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Summary. The iron-responsive regulation of ferritin
mRNA translation is mediated by the specific interac-
tion of the ferritin repressor protein (FRP) with the
iron-responsive element (IRE), a highly conserved 28-
nucleotide sequence located in the 5’ untranslated re-
gion of ferritin mRNAs. The IRE alone is necessary
and sufficient to confer repression of translation by
FRP upon a heterologous message, chloramphenicol
acetyltransferase, in an in vitro translation system. The
activity of FRP is sensitive to iron in vivo. Cytoplasmic
extracts of rabbit kidney cells show reduction of FRP
activity when grown in the presence of iron, as detected
by RNA band shift assay. Using a nitrocellulose filter
binding assay to examine the interaction of FRP with
the IRE in more detail, we find that purified FRP has a
single high-affinity binding site for the IRE with a Ksof
20-50 pM. Hemin pretreatment decreases the total
amount of FRP which can bind to the IRE. This effect
is dependent on hemin concentration. Interestingly, the
FRP which remains active at a given hemin concentra-
tion binds to the IRE with the same high affinity as un-
treated FRP. A variety of hemin concentrations were
examined for their effect on preformed FRP/IRE com-
plexes. All hemin concentrations tested resulted in
rapid complex breakdown. The final amount of com-
plex breakdown corresponds to the concentration of
hemin present in the reaction. The effect of hemin on
FRP activity suggests that a specific hemin binding site
exists on FRP.
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Introduction

Ferritin is the major intracellular iron-storage protein
in eukaryotes. Its synthesis is regulated at the level of
translation in coordination with the iron status of the
cell (for review see Theil 1987). When iron is low, the
majority of ferritin mRNA in the cell is in the form of
free, untranslated mRNP (Zahringer et al. 1976;
Walden and Thach 1986; Aziz and Munro 1986). An
increase in iron stimulates ferritin mRNA translation,
resulting in a shift of ferritin message into polysomes
(Zahringer et al. 1976; Aziz and Munro 1986). Induc-
tion of translation of pre-existing ferritin mRNA can
result in as much as a 50-fold increase in ferritin syn-
thesis (Shull and Theil 1982).

At least two components facilitate the effect of iron
on translation of ferritin mRNA. The first is a highly
conserved sequence of approximately 28 nucleotides
found in the 5’ untranslated region of all ferritin
mRNAs for which sequence is known (Murray et al.
1987; Hentze et al. 1987; Aziz and Munro 1987; Theil
1990). This sequence has been named the iron-respon-
sive element (IRE) by virtue of its ability to confer iron-
regulated translation upon a mRNA in vivo (Hentze et
al. 1987; Aziz and Munro 1987). Furthermore, deletion
of this element from ferritin mRNA renders it unres-
ponsive to iron (Hentze et al. 1987; Aziz and Munro
1987). The second component of this regulatory system
is a translational repressor which specifically represses
ferritin mRNA translation in an iron-responsive man-
ner (Zahringer et al. 1976). Such a repressor has been
identified in rabbit reticulocytes (Walden et al. 1988),
and recently purified from rabbit liver (Walden et al.
1989). This repressor is a 90-kDa protein which has
been named the ferritin repressor protein (FRP;
Walden et al. 1989). Its properties are that it is a highly
specific inhibitor of ferritin mRNA translation in vitro,
and it binds specifically to transcripts containing the
IRE sequence (Brown et al. 1989; Walden et al. 1989).
FRP does not inhibit translation of ferritin mRNAs
from which the IRE sequence has been deleted, nor
does it have an effect on the translation of other



mRNAs (Walden et al. 1988; Brown et al. 1989;
Walden et al. 1989). Proteins with similar characteris-
tics and activity have been purified from human liver
(IRE binding protein; Rouault et al. 1989) and from
human placenta (iron responsive factor; Neupert et al.
1990). Both of these have been shown to bind specifi-
cally to the IRE sequence, but have not yet been re-
ported to inhibit translation of ferritin mRNA in vitro.

