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ABSTRACT The iron-responsive element-binding protein
(IRE-BP) binds to specific stem-loop RNA structures known as
iron-responsive elements (IREs) present in a variety of cellular
mRNAs (e.g., those encoding ferritin, erythroid 5-aminolevuli-
nate synthase, and transferrin receptor). Expression of these
genes is regulated by interaction with the IRE-BP. The IRE-BP
is identical in sequence to cytosolic aconitase, and the function
of the protein is determined by the presence or absence of an
Fe-S cluster. The protein either functions as an active aconitase
when the Fe-S cluster is present or as an RNA-binding protein
when the protein lacks this cluster. Aconitase activity and
IRE-binding activity are mutually exclusive, and interconver-
sion between the two activities is determined by intracellular Fe
concentrations. Mapping of the RNA-binding site of the
IRE-BP by UV cross-linking studies defines a major contact site
between IRE and protein in the active-site region. Modeling
based on probable structural similarities between the previ-
ously crystallized mitochondrial aconitase and the IRE-BP
predicts that these residues would be accessible to the IRE only
were there a major change in the predicted conformation of the
protein when cells are iron-depleted.

Regulation of gene expression can be largely attributed to
specific interactions of proteins with binding sites found
within either genomic DNA or RNA transcripts. Cellular
regulation of the level of expression of individual genes often
depends on the ability of nucleic acid-binding proteins to
modulate binding activity in response to developmental or
environmental signals. The molecular system that underlies
the regulation of expression ofgenes involved in cellular iron
homeostasis has been the subject of extensive work (for
review, see refs. 1 and 2). The levels of ferritin, an iron-
sequestration protein, and the transferrin receptor, a protein
involved in iron uptake, are regulated according to cellular
iron availability. A single RNA stem-loop, the iron-
responsive element (IRE), located in the 5'-untranslated
region of ferritin mRNAs allows iron-regulated control of
translation initiation of these mRNAs. The presence of a
cluster ofIREs in the 3'-untranslated region of the transferrin
receptor mRNA confers iron-regulated control of the mRNA
half-life. An IRE in the 5'-untranslated region of the mRNA
encoding erythroid 5-aminolevulinate synthase, the rate-
limiting enzyme in heme synthesis, functions to regulate
synthesis of the enzyme and consequently to regulate hemo-
globin production (3, 4).
The iron-regulated fate of these mRNA molecules requires

interaction with the IRE-binding protein (IRE-BP), which
can bind IREs depending on the cellular iron status. When
cells are deprived of iron, the protein binds to IREs with high
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affinity and specificity. However, when the cells are iron
replete, the IRE-BP does not bind to IREs. The IRE-BP bears
a striking sequence similarity to mitochondrial aconitase
(5-7), and it has been established that the IRE-BP is identical
to cytosolic aconitase (8). Aconitase is an Fe-S cluster-
containing enzyme, in which catalytic activity depends on the
presence of an associated [4Fe-4S] cluster. Although the
IRE-BP functions as the cytosolic aconitase when the (Fe-S)4
cluster is fully assembled, the form that binds RNA appears
to be the apoprotein (9, 10). Thus, IRE-BP switches between
an enzyme and an IRE-BP, depending upon the cellular iron
status (11). Furthermore, these two states are mutually
exclusive. With adequate iron, the protein contains a fully
assembled cluster, is a fully active aconitase, and does not
bind RNA. Conversely, with iron deprivation the protein
appears to lack any cluster, has no aconitase activity, and has
full RNA-binding activity.
To begin to understand the interaction between the IRE

and its binding protein, we have used UV-radiation-induced
cross-links to determine which IRE-BP regions closely as-
sociate with the bound IRE. The region of the major RNA-
protein contact includes amino acid residues known to con-
tribute to the framework of the active site of the mitochon-
drial enzyme (12, 13). This information indicates that this
cleft is, at least in part, involved with IRE recognition and
provides an explanation for the role of the Fe-S cluster in
inhibiting RNA binding.

