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ABSTRACT Poly(A)containing RNA was isolated from
the polyribosomal and post-ribosomal fractions of the livers
of normal and iron-treated rats. These RNA fractions were

then translated in a wheat germ system to provide a measure

of the amount of ferritin mRNA present in each fraction. Fol-
lowing iron administration, there was a 2-fold increase in the
amount of ferritin mRNA in the polyribosomal fraction. This
increase was not inhibited by prior treatment of the rats with
actinomycin D or cordycepin, suggesting a cytoplasmic con-

trol mechanism. In normal rats, the post-ribosomal fraction
contained an amount of ferritin mRNA equal to that in the
polyribosomes. When iron was administered, this untranslat-
ed ferritin mRNA became reduced to negligible quantities,
thus accounting for the doubling of the ferritin mRNA con-

tent of the polyribosomal fraction. A scheme is proposed in
which translation of the ferritin mRNA in the post-ribosomal
fraction is prevented by adhering ferritin subunits. Iron ad-
ministration removes this inhibition of the translation of fer-
ritin mRNA by promoting aggregation of these subunits into
ferritin.

Evidence from many tissues shows that not all cytoplasmic
mRNA is associated with polyribosomes (1-19). This pool of
free untranslated cytoplasmic mRNA constitutes 10-30% of
the total cytoplasmic mRNA content of a number of tissues
(8, 10, 15, 17-19) and in some others even accounts for 50-
80% (1, 3, 4, 11). It is generally believed to represent a stor-
age of precursor form of the polyribosomal mRNA. Recent-
ly, several individual mRNAs, coding for specific proteins,
have been identified in the post-ribosomal supernatant of a

variety of tissues, amongst them the mRNAs coding for actin
(10), ferritin (18), the a-chain of hemoglobin (14, 15), myo-

sin (9, 11), and vesicular stomatitis virus proteins (8). Never-
theless, no precise function for any one of these post-ribo-
somal mRNAs has been demonstrated so far.

Since the early observations of Granick et al. (20), it has
been shown by many authors that iron increases the synthe-
sis of ferritin in many different tissues (21-30). In rat liver
we have recently demonstrated that this iron-induced in-
crease in the synthesis of ferritin is associated with a 2-fold
increase in the polysomal ferritin mRNA content (31). This
result might be caused by either more extensive transcrip-
tion of mRNA, increased processing of ferritin mRNA pre-

cursor to ferritin mRNA, increased transport of ferritin
mRNA from the nucleus to the cytoplasm, the presence of
an untranslated pool of ferritin mRNA in the cytoplasm of
normal rat liver that becomes available for translation upon

iron-treatment, or, finally, increased stability of ferritin
mRNA. We report here experiments which distinguish be-
tween these possibilities and which suggest that iron admin-
istration leads to the mobilization of the ferritin mRNA from
the post-ribosomal to the polyribosomal fraction of the liver
cell.

Abbreviations: mRNP, messenger ribonucleoprotein; hnRNA, het-
erogenous nuclear RNA.

MATERIALS AND METHODS

Materials. L-[4,5-3H(N)]Leucine, specific activity 30-50
Ci/mmol, and Protosol were obtained from New England
Nuclear oligo(dT)-cellulose, from Collaborative Research;
actinomycin D, from Calbiochem; and cordycepin, grade 3,
from Sigma Chemical Co. Wheat germ was kindly provided
by Dr. B. Roberts (Massachusetts Institute of Technology);
purified rat liver ferritin and ferritin antibody, by Dr. Maria
Linder (Massachusetts Institute of Technology).

Animals. Male Sprague-Dawley rats (90-100 g) were fast-
ed overnight before each experiment. Ferric ammonium ci-
trate (400 Mig/100 g of body weight) was administered intra-
peritoneally 3 hr before killing. Actinomycin D (150 ,ig/100
g of body weight) and cordycepin (1.5 mg/100 g) were
given intraperitoneally, both at 4 and 2 hr before killing.