Transferrin receptor synthesis is also regulated by
iron (Rao et al. 1985; Rao et al. 1986). In contrast to
ferritin, however, this synthesis is depressed in cells ex-
posed to elevated levels of iron. It is regulated by iron
primarily at the level of mRNA stability (Mullner and
Kuhn 1988; Mullner et al. 1989). Transferrin receptor
mRNA is degraded much more rapidly in iron-replete
cells than in iron-poor cells. It has been shown that se-
quences contained within the 3’ untranslated region of
the transferin receptor mRNA are required for regulation
of stability of this mRNA in response to iron (Owen
and Kuhn 1987; Casey et al. 1989). Interestingly, five
IRE-like sequences have been identified within the reg-
ulatory region of this mRNA and recent results have
shown that these IREs are involved in its iron-regulated
instability (Casey et al. 1988; Casey et al. 1989). This
implicates FRP in the regulation of transferrin receptor
synthesis as well (Klausner and Harford 1989). Addi-
tional evidence supporting this notion is that the IRE
binding protein isolated from human tissues binds
specifically to the transferrin receptor IREs in RNA
binding asays (Casey et al. 1988; Neupert et al. 1990).

The simplest model explaining the mechanism
through which iron regulates the synthesis of ferritin
and tansferrin receptor is that iron interacts directly
with FRP, thus preventing its binding to the IRE. As a
result, translation of ferritin mRNA is derepressed,
while a putative nuclease-sensitive site is exposed on
the transferrin receptor mRNA causing rapid degrada-
tion. However, free iron salts do not inhibit FRP activ-
ity in vitro (Lin et al. 1990a). It is highly possible that,
in vivo, iron has its effect through another more com-
plicated mechanism, or that another form of iron is the
‘regulator’. In vitro repression of ferritin mRNA trans-
lation by FRP can be relieved by hemin (Lin et al
1990a). Thus, it has been proposed that hemin is a form
of iron which regulates FRP activity in vivo (Lin et al.
1990a). Evidence from other studies suggest that expo-
sure of cells to elevated levels of iron leads to inactiva-
tion of FRP through an oxidation/reduction pathway
involving critical sulfhydryls (Hentze et al. 1989). The
regulation of FRP activity through oxidation and re-
duction has been called the sulfhydryl switch (Hentze
et al. 1989). It is an interesting notion that FRP activity
could be regulated through multiple pathways.

In this communication we present results from a
study of the interaction of the FRP with the IRE. Our
findings show that this interaction is very tight, having
a K, of the order of 40 pM. Binding of FRP to the IRE
is sufficient for transiational repression in vitro since a
heterologous mRNA carrying the IRE at its 5 end is
repressed by FRP in vitro. Interestingly, hemin reduces
the amount of active FRP but has no effect on the affin-
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ity of the FRP/IRE interaction. The relevance of these
findings to translational repression and iron induction
in vivo is discussed.

Materials and methods

Purification of FRP. FRP was purified as previously described
{(Walden et al. 1989).

Constructs and in vitro transcriptions. All constructs used for in
vitro transcriptions were cloned into pTZ18R (United States Bio-
chemical Corp.) adjacent to the promoter for T7 polymerase.
Construction of pTZM1 and pTZNS2 were described previously
(Walden et al. 1988). The chloramphenicol acetyltransferase
(CAT) gene was excised from pCM1 (Pharmacia) as a 780-base-
pair Sa/l fragment. This fragment was cloned into the Sall site of
pTZ18R, placing its transcription under the direction of the T7
promoter. The CAT gene fragment was similarly cloned into the
plasmid pTZM1, placing it under the direction of the T7 promoter
and 3’ of a 92-base-pair sequence from the human ferritin L-chain
cDNA which contains the IRE (Walden et al. 1988). Orientation
of cloned fragments was determined by restriction mapping and
sequencing,.

