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The interaction of ferritin mRNA is regulated by iron
via the interaction of a cytoplasmic binding protein (IRE-
BP) with a specific stem-loop structure in the 5'
untranslated region (UTR), referred to as the iron-
responsive element (IRE). A high affinity RNA-protein
complex between the IRE and the IRE-BP functions as
a repressor of translation in vivo. Translational repression
appears to depend upon the position of the IRE in the
5' UTR of the mRNA. IREs located in the 5' untranslated
region 67 nucleotides or more downstream of the 5'
terminus of the mRNA fail to mediate iron-dependent
translational regulation and give rise to constitutively
derepressed transcripts. A model is proposed in which
translational regulation of protein biosynthesis involves
a position-dependent interference of the IRE/IRE-BP
complex with one of the initial steps in translation
initiation.
Key words: gene expression / iron-responsive element/
ribosome/RNA -protein interactions/translation

Introduction
Translational control is a physiologically important
mechanism of gene regulation in eukaryotic cells. Examples
of translationally regulated systems include the mRNA for
the transcription factor GCN4 (Miller and Hinnebusch, 1989;
Tzamaris et al., 1989), heat shock mRNAs (McGarry and
Lindquist, 1985; Hultmark et al., 1986), viral RNAs
(Sonenberg, 1987; Pelletier and Sonenberg, 1988),
developmentally regulated mRNAs (Strickland et al., 1988;
McGrew et al., 1989), and the mRNAs which encode the
iron storage protein ferritin (Zahringer et al., 1976). In all
of these examples, the process of translation initiation is the
target of regulation.

In contrast to prokaryotes, where the ribosomes bind to
an internal region of the mRNA close to the initiator AUG
codon (Maitra et al., 1982), eukaryotic mRNAs usually
make first contact with the small ribosomal subunit (as part
of the 43S pre-initiation complex) at or near the 5' end of
the transcript (Moldave, 1985; Kozak, 1989a). It is well
known that the presence of a cap structure (7mGpppX) at
the 5' terminus of eukaryotic mRNAs enhances the rate of
binding of the 43S pre-initiation complex to the mRNA
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(Banerjee, 1980; Shatkin, 1985). The cap itself serves as
a binding site for the cap-binding complex [CBC] (elF-4F,
CBP II) which consists of several polypeptides. Binding of
CBC to the cap is followed by unwinding ofRNA secondary
structure, a process which is mediated by the RNA helicase
activity of elF-4A (Ray et al., 1985; Sarkar et al., 1985)
and which appears to facilitate the interaction between the
mRNA and the 43S pre-initiation complex (Abramson et al.,
1987). This initial binding step has been proposed to be
followed by a scanning process of the 43S complex in a 5'
to 3' direction (Kozak, 1989a). The complex migrates until
it arrests at the initiator AUG codon (Kozak, 1986). At the
initiator codon, the 60S subunit will join the 43S complex
to form an 80S ribosome and translation begins.

Previous studies examined the effect ofmRNA secondary
structure on translation initiation by insertional mutagenesis
(Pelletier and Sonenberg, 1985a; Kozak, 1986, 1988,
1989b). It was shown that the introduction of stem -loop
structures positioned near the cap site inhibits translation.
When such structures are placed further downstream, but
within the 5' UTR, inhibition of translation requires more
stable structures, with a calculated Gibbs energy in the range
of -50 kcal/mol (Kozak, 1986). Furthermore, an ex-
perimentally introduced stem -loop structure resulted in the
loss of the ability to cross-link an 80 kd protein correspon-
ding to the elF-4B which can normally be cross-linked to
the cap structure after irradiation with ultraviolet light when
the inserted stem -loop was close to the 5' end of the
transcript (Pelletier and Sonenberg, 1985b). These obser-
vations and others (for reviews see Sonenberg, 1988, and
Kozak, 1989a) allow two major conclusions: (i) secondary
structure within the 5' UTR can influence the efficiency of
translation initiation; and, (ii) the effect of secondary struc-
ture is not uniform throughout the 5' UTR, but depends on
its position with respect to the cap site.
The translation of ferritin mRNA provides a highly