Polyribosomes and pH 5 Enzymes. Rat liver polyribo-
somes and pH 5 enzymes were prepared essentially as de-
scribed (32).

Liver Polyribosomal and Post-Ribosomal RNA. Twenty
pooled rat livers were homogenized in 2 volume of 0.1 M
Tris-HCl, pH 7.6, 0.1 M NaCl, 0.1 mM EDTA, 5 mM
MgCl2, 150 Ag/ml of heparin, 0.25 M sucrose, and centri-
fuged at 10,000 X g for 20 min. The resulting post-mito-
chondrial supernatant was filtered through glass wool and
centrifuged at 42,000 rpm for 50-70 min in the Beckman Ti
50.1 rotor. The post-ribosomal supernatant was filtered
through glass wool, diluted with 0.5 volume of 0.1 M Tris-
HC1, pH 7.4, 0.1 M NaCl, 1 mM EDTA, and 50 ,ug/ml of
heparin and made 1% in sodium dodecyl sulfate and 1 mM
in EDTA. The pH was adjusted to 9.0 with 1 M NaOH prior
to phenol extraction (33). Analysis on sucrose density gradi-
ents showed ribosome subunits to be nearly absent (18), and
this was confirmed by sucrose gradient analysis of post-ribo-
somal RNA.

Total polyribosomal RNA was isolated from the micro-
somal pellets essentially as described (33). Before adsorption
onto oligo(dT)-cellulose, the samples were routinely heated
for 5-8 min at 55-60°. Poly(A)-containing RNA was ob-
tained by affinity chromatography on oligo(dT)-cellulose as
described (18).

Cell-Free Incubations. Rat liver polysomes were incubat-
ed in the presence of pH 5 enzymes and [3H]leucine as de-
scribed (32). The final concentration of polysomes in the re-
action mixture was 1.5 mg/ml. From an incubation volume
of 75 ,u, 50 Al were used for immunoprecipitation of the
synthesized ferritin chains after addition of 7.5 ,ug of carrier
ferritin (31) and 5 Al for assay of total radioactivity in tri-
chloroacetic-acid-precipitable material (34).

Rat liver polyribosomal and post-ribosomal poly(A)-con-
taining RNA were translated in a cell-free system prepared
from wheat germ as described (35) except for the omission
of the preincubation step. The standard protein synthesis

857



858 Cell Biology: Zahringer et al.

assay contained in a final volume of 25 ,l, 10,l of wheat
germ S3o, 28 mM N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid (Hepes), pH 7.0, 1 mM ATP, 0.2 mM GTP,
8 mM creatine phosphate, 2 mM dithiothreitol, 8 ,Ag/ml of
creatine kinase, 25 MM appropriate unlabeled amino acids, 4
,ul of [3H]leucine, 80 mM KCI, 3 mM magnesium acetate, 40
MM spermine, and 0.5 Mg of mRNA (half-saturating for the
system). After incubation at room temperature (21-25°) for
3 hr, radioactivity incorporation into total protein was deter-
mined according to Mans and Novelli (34).

Product Analysis. To analyze the products synthesized
under the direction of polyribosomal and post-ribosomal
mRNA for synthesis of ferritin, wheat germ reaction mix-
tures were increased to 125 Ml. After incubation, 7.5 ,g of
carrier ferritin were added and immunoprecipitation and
purification of the immunoprecipitate were performed as

described (31). The purified immunoprecipitate was dis-
solved in 25 Ml of a solution containing 0.062 M Tris.HCI,
pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol (vol/vol),
and 5% 2-mercaptoethanol, boiled at 1000 for 1-5 min and
analyzed on a sodium dodecyl sulfate-polyacrylamide gradi-
ent (10-15%) gel, which was prepared and run as described
by Maizel (36). The gel was stained to show protein bands,
sliced into 3.3 mm pieces, which were placed into vials con-

taining 100 Ml of H202, and incubated at 500 overnight.
Then 700 ,l of Protosol were added and incubation was con-

tinued for 1 hr. After cooling, each vial was counted with 10
ml of toluene/2,5-diphenyloxazole (PPO)/(phenyloxazolyl-
phenyl-oxazolylphenyl (POPOP). Alternatively, the H202-
digested gel pieces were counted directly with 10 ml of
Aquasol.

