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ABSTRACT Iron-responsive elements (IREs) are stem-
loop structures found in the mRNAs encoding ferritin and the
transferrin receptor. These elements participate in the iron-
induced regulation of the translation offerritin and the stability
of the transferrin receptor mRNA. Regulation in both instances
is mediated by binding of a cytosolic protein to the IREs.
High-affinity binding is seen when cells are starved of iron and
results in repression of ferritin translation and inhibition of
transferrin receptor mRNA degradation. The IRE-binding
protein (IRE-BP) has been identified as an -90-kDa protein
that has been purified by both affinity and conventional
chromatography. In this report we use RNA affinity chroma-
tography and two-dimensional gel electrophoresis to isolate the
IRE-BP for protein sequencing. A degenerate oligonucleotide
probe derived from a single peptide sequence was used to
isolate a cDNA clone that encodes a protein containing 13 other
sequenced peptides obtained from the IRE-BP. Consistent with
previous characterization of the IRE-BP, the cDNA encodes a
protein of 87 kDa with a slightly acidic pl, and the correspond-
ing mRNA of -3.6 kilobases is found in a variety of cell types.
The encoded protein contains a nucleotide-binding consensus
sequence and regions of cysteine and histidine clusters. This
mRNA is encoded by a single gene on human chromosome 9,
a finding consistent with previous localization by functional
mapping. The protein contains no previously defined consensus
motifs for either RNA or DNA binding. The simultaneous
cloning of a different, but highly homologous, cDNA suggests
that the IRE-BP is a member of a distinct gene family.

Studies on the regulation of cellular iron metabolism in higher
eukaryotes have revealed an intriguing system of posttran-
scriptional gene control (1, 2). The mRNAs encoding two of
the major proteins that participate in iron homeostasis contain
regulatory structures that have been termed iron-responsive
elements (IREs). These stem-loop structures, first identified in
the 5'-untranslated regions (UTRs) of ferritin mRNAs, were
subsequently identified in the 3' UTR of the transfemn re-
ceptor (TfR) mRNA (3-5). In ferritin, a single IRE is respon-
sible for iron-dependent control of translation, whereas mul-
tiple IREs in the TfR 3' regulatory region mediate iron-
dependent control of mRNA half-life (6, 7). IREs function as
the binding site for a cytosolic protein as demonstrated inRNA
mobility shift and UV crosslinking experiments (8, 9). It
appears that both ferritin and TfR IREs bind to the same
protein in vitro (10). Experiments conducted both in vivo and
in vitro demonstrate that binding of the protein is responsible
for repressing ferritin mRNA translation (9, 11). In TfR
mRNA, the IREs are part of a more complex RNA instability
element. Binding of the protein to the TfR 3' UTR inhibits

degradation of this otherwise rapidly degraded mRNA (6, 7).
IREs and a specific cytosolic binding protein have been
detected across a wide number of species ofhigher eukaryotes
(12, 13). Several protocols have been reported for use in
isolating proteins of similar activity and apparent molecular
weight, and these isolated proteins have been named the
ferritin repressor protein (11), the iron-regulatory factor (14),
and the IRE-binding protein (IRE-BP) (9). We favor the latter
name, as it encompasses a role in both ferritin and TfR
regulation and more directly reflects the known function ofthe
protein. Based upon the difference in mobility of human and
rodent IRE-IRE-BP complexes, we have localized the gene
encoding human IRE-BP to chromosome 9 (15).