Transcripts made for binding studies were synthesized in vi-
tro in the presence of 120 uCi [o-**PJUTP (Amersham Corp.; 800
Ci/mmol), 300 uM each of ATP, CTP, GTP, 200 uM unlabeled
UTP, transcription buffer (40 mM Tris/HCI pH 7.9, 10 mM Na(l,
6 mM MgCl,, 10 mM dithiothreitol, 2 mM spermidine), 64 U
RNasin and 50 U T7 RNA polymerase in a 40 ul reaction volume.
The resulting transcripts were treated with RNase-free DNase,
phenol/chloroform extracted, and passed through Sephadex G-
50. The transcripts were purified on a 10% polyacrylamide/8 M
urea gel and located by autoradiography. RNA was eluted from
the gel in a buffer containing 0.1% SDS, 1 mM EDTA and 5 mM
ammonium acetate, run over a Sephadex G-50 column to remove
SDS, and collected by ethanol precipitation.

CAT transcripts to be used in in vitro translations were syn-
thesized using the same reaction conditions except that ATP,
UTP, and CTP were used at 1 mM, GTP was used at 0.5 mM and
1 mM m’G(5)ppp(5)G cap analog was added; 5 pCi [e-**PJUTP
was also added to allow quantification and the gel purification
step was omitted.

In vitro translations. In vitro translations in wheat germ extracts
(Promega Biotech) and analysis of transiation products by SDS/
PAGE were performed as described previously (Walden et al.
1988). In all cases [**Slmethionine (Amersham Corp.; =600 Ci/
mmol) was used as label. Each reaction contained 10 fmol tran-
script, 5 pl wheat germ extract and the indicated amounts of FRP.
Reactions were performed at 25°C for 1.5 h.

In vivo iron effects. Rabbit kidney cells (RK-1; kindly provided by
Dr W. Carey Hanly) were grown to approximately 90% con-
fluence, after which cells were incubated for the indicated times in
growth media containing 100 uM ferric ammonium citrate. Con-
trol cells were incubated in normal growth media for the same
periods. Extracts were prepared by freeze thawing cells in 5 ml of
buffer containing (10 mM HEPES Kolt pH 7.5, 10 mM KCI,
1 mM dithiothreitol). The cell extracts were centrifuged at
100000 x g for 1 h and the supernatant was removed and concen-
trated by ultrafiltration.

Binding assays were performed using *’P-labeled transcripts
made from the pTZM1 vector. Reactions were performed at 4°C
by incubating this transcript (10000 cpm; 0.008 pmeol) with 25 ug
extract and analyzed following published procedures (Leibold
and Munro 1988).

Nitrocellulose filter binding assay. Protein saturation experiments
were performed by adding increasing amounts of FRP over a
range of 1 pM to 20 nM to a constant amount of **P-labeled RNA
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transcript (19.2 pM). Standard binding conditions consisted of
50 mM Tris/HCI1 pH 7.5, 40 mM KCl, 3 mM MgCl,, 1 mM dithio-
threitol, 20 ug/m! bovine serum albumin, and 66 pg/ml Escheri-
chia coli tRNA. Reactions were performed at 37° C for 20 min at
which time samples were passed through 24-mm nitrocellulose fil-
ters (Millipore-HAWP) which had been soaked in binding buffer
for a minimum of 30 min prior to use. Sample filtration was fol-
lowed by a wash with 2 vol. binding buffer. Filtration time of sam-
ples was approximately 2 s. Aliquots of labeled RNA were spot-
ted on filters to determine the amounts of input RNA. Filters were
dried at 80°C for 30 min in a vacuum oven prior to counting.

Experiments for Scatchard analysis were performed in tripli-
cate in a similar manner except that protein was held constant
while varying the amount of **P-labeled transcript. Curve fitting
was performed with the aid of the computer program Ligand
(Munson and Rodbard 1980).