RESULTS
Effect of Actinomycin D and Cordycepin on the Iron-

Induced Increase in the Polysomal Ferritin mRNA Con-
tent. One possible cause for the previously observed increase
in the polysomal ferritin mRNA content in the liver of iron-
treated rats (31) could be that iron specifically increased
transcription of heterogeneous nuclear RNA (hnRNA) con-

taining ferritin mRNA from the corresponding DNA region.

+

20C

(-

a.)

0

0~0
0

cr

15C

5C

F L H

0 6 12 18 24 30 36 42
Gel slice number (3.3 mm)

FIG. 1. Effect of actinomycin D on the iron-induced increase
in the polyribosomal ferritin mRNA content. Polyribosomal
mRNA was isolated from four groups of animals (four rats per

group) that had received either saline (controls, 0), actinomycin D
(0), iron (-), or iron plus actinomycin D (A). For doses, injection
times, and routes see under Materials and Methods. The isolated
mRNAs were translated in the wheat germ system and assayed for
their ferritin mRNA content as described in Materials and Meth-
ods. Before immunoprecipitation the incubated wheat germ mix-

ture contained as total trichloroacetic-acid-precipitable radioactiv-
ity: 812,000 cpm (controls); 817,000 cpm (actinomycin D alone);
823,000 cpm (iron alone); 831,000 cpm (iron plus actinomycin D).
F = ferritin; L = light chain; H = heavy chain of antibody.

Earlier studies employing actinomycin D gave contradictory
results (24, 26, 28, 37, 38). We have reexamined this possibil-
ity by isolating liver polysomes from normal and iron-treat-
ed rats that have received either saline (controls) or actino-
mycin D and assaying them in vitro for their ferritin mRNA
content. Fig. 1 and Table 1 show that actinomycin D, when
used in concentrations that are known to effectively block
the synthesis of mRNA (27, 28), not only failed to prevent
the stimulatory effect of iron on the polysomal ferritin
mRNA level but even tended to increase it, which may be

Table 1. Effect of actinomycin D and cordycepin on the synthesis of ferritin by rat liver polysomes and polyribosomal
mRNA from normal and iron-treated rats

Incorporation/incubation
Ferritin x 100

Animal Total protein Ferritin
group (cpm) (cpm) Total protein

Polysomes
Normal 318,000 348 0.11
+ actinomycin 325,000 445 0.14
+ cordycepin 306,000 330 0.11

Iron 330,000 757 0.23
+ actinomycin 336,000 878 0.26
+ cordycepin 328,000 788 0.24

mRNA
Normal 749,000 715 0.10
+ actinomycin 732,000 929 0.13
+ cordycepin 761,000 680 0.09

Iron 789,000 1499 0.19
+ actinomycin 764,000 1819 0.24
+ cordycepin 737,000 1539 0.21

Administration of saline (normals), iron, actinomycin D, and cordycepin to each animal group (four rats per group) was as described in
Materials and Methods. Isolation, translation, and assay for ferritin synthesis of polysomes and polyribosomal mRNA were as described under
Materials and Methods. Each value represents the average of three different polysome or mRNA preparations, with each preparation being
assayed four times for its ferritin mRNA content.
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FIG. 2. Effect of cordycepin on the iron-induced increase in
the polyribosomal ferritin mRNA content. For experimental de-
tails see under Materials and Methods and in the legend to Fig. 1
(use of cordycepin instead of actinomycin D). Total acid-precipita-
ble radioactivity before immunoprecipitations: 748,000 cpm (con-
trols, 0); 669,000 cpm (cordycepin alone, 0); 775,000 cpm (iron
alone, *); 781,000 cpm (iron plus cordycepin, A). Abbreviations as
in Fig. 1.

attributed to the well-known super-induction effect exerted
by actinomycin D (39, 40).

