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ABSTRACT: Iron-responsive elements (IREs), a natural group of mRNA-specific sequences, bind iron
regulatory proteins (IRPs) differentially and fold into hairpins [with a hexaloop (HL) CAGUGX] with
helical distortions: an internal loop/bulge (IL/B) (UGC/C) or C-bulge. C-bulge iso-IREs bind IRP2 more
poorly, as oligomers (n ) 28-30), and have a weaker signal response in vivo. Two trans-loop GC base
pairs occur in the ferritin IRE (IL/B and HL) but only one in C-bulge iso-IREs (HL); metal ions and
protons perturb the IL/B [Gdaniec et al. (1998)Biochemistry 37, 1505-1512]. IRE function (translation)
and physical properties (Tm and accessibility to nucleases) are now compared for IL/B and C-bulge IREs
and for HL mutants. Conversion of the IL/B into a C-bulge by a single deletion in the IL/B or by substituting
the HL CG base pair with UA both derepressed ferritin synthesis 4-fold in rabbit reticulocyte lysates
(IRP1+ IRP2), confirming differences in IRP2 binding observed for the oligomers. Since the engineered
C-bulge IRE was more helical near the IL/B [Cu(phen)2 resistant] and more stable (Tm increased) and the
HL mutant was less helical near the IL/B (ribonuclease T1 sensitive) and less stable (Tm decreased), both
CG trans-loop base pairs contribute to maximum IRP2 binding and translational regulation. The1H NMR
spectrum of the Mg-IRE complex revealed, in contrast to the localized IL/B effects of Co(III) hexaammine
observed previously, perturbation of the IL/B plus HL and interloop helix. The lower stability and greater
helix distortion in the ferritin IL/B-IRE compared to the C-bulge iso-IREs create a combinatorial set of
RNA/protein interactions that control protein synthesis rates with a range of signal sensitivities.

Awareness of mRNA regulation as a mechanism for
controlling gene expression is increasing. The iso-IRE (iron
responsive element)1 family of mRNA regulatory elements
recognized by the cognate proteins, iron regulatory proteins
(IRPs), is one of the most extensively characterized mRNA
regulatory targets. However, knowledge about mRNA regu-
lation is in its infancy compared to understanding of DNA
regulation such as hormone response elements recognized
by hormone nuclear receptors (1). The ancient nature of the
proteins encoded in IRE-containing, animal mRNAs (e.g.,
aconitase, ferritin), the homology of the IRPs to aconitases,
and the recent detection of functional IREs and IRPs in
bacteria (2) as well as animals suggest that the IRE/IRP
interaction is also ancient, possibly representing regulation
in an RNA world.

The common structural features of iso-IREs are a hairpin
hexaloop (CAGUGX) with a trans-loop GC base pair and a
helical stem (3-5). The GC base pair in the hexaloop has a
large effect on the stabilization of the overall IRE structure
(3, 6). A disordered C residue occurs in all IREs (4, 5). In
many iso-IREs, the disordered C is a bulge in the helix of
the IRE stem (4). In another type of iso-IRE, the disordered
C residue is part of a set of four conserved residues [UGC-
(16 nucleotides)-C] that form an internal loop/bulge (IL/B)
with a trans-loop GC base pair (5). IRE sequences are
mRNA-specific. IRE sequence differences in a single organ-
ism range from 36% to 85%, but for a particular mRNA,
the IRE has high sequence conservation among animals,
especially among vertebrates (>95%) (7).

Common structural features of iso-IRPs include protein
kinase sites (8, 9) and sequence homology to aconitases (10),
although no three-dimensional IRP structures are determined
at this time. IRP1 binds Fe and sulfur with the acquisition
of aconitase activity as cytosolic aconitase (10).

IRE-containing mRNAs have quantitatively different
responses in vivo to an environmental signal such as iron
(11, 12), allowing a range of response sensitivities to the
same signal. Recently, in vitro studies of the IRE/IRP
interaction, using short RNA sequences (28-30 nucleotides)
from several different IRE-containing mRNAs and both
recombinant and natural IRP1 and IRP2, showed different
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IRP2 binding among iso-IREs: the RNA/protein complexes
and unbound RNA were separated by electrophoresis in
native, sieving gels (13). The iso-IRE/IRP binding differences
coincided with the range of different responses to iron in
vivo (11-13). The differences in IRP2 binding to iso-IREs
also correlated with differences between the IL/B and
C-bulge and were abrogated by deletion of a conserved U
residue from the internal loop/bulge to create a C-bulge (13).