FRP was pretreated with hemin at 37°C for 10 min in the
presence of a glutathione redox buffer as previously described
(Lin et al. 1990a). (Indistinguishable results were obtained in the
absence of the glutathione buffer.) To analyze the effects of hemin
on preformed FRP/IRE complexes, FRP was incubated with 32P-
labeled M1 transcript for 20 min at 37° C at which time hemin was
added at the concentrations indicated. Aliquots were removed at
timed intervals after hemin addition and filtered through nitrocel-
lulose as described above.

Results

Analysis of FRP binding to RNA transcripts

Repression of ferritin mRNA translation in vitro by
FRP is believed to result from the specific interaction
of FRP with the IRE (Brown et al. 1989; Walden et al.
1989). In order to study this interaction in more detail,
we employed a nitrocellulose filter binding assay. Purif-
ied FRP was incubated with various in vitro transcripts
and the mixture was passed through a nitrocellulose fil-
ter under conditions in which only protein or protein/
nucleic acid complexes would be retained. Figure 1
shows the results of protein saturation experiments us-
ing an IRE-containing transcript, M1, and a transcript
lacking the IRE, NS2 (Fig. 1A). Consistent with pre-
vious results (Walden et al. 1989), FRP binds to the M1
transcript, showing typical saturation kinetics. Half-
maximal binding is attained at approximately 100 pM
FRP, suggesting that the K4 of the M1/FRP interaction
is of this magnitude. In contrast, the NS2 transcript
showed no binding up to 10 nM FRP. This shows that
interaction of FRP with non-IRE-containing sequences
is very poor, having a Ky much greater than 10 nM.
These results are consistent with previous findings
which showed that binding of FRP to M1 transcripts is
not competed by non-IRE transeripts (Walden et al.
1989).

IRE-dependent repression of CAT mRNA translation by
FRP

It has been shown that the IRE is sufficient to confer
jron regulation to a mRNA in vivo (Caughman et al.
1988). The results presented in Fig. 1 suggest that this
should be true for repression by FRP in vitro as well.
To investigate this further, we appended the M1 se-
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Fig. 1. Analysis of FRP/RNA interaction by nitrocellulose filter
binding assay. (A) Diagrammatic representation of transcripts
used in binding studies in relation to ferritin mRNA. M1 is a tran-
script of the first 92 nucleotides from the 5’ untranslated region of
the human L-ferritin cDNA which includes the conserved IRE se-
quence. NS2 is a transcript of the rabbit L-ferritin cDNA starting
100 nucleotides upstream of the AUG and including the first three
codons of the ferritin ORF (Daniels-McQueen et al. 1988). Solid
line, untranslated region, open box, ferritin ORF. The IRE de-
noted by the bracket is not to scale. (B) An increasing amount of
purified FRP was added to a constant amount of >?P-labeled tran-
script and binding was detected as described in Materials and
methods. M1 (H) NS2 (@)

quence onto a complete CAT open reading frame
(ORF), giving the transcript M1/CAT (Fig. 2A). This
transcript was translated in the wheat germ extract in
the presence of varying amounts of FRP. Translation of
18R/CAT, a mRNA which lacks the IRE (Fig. 24A), is
unaffected by the addition of FRP to the wheat germ
extract (Fig. 2B, compare lanes 3 and 4 with lane 2). In
sharp contrast, addition of FRP to a wehat germ extract
programmed with M1/CAT resulted in inhibition of
CAT synthesis (Fig. 2B, compare lanes 6 and 7 with
lane 5). These results demonstrate that the IRE is both
necessary and sufficient for repression of translation by
FRP in vitro. Furthermore, they are consistent with
findings which show that the IRE is necessary and suf-
ficient to confer iron responsiveness to a mRNA in
vivo (Caughman et al. 1988).
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Fig. 2. Effect of FRP on translation of a chimeric IRE/CAT
mRNA. (A) Diagrammatic representation of capped transcripts
used for in vitro translation experiments. M1/CAT, chimeric tran-
script of the first 92 nucleotides of the human L-ferritin cDNA
joined to the CAT mRNA; 18R/CAT, transcript of the CAT
mRNA lacking ferritin sequences. Solid line, sequences from hu-
man L-ferritin mRNA UTR; open box, CAT ORF; dashed line,
untranslated region from CAT mRNA and vector. (B) In vitro
translations were performed in wheat germ extracts programmed
with 10 fmol 18R/CAT (lanes 2-4) or 10 fmol M1/CAT (lanes
5-7). FRP was added to the reactions shown in lanes 3 and 6
(0.1 ug); lanes 4 and 7 (0.2 pg). No RNA was added to the reac-
tion shown in lane 1.