In order to corroborate this further and to evaluate the
possibility of increased conversion of hnRNA to ferritin
mRNA and increased transport into the cytoplasm, similar
experiments were performed using cordycepin as an inhibi-
tor which allegedly inhibits addition of poly(A) to the
mRNA while it is still covalently linked to the rest of the
hnRNA molecule, thereby preventing the newly synthesized
mRNA from appearing in the cytoplasm (41, 42). In concen-
trations that were shown by Tilghman et al. (39) to be ade-
quate to block the appearance of mRNA in the cytoplasm,
cordycepin failed to prevent the iron-induced 2-fold in-
crease in the polysomal ferritin-mRNA content (Fig. 2 and
Table 1). This result, together with the evidence from the
actinomycin D experiment, strongly indicates that the
mechanism by which iron exerts its stimulatory action on the
synthesis of ferritin is confined to the cytoplasm. Finally, the
observed stability of ferritin mRNA over the time period
tested (4 hr) makes it unlikely that iron acts through stabili-
zation of otherwise unstable ferritin mRNA.

Synthesis of Ferritin by Liver Polyribosomal and Post-
Ribosomal mRNAs from Normal and Iron-Treated Rats.
Since the early experiments of Spirin and coworkers (1),
many authors have demonstrated that in a variety of tissues
10-30% of the total cytoplasmic poly(A)-containing RNA
can be found in untranslated form in the post-ribosomal su-
pernatant (8, 10, 15, 17-19). In some special tissues, such as
loach embryos, embryonic chick muscle, and cultured ani-
mal cells, this may even be as much as 50-80% (1, 3, 4, 11).
No specific function of any one of these specific untranslat-
ed mRNAs has been demonstrated so far.

Since our experiments with actinomycin D and cordycep-
in indicate a cytoplasmic mechanism in the regulation of
ferritin synthesis, we isolated polyribosomal and post-ribo-
somal poly(A)-containing RNA from the livers of normal
and iron-treated animals and assayed them in the wheat
germ system for their ferritin mRNA content. As seen in
Fig. 3 and Table 2, post-ribosomal mRNA from normal rat
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FIG. 3. Synthesis of ferritin by rat liver polyribosomal (a) and
post-ribosomal (b) poly(A)-containing RNA from normal and iron-
treated rats. For experimental details see under Materials and
Methods. Before immunoprecipitation the incubated wheat germ
mixture contained in a final volume of 30,ul as total acid-precipita-
ble radioactivity: 169,000 cpm (control, a, * = polyribosomal
mRNA from normal rats); 211,000 cpm (iron, a, 0 = polyribosomal
mRNA from iron-treated rats); 136,000 cpm (control b, * = post-
ribosomal mRNA from normal rats); 141,000 cpm (iron, b, 0 =
post-ribosomal mRNA from iron-treated rats). Abbreviations as in
Fig. 1.

liver directed the incorporation of 4-6 times as much radio-
activity into ferritin, if expressed as a percentage of the in-
corporation into total liver protein, as did mRNA from the
polyribosomal fraction of normal rat liver. In iron-treated
animals, this ratio dropped to 0.6-0.7 times. Despite the con-
siderable variation in the template activity of the post-ribo-
somal mRNA preparations (normal rat livers: 189,000-
695,000 cpm; iron-treated rat liver: 261,000-554,000 cpm),
very little variation was observed in the ratio: incorporation
of radioactivity into ferritin/incorporation of radioactivity
into total protein (Table 2, last column) within the two types
of post-ribosomal mRNA preparations (normal rat liver:
0.39-0.56; iron-treated rat liver: 0.11-0.13). Bester et al. (43)
have demonstrated the presence of translational control
RNA (tcRNA) in the post-ribosomal supernatant from em-
bryonic chick muscle and have shown that it inhibits the
translation of the corresponding messenger ribonucleopro-
tein (mRNP). We have preliminary evidence that some of
our post-ribosomal mRNA preparations contained variable
amounts of translational control RNA which would explain
the observed differences in their activities in the wheat germ
system.