To begin to connect the data on IRP binding for the short
RNA sequence in vitro with the observed range of iron
responsiveness in vivo, we now show that IRE-dependent
regulation of protein synthesis in vitro reproduced the
differences previously observed for iso-IRE binding to IRP1
and IRP2. In addition, decreases in translational repression
and IRP2 binding were associated with either more or less
distortion in the helix and more or less stability of the IRE
structure, on the basis of Cu(phen)2 or T1 probing andTm

measurements. Finally, NMR spectroscopy again emphasized
the local sensitivity of the IL/B to metal ions observed
previously (5) but also, since the hexaloop and interloop helix
residues were perturbed, revealed the more global effects of
Mg.

MATERIALS AND METHODS

Mutagenesis.IRE mutants in full-length transcripts, used
to study IRE function in regulation of protein synthesis, were
generated on the pBFH-1DV plasmid, which had been
constructed by insertion of wild-type bullfrog H-subunit
cDNA into pTZ19U vector (14, 15), by double-stranded, site-
directed mutagenesis. The mutagenesis was done with a
Chameleon double-stranded, site-directed mutagenesis kit
(Stratagene) and followed the protocol provided by the
manufacturer. The selection primer (5′-CTG TGA CTG GTG
ACG CGT CAA CCA AGT C-3′) was designed to change
the restriction endonucleaseScaI recognition site to theMluI
site for enrichment and selection of IRE mutants. There is
only oneScaI site in the vector of pBFH-1DV plasmid. The
mutagenic primers were designed to produce IRE mutants.
The sequences used are 5′-CAC TGT AGC AGA ACT CTA
CTA AGA G-3′ (∆U6 mutant), 5′-GGG TTC CGT TCA
AAT ACT ATT GAA GCA AGA ACT CTA C-3 ′ (C14U/
G18A mutant), and GGG TTC CGT TCA AAC ACT ATT
GAA GCA AGA ACT CTA C (G18A mutant). The IRE
mutants were confirmed by DNA sequencing with a T7
Sequenase version 2.0 DNA sequencing Kit (U.S. Biochemi-
cal Corp.).

RNA Preparation.Capped full-length RNA transcripts
were transcribed from pBFH-1DV and the derived mutant
(pBFH-∆U6, pBFH-C14U/G18A, and pBFH-G18A) gener-
ated by mutagenesis. The plasmids were digested withSalI
restriction endonuclease, 24 nucleotides downstream from
the DNA sequence encoding the ferritin mRNA poly(A)+
tail. The linearized plasmids were purified by extraction with
phenol, phenol/chloroform, and chloroform, precipitated with
ammonium acetate and ethanol, and then used as templates
for transcription. Transcription reactions were performed as
described previously (14-16) except for the omission of
radioactive nucleotide in the reactions. The transcription
products were purified through RNeasy columns (Qiagen)
and eluted in H2O. The purified transcript was quantitated
by reading the absorbance at 260 nm at various dilutions

and stored at-80 °C. Homogeneity of the transcripts was
analyzed on 1 M urea/1.5% agarose gels.

RNAs (29-30-mer) used for thermal denaturation and
enzymatic and chemical structure probing were transcribed
from chemically synthesized DNA templates with T7 RNA
polymerase (6, 17), followed by gel purification and ethanol
precipitation, and then resuspended in H2O and stored at-80
°C until use. RNA labeling was performed as described
previously (18, 19), with purification through NENsorb
columns (DuPont). The RNAs used for thermal denaturation
were further purified by dialysis against H2O.