conserved, physiologically regulated model system which
permits experimental access to several questions pertaining
to general principles of translation in eukaryotic cells. All
full-length ferritin cDNAs cloned thus far contain a
characteristic, moderately stable stem-loop structure with
a loop sequence of 5' CAGTGN 3' in the 5' UTR (Hentze
et al., 1988). This element has been shown to be necessary
and sufficient for iron-dependent translational regulation of
ferritin mRNAs and has therefore been termed 'iron-
responsive element' or 'IRE' (Aziz and Munro, 1987;
Hentze et al., 1987a,b). The IRE serves as the binding site
for a specific cytoplasmic binding protein of - 90 kd which
is referred to as 'IRE-binding protein' or 'IRE-BP' (Leibold
and Munro, 1988; Rouault et al., 1988). The iron status of
the cell correlates with alterations in the affinity with which
the IRE-BP can bind to the IRE (Haile et al., 1989; Hentze
et al., 1989a). Under conditions of iron deprivation, when
the rate of translation of ferritin mRNA is low, the number
of high affinity IRE-BPs found in the cytosol increases. Con-

4127



B.Goossen et al.

versely, when iron is plentiful, conditions under which fer-
ritin mRNA translation is high, little if any high affinity
IRE-BP activity is found in the cytosol. These results
suggested that the high affinity binding of the IRE-BP to its
target RNA correlated with the repression of translation.
Direct support for this came from in vitro studies where the
addition of partially purified IRE-BP to a cell-free translation
system, derived from a wheat germ extract, results in the
specific inhibition of ferritin biosynthesis (Walden et al.,
1988). Finally, we have demonstrated that the presence of
the IRE stem -loop structure in the 5' UTR of an mRNA
correlates with the inhibition of translatability (Caughman
et al., 1988). This inhibition is relieved in the presence of
iron, again suggesting that the IRE-BP, via its interaction
with the IRE, acted in vivo as a translational repressor. A
limitation to such an interpretation of this last study was the
fact that the difference in translatability correlated with a
gross difference in the structure of the 5' UTR in terms of
the presence or the absence of the IRE stem-loop. To in-
vestigate the role of the high affinity interaction of the IRE-
BP with the IRE in translational control more accurately,
we have taken advantage of the observation that the 5' C
residue of the IRE loop is critical for its function (Hentze
et al., 1988; Rouault et al., 1988; Casey et al., 1989). We
have designed indicator constructs which permit variation
in the number and/or position of IREs within the 5' UTR
without affecting the predicted secondary structure of the
5' UTRs or the nucleotide sequences which surround the
IREs. We here confirm that the IRE/IRE-BP complex func-
tions as a translational repressor in vivo. However, we
demonstrate that the ability of the IRE to serve as a cis-acting
translational regulatory element is strictly dependent upon
its position with respect to the cap structure of the transcript.
Thus, IRE/IRE-BP complex formation within the 5' UTR
alone is not sufficient for translational repression.

Results

The IRE mediates translational repression in vivo
The observations outlined above suggest that binding of the
IRE-BP to the IRE represses rather than enhances the ability
of ferritin mRNA to be translated. More direct support for
such a model should compare the translation efficiencies
('translatability') of mRNAs which differ only with regard
to the presence or absence of a functional IRE, but which
have the same potential for secondary structure formation
and near identical nucleotide sequences. To address this
question, we designed synthetic oligodeoxyribonucleotides
which were cloned eight nucleotides downstream from the
transcription start site and 62 nucleotides upstream of the
AUG initiator codon of a previously described human growth
hormone (hGH) indicator construct (Hentze et al., 1987b;
Casey et al., 1988). These oligodeoxyribonucleotides contain
four potential IRE motifs which are separated by a spacer
consisting of six adenosine residues (Figure 1). The se-
quences of the two halves of the so-called 'lower stem'
(Hentze et al., 1988) of each potential IRE were chosen to
ensure that they would base-pair only with the comple-
mentary sequence from the same IRE and not with one of
the other three IRE motifs. In addition, this design permitted
the introduction of restriction sites which were utilized in
subsequent experiments (see below). The constructs were
designed to contain either 'functional' IREs (six-membered
loop sequence = CAGUGC) or 'non-functional' IREs (five-
membered loop sequence = AGUGC). Of the four different
IRE motifs in each construct, ones from which the critical
5' C residue of the IRE loop has been omitted are indicated
with a A. For example, in construct 1 + A3 x IRE-GH,
the 5' most IRE is structurally intact, whereas the remaining
three motifs contain the single nucleotide deletion (Figure 1).