After initial characterization of IRE-BP, the amount of
binding activity in a cell lysate was found to increase under
conditions of iron deprivation and to decrease in response to
an iron load (9, 16). The magnitude of the change in the
binding activity in cell lysates after manipulations of intra-
cellular iron was reflected in the quantitative change of
ferritin translation in response to iron perturbations. A time
course showing progressive changes in the rates of ferritin
biosynthesis demonstrated concomitant changes in the ex-
tent of binding activity (17). Thus, the level of IRE-BP
activity provided a stable record of the iron status of the cell.
The lower binding activity seen in iron-replete cells was
demonstrated to be entirely recovered in vitro by reduction
with thiol agents (17). This observation led us to propose a
"sulfhydryl switch" mechanism, whereby the level of cellu-
lar iron switched the protein from a lower-affinity (oxidized)
form to a high-affinity (reduced) form(s). Heme has been
proposed to mediate the inhibition of the interaction of
IRE-BP with its target RNA (18, 19). However, heme can
nonspecifically inhibit numerous nucleic acid-protein inter-
actions, and the significance of inhibition of binding by heme
in this setting is unclear (20, 21).
We have used an IRE RNA affinity-resin purification from

a human liver cytosolic extract and two-dimensional gel
electrophoresis to isolate the IRE-BP for protein sequencing.
After sequencing of peptides, a 3.4-kilobase (kb) cDNA clone
was isolated by hybridization with a degenerate oligonucle-
otide corresponding to one partial peptide sequence. An open
reading frame (ORF)§ of 790 amino acids was identified that
contained 14 of the sequenced peptides. A second, distinct
cDNA clone selected with the same degenerate oligonucle-
otide was found to encode a closely related protein, although
none of the sequences predicted by DNA sequencing§ of this

Abbreviations: IRE, iron-responsive element; IRE-BP, IRE-binding
protein; UTR, untranslated region; TfR, transferrin receptor; RFLP,
restriction fragment length polymorphism; ORF, open reading
frame.
§The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M37836 for IRE-BP and M37835
for clone 10.1).
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second clone perfectly matched any of the peptides derived
from protein isolated by the IRE-affinity resin.

MATERIALS AND METHODS
IRE-BP Purification. Purification by means of a single

round of IRE-affinity chromatography was accomplished
using described methods (22). Material bound to the affinity
column was eluted in 9.5 M urea/0.1% SDS/0.5 mM dithio-
threitol/0.2% Nonidet P-40/4% Ampholytes, pH 3-10
(Serva), incubated for 2 hr at 420C, and subjected to isoelec-
tric focusing in a tube gel (23). Proteins were subjected to
electrophoresis in the second dimension according to the
methods of Laemmli (24). Proteins were transferred electro-
phoretically to nitrocellulose (Schleicher & Schuell). After
transfer, the membrane was immersed for 60 sec in 0.1%
Ponceau S dye (Sigma)/1% aqueous acetic acid. The specific
region corresponding to the IRE-BP was identified. This
region was cut from the nitrocellulose and incubated for 30
min at 370C in 1.2 ml of 0.'5% polyvinylpyrrolidone-40 dis-
solved in 100 mM acetic acid to prevent subsequent adsorp-
tion of protease to the nitrocellulose during digestion. Excess
polyvinylpyrrolidone-40 was removed by extensive washing
with water (25, 26). The protein (100-200 pmol) was digested
with either Asp-N or Lys-C sequencing grade proteases
(Boehringer Mannheim) at an estimated enzyme-to-protein
ratio of 1:10. Asp-N digestion was done in 50 mM NaHPO4,
pH 8, at 370C for 18 hr, and Lys-C digestion was done in 25
mM Tris/1 mM EDTA/5% CH3CN, pH 8.5, at 370C for 18 hr.
Resulting peptides were separated on an Applied Biosystems
model 130A microbore HPLC system with a 2.1 x 210-mm
Applied Biosystems RP-300 column equilibrated in 98%
solvent A (0.1% trifluoroacetic acid in water)/2% solvent B
[70% (vol/vol) acetonitrile and 0.09% trifluoroacetic acid in
water] using a linear gradient from 2% solvent B to 80%
solvent B over 55 min. Amino acid sequences were deter-
mined by using an Applied Biosystems model 477A se-
quencer and modified Edman chemistry. Cleaved amino acid
derivatives were identified with an on-line Applied Biosys-
tems model 120A phenylthiohydantoin analyzer. Peaks con-
taining double peptide sequences were reduced with 10 mM
dithiothreitol at 37°C for 60 min and rechromatographed as
described above.