MATERIALS AND METHODS
Purification of IRE-BP. Expression and purification of the

IRE-BP were accomplished by using a baculovirus expres-
sion system. The entire open reading frame of the human
IRE-BP with 72 amino acids derived from a murine cDNA
and including a C-terminal thrombin-cleavage site and MYC
epitope (14, 15) was cloned into pBlueBac 2 and subsequently
used to generate recombinant baculovirus (Invitrogen). Hi-5
insect cells were infected with recombinant baculovirus, and
IRE-BP was purified by ion-exchange chromatography from
lysates of insect cells overexpressing the IRE-BP (J.P.B.,
T.A.R., C.M.M., R.D.K., M.C. Kennedy & H. Beinert,
unpublished work).

Synthesis of IRE. Radiolabeled or unlabeled IRE RNA was
synthesized in vitro from a 17 transcription system, as
described (Promega; ref. 16). Before use in RNA-hydrolysis
analysis, the IRE RNA was purified by ion-exchange chro-
matography. Synthesized IRE was applied to a Mono Q HR
column (Pharmacia) equilibrated with 40 mM KCI/25 mM
Tris, pH 8.3/1 mM dithiothreitol and eluted from the column
by using a linear salt gradient (40-1000 mM KCI). The
sequence of the IRE used was as follows: 5'-GGGAGAG-

Abbreviations: IRE, iron-responsive element; IRE-BP, IRE-binding
protein; PTH, phenylthiohydantoin.
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GAUCCUGCUUCAACAGUGCUUGGACGGAUCC-3'.
During synthesis of the IRE, up to four additional 3'-terminal
nucleotides were added indiscriminately by the polymerase.
UV Cross-Linking of the RNA-Protein Complex. Fractions

containing purified IRE-BP were combined ([protein] = 1.6
mg/ml) and incubated on ice with 1.25 mg of IRE (specific
activity, -65,000 dpm/,ug) for 5-10 min in a final 3.05-ml vol.
The mixture was UV-irradiated on ice for 45-60 min in a UV
Stratalinker 2400 (Stratagene) at a 12.5-cm distance from the
irradiating source (254-nm wavelength).

Purification of IRE-BP-IRE Complex. UV-irradiated IRE-
BP-IRE complexes were applied to a Mono Q HR column
equilibrated in 40 mM KCl/25 mM Tris, pH 8.3/1 mM
dithiothreitol and eluted from the column with a 160-ml linear
salt gradient (40-1000 mM KCl) at a flow rate of 2 ml/min.
The fractions containing the radiolabeled IRE-IRE-BP com-
plex were identified by SDS/PAGE and scintillation count-
ing, concentrated using a Centricon-30 filtration device (Am-
icon), and washed with RNase-free water to dilute salts. The
concentrated sample was recovered from the concentrator
with SDS-loading buffer and fractionated by SDS/PAGE
using an 8% (wt/vol) acrylamide gel. The resolved proteins
were transferred to nitrocellulose, and the radiolabeled IRE-
IRE-BP cross-linked complex was identified by Ponceau S
staining and autoradiography.

Digestion, Purification of Radiolabeled Complex, and Pep-
tide Sequencing. The band corresponding to the IRE-IRE-BP
complex was cut from the nitrocellulose and digested in situ,
as described by Aebersold et al. (17) with the endoproteinase
Asp N (Boehringer Mannheim); the method was modified in
that Asp N was resuspended in digestion buffer and incu-
bated at 37°C for 1 hr before addition of RNA-protein
complexes to remove endogenous nonspecific nuclease ac-
tivity. Peptides generated by the enzymatic cleavage were
purified on a 30 x 2.1 mm AX-300 column (Applied Biosys-
tems) by using a model 130 microbore HPLC system (Applied
Biosystems). RNA-peptide complexes were eluted with a
linear gradient of 0-1.0 M KCl in 50 mM sodium phosphate,
pH 7.0, and identified by scintillation counting of samples of
eluted fractions. Selected fractions were concentrated, and
excess salts were removed by ethanol precipitation of the
RNA-peptide complex. Amino acid sequence of the isolated
peptide complex was determined by using an Applied Bio-
systems model 477A protein sequencer with an on-line model
120 phenylthiohydantoin (PTH) analyzer.