Effect of iron on FRP activity in vivo

As stated earlier, exposure of cells to excess iron results
in a rapid increase in ferritin mRNA translation. In a
variety of cultured cells, induction of ferritin synthesis
is near maximum by 2 h after iron addition (unpub-
lished observations). To determine the effects on FRP
during iron induction of ferritin synthesis, RK-1 cells
were incubated for 0 h, 2 h, 4 h or 6 h in media contain-
ing excess iron. Extracts were prepared and FRP was
assayed by RNA-band shift. FRP activity is inhibited in
extracts of cells which have been exposed to elevated.
levels of iron (Fig. 3). Reduction in activity is detected
by 2 h after adding iron to cells. Extracts from cells ex-
posed to excess iron for 6 h showed little difference in
FRP activity when compared to 2 h extracts. This sug-
gests that near-maximal inactivation of FRP is attained
in cells by at least 2 h after iron addition, which corre-
lates well with the pattern of induction of ferritin syn-
thesis in these cells (data not shown). It should also be
noted that the IRE binding activity detected in extracts
of the RK-1 cells can be completely inhibited by anti-
sera raised against purified rabbit liver FRP (data not
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Fig. 3. Effect of iron on IRE binding activity in RK-1 cell ex-
tracts. RK-1 cells were grown to 90% confluence at which time
ferric ammonium citrate was added to a final concentration of
100 uM. Extracts were prepared at 0 h (lane 1), 2h (lane 2}, 4 h
(lane 3), and 6 h (lane 4) following addition of the ferric ammon-
ium citrate. Aliquots containing equal amounts of protein were
incubated with **P-labeled M1 transcript and analyzed by RNA-
band shift as described in Materials and methods. The arrow indi-
cates the positon of the FRP/M1 complex.

shown). Taken together, these data support the notion
that FRP is the iron-sensitive repressor of ferritin
mRNA translation.

Scatchard analysis of FRP binding to the IRE

In order to obtain a more quantitative measure of the
affinity of FRP for the IRE, Scatchard analysis of the
interaction was performed using the nitrocellulose filter
binding assay. An increasing concentration of *?P-la-
beled M1 transcript was added to a constant amount of
FRP, and incubation and filtration through nitrocellu-
lose membranes was performed as described in Materi-
als and methods. Figure 4 shows a representative Scat-

.chard plot resulting from analysis using the standard

binding conditions (see Materials and methods). Analy-
sis of the Scatchard results by curve fitting predicts a
single high-affinity binding site for M1 on FRP. The K4
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Fig. 4. Scatchard analysis of FRP binding to the IRE. Purified
FRP was incubated with *?P-labeled M1 transcript at concentra-
tions of 0.19 pM-9.65 nM. Reactions were passed through nitro-
cellulose and quantified as described in Materials and methods.
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Table 1. Results for Scatchard analysis of the FRP/IRE interac-
tion

Conditions Ky (pM) FRP binding Binding cf.
(pM) initial
(%)
Standard 495+ 57 213 100
Translation 489+ 7.7 26.5 124
Hemin-treated:

S uM 289+17.6 20.5 96
25 uM 437+ 5.07 6.45 30
100 uM 75.9+13.3 3.29 15

calculated for this interaction is 49.5+5.7 pM. This val-
ue for the Ky is in close agreement with that reported
for the interaction of the IRE-binding protein with the
IRE (Haile et al. 1989; Barton et al. 1990). Scatchard
analysis of the FRP/M1 interaction performed under
conditions normally used for translations shows an in-
teraction of a single, high-affinity binding site with a
similar K, to that obtained under standard conditions
(Table 1). Therefore the high-affinity interaction of
FRP with the IRE does occur in translation reactions
and helps to explain the high efficiency of repression
observed with this protein (Fig. 2B).