Library Screening. A 64-fold degenerate 20-mer derived
from a peptide containing the amino acid sequence
NMCPEYG was synthesized on an Applied Biosystems 381A
DNA synthesizer and subsequently labeled with [yy-32P]ATP
(ICN) and polynucleotide kinase (Boehringer Mannheim)
(27). A cDNA A Zap II library (Stratagene) derived from
human YT cells (28) was probed with a probe of 500,000
cpm/ml. Duplicate filters (DuPont/NEN) from plates con-
taining a total of 400,000 phage plaques were hybridized after
prehybridization in 6x SSC (lx SSC is 0.15 M sodium
chloride/0.015 M sodium citrate, pH 7), 2x Denhardt's
solution (lx Denhardt's solution is 0.02% polyvinylpyrroli-
done/0.02% Ficoll/0.02% bovine serum albumin)/1% SDS/
salmon sperm DNA at 100 ,ug/ml. After 16-hr hybridization,
filters were washed with 2x SSC/1% SDS at room temper-
ature, followed by two washes with 2x SSC/1% SDS at 53°C
for 10 min. By using this approach, 21 positive clones were
identified that were then transduced into Bluescript plasmid
vectors by using the helper phage R408 (Stratagene).
DNA Sequencing. Standard Sanger dideoxynucleotide

chain-termination sequencing reactions were performed with
Sequenase (Version 2.0; United States Biochemical). Inosine
lanes were electrophoresed in parallel to clarify sequence in
regions containing sequence ambiguities.
Chromosomal Localization. DNA samples from 97 inde-

pendent human-mouse or human-hamster somatic cell hy-
brids and subclones (28, 29) were digested with EcoRI, and

the fragments were resolved on 0.7% agarose gels. Southern
blots were hybridized with the probe used in the analyses of
Northern (RNA) and Southern analyses. A high-stringency
wash in 0.1x SSC/0.2% SDS at 550C was performed. The
presence of the hybridizing human sequences in the DNA
samples was correlated with the specific human chromo-
somes retained in each somatic cell hybrid.

RESULTS AND DISCUSSION
Purification of IRE-BP for Protein Sequencing. We had

demonstrated (22) that an IRE-containing RNA affinity resin
can be used to purify specifically what appears to be a single
protein by using two rounds of affinity isolations starting with
unfractionated human liver cytosolic extract. The purifica-
tion was assessed with a gel-mobility-shift assay for IRE-BP
activity. A single protein of '90 kDa was isolated in the
purification. This protein approximated in size to the single
band on SDS/PAGE that could be affinity labeled in total
liver cytosol by UV-crosslinking to a labeled IRE-containing
RNA. Although two rounds of affinity resin were required to
achieve a purified protein, the IRE-BP could be detected by
one-dimensional SDS/PAGE after only a single round of
purification (22). To obtain enough protein for sequencing,
we chose to replace the second round of affinity purification
with two-dimensional isoelectric focusing-SDS/PAGE. Re-
sults of a typical round of purification followed by two-
dimensional gel are shown in Fig. 1. As with two-step affinity
purification, the results of an IRE-binding resin are compared
with the material isolated from a control resin. This proce-
dure was followed nine times and was reproducible. Essen-
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FIG. 1. Isolation of the IRE-BP. After affinity purification and
two-dimensional gel electrophoresis of eluates from resins known to
bind IRE-BP and from control resins, proteins were electrophoret-
ically transferred to nitrocellulose and stained with Ponceau S.
Molecular masses are marked in kDa, and arrows point to the gel
region from which the IRE-BP was excised. Stainable protein was

notably absent from this region of the control gel, but this corre-
sponding region was excised and processed similarly.
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tially every spot on the IRE gel appeared on the control gel,
except one prominent protein that migrated with an apparent
molecular mass of -90 kDa and a pl between 6 and 7 (Fig. 1).

