altered. This finding supports the concept
that the core IRE region is sufficient to establish the RNA
binding hierarchy with IRP1.

Multiple regions of the IRE contribute to the selective
interactions with IRP1

To further investigate the role of specific IRE regions in the
binding to IRP1, we created chimeric IREs by swapping the
flanking sequences between lower- and higher-affinity IREs.
First, the L-ferritin and eALAS IREs were examined (Fig.
4A). Joining the eALAS flanking sequence with the C8
region and upper stem of L-ferritin IRE, lowered affinity
relative to wild-type L-ferritin IRE by nearly sixfold and to
an affinity that was not different from eALAS IRE (RNA
4-1). The fact that elimination of the L-ferritin flanking
sequence had produced a similar effect (RNA 3-1) indicates
that this region of eALAS IRE is not a negative or positive

TABLE 2. Adjusted equilibrium dissociation constant (Ky) of IRP1
for wild-type and hereditary hyperferritinemia cataract mutant
human L-ferritin IREs

A L-ferritin (L-Ft) 441 4-2 eALAS
Core L-Ft eALAS d
Flanking eALAS L-Ft "

G G G G
A u A u A u A u
c-G c-G c-G c-6
u u c c
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u-G u-G u-G u-G
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c c
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u-G u-G
c-G c-G

K enLFt 1.0£03 56+0.8 38102 6317
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FIGURE 4. Effect of sequence divergence in the IRE stem in
modulating IRP1 affinity for 5" IREs. Chimeric IREs were constructed
by swapping the core IRE (upper stem and C-bulge) region with the
flanking sequence between L-ferritin and eALAS IREs or ferroportin
and eALAS IREs. The core IRE consensus structures are represented.
(A) eALAS flanking sequence was joined with L-ferritin IRE, or
L-ferritin flanking sequence was joined with eALAS IRE. (B) eALAS
flanking sequence was joined with Fpn IRE, or Fpn flanking sequence
was joined with eALAS IRE. Equilibrium dissociation constants were
normalized to that of the long (66 nt) L-ferritin and presented as
K, = SEM (see Materials and Methods) or as the mean-value for
K. Each RNA was analyzed at least three times. P-valuey g, refers to
the comparison of the RNA of interest to the long (66 nt) L-ferritin
IRE. (N.S.) Not significant.

determinant for IRP1 recognition in the context of this
chimera. For the reciprocal construct, the L-ferritin flank-
ing region was joined to the C8 region and upper stem of
eALAS IRE (RNA 4-2), and although the mean affinity for
this RNA increased by 40% relative to wild-type eALAS
IRE, the difference was not statistically significant. How-
ever, this chimera (RNA 4-2) bound significantly less well
to IRP1 than did the wild-type L-ferritin, further demon-
strating that sequence differences in the upper stem region
between IREs dictate differential recognition by IRP1.
Second, chimeras of the ferroportin and eALAS IREs
were examined (Fig. 4B). Unlike ferritin, these IREs do not
have the additional U6 bulged nucleotide in the C8 region
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that can affect IRP binding (Bettany et al. 1992; Ke et al.
1998). When joined with the ferroportin IRE upper stem
and C8 region, the eALAS IRE flanking sequence (RNA
4-3) had no impact on binding affinity relative to that of
wild-type ferroportin IRE. This indicated that the ferro-
portin and eALAS IRE flanking sequences are functionally
equivalent for binding IRP1. However, a chimera of the
eALAS C8 region and upper stem joined to the ferroportin
flanking regions (RNA 4-4) exhibited twofold lower affinity
for IRP1 relative to the wild-type ferroportin IRE. That this
chimera differs from ferroportin IRE only in the upper
stem again demonstrates that sequence differences in the
upper stem region of the core IRE are sufficient to establish
differences in IRP1 binding. Consequently, our subsequent
structure/function studies focused on the C8 and upper
stem elements of the core IRE.

Divergent sequences in the C8 region optimizes IRP1
affinity for L-ferritin and eALAS IREs

Previous studies have demonstrated that the C8 bulge is
a key determinant for recognition of IRE by IRPs and that
eight of 22 bonds between IRP1 and the ferritin IRE are
made there. Four additional bonds occur on the 3’ side of
the IRE helix below the C bulge region including a base-
specific bond between Asn685 of IRP1 and G26. G26,
present on the 3’ side of the stem just below and opposite
C8, is a nucleotide uniquely conserved among ferritin IREs
(Fig. 5A; Walden et al. 2006). Furthermore, it has been
shown that the presence of a unique unpaired U (U6) 2
nucleotides (nt) to the 5’ of the C8 region enhances IRP
binding to the L-ferritin IRE (Ke et al. 1998; Leipuviene and
Theil 2007). Importantly, unpaired nucleotides can act as
structural hinges or sites of protein contact. The flipping of
unpaired nucleotides between an intrahelical versus extra-
helical orientation can be a basis for regulation (Reiter et al.
2004). In this regard, it is of interest that the orientation of
C8 differs depending on whether the IRE is free or bound
to IRP1 (McCallum and Pardi 2003; Walden et al. 2006).
Since the kinetics and extent of base-flipping can be
affected by the nucleotide sequence surrounding the un-
paired nucleotide (Morden et al. 1983; Hart et al. 2005;
Barthel and Zacharias 2006), we investigated the role of the
sequence and structure of the C8 region on IRP1 binding.