For NMR analysis, the ferritin IRE 30-mer was synthesized
and gel-purified by the CyberSyn Company in Lenni, PA.
Samples for the analysis were prepared by dissolving
approximately 1.1 mg of the purified RNA in 0.2 mL of
90% H2O/10% D2O phosphate buffer (10 mM sodium
phosphate, pH 6.8, and 0.1 mM EDTA) to give∼0.5 mM
RNA. The samples were heated at 80°C for 5 min and
cooled slowly prior to each experiment. Mg2+ was added
after annealing. Aliquots of the stock solution of 0.3 mM
MgCl2 were individually added to the RNA sample to
produce different ratios of the divalent ions to RNA. At the
strand concentration used.90% of the RNA was mono-
meric, on the basis of melting profiles and diffusion NMR
analysis.

Protein Synthesis in Vitro.Nuclease-treated rabbit reticu-
locyte lysates (RRL) and wheat germ extracts (WGE) from
Promega were used for protein synthesis as previously
described (14, 15, 20, 21). Ferritin synthesis with [35S]-
methionine labeling in RRL was carried out at 30°C for 17
min and in WGE at 25°C for 40 min. The final concentration
of full-length transcripts directing ferritin synthesis is 1.5
nM in RRL and 3.0 nM in WGE. Ferritin synthesis rates
were linearly dependent on the incubation time and RNA
concentration on the basis of preliminary experiments with
different incubation times and RNA concentrations. After
termination of the labeling translation reactions with an equal
volume of 10 mM cold methionine, the labeled, synthesized
ferritin was resolved by SDS-polyacrylamide gel electro-
phoresis and analyzed with a PhosphorImager and Im-
ageQuant software (Molecular Dynamics).

Enzymatic and Chemical Structure Probing.Cleavage of
RNA with T1 and Cu(phen)2 complexes followed the
previous description (18, 19) with modifications. 5′-32P-
Labeled RNAs were melted at 85°C for 5 min and then
slowly annealed in a metal block at room temperature before
incubation with RNase T1 or Cu(phen)2 under native
conditions. Cleavage by the transition metal complex was
initiated with 3-mercaptopropionic acid at 25°C and
terminated with 2,9-dimethyl-1,10-phenanthroline after 5
min. Digestion with T1 under denaturing conditions and
alkaline hydrolysis of RNA for gel calibration have been
previously described (18). The cleavage products were
resolved by electrophoresis in a denaturing gel (18) and
analyzed with a PhosphorImager and ImageQuant software
(Molecular Dynamics).

Thermal Denaturation.Wild-type or mutant IRE (∼1.5
µM in 10 mM phosphate buffer, pH 6.8, with or without
100 mM NaCl) were heated and annealed, as described under
Enzymatic and Chemical Structure Probing, prior to thermal
denaturation analysis. RNA thermal denaturation over the
range of 5-95 °C used 1 cm path length, reduced-volume,
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quartz cells (800µL). The thermal denaturation profiles,
absorbance at 260 nm as a function of temperature, were
acquired on a Cary 100 spectrophotometer system with
accessories for thermal melting. The rate of temperature
increase was 1°C/min. Melting temperature (Tm) and free
energy (∆G37) were determined with hypochromicity meth-
ods (Cary Win Bio package application software).

NMR Spectroscopy.NMR spectra were obtained on a
Bruker AVAVCE 500 MHz spectrometer (1990) with an
Oxford narrow-bore magnet (1989), SGI INDY Host Work-
station, XWINNMR software. Spectra in 10%/90% D2O/
H2O were acquired with a triple-gradient probe and WA-
TERGATE pulse sequence for water suppression (22).
Spectra acquired at 4 or 12°C showed no detectable
difference. Spectra were processed with XWINNMR soft-
ware and Felix software (MSI), using exponential weighting
function or shifted sine-bell function to resolve overlapped
imino protons.