Initially, we compared the iron-responsiveness and
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Fig. 1. Schematic representation of the 5' untranslated region (UTR) of the human growth hormone (hGH) indicator constructs. The 5' end of the
nucleotide sequence corresponds to the transcription start site, the boxed ATG indicates the translation start site. No additional ATG triplets are
located within the 5' UTR. The 'C' residues which are marked with an arrow serve as reference points for the distance from the 5' end of the
transcript. The circled 'C' residues have been shown to be critical for IRE function and were utilized for variation of the structural integrity of a
particular IRE, as shown in the bottom half of the figure. Restriction sites which were utilized in some constructs (Figure 4) are indicated by
brackets.
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translatabilities of two closely related indicator constructs
which have been stably transfected into murine B6 cells. To
alter the cellular iron status, transfectants were treated with
hemin as a source of iron or the iron chelator
desferrioxamine. The cells were then metabolically labeled
with [35S]methionine, and quantitative immunoprecipitation
of hGH and endogenous murine ferritin was performed; in
parallel, RNA was prepared from identically treated stable
cell lines and analyzed by Northern blotting with an hGH
specific DNA probe. The two constructs differed only by
the presence (1 + A3 x IRE-GH) or absence (A4 x IRE-
GH) of a single C residue in the loop of IRE # 1 and thus
contained either one or no structurally intact IRE. If the IRE
was the binding site for a translational repressor, the trans-
latability (unit ofhGH biosynthesis per unit ofhGH mRNA)
of A4 x IRE-GH mRNA should be constitutively high when
compared with its iron-responsive counterpart, at least under
conditions of iron starvation.
The data shown in Figure 2 demonstrate that the IRE-BP

indeed acts as a translational repressor in vivo. The hGH
mRNA levels remain largely unaffected by hemin and
desferrioxamine treatment (the lower signal in the lane from
hemin treated 1 + A3 x IRE-GH cells is due to a difference
in gel loading) and are essentially the same in the two cell
lines; however, the iron-independent translation of
A4 x IRE-GH mRNA is as high as the level of iron
induction of the 1 + A3 x IRE-GH mRNA. The failure of
A4 x IRE-GH mRNA to respond to iron manipulations is
clearly due to the absence of a functional IRE from the
indicator transcript, because the translation of endogenous
murine ferritin mRNA is regulated identically in the two cell
lines (Figure 2). The range of iron regulation (the H/D ratio)
for 1 + A3 x IRE-GH closely resembles the H/D ratio of
endogenous ferritin biosynthesis; this finding supports our
previous conclusion (Caughman et al., 1988) that the IRE
is the only cis-acting element which is responsible for iron-
regulated ferritin mRNA translation.
Position-dependent function of the IRE
Based on the results presented in Figure 2, we investigated
the mechanism by which the RNA -protein complex inhibits

1+ A 3xlRE-GH
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translation. Since translation initiation is an asymmetric
process which begins at the 5' end ofthe mRNA and involves
several steps before protein synthesis initiates at the AUG
codon, the position of the IRE within the 5' UTR might affect
its ability to interfere with this multi-step process. It had
previously been shown that the distance between the IRE
and the initiator AUG could be manipulated over a range
of 137 nucleotides without an effect on the ability of the IRE
to function as a translational regulator (Hentze et al., 1987b).
We hypothesized that the position of the IRE with regard

to the 5' cap structure might be functionally relevant. To
investigate this question, we took advantage of the previously
described constructs and generated three additional plasmids
which contained either one or two structurally intact IREs.
The invariant unpaired C residues at the 5' end of the 'upper
stem' of the IRE motif (marked by arrows in Figure 1) were
used as reference points for the distance of a particular IRE
from the 5' end of the mRNA.