First, we reasoned that the base-specific contact that
forms between G26 N2 and IRP1 could be a basis for the
higher binding affinity of the ferritin IREs (Walden et al.
2006). A G26A substitution eliminated the base-specific
primary amine (N2 of guanine) yet had no effect on IRP1
affinity (Fig. 5A, RNA 5-1). Likewise, a U5C substitution
would H-bond N2 of G26 with O2 of C5 and would be
predicted to alter the electrostatic potential in the minor
groove (Xu et al. 2007). However, its affinity (RNA 5-2)
was no different from wild type. We next considered
whether alternative base-pairing of G26 with U6 as op-

160 RNA, Vol. 16, No. 1

A L-ferritin
G

A U

C-G
U

ety 5-1 52 5.3 54 5.5 56
c-G AUB
u-G A
U-A

8¢ G-C G-C GC g
Bl Y“e ©4 UG U® UB
5U-G26 u-® ©- U c-G c-G ©G+O

4c-o21 c-G C-G C-G

Kopp 10£03 19203 1.1£01 09+04 31:03 45211 34104
P-value N.S. N.S. N.S. 0.0037  0.0038  0.0026
B ferroportin
G
A U
Cc-G
v 5-7 5-8 5-9
A-U
U-A
Cc-G
18G7C§ﬂ (OI©) 06 G-C
A-U
8c,_, ©© A-U G©
U-A
Kot 24+06 23+03 1604 1601
P-value . N.S. NS. NS.
(o] eALAS
G
A
C-G
v _AC 5-10 5-11 5-12 5413 5-14
C-G
C-G
Egu-cgg G© GO UG UG U.G
G-C
B, AU 6Cc BV OUAd O
U-A
Keppt 6317 21+02 28+04 33+02 10+11 2828
P-value N.S. N.S. N.S. N.S. 0.0002

eALAS

FIGURE 5. Effect of sequence and structure divergence in the C8
region of IREs as a basis for differential recognition by IRPI. (A)
Single and multiple base substitutions or a nucleotide deletion were
made in the L-ferritin IRE, and their affect on affinity was determined.
Base-pair substitutions were made at 10/23 and 9/24 for Fpn IRE (B)
and eALAS IRE (C). Equilibrium dissociation constants were nor-
malized to that of L-ferritin, presented as K,y = SEM for at least three
determinations for each IRE. (A) P-valuey g, (B) P-valueppy,, and (C)
P-valueayas refer to the comparison of the RNA of interest to the
long wild-type IREs (L-ferritin and ferroportin, 66 nt; eALAS, 65 nt).
(N.S.) Not significant. Nucleotide changes relative to wild type are
circled.

posed to G26 with U5 could be a modulator of binding,
perhaps during the induced fit of the RNA with IRP1. A
double substitution—U6C and G26A—prevents potential
base-pairing between U6 and G26 by restricting formation
to the U5¢G26 but not U6eG26 base pair, but had no
impact on affinity (RNA 5-3). An interesting outcome of
this mutant is that U6 can be replaced with C without
affecting binding, which supports the concept that U6 has
a structural role in the IRE, perhaps in allowing C8 to be
optimally positioned for binding. Some ferritin IREs in
lower organisms have a C substitution for U6 (Piccinelli
and Samuelsson 2007). Others have shown that deletion of
U6, found only in ferritin IREs, leads to a modest reduction
in IRP1 affinity and regulates IRE selectivity among IRPs
(Ke et al. 1998). IRP1 affinity was reduced threefold by
deletion of U6 (RNA 5-4). Including the G26A substitution
in the AU6 mutant did not lead to any additional change in
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binding (RNA 5-5). Substitution of sequence from eALAS
IREs into L-ferritin IREs (RNA 5-6) in this region did not
reduce affinity beyond that of U6 deletion alone (RNA
5-4). We conclude that unlike U6, G26 is not essential for
optimal binding of IRP1 with the L-ferritin IREs.

We further sought to explain the role of the C8 region in
the affinity differences between IRP1 and the shorter RNA
of the IREs of ferroportin and eALAS, which differ only in
the base pairs of the upper stem (Fig. 3C, RNA 3-2 versus
RNA 3-3). A double base-pair substitution of U10eG23 and
G9/C24 into ferroportin IRE (RNA 5-7) made this region
conserved with eALAS IREs yet had no impact on affinity
and was no different from single base-pair substitutions
alone (Fig. 5B, RNAs 5-8 and 5-9). The converse base-pair
substitution of G10/C23 and A9/U24 in eALAS IREs
eliminated the wobble base pair at 10/23 and made these
positions conserved with ferroportin IRE (Fig. 5C). Al-
though the double base-pair substitutions (RNA 5-10)
reduced K, by nearly 70%, this difference failed to reach
statistical significance (P = 0.14). Furthermore, the single
base-pair substitution U9/A24 made this position con-
served with ferritin and likewise was not bound differently
than wild type (RNA 5-13). However, a C24U substitution
made G9¢U24 a wobble base pair and decreased IRP1
affinity fourfold relative to wild-type eALAS (RNA 5-14).
Furthermore, compared to the double base-pair substitu-
tion (RNA 5-10), affinity was reduced by the single base-
pair substitutions A9/U24 (RNA 5-12; P = 0.017), U9/A24
(RNA 5-13; P = 0.0016), and G9U24 (RNA 5-14; P =
0.0008) into wild-type eALAS IREs. Thus, IRP1 affinity can
be modulated through sequence divergence not only in the
region just below C8 (e.g., the presence or absence of U6)
or just above C8. Since these base pairs (10/23 and 9/24) are
not predicted to bond to IRP1, they could affect binding
affinity through changes in the thermodynamic stability
of the C8 region that have an impact on the induced-fit
mechanism. However, since these differences in affinity did
not correlate with the predicted thermodynamic stability of
neighboring base pairs (data not shown), it appears that the
nucleotide sequence surrounding C8 alters binding through
other means.