RESULTS

Effects of Mutations in the Internal Loop/Bulge or Hairpin
Loop on Translation Repression.To determine if the internal
loop/bulge (IL/B) and C-bulge IREs’ effect on translational
regulation of protein synthesis was the same as on IRP2
binding in vitro (13), ferritin synthesis directed by 5′-capped,
3′-polyadenylated, full-length ferritin mRNA was compared
for RNA with wild type (IL/B) IRE or ∆U6 (C-bulge) IRE
sequences (Figure 1). Previous studies had shown that the
engineered C-bulge ferritin IRE,∆U6, displays the same type
of IRP2 binding as natural C-bulge IREs (erythroid ami-
nolevulinate synthase, mitochondrial aconitase, and trans-
ferrin receptor IREs) and contrasts with the wild-type (WT)
ferritin IRE containing an IL/B in protein binding assays (13).
The ferritin ∆U6 IRE sequence thus is a useful model for
comparisons of C-bulge and IL/B IREs, since other varia-
tions in sequence among natural IREs with a C-bulge will
not be a factor. Included for comparison are data with full-
length transcripts of ferritin mRNA containing the IRE
hairpin loop (HL) mutations G18A or C14U/G18A (Figure
1A) that had previously been studied with a human growth
hormone (hGH) reporter in transfected cells (23). Ferritin
synthesis directed by the G18A-IRE ferritin full-length
transcript, which had also previously been shown to be
completely derepressed in rabbit reticulocyte lysates (RRL)
(24), made a useful control for IRE-independent experimental
variations.

Translation conditions were selected so that the rates of
ferritin synthesis were linearly dependent on incubation time
and mRNA concentration. RRL was selected because it had
previously been shown to regulate ferritin mRNA with trans
factors (14, 21, 25-27), now known to be IRP1 and IRP2
(13). In addition, ferritin synthesis in wheat germ extracts
was measured to assess possible general effects of the
mutations on protein synthesis, since wheat germ extracts
have no ferritin mRNA-specific regulation (no IRPs) (21,
25, 28).

The results showed that all mutations in the IRE region
studied increased ferritin synthesis in RRL, suggesting IRE-
dependent derepression of translation (Figure 1B). However,
deletion of U6 in the IL/B region or C14U/G18A double
mutations in the HL increased ferritin synthesis by 4-fold

while G18/A IRE mutation in the HL caused a 13-fold
increase in translation. In wheat germ extract, which has no
IRE recognition proteins (25, 28), all the transcripts tested
were identical in directing ferritin synthesis (Figure 1C),
showing that the differences in ferritin synthesis in RRL were
dependent on IRP-regulated protein synthesis.

To facilitate quantitative comparisons of the effects of IRE
structure on ferritin mRNA function, the data were normal-
ized to those obtained with mRNA containing the G18A IRE,
since neither IRP1 nor IRP2 is bound by the G18A IRE (13,
29-31) and ferritin synthesis is fully derepressed in RRL
(24). The∆U6 transcript was only repressed by 66%( 3%,
whereas the repression for the WT transcript was 94%(
3% (Table 1). Repression of the C14U/G18A IRE transcript
in RRL (64% ( 6%) was comparable to the∆U6 IRE
transcript (Table 1) and confirms the results obtained with
the same mutation and a hGH reporter transfected into
cultured cells (23).

Effects of Internal Loop/Bulge and Hairpin Loop Muta-
tions on Thermal Stability.The helix distortion, C-bulge, or
internal loop/bulge (IL/B) in the iso-IREs influences both
IRP2 recognition (13) and translation repression (Figure 1
and Table 1). The main structural difference between these
two types of IREs is the number of nucleotides involved in
the distortion at the midpoint of the helix (Figure 2). To
explore the structural variation in the helix distortion and to
examine the relationship of the helix distortion to IRE
function, the thermal stability was analyzed for a series of
IREs.

Conversion of the IL/B to a C-bulge by deletion of U6
increased theTm and thermal stability (Table 2) as predicted
from the change in secondary structures (Figure 2). Substitu-
tion of the hairpin loop (HL) CG base pair by UA (Figure
3) decreasedTm and thermal stability but had less effect than
disruption of the base pair with a single mutation in the HL
(G18A IRE) (Table 2), emphasizing the importance of the
base pair in the HL to IRE stability. All these mutants,
whether destabilizing or stabilizing IRE structures, decreased
IRP2 binding (13) and translational regulation (Figure 1),
suggesting that the RNA structure of the ferritin IRE is
precisely balanced in an energy state associated with
optimum protein recognition.

Effects of Internal Loop/Bulge and Hairpin Loop Muta-
tions on Access to Nucleases: Cu(phen)2 and RNase T1.
Cu(phen)2, a small reagent, was used to probe the structure
of iso-IREs that displayed different binding of IRP2.