Several independent isolations were done, and the corre-
sponding regions of both control and IRE gels, after transfer
to nitrocellulose, were digested with either of two endopro-
teinases. The resulting peptides were resolved by HPLC. The
high yield and specificity of the IRE-binding protein purifi-
cation was shown by comparing the peptide maps for the two
gels after digestion with Lys-C (data not shown). Eleven
different peptide sequences were obtained from Lys-C di-
gestions, and four peptide sequences were obtained from
peptides derived from digestion with Asp-N protease. Three
of the four sequences obtained from the latter enzyme
digestion overlapped with Lys-C-derived peptides.

Isolation of a cDNA Clone. A 7-amino acid sequence within
a peptide of 15 amino acids was used to construct a 20-mer
with 64-fold degeneracy. By using this probe, 21 positive
clones were identified from an initial screening of 400,000
phage plaques. The positive clones were plaque-purified and
compared by restriction endonuclease mapping and Southern
hybridization with the screening oligonucleotide. Four clones
have thus far been identified that have unique restriction
maps and do not appear to represent different regions of the
same cDNA. The screening oligonucleotide was used as a
sequencing primer, and two of the clones have been com-
pletely sequenced. With additional sequencing primers that
would hybridize to both strands of the cDNA, one of the
clones, initially called 8.1, yielded the identical predicted
amino acid sequence for the region containing the oligonu-
cleotide used for screening as well as the flanking amino acids
known to be present at the amino and carboxyl termini of the
peptide as determined by the direct peptide analysis. This
sequence was extended in both directions, and the entire
3.4-kb clone was sequenced on both strands. An ORF of 790
amino acids surrounded the Asp-N peptide, and 13 remaining
peptide sequences, including 192 sequenced amino acids,
were located. A total of 208 amino acids was located (includ-
ing sequence overlaps), and amino acid sequences predicted
from DNA sequencing differed from those obtained from
peptide sequencing at only four positions. The sequenced
peptides are found throughout the ORF (see Fig. 3). We will
hereafter refer to clone 8.1 as the IRE-BP, and the amino
acids in this ORF will be numbered such that the proposed
initiating methionine shown in Fig. 3 is number 48. At
position 1, a stop codon is present that is in-frame with an
upstream ORF. The full ORF could even extend further 5' of
the proposed initiating methionine at position 48.
The cDNA clone was used to identify the size of the

corresponding mRNA by probing Northern (RNA) blots
under high-stringency hybridization conditions with a probe
corresponding to bases 1262-1863 (Fig. 2). A single mRNA
species of -3.6 kb was identified. Identical results were
obtained from an epithelial-like cell line (HeLa), lymphoid
lines (T-cells MT1, Hut 102B2, and B cells Raji, 4672, and
8221), myeloid cell lines (K-562), and the gibbon T-cell line
MLA 144. No differences in mRNA levels were seen as a
function of the iron status of K-562 cells, as was expected
from previous studies of the IRE-BP that suggested regula-
tion of the IRE-BP is posttranslational (16). The cDNA
recognized a conserved mRNA in a gibbon cell line but did
not, under our conditions, detect any mRNA in murine cell
lines, although murine IRE-BP activity is readily detectable
in gel-shift assays (15). The clone isolated contained 3355
bases [excluding poly(A)] as determined by sequencing.
Identification of a 40-base poly(A) tail ensured that the entire
3' UTR was present in the clone. The ORF ends at base 2630,
and the 3' UTR is 725 bases. From the estimated message size
of 3.6 kb, we are probably not missing >150-200 bases in the
5' region of this cDNA clone.

10 20 30
1 cccacacact gacatqacag gqcttgqqgca

61 acctcaccct gccactccac catgtatgat
121 tqtcctaqga aaaccagaac tcaqaacttq
181 aacatagaag tqccatttaa qcctgctcqt
241 qctqtgqttq actttqctgc aatgcqtgat
301 aaaataaacc ctqtctqccc tqctqatctt
361 aacagaagqq caqacaqctt acaqaaqaat
421 cqatttgaat ttttaaaqtg qggttcccaq
481 ggctcaggaa tcatccacca ggtgaatttg
541 gatqgatatt attacocaga caqcctcqtq
601 qqcttgqgca ttcttqqttg qqgtqtcqqt
661 cagccaatca gtatqgtgct tcctcaggtg
721 cctctqqtaa catccactga catcqtqctc
781 gtagtgqgca aatttqtcga gttcttcggg
841 cgagctacga ttqctaacat qtqtccagag
901 gatgaaqtta gtatcacqta cctqgtgcaa
961 attaaaaaat atcttcagqc tqtaggaatq