Labeling and Base Hydrolysis of IRE Associated with Pep-
tide. RNA preparation. Unlabeled IRE RNA was synthe-
sized, as described above. IRE RNA was then either 5'- or
3'-end-labeled. For 5'-end-labeling =100 ,g of IRE RNA was
labeled to a specific activity of 1200 x 104 cpm/,ug, as
described in Maniatis et al. (18). For 3'-end-labeling, '100 ,ug
of IRE RNA was end-labeled to a specific activity of 275 x
104 cpm/,ug by the method of Krol and Carbon (19). For each
protocol the resulting labeled RNA was purified by prepar-
ative electrophoresis on an 8 M urea/8% polyacrylamide gel.

Cross-linking and base hydrolysis ofRNA. Each of these
end-labeled RNAs (1200 x 106 cpm for 5'-end-labeled IRE
and 275 x 106 cpm for 3'-end-labeled IRE) was incubated on
ice with -2 mg of purified IRE-BP in a 2.2-ml vol. After a 5-
to 10-min incubation on ice, the mixtures were irradiated, and
the radiolabeled IRE-IRE-BP cross-linked complex was sep-
arated and digested with protease, as described above. Ap-
proximately 3000-6000 cpm of this digested complex was
treated with base (final concentration, 25 mM sodium phos-
phate, pH 12.0). One-third vol of loading buffer (9.8 M
urea/1.5 mM EDTA/0.05% (wt/vol)/xylene cyanol) was
added to the samples, and the resulting hydrolysis products
were analyzed by electrophoresis on an 8 M urea/20%
polyacrylamide gel. Size was assigned to the individual bands
by comparison to the migration of IRE digestion products

produced by RNase Ti and U2 (United States Biochemical).
Base hydrolysis of IRE-peptide complexes was done at 95°C
for 20 min for 3'-end-labeled IRE and 15 min at 56°C for
5'-end-labeledRNA. Base hydrolysis ofirradiated non-cross-
linked RNA was done on RNA retrieved from the Mono Q
column.
Modeling of IRE. Modeling was based on a tRNA acceptor

stem and T-pseudouridine-C stem-end-loop: (Protein Data
Bank code 1TRA) with the program XTALVIEW (20). The
CAGUGC loop was modeled by deleting residue 60 on the 3'
side of the T-pseudouridine-C loop and adjusting P-P dis-
tances of residues 58, 59, and 61 to =z7 A. The bulge uridine
and cytidine were inserted into the helix maintaining 5.7-A
P-P distances. The model of an IRE was then drawn to scale
alongside a ribbon tracing of the crystal structure of mito-
chondrial aconitase. This modeling was done and provided by
C. David Stout (Department of Molecular Biology, Scripps
Research Institute, LaJolla, CA.).

RESULTS
Isolation of IRE-IRE-BP Complexes. The epitope-tagged

IRE-BP construct was overexpressed in insect cells with a
baculovirus expression system. Purification and character-
ization ofthe IRE-BP in this system will be described in detail
elsewhere. The protein produced was essentially entirely
apoprotein, as determined by chemical and spectroscopic
means, and was found to bind IREs with affinity and spec-
ificity identical to that of endogenous IRE-BP (J.P.B.,
T.A.R., C.M.M., R.D.K., M.C. Kennedy & H. Beinert,
unpublished work). Purified IRE-BP was incubated with a
2-fold molar excess of internally labeled RNA; the RNA used
contained the sequence of the human ferritin H chain IRE
(21). The RNA-protein mixture was UV-irradiated, and =3%
of the complexes became covalently linked. Cross-linked
material was repurified using the fast protein liquid chroma-
tography Mono Q column to separate free IRE-BP, RNA-
IRE-BP complexes, and free IRE RNA. Free protein eluted
at =250 mM KCI, followed by RNA-protein complexes at
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FIG. 1. Separation of cross-linked IRE-IRE-BP complexes from
non-cross-linked IRE-IRE-BP complexes. After ion-exchange chro-
matography, the fractions containing radiolabeled IRE-IRE-BP
complexes were concentrated and separated by SDS/PAGE on an
8% (wt/vol) polyacrylamide gel. The resolved complexes were
transferred to nitrocellulose, and the IRE-IRE-BP complexes were
identified by Ponceau S staining and autoradiography. Lanes: 1,
molecular mass standards in kDa; 2, Ponceau S staining of one-tenth
of the concentrated fractions containing IRE-IRE-BP complexes; 3,
autoradiograph of lane 2. The IRE was internally radiolabeled. The
arrowhead indicates migration of cross-linked radiolabeled IRE-
IRE-BP complexes. Faster migrating bands probably represent pro-
teolytic breakdown products of the IRE-BP.
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FIG. 2. Base-hydrolysis analysis of IRE RNA cross-linked to
peptide DLVIDH-IQV. End-labeled IRE RNA was bound to purified
IRE-BP and UV-irradiated; radiolabeled peptide was generated and
treated with base, as described. (A) Lanes: 1, 5'-32P-IRE without
sodium phosphate; 2, 5'-32P-IRE-peptide cross-linked complex with-
out sodium phosphate; 3, alkaline hydrolysis of 5'-32P-IRE; 4,