Table 1: IRE-Dependent Translation Repression and IRP Binding
to the IRE

binding to the IRE in ferritin mRNAferritin
mRNA

repression
in RRLa IRP1b IRP2b

WT 94 ( 3 100 100
∆U6 66( 3 87( 5 <5
C14U/G18A 64( 6 89( 4 <5
G18A 0c <1 <1

a Ferritin synthesis in RRL was analyzed by electrophoresis (Figure
1B) and quantitated by use of a PhosphorImager and ImageQuant
software. The data are average of three experiments with two
independent preparations of RNA in vitro transcripts. Repression) (1
- ferritin synthesis/G18A transcript-directed ferritin synthesis)× 100.
b Data from ref13. c Repression for G18A ferritin mRNA was set to
be zero, as neither IRP1 nor IRP2 binds the IRE in the mRNA, and
was used to calculate repression for other tested ferritin mRNAs.
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FIGURE 1: Effects of the IRE helix distortion (IL/B or C-bulge) on ferritin synthesis. Capped, polyadenylated full-length transcripts with
the IL/B, C-bulge, and HL mutant IRE, schematically presented in panel A, were translated in rabbit reticulocyte lysates (B) or in wheat
germ extracts (C) with [35S]methionine. Ferritin synthesis was analyzed by electrophoresis in an SDS-polyacrylamide gel and with a
PhosphorImager (Molecular Dynamics). The gel picture shown (B, C) is representative of three experiments with two independent preparations
of the RNA transcripts. The wild-type and mutant ferritin IRE sequences are shown in panel A. Italic type indicates conserved residues in
iso-IREs; boldface type indicates ferritin IRE-specific residues; underlined residues are mutant residues/sites in the 5′ untranslated region.
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Reactivity of a ferritin IRE with a single deletion in the
internal loop/bulge (IL/B) (ferritin∆U6 IRE) and the natural
C-bulge IRE (transferrin receptor IRE) was compared to that
of the wild-type (WT) ferritin IRE. The Cu(phen)2 complex
is a small (∼13 Å and 460 Da), structure-specific, sequence-
independent probe that cleaves distortions in RNA helices
(32-34) including the ferritin IRE (18, 19, 35).

The results showed that Cu(phen)2 cleaved the IRE 30-
mer at G26 adjacent to the IL/B (Figure 2), as previously
observed with natural mRNA or full-length ferritin in vitro

transcript (18, 19, 35). In contrast, no Cu(phen)2 cleavage
was observed for either the engineered (∆U6) or the natural
(TfR) C-bulge IRE (Figure 2). Cleavage of the IRE was
unaffected by the C14U/G18A Hairpin Loop (HL) mutation
(data not shown in Figure 2 for clarity).

Thermal denaturation studies of WT and mutant ferritin
IREs (Table 2) indicate that the GC base pair in the HL
increases the overall stability by 50%. Given the diminished
effect of mutating the G of the GC base pair in the HL on
the stability of an IRE 16-mer (15%) (3), an effect of the

FIGURE 2: Effects of the IRE helix distortion (IL/B or C-bulge) on reactivity with Cu(phen)2 complexes. 5′-32P Labeled wild-type and
mutant IREs (sequences and secondary structures on the right of the figure) were heated and slowly annealed as described under Materials
and Methods. The annealed RNAs were incubated with or without Cu(phen)2, followed by initiation of the cleavage with 3-mercaptopropionic
acid at 25°C and termination of the cleavage with 2,9-dimethyl-1,10-phenanthroline after 5 min. The cleavage products were resolved by
electrophoresis and analyzed with a PhosphorImager and ImageQuant software (Molecular Dynamics). The experiment was repeated for
3-4 times with two independently prepared RNAs for each IRE. WT, wild type;∆U6, ferritin IRE with a single U deletion in the IL/B;
TfR, transferrin receptor; A.H. calibration, alkaline hydrolysis of WT ferritin or TfR IRE; T1 calibration, RNase T1 cleavage of denatured
WT or TfR IRE; control, without Cu(phen)2; Cu(phen)2, cleavage with Cu(phen)2. The arrow shows the site at which Cu(phen)2 cleavage
was changed by engineered or natural mutations. The cleavage sites are also shown in the secondary structures (2); a significant cleavage
site has>10× the intensity on average compared to insignificant cleavage sites. Note that the Cu(phen)2 reactivity was not significantly
changed in the IRE with the C14U/G18A hairpin loop mutation (for clarity these data are not shown).