Distribution of Ferritin mRNA in the Cytoplasm. We
have previously shown (18) that the post-ribosomal superna-
tant of normal rat liver contained 15% of the total poly(A)-
containing RNA present in the cytoplasm, while the remain-
ing 85% was contributed by the polysomal mRNA pool. Sim-
ilar values (14% versus 86%) were obtained for the distribu-
tion of the total poly(A)-containing RNA in the cytoplasm of
the liver of iron-treated rats. Using these data and the data
given in Table 2, it can be calculated that the polyribosomal
fraction in the livers of normal rats contains 56% of the total
cytoplasmic ferritin mRNA while the post-ribosomal super-
natant fraction contains 44% (Table 3). In the livers from
iron-treated rats, those values change dramatically to 91%
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Table 2. Synthesis of ferritin by rat liver polyribosomal and post-ribosomal mRNA

Incorporation/incubation
Ferritin X 100

Total Protein Ferritin
Type of mRNA (cpm) (cPm) Total protein

Polyribosomal
Normal 749,000 715 0.10 ± 0.01
Iron 769,000 1499 0.19 ± 0.02

Post-ribosomal
Exp. 1-3: Normal 248,000 967 0.39

Iron 261,000 339 0.13
Exp. 4-5: Normal 695,000 2919 0.42

Iron 513,000 561 0.11
Exp. 6: Normal 189,000 1058 0.56

Iron 554,000 730 0.13

Rat liver polyribosomal and post-ribosomal mRNA were isolated from normal and iron-treated rats, translated in the wheat germ system,
and assayed for their ferritin mRNA content as described in Materials and Methods. Incubation volumes were 125,u1. Values for the poly-
ribosomal mRNAs-are the average of six different preparations for each type of mRNA with all 12 mRNA preparations directing the incorpora-
tion of 730,000-790,000 cpm into total protein. Background incorporation (= no exogenous mRNA added) was generally between 19,000 and
27,000 cpm. Since the template activity of the corresponding six post-ribosomal preparations varied from preparation to preparation, these
values were grouped into three groups according to their capacities to stimulate radioactivity incorporation into total protein. The given values
are the average of the indicated preparations. All preparations were assayed four times for their ferritin mRNA content. Incubations were done
with half-saturating mRNA amounts (based on assays of each mRNA sample at various concentrations in the wheat germ system). Similar re-
sults were obtained using saturating mRNA amounts.

for the ferritin mRNA found in the polyribosomal fraction
and 9% for the ferritin mRNA present in the post-ribosomal
fraction. Thus, in the liver of iron-treated rats, a redistribu-
tion of the cytoplasmic ferritin mRNA takes place with the
disappearance of ferritin mRNA from the post-ribosomal
fraction and a corresponding increase in the polyribosomal
ferritin mRNA content.

DISCUSSION
Ferritin, the major intracellular iron storage protein, is
found in many tissues and organisms (20-30). Its level in the
liver can be substantially increased by raising the intracellu-
lar concentration of iron (28). We have previously shown
that iron increases the polysomal ferritin mRNA content
(31) and have concluded that iron stimulates ferritin synthe-
sis by increasing the amount of ferritin mRNA in polyribo-
somes.