Effect of hemin on FRP binding to the IRE

It has recently been shown that hemin can derepress
translation of ferritin mRNA in vitro (Lin et al. 1990a).
Pretreatment of FRP with hemin prior to its addition to
the translation assay prevents subsequent repression of
ferritin mRNA translation. The effect of hemin on the
ability of FRP to interact with the IRE was investi-
gated. Purified FRP was preincubated with various
concentrations of hemin, after which it was tested for
binding to the M1 transcript using the filter binding as-
say. The resulting data were subjected to Scatchard
analysis and are summarized in Table 1. It is interesting
that hemin pretreatment has no significant effect on the
measured K, of the FRP/M1 interaction, nor does this
pretreatment result in the appearance of a low-affinity
form of FRP (Haile et al. 1989). However, hemin pre-
treatment reduces the total binding activity in the FRP
preparation (Table 1). The effect of hemin on FRP ac-
tivity is dependent on hemin concentration. Pretreat-
ment of FRP with 5 M hemin inactivates only about
4% of the protein, whereas pretreatment with 100 yM
hemin inactivates 85%. This is consistent with earlier
observations which showed that translational repres-
sion of ferritin mRNA in vitro is relieved by hemin con-
centrations between 30-200 uM (Lin et al. 1990a).

Effect of hemin and diamide on FRP/IRE complex
stability

It is likely that induction of férritin synthesis by iron
involves the disruption of pre-existing FRP/mRNA

complexes, which then allows the translation of ferritin
mRNA. Therefore, it was of interest to determine if
hemin could cause -breakdown of preformed FRP/M1
complex. Radiolabeled M1 transcript was incubated
with purified FRP in order to form the proten/RNA
complex. Hemin was then added and the amount of M1
transcript remaining bound to FRP at various times
after hemin addition was determined using the nitrocel-
lulose filter binding assay. When buffer alone is added
to the FRP/M1 complex it remains stable for as long as
150 min at 37°C (Fig. 5). Addition of hemin results in
an initial rapid decay of complex which occurs during
the first 15 min after hemin addition. The rate of this
initial decay appears to be independent of hemin con-
centration since the rate of complex breakdown caused
by 5uM hemin is essentially equivalent to that ob-
served with 100 uM hemin. However, the magnitude of
complex breakdown is hemin-concentration dependent
since only 35% of the FRP/M1 complex is disrupted by
5 uM hemin, whereas 70% of the complex is disrupted
by 100 uM hemin. Interestingly, the level of complex
remaining after 20 min is stable for at least an addi-
tional 2 h showing that the major portion of complex
breakdown resulting from hemin occurs very rapidly,
within the first 15 min of hemin addition. Taken togeth-
er, these results suggest that the effects of hemin are
due to a specific binding of hemin to FRP. In support
of this notion, it has been found that hemin can be
crosslinked to a specific site on FRP (J.-J. Lin and R. E.
Thach; personal communication).