Figure 3 shows that a structurally intact IRE fails to
regulate mRNA translation when present at position 132 (in
construct A3 + 1 x IRE-GH) rather than position 17 (in
construct 1 + A3 x IRE-GH). An IRE at position 93 (in
construct A2 + 2 x IRE-GH) also does not exhibit IRE
function. As predicted from the previous results (Figure 2),
construct 2 + A2 x IRE-GH did display iron regulation.
Interestingly, this mRNA with two structurally intact IREs
has a similar H/D ratio as 1 + A3 x IRE-GH mRNA
which contains only one IRE. Moreover, the dose -response
patterns of the two transcripts to different concentrations of
either hemin or desferrioxamine display no significant
differences (unpublished observations). These findings
indicate that the presence of an additional IRE in position
55 has no significant influence on the function of the more
5' IRE. Consistent with this view, we have found that a
construct which contains four IREs (in positions 17, 55, 93
and 132) is regulated similarly to the single IRE construct
1 + A3 x IRE-GH (position 17, data not shown).
Our interpretation that A3 + 1 x IRE-GH mRNA fails

to regulate translation because the only structurally intact
IRE (IRE #4) is located far downstream from the cap site
predicts that IRE motif #4 should confer iron-dependent
mRNA translation when moved closer to the cap site. We
utilized the BamHI restriction sites in our constructs for
deletion of IRE motif # 1 (see Figure 1) from either

1+ A 3xIRE-GH A3+1xlRE-GH

1LhCLi C H D

UMhGH _0
H D

40*

C H D

_ IU~LR-MhGH

2+ A 2xlRE-GH A2+2xlRE-GH

Fig. 2. The IRE binds a translational repressor in vivo. Stable
transformants were analyzed by quantitative immunoprecipitation
(Ippt.) after treatment with 100 j.M hemin (H) or 100 FAM
desferrioxamine (D) and metabolic labeling with [35S]methionine, or
by Northern blotting with a human growth hormone (hGH) specific
probe after identical treatment of the cells. In the upper panel,
specifically precipitated hGH and endogenous murine ferritin H- and
L-chains (Fer) are shown. Control samples which received neither
hemin nor desferrioxamine are marked with a 'C'. The position of the
structurally intact IRE is marked with an asterisk.
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Fig. 3. Position-dependent function of the IRE. Stable transformants
were analyzed by immunoprecipitation of metabolically labeled human
growth hormone as described in Figure 2. Iron regulation of
endogenous murine ferritins was similar in all four cell lines (not
shown). The positions of structurally intact IREs are marked by an
asterisk.
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A3 + 1 x IRE-GH or A2 + 2 x IRE-GH to create
A3 + 1 x IRE-GH[6#I]orA2 + 2 x IRE-GH[6#l].In
addition, we treated A3 + 1 x IRE-GH with BamHI and
NheI (Figure 1) to create A3 + 1 x IRE-GH[5# 1,2,3].
The resulting deletion constructs were tested for iron
regulation after transient expression in B6 fibroblasts.

It is evident from Figure 4 that the deletion construct
A3 + 1 x IRE-GH[6 # 1,2,3] displays the same pattern of
iron regulation as construct 1 + A3 x IRE-GH, which was
included as a positive control. Thus, the IRE motif #4 is
capable of conferring iron regulation when positioned
sufficiently close to the 5' end of the mRNA. The BamHI
deletions which remove the 5' most IRE motif (26
nucleotides) from A3 + 1 x IRE-GH or A2 + 2 x IRE-
GH both generate constructs which do not respond to iron
perturbations. The failure of A3 + 1 x IRE-GH[8 # 1] to
display iron regulation was expected, because the [6 # 1]
deletion moved the structurally intact IRE motif #4 to
position 106; the failure of A2 + 2 x IRE-GH[6 # 1] to be
translationally regulated indicates that, at least in the context
of these particular indicator constructs, even position 67 is
too far 3' from the cap structure to permit IRE function.

IRE/IRE-BP complex formation in the 5' UTR is not
sufficient for translational repression
Based on previous analyses of IRE structure and IRE-BP
binding requirements (Hentze et al., 1989a; Rouault et al.,
1988; Casey et al., 1989; Haile et al., 1989), we expected
that the IRE-BP would be able to bind to the IRE motif # 4
in the 5' UTR of A3 + 1 x IRE-GH. In order to test this
assumption, BglI restriction fragments which include the
entire 5' UTRs of the IRE-less construct A4 x IRE-GH,
of the iron-responsive construct 1 + A3 x IRE-GH, and
of the non-regulated construct A3 + 1 x IRE-GH were
cloned into pGEM 3zf(-). In vitro transcripts were tested
for their ability to form a 32P-labeled IRE/IRE-BP complex
or to compete for complex formation as unlabeled transcripts
in mobility shift assays (Leibold and Munro, 1988). Figure
5 demonstrates that the in vitro transcripts derived from
1 + A3 x IRE-GH and A3 + 1 x IRE-GH can both bind
the IRE-BP, whereas the A4 x IRE-GH transcript cannot
engage in a high affinity interaction with the IRE-BP. The
affinity constants for the transcripts derived from
1 + A3 x IRE-GH and A3 + 1 x IRE-GH were not-