These mutations further substantiate and delineate the
role of the C8 region in the selective recognition of IREs
by IRP1. The unique U6 bulge 5’ of C8 that is conserved
in ferritin IREs makes a significant but not predominant
contribution to IRP1 recognition: about one-third of the
ninefold difference in affinity between L-ferritin and
m-acon can be attributed to this structural determinant.
Interestingly, residue 6 does not have to be a U as insertion
of a C, in the context of the G26A mutation (RNA 5-3), was
without effect on binding. In the case of eALAS IREs,
mutating nucleotides proximal to the C8 bulge in the upper
stem so that this region matched the sequence in ferro-
portin increased affinity to a value not different from
ferroportin. Since both of these IREs lack the unique U

bulge of the ferritin elements, it suggests that multiple
evolved differences between natural IREs in the C8 region
impact the bonds between C8 and IRP1 and contribute to
the establishment of the binding hierarchy.

Role of base-stacking between the base pair
of the terminal loop and upper stem

Because the ability to discriminate between ferritin and
eALAS IREs is essential for the preferential formation of
heme in red cells and the dysregulation of IRP1 therein
causes anemia (Wingert et al. 2005; Camaschella et al.
2007), the eALAS IRE was further examined. Initially, the
upper stem sequence adjacent to the terminal loop was
investigated because we hypothesized that the variation of
base-stacking and composition in this region might alter
the thermodynamic stability of the pseudo-triloop, and
base-pair substitutions in the upper stem can significantly
affect IRP1 recognition (Leibold et al. 1990). The conserved
C14/G18 base pair of the terminal loop stacks with the
nonconserved nucleotides of the A13/U20 base pair of the
upper stem, and the intervening nucleotide U19 is flipped/
bulged out of the ferritin IRE helix (Laing and Hall 1996;
Addess et al. 1997; Gdaniec et al. 1998; McCallum and
Pardi 2003; Walden et al. 2006). Since our results indicate
that IRP1 binds IREs with R13/Y20 (e.g., L-ferritin) with
higher affinity than those with Y13/R20 (e.g., eALAS), we
investigated whether IRP1 prefers the R13/Y20 base-pair
order of the upper stem.

Transversions were introduced in eALAS IRE at the
13/20 base pair and at the adjacent base pair in order to test
whether base-stacking effects could have a role in establish-
ing a preference for the order of the 13/20 base pair. A
cosubstitution at N19 was made that changed C to A or G
to prevent terminal loop rearrangement by unwanted 14/19
base-pairing. IRP1 affinity was unaffected by transversion
of the U13/A20 base pair of the upper stem with A19 (RNA
6-1). However, transversion of the terminal loop base pair
alone reduced affinity sixfold with A19 (RNA 6-2) as
observed by others (Henderson et al. 1996), and trans-
version of both base pairs further decreased affinity to
eightfold less than wild type (RNA 6-3). Since base-stacking
occurs across the N19 bulge (Hall and Tang 1998; Walden
et al. 2006), it is of interest that IRP1’s affinity for these
RNAs is weakly related to the thermodynamic stability of
the base-pair substitutions (e.g., RNA 6-3 versus wild-type
eALAS, AAG®°;; = —0.16 kcal/mol) (Xia et al. 1998). IRP1
affinity was diminished about threefold by transversion of
the terminal loop base pair when N19 was G (RNA 6-4),
indicating that IRP1 is sensitive to which purine base is
present at position 19 (RNA 6-4 versus 6-2, P = 0.0007).
Transversion of both base pairs with G19 diminished af-
finity fivefold, which is significantly different from in an
A19 context, further supporting a limited role for thermo-
dynamic stability in this region on IRP1 binding and also
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a role for purine identity at position 19 in modulating IRP1
affinity (RNA 6-5 versus 6-3, P = 0.050), which may affect
binding of IRP1 to the limited number of IREs containing
A at N19 (Piccinelli and Samuelsson 2007).

Role of base pairs closing the C19 bulge
and terminal loop

A second mechanism through which upper stem sequence
could affect IRE function relates to the impact of base pairs
closing terminal loops and bulged nucleotide regions on
modulating RNA structural stability (Antao and Tinoco
1992; Wu and Turner 1996). Since the base pairs 13/20 and
12/21 close the terminal loop and N19 bulge and are
conserved within but not across IRE families, the impact of
H-bond number and stacking stability of these base pairs
on the affinity of IRP1 for 5’ IREs was investigated. To
accomplish this, the 13/20 and 12/21 base pairs were
systematically mutated in the eALAS IRE, and all possibil-
ities for base-pairing and stacking involving these nucleo-
tides were examined. While none of the mutants differed
from the wild-type eALAS IRE, IRP1 affinity appeared to be
sensitive to variation in Watson—Crick base-pairing or to
base-stacking (e.g., RNA 7-4 versus RNAs 7-5, 7-6, or 7-7;
P < 0.05) at these positions when compared among the
mutants (Fig. 7, see below); however, binding affinity failed
to correlate to the predicted thermodynamic stability of
the 13/20 and 12/21 base pairs of these RNAs (Mathews
et al. 1999). Interestingly, these results indicate that these
base pairs of the natural 5" IRE are optimized for high-
affinity binding and that they are represented by RNAs 7-2
(m-acon), 7-11 (H- and L-ferritin), 7-9 (ferroportin), and
7-14 (HIF 2a), suggesting that this region of the IRE has
evolved to promote maximal binding for each IRE family.
Further support for this conclusion comes from the fact
that insertion of the eALAS or ferroportin sequences for
13/20 and 12/21 base pairs into L-ferritin was without ef-
fect (data not shown). Taken together, we conclude that the
H-bonding and base-stacking of these base pairs closing
the terminal loop have a minor role in IRP1 binding in the
context of the eALAS IRE.