The effect of the sulfhydryl reagent, diamide, on the
stability of the FRP/M1 complex was also investigated.
Addition of 25 mM diamide to the preformed complex
resulted in rapid breakdown which appears to continue
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Fig. 5. Effect of hemin on preformed FRP/IRE complex. FRP
was incubated with **P-labeled M1 transcript to allow complex
formation, following which either buffer alone (@), or buffer con-
taining 5 uM (O), 25 uM (M) or 100 uM hemin (O) was added.
Aliquots were taken at timed intervals after hemin addition,
passed through nitrocellulose and analyzed for bound radioactiv-
ity as described in Materials and methods.
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Fig. 6. Effect of diamide on preformed FRP/IRE complex. Incu-
bations and analysis were performed as described in the legend to
Fig. 5 and the Materials and methods. 5 mM diamide (®); 25 mM
diamide (O0)

towards complete complex breakdown (Fig. 6). Addi-
tion of 5mM diamide to the complex also causes
breakdown but at a rate significantly slower than that
observed with 25 mM diamide. The FRP/M1 complex
is stable for at least 1 h in the presence of 1 mM diam-
ide (data not shown). These results are unlike those ob-
served in the presence of hemin, where the initial rate
of FRP/MI1 complex breakdown was independent of
hemin concentration, whereas the magnitude of com-
plex breakdown was concentration dependent (Fig. 5).
Nonetheless, it is clear that both hemin and diamide
are capable of causing breakdown of the FRP/MI
complex.

Discussion

The data presented in this communication describe
some interesting features of the interaction of the ferri-
tin repressor protein with the iron-responsive element.
Binding of FRP to the IRE is unusually tight. The K4
measured for the interaction ranges over 20-50 pM
which is at least two orders of magnitude lower than
other known RNA/protein interactions that regulate
translation (Carey et al. 1983; Vartikar and Draper
1989). Similar K; values have been reported for the in-
teraction of the IRE binding protein with the IRE as
measured by quantitative RNA-band shift assay (Haile
et al. 1989; Barton et al. 1990). This is to be expected
since recent analysis of cDNA clones of the IRE bind-
ing protein and FRP show that these proteins are iden-
tical (Rouault et al. 1990; M. M. Patino and W. E.
Walden, unpublished results). It is not altogether clear
why such a high-affinity RNA/protein interaction has
evolved to mediate this regulatory system. Certainly,
high-affinity interaction would be beneficial to the effi-
ciency and specificity of translational repression. It has
been proposed that repressors such as FRP repress
translation by blocking access of mRNA-binding trans-
lation initiation factors to the target mRNA (Walden
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and Thach 1986). In such a scheme FRP would have to
compete with initiation factors for access to ferritin
mRNAs. Kinetic studies predict that a high-affinity re-
pressor/mRNA interaction would be necessary for effi-
cient repression of translation in vive (Walden and
Thach 1986).

Available evidence suggests that a mechanism(s)
other than direct iron binding regulates the activity of
FRP in vivo (Dickey et al. 1988; Lin et al. 1990a). It has
been postulated that hemin is a regulator of FRP activ-
ity in vivo (Lin et al. 1990a). This proposal is based pri-
marily on the finding that hemin can rescue transiation
of ferritin mRNA repressed by FRP in vitro. In addi-
tion, recent evidence shows that hemin crosslinks to
FRP in vitro (J.-J. Lin and R. E. Thach, personal com-
munication). Our results show that hemin pretreatment
inactivates FRP for subsequent binding to the IRE (Ta-
ble 1). Moreover, hemin treatment of preformed FRP/
IRE complex results in complex breakdown. This latter
effect of hemin is a requirement for regulation in vivo
since the mRNA regulated by FRP would already be
complexed with it. It is of interest that inactivation of
FRP by hemin is dose dependent. Low concentrations
of hemin inactivate only a small fraction of FRP while
higher concentrations inactivate much more (Table 1).
However, the FRP which remains active after hemin
treatment displays an affinity for the IRE equal to that
of untreated FRP. Therefore exposure of FRP to subsa-
turating levels of hemin should only give partial dere-
pression of ferritin mRNA translation. In fact, this is
seen in vitro (Lin et al. 1990a). Moreover, exposure of
cells to less than saturating levels of iron results in only
a partial derepression of ferritin mRNA, as judged by
polysome distributions, and less than maximal induc-
tion of ferritin synthesis (Aziz and Munro 1986; W. E.
Walden, unpublished observations).