Table 1. Amino acid-sequence analysis of the IRE-containing
fraction from the Asp N digest

Cycle Amino acid pmol

1 D 4.7
2 L 4.7
3 V 3.2
4 I 4.8
5 D 2.1
6 H 0.7
7 S ND
8 I 2.5
9 Q 2.7
10 V 0.6

Yields ofthe PTH-amino acid assigned to each cycle are given. The
S in cycle 7 is the expected amino acid in this peptide, although no
PTH-serine was detected at this position. ND, none detected.

-490 mM KCl, and free RNA at -660 mM KCl. Purified
covalently cross-linked complexes migrated to a position
well-separated from unmodified IRE-BP (Fig. 1, lane 2). The
radiolabeled RNA was identified by autoradiography and
corresponded to the more slowly migrating minor protein
species (Fig. 1, lane 3). No detectable protein comigrated
with the cross-linked species when protein alone was irradi-
ated (data not shown).

Identification of a Peptide Cross-Linked to the IRE. The
region of the nitrocellulose to which the covalent RNA-
protein complex was bound was excised and proteolyzed
with Asp-N, a protease that cleaves N-terminal to aspartic
acids. Peptides spontaneously eluted from the nitrocellulose;
70% of the radioactivity was recovered in the eluate after
digestion. The eluate was fractionated by ion-exchange chro-
matography to exploit the different affinities of the RNA and
peptides for the resin. Although most peptides did not bind to
the column, the radiolabeled RNA quantitatively bound. The
recovered RNA migrated more slowly on a 20% polyacryl-
amide/8 M urea gel than did radiolabeled RNA processed
without IRE-BP, suggesting that the RNA and peptide asso-
ciated covalently. The radiolabeled fractions were concen-
trated and sequenced by sequential automated Edman deg-
radation. A single peptide sequence was determined,
DLVIDH-IQV, that was identical to the sequence encom-
passing amino acids 121-130 in human IRE-BP (Table 1),
except that no Ser-127 was detected (7, 22). This sequence
represents two predicted peptides from the Asp-N digestion
with failure to cleave before Asp-125 of the IRE-BP se-
quence.

Identification of the IRE Region Interacting with Peptide.
End-labeled IRE-IRE-BP complex was digested with Asp N,
and the cross-linked RNA-peptide complexes were resolved
along with free RNA on an 8M urea/20% polyacrylamide gel.
The cross-linked RNA-peptide complex resolved as several
distinct species, each migrating more slowly than the free
RNA in this gel (Fig. 2, lanes 1, 2 and 5, 6). Base hydrolysis
of the samples generated a ladder of RNA-degradation prod-
ucts. Fragment sizes were determined by comparison with
RNA oligonucleotides of defined sequence and length gen-
erated by digesting IRE RNA with RNases Ti and U2.