Investigating the roles for nucleotide 19 in regulating
IRP1 affinity

Given our observation that IRP1 affinity was sensitive to
N19 identity (Fig. 6), we considered whether N19 might
have an unrecognized role in contacting IRP1 or in
modifying IRE structure to optimize binding. For example,
in the majority of higher-affinity IREs (L-ferritin, ferro-
portin, and HIF 2a), N13 could base-pair with N19. Such
pairing would significantly alter upper stem structure by
eliminating the thermodynamically preferred N13/N20
base pair (Fig. 1A). Since this would likely alter orientation
of the pseudo-triloop and reduce the affinity of interaction
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FIGURE 6. Effect of altering base-stacking at the junction of the
terminal loop and the upper stem of the eALAS IRE. The base pairs
14/18 and 13/20 of the eALAS IRE were systematically flipped in the
presence of A19 or G19. Equilibrium dissociation constants were
normalized to that of eALAS IRE, presented as K.; £ SEM for at least
three determinations for each RNA. P-valuecpas refers to the
comparison of the RNA of interest to the long (65 nt) eALAS IRE.
(N.S.) Not significant. Nucleotide changes relative to wild type are
circled.

with IRPI1, it could serve as a mechanism to limit the
strength of interaction of the high-affinity IRE. Excessive
repression of 5 IRE-containing mRNA has pathological
consequences (Wingert et al. 2005; Camaschella et al.
2007).

We first examined the impact of the loss of N19 through
deletion or base-pairing and N19 identity on IRP1 binding.
Deleting C19, as others have done (Jaffrey et al. 1993), or
pairing the base lowered binding affinity to the nanomolar
range, which supports the concept that N19 has an
important role in positioning the terminal pseudo-triloop
for optimal interaction with IRP1 (RNAs 8-1 and 8-2).
However, substitutions in place of C19 in the eALAS IRE,
did not alter affinity, demonstrating indifference to base
identity for protein recognition in this sequence context
(RNAs 8-3 and 8-4). Furthermore, Ul19A substitution
(RNA 8-4) created the potential for the alternate base pair
U13/A19 but was without effect. Because there appeared to
be small impact of H-bond number and base-stacking at
base pair 12/21 on IRP1 binding (Fig. 7), we tested the
same hypothesis with A12/U21 substitution for C12/G21.
In this background, the CI9A substitution (RNA 8-5)
diminished binding affinity fourfold, suggesting the forma-
tion of a nonconsensus IRE structure and further indicating
that IRP1 affinity is sensitive to predicted thermodynamic
changes in the upper stem (Fig. 8A,B, cf. RNAs 8-4 and
8-5). This conclusion was supported by comparison of
RNA 8-6, where the C19U substitution was in the same
stem as RNA 8-5, and which does not support possible
N13/N19 base-pairing, was without effect.

In order to distinguish between RNA structures with the
two alternatively bulged nucleotides A19 or A20 (RNA
8-5), we made an additional single nucleotide substitution
A20C (RNA 8-7) predicted to strongly favor a U13/A19
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FIGURE 7. Effects of base-stacking and H-bond number in the upper
stem on IRP1 binding. Nucleotides at the 13/20 and 12/21 positions
were systematically substituted with all other 15 Watson—Crick base-
pair combinations. Across a row, base pair 12/21 is varied, while down
a column, 13/20 is varied. Equilibrium dissociation constants were
normalized to that of long (65 nt) eALAS IRE (P-valuecaras)
presented as K. = SEM for n = 3 determinations per RNA. IRP1
affinity for RNA 7-4 differs from RNA 7-5 (P = 0.034), RNA 7-6 (P =
0.033), and RNA 7-7 (P = 0.015). (N.S.) Not significant. Nucleotide
changes relative to wild type are circled.

base pair. IRP1 bound this RNA with 115-fold lower
affinity than the wild-type eALAS IRE, suggesting that with
C20 (RNA 8-7), the U13/A19 base pair may not form,
leading to terminal loop expansion and a shortened upper
stem critical to high-affinity IRP1 binding (Leibold et al.
1990; Bettany et al. 1992; Kikinis et al. 1995). We tested the
potential for N13/N19 base-pairing in other sequence
contexts, and surprisingly, IRP1 affinity was unaffected by
predicted competition between U19 and U20 for Al3,
suggesting that 3’-strand base-stacking stability modifies
the potential for a nonconsensus N20-bulged structure
(Fig. 8C; RNAs 8-8, 8-9, 8-10, 8-11).

We further investigated whether IRP1 was capable of
recognizing a predicted Y20-bulged IRE using a scenario of
competitive H-bonding between Y19 and Y20 for G13 (Fig.
8D). We reasoned that the difference in H-bond number
between G/C and GeU base pairs could allow preferential
formation of G13/Y19 or G13/Y20 base pairs (Varani and
McClain 2000). IRP1 bound the eALAS IRE double mutant
(G13/C19)eU20 (RNA 8-12) with 10-fold lower affinity
than the inversely competitive mutant (G13/C20)eU19
(RNA 8-13), indicating, as did RNA 8-7, that the proposed
N20 IRE can impair recognition by IRP1. Interestingly, the
(G13eU20)eU19 mutant (RNA 8-14) that has the capacity
to display G13/Y20 or G13/Y19 base pairs bound with
fivefold lower affinity than that of (G13/C20)eU19 (RNA
8-13), which should favor G13/Y20 pairing. Surprisingly,
when the (G13eU19)-A20 substitution was examined,
which is predicted to favor an A20 bulge (RNA 8-15), the
loss of affinity observed with the (G13/Y19)eU20 compet-

