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The expression of the nucleus-encoded b-F1-ATPase gene of oxidative phosphorylation is developmentally
regulated in the liver at both the transcriptional and posttranscriptional levels. In this study we have analyzed
the potential mechanisms that control the cytoplasmic expression of b-F1-ATPase mRNA during liver devel-
opment. Remarkably, a full-length 3* untranslated region (UTR) of the transcript is required for its efficient
in vitro translation. When the 3* UTR of b-F1-ATPase mRNA is placed downstream of a reporter construct,
it functions as a translational enhancer. In vitro translation experiments with full-length b-F1-ATPase mRNA
and with a chimeric reporter construct containing the 3* UTR of b-F1-ATPase mRNA suggested the existence
of an inhibitor of b-F1-ATPase mRNA translation in the fetal liver. Electrophoretic mobility shift assays and
UV cross-linking experiments allowed the identification of an acutely regulated protein (3*bFBP) of the liver
that binds at the 3* UTR of b-F1-ATPase mRNA. The developmental profile of 3*bFBP parallels the reported
changes in the translational efficiency of b-F1-ATPase mRNA during development. Fractionation of fetal liver
extracts revealed that the inhibitory activity of b-F1-ATPase mRNA translation cofractionates with 3*-UTR
band-shifting activity. Compared to other tissues of the adult rat, kidney and spleen extracts showed very high
expression levels of 3*bFBP. Translation of b-F1-ATPase mRNA in the presence of kidney and spleen extracts
further supported a translational inhibitory role for 3*bFBP. Mapping experiments and a deletion mutant of
the 3* UTR revealed that the cis-acting element for binding 3*bFBP is located within a highly conserved region
of the 3* UTR of mammalian b-F1-ATPase mRNAs. Overall, we have identified a mechanism of translational
control that regulates the rapid postnatal differentiation of liver mitochondria.

The biogenesis of mitochondria is a complex cellular re-
sponse that involves the concerted expression of the two ge-
nomes in which molecular components of the organelles are
encoded (2). The rapid switch in the metabolic pathways rel-
evant for energy provision that occurs in the mammalian liver
during development provides a suitable in vivo experimental
system for the analysis of the mechanisms that control the
biogenesis of mitochondria. The development of the functional
capabilities of mitochondria (37, 51, 68), as well as the expres-
sion patterns of nucleus- and mitochondrion-encoded genes of
oxidative phosphorylation during liver development (11, 30, 39,
47, 48), indicates the existence of two main biological programs
for controlling the biogenesis of liver organelles. These pro-
grams, defined as those responsible for organelle proliferation
and differentiation, respectively, are differentially expressed
throughout liver development and controlled at different levels
of gene expression. Whereas proliferation of liver mitochon-
dria, that is, the continuous accumulation of the organelles in
hepatocytes (1, 13, 58), seems to be basically controlled at the
level of transcription of nucleus-encoded genes (30) and by a
concerted increase in the replication of mitochondrial DNA
(11, 48), differentiation of the organelles, i.e., the acquisition of
the ultrastructural, molecular, and functional capabilities of
adult-type mitochondria (13, 68), is controlled at two posttran-
scriptional levels of gene expression that involve profound

changes in the stability (30, 47) and translational efficiency (30,
39, 48) of the transcripts encoded in both genomes.

Nucleus- and mitochondrion-encoded transcripts of oxida-
tive phosphorylation have been shown to accumulate in the
fetal liver (30), despite the lower transcriptional activity of the
nuclear gene (30) and the lower cellular representation of the
mitochondrial genome (11, 48) at this stage of development.
For transcripts encoded in both genomes, the accumulation of
the mRNAs results from profound developmental changes in
mRNA stabilities (30, 47).

Activation of the stored transcripts for oxidative phosphor-
ylation proteins occurs at the time of birth (30, 39, 48) simul-
taneously with a generalized burst in the rate of global protein
synthesis (39). However, the relative synthesis of mitochondrial
proteins is preferential over the bulk of the cytosolic proteins,
at least during the first postnatal hours (39, 48, 68). Therefore,
the mammalian liver provides an additional example in which
certain mRNAs are stored “masked” (31, 42, 70) until required
to fulfill a predetermined differentiation program of the organ-
ism: the differentiation of mitochondria (30, 68).

Recently, high-resolution in situ hybridization experiments
have revealed that nucleus-encoded b-F1-ATPase mRNA is
localized in the hepatocytes of fetal rats in electron-dense
structures called b-mRNA clusters (20). This finding con-
trasted with the cytoplasmic presentation of another transcript
of oxidative phosphorylation (a-F1-ATPase mRNA) (20) and
thus initially suggested possible involvement of the cluster
structure in the masking of b-F1-ATPase mRNA during fetal
development (30, 39). However, analysis of the presentation of
b-F1-ATPase mRNA in the hepatocytes throughout develop-
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ment revealed that the transcript is always presented in clusters
(20). Furthermore, using a combination of in situ hybridization
and immunocytochemical procedures, we have provided evi-
dence that cytoplasmic b-mRNA clusters are the subcellular
sites involved in the control of the translation of the transcript
during development (54). In light of the close proximity be-
tween b-mRNA clusters and mitochondria, a role for this
structure in fast-tracking the sorting of the precursor protein to
its mitochondrial destination has been suggested (20, 54; for a
review see reference 38).