Table 2: Effects of Loop Mutations on Structures in Other Loops in the Ferritin IRE, Thermal Stability, and IRP2 Binding

IRE sequencea IRP2 bindingb Reactivityc Tm
d (°C) ∆G37

d (kcal/mol)

IL/B(G26/G27) HL(G18)

Cu(phen)2 RNase T1 RNaseT1

WT + + - - 47.0( 0.7 -2.2( 0.2
HL C14U/G18A - + + nae 44.4( 1.0 -1.6( 0.1
HL G18A - + + nae 42.5( 0.9 -1.1( 0.1
IL/B ∆U6 - - - - 52.3( 0.8 -3.8( 0.1
IL/B ∆U6, ∆G7f ndg - - + ndg ndg

a HL; hairpin loop (CAGUGX; residues 14-18); IL/B; internal loop/bulge (UGC/C; residues 6, 7, 8/25). Note that the chemical shifts of imino
proton resonances of loop residues U6, G7, G26 and G27, and G18 are all affected by Mg. RNase T1 reactivity toward the G residues in the HL
is changed by IL/B mutation and reactivity toward the IL/B by HL mutation, emphasizing the structural interdependence of different parts of the
ferritin IRE. Both types of changes eliminate IRP2 binding (13). b Data from (13). c See Materials and Methods and Figures 2 and 3.d Wild-type
or mutant IRE (∼1.5µM; for sequences and secondary structures, see Figures 2 and 3) in 1 mL of 10 mM phosphate buffer, pH 6.8, was thermally
denatured between 5 and 95°C. The denaturation profile, absorbance at 260 nm as a function of temperature, was acquired on a Cary 100
spectrophotometer system.Tm and ∆G37 were determined from the profiles with hypochromicity methods (Cary Win Bio package application
software). The data are the average of 3-4 experiments with two independently prepared RNA samples for each IRE; the error is presented as the
standard deviation. Thermal denaturation of the RNAs in the phosphate buffer with 100 mM NaCl was also performed. For one experiment, theTm

(∆G37) for WT, ∆U6, C14U/G18A, and G18A IREs are 55.0°C (-4.6 kcal/mol), 60.8°C (-6.1 kcal/mol), 52.5°C (-3.8 kcal/mol), and 50.5°C
(-2.6 kcal/Mol), respectively.e Not applicable, because the potential substrate, G, is replaced by A.f Data taken from ref24. g Not determined.
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HL mutation on the IL/B or helix structure is suggested.
However, the small probe Cu(phen)2 (∼13 Å and 460 Da)
did not detect structural changes in the HL mutant IRE.

RNase T1 is a larger probe (∼30 Å and11 000 Da) in
contrast to the Cu(phen)2 complex (32). Neither G26 nor
G27 adjacent to the IL/B is cleaved by RNase T1 in the
ferritin WT IRE (Figure 3) at room temperature (18, 19, 36),
although G26 and G27 are cleaved by the smaller Cu(phen)2

probe in the IRE 30-mer (Figure 2) and ferritin mRNA (18,
19). [Note that at high temperatures (45-50 °C), the G
residues (G7 and G18) in the GC trans-loop base pairs are
cleaved by RNase T1, revealing differential thermal stability
compared to other regions of the helix (18, 19, 36).] The
data in Figure 3 show that mutations in the HL at residues
14 and 18, which decreased IRP2 binding (5), translation
repression (Figure 1), andTm (Table 2), also changed
structure around the IL/B, even though the sites of the
mutations are more than 22 Å away from the IL/B (5). The
mutations increased the sensitivity of G26 and G27 to RNase
T1.