It has been suggested that the effect of hemin on
FRP is non-specific (Haile et al. 1990). The basis for
this conclusion is the observation that the activity of
several nucleic acid binding proteins can be inhibited
by hemin in vitro. We believe that hemin has a specific
effect on FRP for the following reasons. (a) The initial
study which showed a hemin effect on FRP was per-
formed by adding hemin and FRP to in vitro transla-
tion reactions programmed with ferritin and control
mRNAs (Lin et al. 1990a). Since hemin had no inhibi-
tory effects on translation of the control message it can
be concluded that, at the concentrations which inhibit
FRP activity, hemin has no inhibitory effects on the nu-
merous protein/nucleic acid interactions which must
oceur for successful translation. (b) Hemin has no ef-
fect on a variety of restriction endonucleases when
these enzymes are treated in a mixture with partially
purified FRP (Lin et al. 1990b). However, FRP is inhi-
bited by hemin under these conditions. Therefore,
though it can be shown that a number of restriction en-
donucleases are sensitive to hemin, FRP appears to be
much more sensitive (Lin et al. 1990b; Haile et al. 1990;
J.-J. Lin and R. E. Thach, personal communication). (c)
Exposure of FRP to hemin results in only a fraction of
the total protein being inactivated, without an effect on
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the affinity with which FRP interacts with the IRE (Ta-
ble 1 and Fig. 5). The amount of FRP inactivated is de-
pendent on hemin concentration, thus suggesting a stoi-
chiometric interaction of hemin with FRP. Taken to-
gether, these results support the notion that FRP has a
specific binding site for hemin and that hemin exerts its
effect on FRP only after binding at this site. That hemin
can be crosslinked to a specific peptide in FRP also
supports this notion (J.-J. Lin and R. E. Thach, per-
sonal communication).

Other investigators have detected, in cell extract,
two forms of FRP which differ in affinity for the IRE
(Haile et al. 1989; Barton et al. 1990). One form dis-
plays a K4 for the IRE which is equivalent to that seen
with purified FRP in this study. The other form has a
much lower affinity for the IRE, having a K4 of 2-
3 nM. It has been proposed that repression of ferritin
mRNA and the stability of the transferrin receptor
mRNA is modulated by converting FRP between these
two forms (Haile et al. 1989; Haile et al. 1990). It is also
postulated that FRP is reversibly converted between
these forms via oxidation/reduction of critical sulfhy-
dryls within the protein (Haile et al. 1990); oxidation of
FRP converts it to the low-affinity form, whereas re-
duction would convert FRP to the high-affinity form.
In cell extracts, conversion of the low-affinity form of
FRP to the high-affinity form can be achieved by treat-
ment with high concentrations of reducing agents (e.g.
2-2.5% 2-mercaptoethanol; Haile et al. 1989; Barton et
al. 1990). Interestingly, pretreatment of purified rabbit
liver FRP in this way does not increase the total high-
affinity binding activity detectable in the preparation
(data not shown). This is in spite of the fact that not all
of the FRP in the preparation is active. It is possible
that the reason for this is that the inactive fraction in
the purified protein is inactive for reasons other than
oxidation. It is also of interest that hemin treatment of
FRP does not generate a low-affinity binding species
(Table 1; Haile et al. 1990). This indicates that hemin,
most likely, does not exert its effect by oxidation of
sulfhydryls. Consistent with this notion, the effect of
hemin on FRP cannot be reversed by high 2-mercapto-
ethanol concentrations (Haile et al. 1990). The data in
Fig. 6 clearly show that the FRP/IRE complex can be
disrupted by the sulfhydryl reagent diamide. This indi-
cates that oxidation of sulfhydryls is also a possible
mechanism by which FRP activity is regulated in vivo.
It is an interesting possibility that FRP activity is regul-
ated through multiple mechanisms within the cell. Fur-
ther work is necessary to fully elucidate these possibili-
ties.
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