directly measured. However, both transcripts appear to form
IRE/IRE-BP complexes with equal efficiencies, and the IRE
motif #4 binds the IRE-BP with sufficiently high affinity
to mediate the iron regulation observed for construct
A3 + 1 x IRE-GH[6 # 1,2,3] (Figure 4). A transcript
corresponding to the regulatory region from the 3' UTR of
the human transferrin receptor [TfR] mRNA which has
previously been shown to contain five IREs and to be
responsible for iron-dependent regulation of TfR mRNA
stability (Casey et al., 1988; Mullner and Kuhn, 1988; Casey
et al., 1989), is shown as a positive control for IRE-BP
binding. When added as unlabeled competitors in 500-fold
molar excess, transcripts derived from the TfR (lanes a),
1 + A3 x IRE-GH (lanes b), and A3 + 1 x IRE-GH
(lanes c) completely abolish complex formation with the
32P-labeled probes. Transcripts from A4 x IRE-GH
display partial competition (lanes d), presumably through
a lower affinity interaction with the IRE-BP (Rouault et al.,
1988).
The results demonstrate that the 5' UTR of

A 3+l±xBE-GH
competitor - a b c d

1 + A3xiRE-GH
competitor: - a b c d

A4RE-GH
- a b c d

Transterrin Receptor
- a b c d

1+ . 3xlRE-GH

.-\2+2xIRE-GH
18# 11

E 3 + 1 xl RE - G H
!6# 11

.%3+1 xIRE-GH
16 # 1 2, 31

C H D

FLfLILIhGH

0. *.*' ....lfLMhGH
-_ I TI............. hGH

Fig. 4. Analysis of selected constructs with deletions within the 5'
UTR of the indicator constructs depicted in Figure 1. The indicated
plasmid constructs were transiently expressed in murine B6 fibroblasts
and analyzed for iron regulation by immunoprecipitation of human
growth hormone as described in Figure 2. The range of iron
regulation of mRNAs under translational control of functional IREs is
known to show some experimental variation (Caughman et al., 1988)
and was in this experiment lower than in the experiments shown in
Figures 2 and 3. The positions of structurally intact IREs are marked
by an asterisk, dotted lines indicate regions of the 5' UTR which were

deleted from the parent constructs.
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Fig. 5. Binding of the IRE-binding protein (IRE-BP) to iron-responsive
elements in vitro. Restriction fragments including the complete 5'
untranslated regions of three indicator constructs or the iron regulatory
region from the human transferrin receptor (TfR) cDNA (Casey et al.,
1988) were subcloned into pGEM vectors. [32P]-labeled or unlabeled
synthetic RNA was transcribed in vitro and analyzed by mobility shift
assays for its ability to bind the murine IRE-BP. The transcript
A4 x IRE-GH cannot engage in a high affinity interaction with the
IRE-BP and shows no radiolabeled IRE/IRE-BP complex. However,
high molar excess of unlabeled A4 x IRE-GH can partially compete
for complex formation (Rouault et al., 1988), presumably through a
lower affinity interaction with the IRE-BP. The following competitors
were used: TfR (a), 1 + A3 x IRE-GH (b), A3 + 1 x IRE-GH (c),
andA4 x IRE-GH (d). The area of the specific IRE/IRE-BP complex
is marked by an arrow.
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A3 + 1 x IRE-GH can bind the IRE-BP in vitro and
support our view that A3 + 1 x IRE-GH mRNA is
translationally derepressed in spite of the ability of the
mRNA to form a high affinity IRE/IRE-BP complex. These
data suggest that the IRE/IRE-BP complex can only repress

translation initiation when it is located sufficiently close to
the cap site of the mRNA.

Discussion
We have employed transient and stable expression analyses
to characterize the in vivo role of the IRE-binding protein
and its binding site in the 5' UTR of ferritin mRNA, the
IRE. Our data demonstrate that the RNA -protein complex
represses translation initiation and that this repression is
dependent on the position of the IRE/IRE-BP complex with
regard to the 5' end of the mRNA.