alkaline hydrolysis of 5'-32P-IRE-peptide cross-linked complex.
Arrowhead, position in IRE indicated by 5' arrow in C. (B) Lanes:
5, 3'-32P-IRE without sodium phosphate; 6, 3'-32P-IRE-peptide
cross-linked complex without sodium phosphate; 7, alkaline hydro-
lysis of 3'-32P-IRE; 8, alkaline hydrolysis of 3'-32P-IRE-peptide
cross-linked complex. Arrowhead, position indicated by 3' arrow in
C. (C) Schematic representation of the ferritin H chain IRE used.
Arrows mark the IRE region defined by hydrolysis of the 5'- and
3'-end-labeled IRE-peptide complexes. The 3'-NNNN represents
non-template-derived nucleotides added by T7 polymerase during
IRE synthesis.
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Alkaline hydrolysis of the 5'-end-labeled cross-linked com-
plexes (Fig. 2A) resulted in an RNA ladder in which all
fragments up to 12 nt in length were resolved, but higher-
molecular-mass bands precipitously disappeared. Apparent
insensitivity to base hydrolysis appeared at position 12 in the
sequence of Fig. 2C. Base hydrolysis ofRNA labeled at the
3'-end, either free or cross-linked to peptide, produced a
ladder in which the fragments from the complex matched
those from the free RNA until the fragment size was 18 nt
(Fig. 2B). This result corresponded to position 25 in the IRE
sequence in Fig. 2C. No effect on base hydrolysis was seen
when the irradiated RNA was not cross-linked to protein
(Fig. 2, lanes 3 and 7).

DISCUSSION
A major breakthrough that contributed to an understanding of
how iron might regulate affinity of the IRE-BP for an IRE
came when the IRE-BP was cloned and the protein was found
to be very similar to mitochondrial aconitase and identical to
the cytosolic form of the enzyme (for review, see refs. 1 and
2). Aconitase is an enzyme, the activity of which depends on
a [4Fe-4S] cluster in the active site of the protein (23, 24).
Under conditions of high cellular iron, the IRE-BP has an
intact [4Fe-4S] cluster, high aconitase activity, and no RNA-
binding activity. Conversely, under conditions oflow cellular
iron the IRE-BP has no Fe-S cluster, no aconitase activity,
but has high RNA-binding activity. The goals of our studies
were to characterize the RNA-binding site ofthe IRE-BP and
to understand the mechanism by which an intact Fe-S cluster
interferes with RNA binding.
To identify specific RNA-protein contacts, we irradiated

complexes with UV light, a "zero-length cross-linker" (25,
26), to induce formation ofcovalent bonds between RNA and
protein. The peptide cross-linked to the IRE, DLVIDH-IQV,
was identical to amino acids 121-130 in human IRE-BP,
except that Ser-127 was not detected. Absence of the PTH-
serine may indicate that this amino acid was covalently

RNA

modified by the cross-linking reactions (27). Other contact
points between IRE and IRE-BP may not be identified
because some amino acid-nucleotide interactions do not
favor formation of covalent bonds during UV irradiation.

Alkaline hydrolysis implicated specific nucleotides in the
covalent interaction (Fig. 2C). The precipitous change in gel
migration of the base-hydrolysis ladder in the area above the
arrowhead positions in Fig. 2 A and B likely results from a
mobility shift of the RNA bound to peptide. It is interesting
that the RNA region clearly affected by covalently bound
peptide contains both the unpaired cytosine of the stem and
a region of the loop both of which are conserved and
necessary for binding in all functional IREs (1, 28, 29).

Similarities between the IRE-BP and mitochondrial aconi-
tase led us to propose a working model for RNA binding
based largely upon the high-resolution crystal structure of
mitochondrial aconitase (1, 2). Mitochondrial aconitase is an
83-kDa globular protein consisting of four domains arranged
around a central solvent-lined active-site cleft (Fig. 3). The
first three N-terminal domains are tightly associated with one
another, while the fourth domain is attached to domains one
to three via a potentially flexible hinge-linker region. The
Fe-S cluster is ligated to three cysteine residues within the
third domain, and substrate is bound by amino acids from all
four domains (12, 13). The IRE-BP and mitochondrial aconi-
tase are probably structurally quite similar because overall
sequence identity is high, active-site residues are conserved,
and the specific activities of the enzymes are comparable (7,
8). Amino acid insertions in the IRE-BP relative to mito-
chondrial aconitase are predicted to lie on the surface in
regions of unstructured loops. No insertions interrupt a-hel-
ices or ,-sheets of the three-dimensional mitochondrial ac-
onitase structure, suggesting that the larger IRE-BP poten-
tially can maintain the core aconitase structure (5).