1021 ccagacttca cccagqttqt qqaattagat
1081 cccaaaagqc ctcaqgacaa agttqctqtq
1141 cttqqaqcca aqcaaggatt taaaggattc
1201 aagaccttta tctatqataa cactqaattc
1261 qccattacta qctgcacaaa caccaqtaat
1321 gcaaagaaag ctqtqqatqc tggcctgaac
1381 cctqgqaqtq qcqtqqtcac ctactaccta
1441 caqcttgqgt ttgacqtqqt qggctatqgc
1501 ttacctqaac ctgtqqtaga agccatcaca
1561 attqgaacag gaattttgaa qgctgagctt
1621 tctcccccct tagtaatagc atatqcaatt
1681 gaqccattqq gagtaaatqc aaagggacaq
1741 agagacqaga tccaqqcaqt ggaqcqtcag
1801 tatcagaaaa taqagactqt gaatqaaaqc
1861 ctgtttttct gqaattccaa atctacqtat
1921 actttggatc ttcagccccc taaatctata
1981 gattcqgtaa caactgacca catctcccca
2041 qctcqctact taactaacag aqqcctaact
2101 qaqqtaatqa cgccqtcatq qcacggqqaa
2161 tttttgaaca aqcaggcacc acagactatc
2221 tttgatgctg ctqaqcggta ccagcaggca
2281 qagtacqgtq cagqcagctc ccgagactqq
2341 aaagccqtcc tqqccqaqag ctacqaqcqc
2401 qtqatcccac ttgaatatct ccctgqtgaq
2461 gaacgataca ctatcattat tccagaaaac
2521 ctqgatactg qcaagacctt ccaqqctqtc
2581 tatttcctca acqgqggcat cctcaactac
2641 tqcacttgqt cqtqcqccca ggqaggaaqc
2701 aqaqgcctcc ctggctgcct ctqgqaqqqg
2761 tqaqqqtctq gtqccaatcc tqtaqqcaca
2821 gttaatcatc ttctcttttt ccagaatttq
2881 ccagaaagag agaaccaagc ttqtctttaa
2941 ctqtttccta ttaatcttca gctqaacaca
3001 ctcttattqt tcctcttacg ctctgctcaa
3061 ttctgtatta attataccag tgttaaqtqa
3121 aqagcaqtqa ttctctcttc tctccccttt
3181 tggatagqtc qggtgttaaa qttqttttga
3241 agaaatqtqa aqttttcttt tactatcttt
3301 gqcqqtttgg gagaacacat ttctaatttq