itive base-pairing (RNA 8-12 and 8-14) was rescued.
Furthermore, another mutant with a predicted N20 bulge
exhibited an affinity that was not greatly different from
wild-type eALAS (RNA 8-16). We note that because the
relative affinity of the G13¢U19 and G13/C19 mutants with
A20 is greater than the similarly predicted structure that
would form two fewer H-bonds, differences are likely to
exist between these nonnatural IRE structures (RNAs 8-15
and 8-16 versus 8-7). Nevertheless, our findings suggest
that in specific sequence contexts, an N20 bulge can replace
an N19 bulge. We conclude that the consensus secondary
structure for IRE does not fully represent the structures
recognized by IRP1.
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FIGURE 8. Investigating the role of an N19 versus N20 bulge on
IRP1 recognition. The impact of the N19 bulge, its nucleotide
identity, and capacity to pair with N13 and the impact of replacing
the bulge at N19 with one at N20 on IRPI binding was examined
using the eALAS IRE. Equilibrium dissociation constants were
normalized to that of eALAS IRE, presented as K.y * SEM for at
least n = 3 determinations for each RNA. (A) Single nucleotide
substitutions were made at N19 or N19 was deleted or paired in the
eALAS IRE. For RNAs 8-1 and 8-2, the affinity was not measurable by
the assay and is indicated by N.D. (not determined). (B) For the A12/
U21 substitution in pace of C12/G21, single nucleotide substitutions
were made at C19 (RNA 8-5 and 8-6) or C19 and A20 (RNA 8-7).
RNA 8-7 favors formation of an N20, not N19, bulge. (C) A
transversion was introduced at U13/A20 with predicted N12/N21
base-pairing, and single nucleotide substitutions were made at C19.
(D) U13G substitution was made in eALAS IRE, and N19 was either U
or C; N20 was U, C, or A. P-valueay a5 refers to the comparison of the
RNA of interest to the long (65 nt) eALAS IRE. (N.S.) Not significant;
(N.D.) not determined, in that the EMSA results indicated that the
binding affinity was in the nanomolar range. Nucleotides changes
relative to wild type are circled.
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DISCUSSION

Our study of the requirements of IRP1 for binding iron-
responsive elements leads to the following major conclu-
sions. First, IRP1 binds to IREs from 5'-IRE-containing
mRNAs in an RNA binding hierarchy that suggests binding
affinity is a significant determinant of differential trans-
lational control of these mRNAs. Second, multiple de-
terminants within the IRE outside of the conserved ter-
minal loop and C8 nucleotides determine IRP1 binding
affinity. Third, while sequences flanking the IRE can sub-
stantially and selectively affect recognition by IRP1, they are
not required for establishing the binding hierarchy. Fourth,
IRP1 can bind with high affinity to RNA stem-loops that
deviate significantly in structure from the consensus IRE,
suggesting the existence of additional mRNAs in its
regulon. Taken together, our findings provide new insights
concerning how IRP1 differentially recognizes natural IREs,
identify parameters that have been selected against during
the evolution of these novel regulatory elements, and
indicate that the accepted consensus IRE structure does
not represent the only structures that can be recognized
with high affinity by IRPI1.

Establishing the IRP1 RNA binding hierarchy

Our study demonstrates that it is the summation of the
impact of multiple conserved and nonconserved regions
within IRE families that is integrated in determining the
final strength of interaction with the binding protein.
Previous studies lead to the view that, similar to tRNAs
(Giege et al. 1998), the IRE is a scaffold that allows for
proper presentation of critical residues, identity elements in
tRNAs, required for protein binding (Walden et al. 2006).
For the IRE the key elements required for recognition are
the unpaired C8 in the stem and the AGU pseudo-triloop
nucleotides. Although tRNA recognition by tRNA synthe-
tases is heavily dependent on key identity elements, it is also
clear that these RNAs contain minor elements that fine-
tune recognition (for review, see Giege et al. 1998). How-
ever, with the exception of studies on the U6 bulge in
ferritin IREs (Ke et al. 1998; Leipuviene and Theil 2007),
the role of natural variation in IRE stem sequence in
influencing IRP binding has been largely ignored. Our
present study establishes that the sequence and structure of
the nonconserved segments of the IRE are capable of
significantly impacting IRP1 binding and firmly establishes
that these regions of the IRE stem are not inert contributors
to IRE recognition as has been previously suggested
(Addess et al. 1997). Similar observations have been made
regarding the selective interaction of tRNAs with their
cognate synthetase (McClain et al. 1988; Frugier et al. 1998;
Giege et al. 1998; Beuning and Musier-Forsyth 1999).
Given that the range of binding affinity defined by the
limits of the IRP1 binding spectrum can be explained by
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differences in the energetics of binding equivalent to one
hydrogen bond, and does not involve the degree of dis-
crimination of binding observed in other systems (Beuning
and Musier-Forsyth 1999; Opperman et al. 2005), we
suggest that modest effects of multiple IRE regions on the
strength of a limited number of bonds or other interactions
(e.g., hydrophobic, van der Waals) with the binding protein
function to establish a regulatory hierarchy. Furthermore,
since some bonds between IRP1 and nonconserved regions
of the IRE stem are dispensable (e.g., G26 and N20), we
suggest that there is plasticity in the IRP1/IRE interaction
and that loss of individual bonds, and their compensation
by addition of new contacts or alteration in the strength of
remaining bonds, is an innate feature of the regulatory
hierarchy in this system. Coupled with our demonstration
that mutation of regions of the IRE stem not known to
contact IRP1 can significantly alter binding affinity, as has
also been observed in tRNA/tRNA synthetase interactions
(Frugier et al. 1998), we suggest that a regulatory binding
hierarchy 1is established through impacts of the stem
sequence or structure on the strength of bonds between
C8 and to a lesser extent the pseudo-triloop and IRP1 or
through an impact on an induced-fit mechanism of IRE
recognition.