Inferences concerning the position in the tertiary structure
of the DLVIDH-IQV peptide to which the IRE was cova-
lently cross-linked were based on comparing the predicted
structure of the IRE-BP to the known structure of the

ACONITASE

Domain 2

FIG. 3. Scale model ofan IRE-like stem-loop and mitochondrial aconitase. An IRE modeled on a stem-loop derived from the crystal structure
of tRNA is compared, in scale, to a ribbon trace representation of the crystal structure of mitochondrial aconitase (see text). The hinge-linker
that connects domains 1-3 to domain 4 is shown along with the [4Fe-4S] cluster and bound isocitrate. Two arrows indicate the RNA region
implicated as interacting with the IRE-BP and converging on the analogous aspartate (D) and histidine (H) amino acids in mitochondrial aconitase
found in the peptide generated from IRE-IRE-BP complexes cross-linked by UV irradiation. Only the phosphorous atoms and relevant
nucleotides of the RNA are shown.

Biochemistry: Basilion et al.
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mitochondrial aconitase. The site ofcovalent cross-linking on
the protein places the RNA deep within the active-site cleft.
The amino acids aspartate and histidine (amino acids 125 and
126 in IRE-BP) are active-site residues in aconitase present
in the recovered peptide and adjacent to a modified serine
(amino acid 127) in the IRE-BP, which may represent the
actual site of covalent cross-linking. Other than the two
active-site residues, the other residues in this recovered
peptide are not present in mitochondrial aconitase, and this
region corresponds to an area where an insertion occurs in
the sequence relative to mitochondrial aconitase.
To model this interaction, we depict a stem-loop model of

an IRE, modeled using a tRNA stem-loop of known dimen-
sions (described in Materials and Methods), shown in scale
along with a ribbon trace of the 83-kDa mitochondrial aconi-
tase (Fig. 3). Two arrows flank the region of the RNA
implicated to interact with the protein by cross-linking stud-
ies and point to the analogous region of the active-site cleft
of mitochondrial aconitase to which the RNA is bound. In the
crystal structure of mitochondrial aconitase, domain 4 is
closely apposed to domains 1-3, and the cleft is occupied by
direct interactions between amino acid side chains or by
ordered solvent molecules. The scale drawing of Fig. 3
indicates that significant conformational changes must occur
to accommodate the RNA. Such a model emphasizes the
need to "open" the cleft to bind the RNA.

Presence of the Fe-S cluster may antagonize RNA binding
in several different ways. The cluster likely imposes local
conformational contraints through binding to the three ligat-
ing cysteines, one ofwhich (Cys-437) is distant from the other
two in the primary sequence. In related work we showed with
alkylation studies that Cys-437 is near the RNA-binding site
(30). This cysteine is probably located in the tertiary structure
of IRE-BP near residues important to RNA binding, and
association with the Fe-S cluster may sterically inhibit RNA
binding. The intact Fe-S cluster may also antagonize RNA
binding by contributing to the binding site of tricarboxylic
acid substrates that are bound by residues from all four
domains and the cluster. The substrate might, therefore, act
as a molecular bridge that favors apposition of domain four
to domains one through three. This "closed" conformation
would render the RNA-binding site inaccessible.

In summary, when we assume that the tertiary structure of
the IRE-BP resembles that of mitochondrial aconitase, the
enzymatic active-site cleft appears to provide at least part of
the RNA-binding site of this protein. The failure of mito-
chondrial aconitase to bind IREs (14) suggests that specific
contact points in the cleft are not conserved. The proposed
model illustrates how an Fe-S cluster and substrate would
inhibit RNA binding; binding ofthe IRE requires contact with
residues close to the active site of the enzyme, a totally
enclosed region in active mitochondrial aconitase (31). How
the RNA is recognized by the protein is still unclear, but it is
intriguing that the active-site region of the cleft, designed, in
part, to recognize tricarboxylic acids, contains four argi-
nines, residues that could bind to RNA with high affinity (32).

We thank Dr. C. David Stout for his modeling of the aconitase and
IRE, for his thoughtful reading of this manuscript, and for helpful
suggestions. This work was supported, in part, by National Institutes
of Health Grants HL44336 and HL35762 to W.H.B.
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