10 20 30

40 50 60
agactcctgt tctacttatc cttttgaaat 60
cattccagag atctttgtga ctagagttag 120
cctccatqqt tqagtaacaa gctqtacaag 180
gtcatcctqc aggactttac gggtgtgccc 240
gctgtgaaaa aqttaggagq agatccagag 300
gtaatagatc attccatcca ggttgatttc 360
caagacctgg aatttgaaag aaatagagag 420
gcttttcaca acatgcggat tattccccct 480
gaatatttgq caagaqtggt atttgatcag 540
qgcacagact cgcacactac catgattgat 600
ggtattgaag cagaagctgt catgctgggt 660
attggctaca ggctgatggg gagaccccac 720
accattacca agcacctccg ccaqgttgqg 780
cctggagtag cccagttqtc cattqctgac 840
tacggagcaa ctgctgcctt tttcccagtt 900
acaqgtcgtg atgaagaaaa attaaagtat 960
tttcgagatt tcaatgaccc ttctcaagac 1020
ttgaaaacag tagtgccttq ctgtagtgga 1080
tccgacatga aaaaggactt tgagaqctgc 1140
caagttgctc ctgaacatca taatgaccat 1200
acecttgctc atqgttctgt ggtcattget 1260
ccgtctgtga tgttaggggc aggattgtta 1320
gtgatgcctt acatcaaaac tagcctgtct 1380
caagaaagcg gagtcatgcc ttatctgtet 1440
tgcatgacct gcattgqcaa cagtggqcct 1500
cagggagacc ttgtaqctgt tggagtcatc 1560
taccccaaca cccqqgccaa ctatttagcc 1620
gctggaacca tcagaatcga ctttgagaaa 1680
caqgtatttc tgaaaqatat ctggccqact 1740
tatgtcatcc cggggatgtt taaggaaqtc 1800
tggaatgcct taqcaacccc atcagataag 1860
atcaaatcac caccattctt tgaaaacctg 1920
gtgqatgcct atgtgctgct aaatttggga 1980
gctggaaata ttgcaagaaa cagtcctqct 2040
ccaegagaat tcaactccta tggctccccc 2100
catttgccaa cattgcgctt gttaaacaga 2160
catctqcctt ctggggaaat ccttgatgtg 2220
ggccttcccc tgatcgttct ggctggcaaa 2280
gcaqctaagg qccctttcct gctgggaatc 2340
attcaccgca gtoacctggt tgqgatggqt 2400
aatgcagatg ccctggqgct cacaqqgcaa 2460
ctcaaaccac aaatgaaagt ccaqgtcaag 2520
atgaggtttg acactgatgt gqagctcact 2580
atqatccgca agatqgccaa gtaggagacq 2640
cqcaccacca qccaqcgcag qccctqqtqq 2700
tgctqccttg tagatgqagc aaqtgaqcac 2760
aaaccagaag gttctaecatt ctctattttt 2820
gaaqctagaa tqgtqgqaat gtcagtagtg 2880
aqttactqat cacaggacgt tqctttttca 2940
aqcaaacctt ctcaqqaqgt gtctcctacc 3000
tgaaaccttc ctcttqaqgg teattttcct 3060
catagataag aactttgoac acttcaaatc 3120
tccttcagag tqaatcatec agactcctca 3180
ttatgtacct tttgatagat ccacataaaa 3240
tcatttatca agcagagacc tttqttgqqa 3300
aatqaaatga aatctatttt caqtq 3355

40 50 60

FIG. 2. The DNA sequence of the IRE-BP. The putative trans-
lation start site is at base 262, and upstream stop codons are at 113
and 119. The translation stop site is at base 2631, and the poly(A)
sequence begins at 3356.

Chromosomal Localization. In a previous study (15) we had
localized the gene encoding the human IRE-BP to chromo-
some 9. This study used the gel-mobility-shift assay to
localize binding activity to a specific chromosome in human-
rodent hybrid cell lines and was based on a distinguishable
difference in migration of an IRE-containing probe when it
was complexed to human or rodent IRE-BP. A 647-base-pair
(bases 1262-1863) fragment contained within the reading
frame of clone 8.1 was isolated and used to hybridize to
human genomic DNA derived from a panel of 97 rodent-
human hybrid cell lines. Analysis of the Southern hybridiza-
tions from these hybrids localized the DNA sequence to
chromosome 9. In contrast, the IRE-BP sequence segregated
discordantly (-24%) with other human chromosomes. Two
discordancies (2% discordancy) were noted with chromo-
some 9 that may represent retention of only a portion of this
chromosome in the discordant hybrids.
The same probe was used to assess the presence of