Our studies suggest that the heterogeneity of stem
sequence and structure and its effect on the binding
hierarchy act largely through modulation of contacts
between IRP1 and C8 given the larger impact caused by
mutations of the stem in this region as opposed to base
pairs proximal to the pseudo-triloop. Previous studies
demonstrated that C8 is essential for IRP1 binding and
serves both as a site for multiple contacts with the binding
protein and also as a hinge between the upper and lower
stem regions, allowing essential rearrangement of the IRE
during the induced-fit binding process (Laing and Hall
1996; Addess et al. 1997; Ke et al. 1998; Walden et al. 2006).
In addition, the base pairs surrounding C8 and this
cytosine itself are among the most structurally dynamic
regions within the IRE (Addess et al. 1997; Gdaniec et al.
1998; McCallum and Pardi 2003). Importantly, C8 can be
oriented toward the major groove of the IRE stem in the
free RNA but flipped out allowing for multiple protein
contacts when in complex with IRP1 (McCallum and Pardi
2003; Walden et al. 2006). Given that mutations in the stem
above C8 produced as much as a 14-fold difference in
binding affinity (Fig. 5C, cf. RNAs 5-10 and 5-14) and
likely contribute to the difference in affinity of eALAS
and ferroportin IREs for IRP1, yet these nucleotides are
not predicted to contact IRP1, we suggest an impact of
base pairs proximal to C8 on the structural dynamics of
this critical binding residue. Support for this proposal
comes from studies demonstrating that sequence proximal
to a bulge can affect the kinetics and energetics of flip-
ping of such unpaired nucleotides (Morden et al. 1983;
Hart et al. 2005; Barthel and Zacharias 2006). For instance,
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base-flipping of U80 underlies the central role of U6 RNA
in pre-mRNA splicing (Reiter et al. 2004). Alternatively, the
presence of noncanonical (e.g., GeU) base pairs in the helix
between C8 and the pseudo-triloop could alter the relative
positioning of these critical sites of contact for IRP1 and in
this manner impact bond strength and binding affinity.
Noncanonical base pairs impact helix geometry in the
tRNA acceptor loop and can make key contributions to
tRNA identity (McClain et al. 1988; Musier-Forsyth and
Schimmel 1992). However, the presence of conserved GeU
base pair(s) in high- and low-affinity IREs suggests any role
of non-Watson—Crick pairs in IRP binding is likely influ-
enced by other IRE-specific determinants. Taken together,
the conserved differences in nucleotide sequence and
structure of the C8 region between IRE families and its
possible impact on C8 conformational dynamics may re-
present a unique mechanism for fine-tuning the action of
regulatory RNA binding proteins in controlling gene
expression.

We also demonstrated that the RNA sequence flanking
the IRE is a positive determinant for IRP1 recognition not
just for ferritin, as had been previously observed (Harrell
et al. 1991; Dix et al. 1993), but also for the ferroportin and
the eALAS IRE. Addition of flanking sequence improved
the binding affinity of each of the short IREs examined
(Fig. 3, cf. panels A and C). The similar impact of the
addition of the homologous flanking sequence for the three
IREs examined suggests a general effect perhaps in stabi-
lizing the stem-loop structure or in enhancing binding
through an electrostatic mechanism. However, our results
with chimeric IREs also support the concept of a unique
structural and functional integration of the flanking and
core regions of the ferritin IRE (Harrell et al. 1991; Dix
et al. 1993). Although the extended region of base-pairing of
the ferritin IRE provided by the flanking region appears to
be a recent event evolutionarily (Piccinelli and Samuelsson
2007), the concept that the flanking and core regions of
IREs coevolved to facilitate their optimal function merits
further attention.

Biological importance of an IRE hierarchy
and its implications

One central conclusion of our findings is that IREs are not
recognized identically by IRP1, thereby providing a mech-
anistic basis for a hierarchy of translational control for
5'-IRE-containing mRNAs. Several studies have demon-
strated that 5'-IRE-containing mRNAs including eALAS,
m-acon, and ferritin in mammals and succinate dehydro-
genase in flies are differentially regulated at the trans-
lational level (Schranzhofer et al. 2006; Surdej et al. 2008;
for review, see Wallander et al. 2006). In reference to these
previous studies, two questions arise concerning our pres-
ent findings. First, is the difference in RNA binding affinity
that we observed for natural 5’ IRE sufficient, on its own,

to program differences in translational regulation? We
approached this by determining the affinity of binding of
IRP1 for two IRE mutants from patients suffering with
HHCS, a type of cataract cause by over-accumulation of
ferritin in the eye. One of the mutants studied involved
a truncation of the 5’ side of the L-ferritin IRE. A plausible
explanation concerning the threefold increase in serum
ferritin concentration and opaqueness of the eye in the
individual with this mutation (Burdon et al. 2007) is that
the twofold loss of affinity for IRP1 that we observed is
sufficient to cause dysregulation of L-ferritin synthesis.
Along this line of reasoning, Allerson and associates have
previously analyzed a range of HHCS mutants and ob-
served a strong correlation of clinical severity of the disease
with loss of RNA binding affinity (Allerson et al. 1999).
Interestingly, their study demonstrated that the Pavia 2
mutant bound IRP1 with only a 1.5-fold difference in
affinity relative to wild-type ferritin. A key question that
arises from these comparisons made here concerns the role
of IRP2 in the dysregulation of ferritin synthesis in these
HHCS cases. While the exact response of specific IRE-
containing mRNAs will depend on issues such as tissue-
specific differences in IRP1 versus IRP2 binding activity, it
is of interest to note that for several of the HHCS mutants,
including Pavia 2, a similar effect on IRP1 and IRP2
binding was observed. Furthermore, these investigators
observed that in the HHCS mutants analyzed, with affinity
ranging from 1.5-fold to 2200-fold lower than the wild-type
ferritin IRE, the serum ferritin values were highly correlated
to the K, changes for both IRP1 and IRP2, and the region
of greatest responsiveness of serum ferritin occurred when
K. for the mutants varied from 1 to 10 (Allerson et al.
1999). Given these findings, we conclude that the differ-
ences in RNA binding affinity of IRP1 for natural 5’ IRE is
physiologically relevant and is a prime determinant of the
hierarchical regulation of translation of IRE-containing
mRNA.