All of our studies employ indicator constructs of similar
design. We have attempted to compose the 5' UTRs of the
indicator constructs in a way which allows prediction of their
secondary structures and which permits variation in the
number and/or position of IREs with minimal consequent
changes to the secondary structure of the 5' UTR and the
nucleotide context of the IREs. This particular design was

chosen to eliminate, as far as possible, ambiguities in the
interpretation which could result from non-specific effects
of secondary structure and nucleotide composition on the
efficiency of translation initiation. It should be noted that
despite the presence of four IRE-like motifs, the overall
degree of secondary structure formation apparently does not
affect the initiation apparatus, since the translation
efficiencies of mRNAs from the IRE-less construct
A4 x IRE-GH and a related construct from which all four
IRE-like motifs have been removed (deletion of nucleotides
13-147) are essentially identical (unpublished observations).

A

7mGR AUG

I
.7,ng AUG
.mGT rp"

B

The data presented in Figures 3 and 4 suggest that a

distance of 67 nucleotides or more between the cap struc-
ture and the IRE does not permit an IRE/IRE-BP complex
to interfere with the process of translation initiation
effectively. This distance assignment may depend to a cer-

tain extent on the tertiary structure of a particular mRNA.
We are now attempting to define determinants of this
'distance threshold' in more detail. To this end, we have
inserted a stuffer RNA element with little potential for secon-

dary structure formation and without any IRE-like features
between the transcription start site and the functional IRE
of a previously analyzed iron-regulated indicator construct
(referred to as TfR element C; Casey et al., 1988). This
insertion moves this transferrin receptor mRNA-derived IRE
from position 20 to position 67 and renders it unresponsive
to iron perturbations (unpublished observations). Thus, the
position-dependence which we observe with the constructs
used in this study was confirmed when different stuffer RNA
elements were used to alter the distance of a functional IRE
from the transcription start site. It is interesting that the
distance between the IRE and the cap structure of six fer-
ritin mRNAs from different species has been well conserv-

ed and ranges from 33 to 39 nucleotides (Theil, 1990).
However, the sequence for a Xenopus laevis ferritin mRNA
has recently been published and it contains an IRE sequence
174 nucleotides downstream of the cap site (Moskaitis et al.,
1990). Although it has not been directly demonstrated that
this IRE is functional, if it proves to mediate translational
regulation, we will need to reconcile the implications of this
Xenopus sequence with the findings reported here.

Insertion mutagenesis has helped to demonstrate that
secondary structure formation can influence the translational
efficiency of a particular mRNA (Pelletier and Sonenberg,
1985a; Kozak, 1986) and that the effect of secondary
structure may be more pronounced when the inserted motifs
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Fig. 6. A model for the position-dependent function of the IRE/IRE-BP complex as a translational repressor. Panel A depicts lack of IRE-binding of

the IRE-BP in iron-replete cells, panels B and C show high affinity IRE/IRE-BP complexes in iron starved cells. For a more detailed discussion, see

text.

4131

IRE

ED Cap-binding 43S pre-initiation
IRE-BP complex complex

I

i-A.



B.Goossen et al.

are placed in close proximity to the cap site (Pelletier and
Sonenberg, 1985b; Kozak, 1989b). Such studies clearly
demonstrate that the process of translation initiation can be
subject to inhibitory influences by cis-acting sequences within
the 5' UTR. For a translationally regulated system which
requires more than 100-fold changes in translational
efficiency, one might envisage a strong inhibitory stem -loop
motif which would be specifically recognized by a 'melting
protein'. Alternatively, a relatively weak stem -loop which
by itself would not impede translation initiation may serve
as a binding site for a regulated translational repressor
protein. The function of the protein could either be to stop
binding of the CBC by steric hindrance, to interfere with
translation initiation by stabilization of the hairpin -loop
structure, or by active enzymatic modulation of CBC
function. The ferritin IRE/IRE-BP complex appears to be
the first physiological eukaryotic example for such a
regulatory system.
Analyses of position-function relationships have had