Effect of Mg2+ on the 1H NMR spectrum of the Iron-
ResponsiVe Element.Previous NMR data and molecular
modeling of Co(III) hexaammine binding to ferritin IRE
indicated that the internal loop/bulge (IL/B) is a Co(III)
hexaammine binding site (5). In addition, the IL/B is very
sensitive to mutation and pH (Figures 2 and 3) (5, 24). Since
Mg2+ is a physiological regulator of RNA structure and since
both Co(III) hexaammine and Mg hexahydrate can bind at
similar sites in other RNAs (37, 38), the possibility that Mg

binds in the IL/B was explored with one-dimensional NMR
spectroscopy.

The1H NMR spectrum of the ferritin IRE with or without
Mg2+ is shown in Figure 4A. Quantitation of Mg-induced
change of chemical shifts of IRE imino proton resonances
is shown in Figure 4B. Mg2+ produced a significant change
of the chemical shifts of imino proton resonance for G26,
G27, U5, U6, and G7 (Figure 4), which are all located in
the IL/B, as did Co(III) hexaammine. However, Mg also
induced significant chemical shifts for residues U10 and U21,
in the helix between the IL/B and the hairpin loop (HL),
and for G18, part of the base pair across the HL (Figure 4).
The same sites for which Mg shifted the proton resonances
were affected by Mg when Cu(phen)2 cleavage was used to
probe the structure of the IRE in natural poly(A)+ ferritin
mRNA (18, 35). The results could reflect charge effects of
Mg bound to the RNA complex or could indicate a structural
change in the RNA.

DISCUSSION

A range of responses to cytoplasmic signals, such as iron,
is possible among the mRNAs that contain IREs (11, 12,
39) despite the similarity of the iso-IRE secondary structure.
All iso-IREs have the hairpin hexaloop (HL) with the
conserved sequence CAGUGX and the helix distortion with
a disordered C residue (4, 5, 7, 40-42). The range of
physiological responses to iron among the mRNA with iso-
IREs coincides with differences in binding of IRP2 (13). Two

FIGURE 3: Effects of the hairpin loop mutations on RNase T1 cleavage at the IRE helix distortion. 5′-32P-labeled wild-type and mutant
IREs (sequences and secondary structures on the right of the figure) were heated and slowly annealed as described under Materials and
Methods. RNase T1 cleavage of the annealed RNAs was accomplished by incubation of the RNAs with RNase T1 at 25°C for 7 min. The
cleavage products were resolved by electrophoresis and analyzed with a PhosphorImager and ImageQuant software (Molecular Dynamics).
The experiment was repeated 3-4 times with two independently prepared RNAs for each IRE. WT, wild type; T1 calibration, RNase T1
cleavage of denatured WT IRE; control, incubation without RNase T1; T1 cleavage, incubation with RNase T1. Arrow shows the site in
the IL/B at which RNase T1 cleavage was changed by mutation in the hairpin loop. The cleavage sites, shown in the secondary structures
(1), have>10× the intensity on average compared to insignificant cleavage sites. Note that the RNase T1 reactivity was unchanged in the
∆U6 IRE (for clarity these data are not shown).
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types of helix distortions known in the iso-IREs are a C-bulge
(4) and an internal loop/bulge (IL/B) that contains the C
residue. In the ferritin IRE, the IL/B forms a pocket that
appears to bind Co(III) hexaammine and has a pH-dependent
conformation (5). Coincidentally, the ferritin mRNA, which
contains the IL/B iso-IRE, has the greatest range of iron
regulation of any of the IRE-containing mRNAs both in vitro
and in vivo (11, 12, 43-47). Even in an IL/B mRNA
constructed from a ferritin IRE plus a human growth
hormone (hGH) sequence, the ferritin IRE is more efficiently
regulated than the transferrin receptor IRE (C-bulge) in the
comparable hGH construct (48). In addition to the IL/B or
C-bulge, the stem sequences among IREs in different
mRNAs can diverge as much as 65% (7). Recently, differ-
ences in IRE/IRP interaction in vitro (13) were shown to
coincide with the wide range of iron responses by IRE-
containing mRNAs previously observed in vivo (11).