Second, what is the limit for lowest affinity IRE/IRP1
interaction that would still allow regulation? Although the
m-acon IRE exhibits the lowest affinity within the binding
hierarchy, and m-acon mRNA translation is iron regulated
in cells (Schalinske et al. 1998), it is not clear if this rep-
resents the limit of IRP-dependent regulation. Factors such
as the level of IRP binding activity, the concentration of
mRNA ligand and the presence of ancillary factors that may
enhance IRP binding (dos Santos et al. 2008) need to be
considered. Clearly, cells can contain a latent pool of IRE
binding activity, especially for IRP1, and the substantial
activation of this pool, as can occur with NO or oxidative
stress or prolonged iron deficiency, may well be sufficient
to act on RNA targets containing novel IREs with weaker
binding affinity than the m-acon IRE. In the case of m-acon
mRNA, which is weakly repressed under normal growth
conditions, translation can be strongly repressed given an
appropriate degree of iron deficiency (Schalinske et al.
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1998). Similar observations have been made for succinate
dehydrogenase subunit b in Drosophila (Surdej et al. 2008).
Hence, it seems reasonable to suggest that as-of-yet-un-
discovered mRNAs containing novel 5 IRE may extend the
IRP1 regulatory hierarchy beyond the limit currently set by
m-acon, possibly including the putative IRE identified by
bioinformatics approaches (Sanchez et al. 2006).

Third, the implications of our findings for the regulatory
fate of IRE-containing mRNAs clearly also depends on
IRP2. Previous studies have established differential impacts
of the C8 bulge region and the terminal loop in the
recognition of IREs by IRP1 versus IRP2. IRP1 is less af-
fected by changes in the base-pair combinations at N14/N18
but more sensitive to alterations at N15 and N17 than IRP2
(Henderson et al. 1994, 1996; Butt et al. 1996). Further-
more, the fact that IRP2 binding is more sensitive to
deletion of the ferritin-specific U6 bulge than IRP1 argues
that the altered structure of the C8 region in ferritin versus
nonferritin IRE provides one basis for selective recognition
of ferritin versus other IREs (Ke et al. 1998). It remains to
be determined if IRP2 is more strongly affected by
alterations in stem sequence around C8 in nonferritin
IRE than is IRP1. Thus, a full appreciation for the role of
nonconserved regions of the IRE stem in the regulatory
hierarchy of IRE-containing mRNAs awaits a detailed
analysis of their impact on IRP2 binding.

Summary

Our study of the interaction of IRP1 with 5" IREs
demonstrates that IRP1 binds these IREs in an affinity
spectrum, suggesting a basis for their selective regulation
and predicting a differential impact of dysregulation for
a given IRE. Two scenarios for IRP dysregulation are
possible, each giving rise to a different outcome. For
example, when IRP activity is suppressed through the
genetic ablation of an IRP (Meyron-Holz et al. 2004; Galy
et al. 2005, 2008) or inactivation of the IRE through
mutation (e.g., in HHCS), this would lead to constitutive
activation of the translation of mRNA with 5’ IREs with
a preferential response for mRNAs that are highly repressed
under normal conditions such as the ferritins. On the other
hand, over-activation of IRP1, as is predicted to occur in
diseases decreasing Fe-S cluster biogenesis or enhancing
oxidative stress (Clarke et al. 2006), could be expected to
shift the equilibrium of the system causing lower-affinity
IREs (e.g., eALAS) to be repressed to a level similar to that
observed for higher-affinity IREs under normal conditions.
Indeed, over-repression of eALAS by IRP1 is the basis for
the defect in the zebrafish shiraz mutant (Wingert et al.
2005). Taken together, our work indicates that multiple
aspects of IRE sequence and structure contribute to the
generation of a regulatory hierarchy orchestrated by IRP,
whose mRNA targets may not be all identified, and that
allows for mRNA fate to be controlled over a broad range,
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thereby contributing to the combinatorial control of
cellular function by these uniquely regulated RNA binding
proteins.

MATERIALS AND METHODS

IRP1 preparation

Rabbit IRP1 protein expressed in Saccharomyces cerevisiae was
purified as described (Brown et al. 1998) and stored in single-use
aliquots at —80°C in 50 mM HEPES (pH 7.4), 50 mM NaCl, 5%
glycerol, and 1 mM DTT in concentrations of 12 to 81 wM.

RNA production

All RNAs used in this study are listed in Supplemental Table S1.
RNAs were transcribed using plasmid or oligonucleotide tem-
plates. Plasmids were constructed for synthesis of 63- to 66-nt
RNAs representing the IRE regions of H- and L-ferritin, m-acon,
ferroportin, eALAS, and HIF 2a. Briefly, the pSP64 poly(A)
plasmid (Promega) was engineered using oligonucleotides and
PCR to contain the T7 RNA polymerase promoter juxtaposed just
5" of each IRE region. Plasmid sequences were verified by DNA
sequencing. Mutant IREs were made using the oligonucleotide-
based method (Milligan et al. 1987). Oligonucleotides were
purified by denaturing polyacrylamide gel electrophoresis (PAGE)
with their mass confirmed by mass spectrometry (Integrated DNA
technologies). Transcription was performed using the Riboprobe
system-T7 kit (Promega). The specific radioactivity of RNA was
typically 50,000 dpm/fimol RNA, labeled using [a-**P]UTP (3000
Ci/mmol or 6000 Ci/mmol; Perkin Elmer) or [a-**P]CTP (3000
Ci/mmol; Perkin Elmer) for H-ferritin and ferroportin RNA.
The corresponding nonlabeled nucleotide was added at a concen-
tration 1.5-fold the number of moles of [**P]nucleotide. RNA was
purified by 10% or 12% PAGE in 8 M urea and eluted by rocking
in RNase-free 0.3 M sodium acetate (pH 5.2), followed by
precipitation with ethanol and quantification by scintillation
counting.