restriction fragment length polymorphisms (RFLPs). A high-
frequency RFLP was found in EcoRI digests, and the IRE-BP
gene was detected as 11- to 12-kb or 5-kb allelic bands that
displayed Mendelian segregation in families (data not
shown). This RFLP will permit regional localization of the
IRE-BP gene on chromosome 9 by genetic linkage analysis.
No RFLPs were detected with 11 other enzymes (BamHI,
HindIII, Xba I, Sac I, Taq I, Pvu II, Bgl II, Pst I, Msp I,
EcoRV, Kpn I) on examination of 10 unrelated individuals.
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Cloning of a Second, Closely Related Protein. One of the
striking findings of the library screening came when we
examined a second distinct clone, 10.1, for which the degen-
erate screening oligonucleotide also served as a successful
sequencing primer. Despite differences in the nucleotide
sequence between clones 10.1 and 8.1, we could locate the
identical amino acid sequence (NMCPEYG) used to generate
the screening oligonucleotide. The surrounding amino acid
sequence matched the peptide from clone 8.1 at 13 of 15
positions. Further sequencing revealed that this second pep-
tide is contained within an ORF of >800 amino acids. Clone
10.1 clearly encoded a protein very closely related to the
IRE-BP (8.1). Overall, the two proteins are 57% identical and
75% similar when conservative amino acid changes are
considered (30, 31). Fig. 3 shows that similarity extends over
the entire ORFs, although certain regions show significant
identity, whereas others are less conserved. Each protein
contains a single insertion that interrupts the aligned simi-
larities. The computer alignment (32) suggests that clone 10.1
contains an inserted stretch of73 amino acids between amino
acids 37 and 38 of the IRE-BP, whereas clone 10.1 lacks a
region homologous to the sequence between amino acids 436
and 470 of the IRE-BP. At the 3' end of the ORFs, the two
proteins end at homologous positions. However, the corre-
spondence at the 5' end is less clear. We have placed the
initiating methionine for the IRE-BP as the first methionine
that follows two stop codons in-frame with the ORF of the
protein. However the ORF from clone 10.1 continues in the
5' direction through this region. Perhaps most suggestive that
the coding region ofclone 8.1 actually extends further 5' is the
clear continuation of amino acid similarity for an additional
27 amino acids 5' of the position of the putative IRE-BP
initiating methionine. In this region of amino acid conserva-
tion, the third bases of the codons are not conserved, a
feature suggestive of selective retention of amino acid se-
quence. We have extensively sequenced this region of the
IRE-BP clone to check for sequencing errors and have found
none. Even so, the possibility exists that the true start of the
IRE-BP ORF is further 5', although the size of the protein and
the mRNA would not allow for a very significant amino-
terminal extension of the protein.

Despite the extensive sequence similarity between the two
proteins, there is no evidence that the IRE affinity purifica-
tion isolates any of the 10.1 protein. None of the peptides
sequenced by Edman degradation is represented exactly in
the 10.1 protein, whereas 14 peptides were encoded by the
clone 8.1 ORF. Whether these two proteins are derived from
a larger family of genes remains to be determined. Clone 10.1
has been localized to chromosome 15 (data not shown).

Structural Characteristics of the Cloned Protein. The ORF
of the IRE-BP (8.1) clone encodes 790 amino acids corre-
sponding to a protein with a molecular mass of 87 kDa and a
pl, in the absence of any posttranslational modifications, of
6.1. Search of available data banks failed to find any previ-
ously reported protein or gene with significant sequence
similarity at either the amino acid or nucleotide level (32). We
have not yet directly shown that a protein expressed from
clone 8.1 has IRE-binding activity (see Note). However, the
fact that the purification protocol was based on the capacity
of the isolated protein to function as an IRE-BP, and 14
different peptide sequences, found in the clone, were ob-
tained from separate preparations and digests indicates that
this is indeed the 90-kDa IRE-BP. Size fractionation, UV-
crosslinking, and three published purification protocols (22,
33, 34) have shown that 90 kDa is the approximate molecular
mass of the IRE-BP. The affinity purification scheme used in
our study has clearly been shown to specifically purify both
a functional IRE-BP and isolate a single protein species (22).
A similar protocol recently reported (34) confirms the validity
of this approach. As predicted by the specificity of the
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FIG. 3. Amino acid sequence of the IRE-BP (using single-letter
amino acid code). An arrow at position 48 denotes the putative
IRE-BP translation start site, and numbering of amino acids begins
after an upstream in-frame stop codon. Solid black lines denote
peptides obtained from Lys-C digestions, and dashed lines represent
peptide sequences obtained from N-Asp digestion. Three sequence
overlaps are present. An inverted triangle denotes a division between
two separate Lys-C peptide sequences. Also shown is the aligned
protein sequence derived from the related clone 10.1. Identities are
represented with vertical lines, and double and single dots bridging
the sequences represent scores derived from a relatedness odds
matrix (30, 31) that primarily reflects chemical relatedness of amino
acids. The top numbered rows of each pair represent the IRE-BP.
Stop codons are represented by asterisks, and gaps are represented
by single dots positioned above or below the letters for amino acids
of the related protein. Between amino acids 84 and 85 of the IRE-BP,
a large 73-amino acid unnumbered insertion of clone 10.1 is repre-
sented.