Here, we show that both actinomycin D and cordycepin
fail to prevent this iron-induced increase in the polysomal

Table 3. Distribution of ferritin mRNA between
polyribosomes and post-ribosomal supernatant

Percentage of ferritin mRNA found in:

Animal Post-ribosomal
group Polyribosomes supernatant

Normal 56 44
Iron- 91 9

The values shown were calculated on the basis that, in normal
rat liver, 15% of the total cytoplasmic poly(A)-containing RNA is
present in the post-ribosomal supernatant and 85% in the poly-
somal fraction (18). The proportions were 14% and 86% for the iron-
treated animals. From these percentages and the data given in
Table 2 for the proportion of ferritin mRNA of the total translated
mRNA in each fraction, we calculated the total amount of ferritin
mRNA in each fraction. Thus, for the liver of normal rats, the
polyribosomal fraction contained 56% of the total cytoplasmic
ferritin mRNA [(0.10 x 85%)/(0.10 x 85% + 0.46 x 15%)] while
the post-ribosomal fraction contained 44% [(0.46 x 15%)/(0.10 x
85% + 0.46 x 15%)].

ferritin-mRNA content, suggesting the operation of a cyto-
plasmic control mechanism. We were able to positively
identify this mechanism by demonstrating that iron treat-
ment causes a dramatic decrease in the post-ribosomal ferri-
tin mRNA pool with a corresponding increase in the polyri-
bosomal ferritin mRNA pool. Thus, it appears that a large
pool of repressed ferritin mRNA (equal to almost 50% of the
total cytoplasmic ferritin mRNA content) is present in the
post-ribosomal supernatant of normal rat liver. This pool be-
comes derepressed in the liver of iron-treated animals and
then becomes available for initiation, polysome formation,
and ferritin synthesis. A model (Fig. 4) based on these exper-
iments is proposed to explain the manner by which iron spe-
cifically increases the amount of polysomal ferritin mRNA
and thereby stimulates ferritin synthesis. We suggest that in
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FIG. 4. A proposed model for the translational control mecha-

nism by which iron specifically regulates the synthesis of ferritin.
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normal liver one or more ferritin subunits are attached to a
sequence near or at the 5'-end of the ferritin mRNP which
can be specifically recognized by ferritin subunits, thus pre-
venting the ferritin mRNP from accepting ribosomal sub-
units and engaging in ferritin synthesis. Upon iron treat-
ment, this(these) ferritin subunit(s) becomes freed from the
mRNA by conversion into holoferritin and the derepressed
ferritin mRNP can now engage in initiation and ferritin syn-
thesis. Additional evidence in support of the model is: (a)
The finding by Chu and Fineberg (26) that iron stimulates
ferritin synthesis in HeLa cells almost immediately (within
10 min), thus requiring a mechanism that is able to respond
very fast to added iron. Induction of other proteins via tran-
scriptional control mechanisms generally requires much
more time. (b) The finding that cycloheximide completely
abolishes the stimulating effect of iron on ferritin synthesis
(26, 27), thus demonstrating that protein synthesis is re-
quired for the iron effect. (c) The identification by Lee et al.
(44) of free ferritin subunits in the cytoplasm of hepatoma
cells in culture and their aggregation into ferritin on addi-
tion of iron to the medium. (d) The observation by Drysdale
and Shafritz (45), that, in vitro, iron stimulates the conver-
sion of ferritin subunits into holoferritin, which in our model
would exert a trigger function by converting free cytop-
lasmic ferritin subunits into holoferritin, thus favoring the
detachment of the ferritin-mRNA-bound ferritin subunit
which is in equilibrium with the free ferritin subunit pool.
(e) The reported nucleotide sequence heterogeneity of the
5'-terminus of viral mRNA (46) and myeloma cell mRNA
(47) that could provide the specific structural basis which is
necessary for the specific interaction between ferritin
mRNA and ferritin subunits. The location of this binding
site at the 5'-terminus and prior to the AUG codon would
probably provide the blocking effect on initiation. (f) The
demonstration by Jay and Kaempfer (48) that an Escherich-
ia coli host protein specifically binds to the viral R17 RNA,
thereby preventing it from initiation and translation.
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