significant impact on our understanding of several genetic
regulatory mechanisms. Examples include transcriptional
regulatory elements like the TATA box and enhancers
(Hochschild and Ptashne, 1986; Dynan, 1989), signals for
transcription termination and polyadenylation (Birnstiel
et al., 1985; Platt, 1986), and splicing signals (Keller, 1984).
The next challenge which the IRE/IRE-BP system poses will
be to define the molecular mechanisms by which the
RNA -protein complex represses translation. While several
models for this repression are possible, any model proposed
should accommodate the position requirement for IRE/IRE-
BP function. Figure 6 depicts such a model. Under condi-
tions of cellular iron load (Figure 6A), the IRE-BP does not
bind to the IRE (Klausner and Harford, 1989) and the 'free'
IRE does not impede translation initiation mediated by bind-
ing of the cap-binding complex [CBC] and subsequent inter-
action of the 43S pre-initiation complex with the ferritin
mRNA. Under conditions of cellular iron starvation (Figure
6B), the IRE-BP would form a complex with the IRE, which
in turn would impede either binding of the CBC or subse-
quent functionally critical steps. Our current data do not
distinguish between a blockage to CBC binding or inhibi-
tion of subsequent events. In a strict sense, our model would
not even require that the IRE/IRE-BP complex interferes
with the CBC. We are currently investigating whether the
IRE requires cap-dependent translation initiation for func-
tion or whether it can also regulate cap-independent transla-
tion initiation on a polio-virus derived template (Pelletier and
Sonenberg, 1988). In either case, the IRE/IRE-BP complex
fails to repress translation in iron-starved cells when the
complex is located too far downstream from the 5' end of
the mRNA (Figure 6C). This model would be consistent with
both the 'scanning model' as proposed by Kozak (1989a)
and the 'melting model' suggested by Sonenberg (1988).
The IRE-BP has been shown to be capable of binding to

the IRE in vitro with picomolar affinity (Haile et al., 1989).
While this binding affinity may be different in vivo, it is
remarkable that such a potentially stable RNA-protein
complex can apparently be overcome efficiently during trans-
lation initiation if it is located far enough downstream from
the 5' end of the mRNA. This report provides the first
evidence that specific mRNA-protein complexes can be
dissociated or bypassed during translation initiation. Our
findings also establish a functionally critical spatial coupling

between two mRNA elements, the 5' terminus and the IRE,
which play a role in translation initiation. If nature has taken
advantage of a similar strategy for translational regulation
in other systems, our findings would suggest that the
responsible cis-acting elements may generally be found in
close proximity to the transcription start site.

Materials and methods
Plasmid constructions
All indicator constructs used in this report are derived from the previously
described L5-GH plasmid (Casey et al., 1988) which contains adjacent 5'
BamHI and XbaI 3' sites sandwiched between the well characterized
transcription start site of the ferritin promoter (Costanzo et al., 1986; Hentze
et al., 1986) and the protein coding region of the human growth hormone
gene. Pairs of complementary oligodeoxyribonucleotides (corresponding to
nucleotides 10-151 in Figure 1) were synthesized with an Applied
Biosystems DNA synthesizer and purified on a 10% polyacrylamide gel.
They were annealed, phosphorylated, and the double stranded DNA was
cloned between the BamHI and XbaI sites of L5-GH. The correct nucleotide
sequences of the insertions of the resultant plasmids were confirmned by DNA
sequencing as previously described (Casey et al., 1988). The sequence for
construct A4 x IRE-GH was: 5'GGATCCTGCTTCAAAGTGCTTGGA
CGGATCCAAAAAATACGTCTGCTTCAAAGTGCTTGGACGACGT
CAAAAAACTGCAGTGCTTCAAAGTGCTTGGACACTGCATAAAA
AAGCTAGCTGCTTCAAAGTGCTTGGACGCTAGA 3'. As indicated
in Figure 1, similar oligodeoxyribonucleotides with insertions of a 'C' residue
at appropriate positions (5' of the underlined 'A' residues above) were also
prepared, cloned and analyzed in the same way to generate 1 + A3 x IRE-
GH, A3 + 1 x IRE-GH, 2 + A2 x IRE-GH, and A2 + 2 x IRE-GH.
For the construction of A3 + 1 x IRE-GH[6 # 1] and A2 + 2 x IRE-