purification scheme, we could locate sequences from pep-
tides generated with two different endoproteases within a
single clone. Overlapping sequence found between different
preparations confirms the reproducibility of the isolation of a
single protein, and none of the peptides identified from the
IRE-containing resin was found in the control resin eluate.
The fact that clone 8.1 contains 14 of the sequenced peptides
and the added fact that the cloned cDNA is encoded by a
single gene present on chromosome 9, as predicted from
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functional analysis (15), leads us to conclude that clone 8.1
must encode the IRE-BP. We cannot rule out that the clone
10.1 protein may also bind IREs.
Whether the IRE-BP defined functionally truly consists of

a single protein can be questioned. Some published reports of
purifications have suggested a doublet on SDS/PAGE (34),
and UV-crosslinking of IRE-containing RNA to rat lysates
has identified two bands at -90 kDa (8). Further, we often
observed several bands in the gel-mobility-shift assay (21).
Whether these observations result from modifications of a

single protein or are better explained by the existence of
additional IRE-BP polypeptides needs to be addressed.
Absent from the clone 8.1 sequence are predicted ribonu-

cleoprotein consensus sequences (35, 36), zinc finger motifs
(37), or very basic domains. The IRE-BP is a relatively large
protein compared with many characterized nucleic acid-
binding regulatory proteins. Several interesting motifs can be
identified that may have important functional implications.
Beginning at amino acid 161 (depicted in Fig. 3) is a consensus
sequence for the binding of adenine nucleotides (GXGXXG
XXXXG) found in ATP-dependent kinases and adenine di-
nucleotide-binding proteins (38, 39). The 8.1 sequence lacks
the AXK sequence downstream that is present in kinases.
The exact sequence within this consensus motif most closely
resembles the NADH binding site for an Escherichia coli
oxidoreductase (39). Interestingly, the region containing this
motif is among the most highly conserved between the
IRE-BP and the 10.1 protein (Fig. 3). The presence of a

potential adenine dinucleotide-binding site is particularly
intriguing in terms of our model, suggesting the use of a redox
sulfhydryl switch in the regulation of the affinity state of the
IRE-BP (16). NADH might serve as a potential electron
donor in IRE-BP reduction.

Further intriguing features of the primary sequence are

cysteine and histidine clusters that might function as metal-
binding sites. Beginning at amino acid 356, the sequence
EHHNDH is similar to proposed metal-binding sites (40). In
addition, two cysteine clusters are seen near amino acids 318
and 452. The latter contains the sequence CXXC, a sequence
often seen in iron-containing proteins, generally as part of an
iron-sulfur center (41). Such closely spaced cysteine pairs
may serve as either metastable iron interaction sites or sites
of formation of stable iron-sulfur complexes. High potential
iron-sulfur clusters are generally coordinated by two cys-
teines and two histidines (42).

Note. cDNA clones corresponding to portions ofthe rabbit IRE-BP
(also termed the ferritin repressor protein or FRP) have been
identified recently in an expression library with antibodies capable of
immunoprecipitating the rabbit IRE-binding activity (43). The partial
sequence of the protein predicted from these rabbit cDNA clones is
nearly identical to that of the human IRE-BP encoded by our clone
8.1.
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