A connection between the different iron responses of IRE-
containing mRNAs in rat liver (11) and the differential
binding of IRP-1 and IRP-2 to short iso-IREs (29 and 30
nucleotides) in vitro (13) is shown by the correlation between
translational repression in vitro of full-length, poly(A)+
mRNAs, IRE/IRP binding, the iron-induced rates of protein
synthesis in vivo, and the presence of an IL/B or C-bulge in
the IRE (Figure 1) (11-13, 43-48). IRP2 binding to the
IRE is sensitive to the natural or engineered variation in the
helix distortion (13) or to the engineered variation in the
hairpin loop (29-31).

Chemical and enzymatic probing of IREs connects IRE
structure with function measured as IRP2 binding and
translation regulation (Table 2). Whether mutations were
made in the HL or the IL/B, all mutations tested that
displayed diminished IRP2 binding or translation repression
also altered IL/B sensitivity to nuclease attack. For example,
RNase T1 showed that the HL mutations made changes
reflected in localized helix distortions near the IL/B 22 Å
away (Figure 3 and Table 2), while the small probe
Cu(phen)2 detected localized effects of mutation in the IL/B
itself (Figure 2 and Table 2).31P NMR spectra of wild-type

(WT) and HL mutant (G18A) IREs from previous NMR
analysis (6) also indicated global perturbations in the helix
backbone. Effects of the IL/B mutation on the HL were less
dramatic than the effect of HL mutations on the IL/B and
could not be detected with RNase T1 for the single deletion
(Table 2). However, in a double IL/B deletion mutant (∆U6
+∆G7), both RNase T1 (Table 2) and [Ru(tpy)(bpy)] (24)
showed increased access to the HL. Clearly, the mutation in
either loop region of the ferritin IRE influences the other
loop and emphasizes interdependence of structural features
throughout the ferritin IRE. [Preliminary data, (Ke and Theil,
unpublished results) show that the thermal denaturation of
the ferritin IRE is much more cooperative than that of any
of the other IREs.]

Both IRE loops, the HL and IL/B, contribute to the
specificity of IRP2 binding and translation repression (Figure
1 and Table 1), but the effects on the properties of the helix
distortion around the conserved C residues differ. For
example, disruption of the CG base pair or replacement of
it with UA in the HL decreased the base stacking in the IRE
(decreasedTm) (Table 2) and increased the helix distortion
around the IL/B (increased sensitivity to RNase T1) (Figure
3). On the other hand, deletion of U6 in the IL/B increased
base stacking in the IRE (increasedTm) (Table 2) and
decreased the helix distortion at the IL/B [resistance to Cu-
(phen)2 cleavage] (Figure 2). Thus, the CG trans-loop base
pair in the HL appears to decrease distortions in the IRE,
whereas the CG trans-loop base pair in the IL/B is associated
with increased distortion in the helix near the conserved C
residue. How the effects of Mg on IL/B, HL, and helix
residues, detected by NMR spectroscopy (Figure 3) and Cu-
(phen)2 cleavage (18), relate to IRE function has not yet been
determined, but they may contribute to kinetics of protein
binding. The negative impact of either destabilizing the IRE
(HL mutations) or stabilizing the IRE (IL/B mutations) on
IRP2 binding and translation repression (Figure 1 and Table
2) indicates that the native ferritin IRE structure (HL+ IL/
B) has the optimum stability and site accessibility for IRP2
binding and translation regulation. Iso-IRE RNA isoform

FIGURE 4: Effects of Mg2+ on chemical shifts of IRE imino resonances. The1H NMR spectrum of the ferritin IRE (0.5 mM RNA) was
collected at 12°C in 10 mM sodium phosphate and 0.1 mM EDTA, pH 6.8, with or without Mg2+. (A) 1H NMR spectra. Arrows show
chemical shifts of imino proton resonances significantly upshifted by Mg (see panel B). The chemical shifts are for the residues in the IL/B,
the HL, or the stem between them; no significant change of the chemical shifts for the residues in the lower stem was observed. (B)
Quantitative comparison of Mg-induced shift of chemical shifts of imino proton resonances.
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variation, illustrated by the distinctive properties of the
ferritin IRE, provides a natural set of mRNA-specific
regulatory sequences. The combinatorial RNA/protein in-
teractions possible with iso-IREs and iso-IRPs yield a range
of mRNA responses to a single environmental signal.
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