Electrophoretic mobility-shift assays

Gel-shift assays were performed as described previously with the
following modifications (Barton et al. 1990). RNA was folded by
heating for 2 min in RNase-free 10 mM HEPES, 0.1 mM EDTA
(pH 8.0), 1 mM MgCl,, and 20 mM NacCl at 90°C, followed by
cooling on ice for at least 3 min. Binding reactions were
performed in 20 mM HEPES (pH 7.4), 1 mM magnesium acetate,
75 mM KCl, 5% ultrapure glycerol, 20 pg/mL acetylated BSA, and
2 mM DTT. Reactions were assembled at room temperature and
incubated for 10 min at 37°C followed by addition of heparin
(Sigma) to 0.5 mg/mL. Bound and free were separated as
described (Barton et al. 1990; Batey and Williamson 1996) except
that the samples were immediately loaded onto a 4% poly-
acrylamide gel (60:1; acrylamide: bis-acrylamide) that had been
pre-run for 30 min at 14 V/cm in 0.5X TBE (45 mM Tris-borate,
1 mM EDTA at pH 8.0) at 4°C. Samples were loaded at 8 V/cm,
after which the voltage was raised to 22 V/cm for 25 min. Gels
were dried essentially as described and exposed to a phosphor
screen and quantified using OptiQuant software (Perkin Elmer).
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Bound RNA was quantified as a percentage of the total of bound
and free RNA species.

Quantification of protein activity assay

To determine the RNA binding activity of each preparation of
recombinant IRP1, a stoichiometric titration experiment (Batey
and Williamson 1996; Polach and Uhlenbeck 2002) was per-
formed using lower specific activity (8000 dpm/fmol) L-ferritin
IRE. The [*P]RNA concentration was 0.6 nM, and the IRP1/IRE
ratio varied over nearly a 10-fold range. RNA and IRP1 were
incubated for 30 min at 37°C followed by addition of heparin to
0.5 mg/mL. The two IRPI protein preparations exhibited protein
activities that were 54% * 8% and 57% * 11% (n = 4-5
determinations) (data not shown).

Equilibrium dissociation constant determination assay

RNA binding affinity was measured by the titration of IRP1 100-
fold above and below the Ky The RNA was kept at a low
concentration, ~~150-fold lower than the affinity of IRP1 for that
IRE. For the wild-type IREs, two preparations of IRP1 and at least
two preparations of RNA were used to determine the absolute Kj.
Because the affinity of IRP1 for H-ferritin IRE was not affected
by protein preparation, a single protein preparation was used
for the mutant RNAs. In a time-course experiment, 99% of max-
imal binding of the L-ferritin IRE to IRP1 occurred with a 5:1
molar ratio (IRP1:RNA) within 10 min (data not shown).
Consequently, the use of an IRP1:RNA ratio that was 150:1 was
deemed sufficient to achieve equilibrium conditions for 10-min
binding assays.

Binding calculations and statistical analysis

The stoichiometric titration data were fit using dual linear
regression (Polach and Uhlenbeck 2002), and the saturation
breakpoint was used as a direct estimate of the fractional activity
of IRP1. The binding data from individual experiments were fit to
a single site-binding model, where Y = (Y.x * [IRP1])/(Kyq +
[IRP1]) using GraphPad Prism 4.02 (Graphpad Software, Inc.).
The residuals resulting from the best-fit curves of the nonlinear
regression were used to create a Q-Q plot to check for normal
distribution using R 2.4.1. Visual assessment of the Q-Q plot
indicated that the residuals were normally distributed. The relative
binding affinity (K,¢) for each RNA was calculated by dividing the
K, for each RNA by the Ky of either L-ferritin or the eALAS IRE.
The standard error was calculated by transformation using the
same process. Between three and six independent experiments
were performed to determine Ky for each RNA. Statistical analysis
of the data employed SAS 9.1.3 Service Pack 3 (SAS Institute, Inc.)
on an HP Model 9000/800 on the HP-UX B.11.23 platform. Data
sets were analyzed for equal or unequal variability by a modified
Levene’s test. For data with equal variances in the two groups (P >
0.05 on the modified Levene’s test), a Pooled T-test was used to
determine statistical significance. If variances differed significantly
(P = 0.05 on the modified Levene’s test), a Cochran T-test was
used. Results of the modified Levene’s test are not reported. Exact
P-values are reported when P < 0.05. For P > 0.05, an N.S.
indicates “not significant.” Unless noted otherwise, comparison of
mutant K.s are to the longer ~65-nt wild-type RNAs.

Phylogenetic analysis

5-IRE sequences from mammalian species was heuristically
aligned based on terminal loop and C8 bulge sequence conserva-
tion. The phylogenetic tree was constructed using the minimum
evolution (ME) method and MEGA version 4 software (Tamura
et al. 2007). Out of 63—66 nt aligned, 39 nt positions were without
gaps representing the final data set. The ME tree was searched
using the close-neighbor-interchange algorithm at a search level of
1. The neighbor-joining algorithm was used to generate the initial
tree. The bootstrap test was used to estimate the total number of
trees where the taxa in the final tree clustered together in 5000
replicates.

Free energy calculations

The change in free energy (AAG®) as a function of the difference
between the dissociation constants of two RNA species was
calculated by AAG® = RT In(Ky4,/Ky4;) (delCardayre and Raines
1995; Ryder et al. 2008). T was 37°C, the temperature of the assay.

SUPPLEMENTAL MATERIAL

The sequence of all the RNAs used in this study is provided in
Supplemental Table S1 and the predicted secondary structure of
the L-ferritin, ferroportin, and eALAS ~65-nt IRE-containing
RNAs is provided in Supplemental Figure S1. Supplemental
material can be found at http://www.rnajournal.org.
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