GH[b # 1], the parent plasmids A3 + 1 x IRE-GH and A2 + 2 x IRE-
GH were digested to completion with BamHI which removed IRE motif
# 1. The large fragments were gel purified, religated and cloned. For the
construction of A3 + 1 x IRE-GH[6 # 1,2,3], the parent plasmid A3 +
1 x IRE-GH was digested to completion with BamHI and NheI, the larger
fragment was gel purified, protruding 5' ends were filled in with the Klenow
fragment of DNA polymerase, religated, and cloned. The deletions of the
intended nucleotides were confirmed in all cases by high resolution restric-
tion mapping.
The in vitro transcription vectors utilized in Figure 5 were constructed

as follows: the parent plasmids 1 + A3 x IRE-GH, A3 + 1 x IRE-GH,
and A4 x IRE-GH were digested to completion with BglI, and 1.7 kb
restriction fragments including the regions which correspond to the entire
5' UTR were gel purified, blunt-ended with T4 DNA polymerase, and cloned
into the SmaI site of pGEM-3zf(-) (Promega, Madison, Wisconsin, USA).
The integrity of the regions corresponding to the 5' UTR were reconfirm-
ed by DNA sequencing. The plasmid labeled 'TfR' was generated by
purification of a 0.678 kb restriction fragment corresponding to nucleotides
3178 to 3856 of the human transferrin receptor cDNA (Schneider et al.,
1984), blunt-ended with the Klenow fragment of DNA polymerase, and
cloned into the SmaI site of pGEM-3zf(-).

Cell culture and transfections
Stable transformants were generated as previously described (Hentze et al.,
1986) by cotransfection of the hGH indicator plasmid with the herpes simplex
virus thymidine kinase gene into murine B6 fibroblasts and subsequent
selection in medium containing hypoxanthine, aminopterin, and thymidine
(HAT). All stable cell lines were maintained in HAT medium. Transient
expression experiments were performed by the calcium phosphate
precipitation method as described (Hentze et al., 1987a).

Analysis of 35S-labeled proteins
Transiently transfected or stably transformed cells were incubated at 37°C
for 4 h with 100 ,xM hemin or 100 itM desferrioxamine, washed twice with
methionine-free medium, and labeled with 40 JLCi/ml [35S]methionine for
2 h at 37°C. Quantatitive immunoprecipitation with polyclonal anti-ferritin
antibodies, or polyclonal anti-hGH antibodies (National Hormone and
Pituitary Program, Baltimore, MD, USA), analysis by SDS-PAGE, and
autoradiography were performed as described (Caughman et al., 1988).

Mobility shift assays
Detergent extracts were prepared from murine B6 fibroblasts which had
been stably transfected with an unrelated plasmid and which were maintained
in HAT medium as previously described (Hentze et al., 1989b). 32P-labeled

4132



Function of the IRE/IRE-BP complex

or unlabeled in vitro transcripts were generated as described (Hentze et al.,
1989b). Briefly, the recombinant pGEM plasmids were linearized with the
appropriate restriction enzymes and transcribed with either SP6 RNA
polymerase or T7 RNA polymerase to yield uncapped synthetic transcripts
which resemble the sense orientation of the corresponding mRNA. Equal
aliquots (10 tzg) of detergent extract were incubated with 100 000 c.p.m.
of the appropriate probe (specific activity - 1 x 108 c.p.m./ tg RNA) at
22°C; where indicated, a 500-fold molar excess of unlabeled competitor
RNA was added to the extract 2 min prior to the addition of probe. After
30 min, 1.0 U RNase Ti was added for 10 min, and 3 mg/ml heparin were
added subsequently for an additional 10 min. Analysis of RNA-protein
complexes by non-denaturing gel electrophoresis and autoradiography was
performed as previously described (Leibold and Munro, 1988).

Northern blotting
Total cellular RNA was prepared from 3 x 107 stably transfected cells
which were treated with hemin and desferrioxamine as described above.
Cells were solubiized in guanidinium isothiocyanate and RNA was recovered
after ultracentrifugation through a CsCl cushion. Equal aliquots (10 jig) of
RNA were subjected to electrophoresis through 0.7% agarose gels in the
presence of formaldehyde, and to electrotransfer onto nylon membranes.
Equal loading of the different lanes was assessed by inspection of ribosomal
RNAs of the ethidium bromide stained gels. The nylon membranes were
analyzed by hybridization with a 32P-labeled probe which corresponds to
a 600 nucleotide SnaI fragment from the human growth hormone gene.
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