Activation of masked mRNAs is usually mediated by cova-
lent modification and/or trans activation of the stored mRNAs
in response to a given stimulus (3, 9). In the case of nucleus-
encoded b-F1-ATPase mRNA, the rapid and specific develop-
mental changes in the translational efficiency of the transcript
(39) suggested that changes in the poly(A)1 RNA fraction, or
in the reporter template itself, were responsible for the in-
creased and preferential translation of b-F1-ATPase mRNA
during mitochondrial differentiation (39). In this work, we have
therefore undertaken a study aimed at identifying the potential
mechanisms (14, 25, 41) that may control the cytoplasmic ex-
pression of b-F1-ATPase mRNA during liver development.
We have found that changes in the translational efficiency of
b-F1-ATPase mRNA are not the result of intrinsic differences
in the 39 or 59 ends of the mRNA but rather are mediated by
regulatory proteins of the liver that specifically inhibit b-
F1-ATPase mRNA translation. Remarkably, the 39 UTR of
b-F1-ATPase mRNA is an essential cis-acting element in-
volved in its translation. A protein (39bFBP) that binds to the
39 UTR of b-F1-ATPase mRNA has been identified in fetal rat
liver extracts. It is shown that b-F1-ATPase mRNA binding
activity is acutely regulated during liver development, parallel-
ing the abrupt developmental changes in the translational ef-
ficiency of b-F1-ATPase mRNA (39). In addition, we report
that the 39bFBP and b-F1-ATPase mRNA translational inhib-
itory activities cofractionate and further show the same expres-
sion patterns in the tissues of adult rats. The mapping of an
essential cis-acting element for binding of the regulatory pro-
tein is also provided. Altogether, the findings illustrate for the
first time that regulatory proteins that bind the 39 UTR of an
oxidative phosphorylation transcript are involved in controlling
the developmental and tissue-specific expression pattern of the
gene. In other words, mechanisms regulating translation are
also of relevance when considering the control of the biogen-
esis of mitochondria in mammals.

MATERIALS AND METHODS

Abbreviations. ARF, ADP ribosylation factor; TBE, 0.09 M Tris-borate–0.002
M EDTA; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electro-
phoresis; UTR, untranslated region; DTT, dithiothreitol; AMV, avian myelo-
blastosis virus; RT, reverse transcriptase; BSA, bovine serum albumin; PIPES,
piperazine-N,N9-bis(2-ethanesulfonic acid); EMSA, electrophoretic mobility
shift assay; 39bFBP, b-F1-ATPase mRNA 39-UTR binding protein.

Analysis of liver b-F1-ATPase mRNA by RNase H protection assays. RNase H
protection assays were carried out essentially as described previously (4). Specific
oligonucleotides (250 pmol) (Table 1) and/or 500 pmol of oligo(dT)12–18 (Phar-
macia) was annealed to either 40 mg of total RNA from fetal, 1-h-old neonatal,
and adult rat liver or 1 mg of poly(A)1 RNA from fetal and 1-h-old neonatal rat
liver. The oligonucleotide z b-F1-ATPase mRNA and/or oligo(dT) z poly(A)1

tail hybrids formed were digested by addition of 0.8 U of RNase H (Pharmacia)
at 21°C for 45 to 60 min. The digested RNA was analyzed by Northern blotting
procedures with specific oligonucleotides (Table 1) (29).

Primer extension analysis of liver b-F1-ATPase mRNA. Primer extension
experiments were carried out according to the method of Boorstein and Craig (7)
using 100 fmol of labeled 41-mer oligonucleotide (Table 1) and 60 mg of total
RNA samples obtained from the liver at different stages of development. After
forming the oligonucleotide z b-F1-ATPase mRNA hybrids, 24 U of AMV RT
(Boehringer) was added and incubated at 42°C for 60 min. The reaction products
were loaded on an 8% polyacrylamide–7 M urea gel. After electrophoresis, the
gel was dried and the 32P-labeled products were visualized by exposure of the
gels to X-ray films. DNA molecular weight marker V from Boehringer labeled
with [g-32P]ATP and polynucleotide kinase was used as a size marker.

Obtainment of full-length b-F1-ATPase cDNA from rat liver and other plas-
mids used. Rat liver poly(A)1 RNA (1 to 2 mg) was used as a template of the RT
(Promega), as described in the Promega Protocols and Applications Guide.
Specific primer sequences for the 59 and 39 ends of b-F1-ATPase cDNA from rat
liver were derived from those described previously (8, 23) to generate the rat
liver 39 and 59 b-F1-ATPase cDNA fragments used in PCR. The sequence and
polarity of each primer is indicated in Table 1. The amplified 59 and 39 b-F1-
ATPase cDNA products were digested with KpnI-EcoRI and ApaI-HindIII,
respectively. Restriction fragments, together with the EcoRI-ApaI cDNA frag-
ment obtained from partial rat liver b-F1-ATPase cDNA, kindly supplied by P. L.
Pedersen (23), were subcloned into pBluescript SK vector (Stratagene). The
recombinant plasmid was named pJMI-b-F1.

On the other hand, the ApaI-HindIII cDNA product, containing the 39 UTR
of b-F1-ATPase mRNA from rat liver, was also subcloned into pBluescript SK
vector (Stratagene). The recombinant plasmid was named pJMI39UTR-b-
F1. To obtain the plasmid containing 59-UTR-deleted b-F1-ATPase cDNA
(pJMI59UTR-b-F1), a sense oligonucleotide containing a KpnI site and a partial
region of the presequence of the b-F1-ATPase precursor (oligonucleotide I,
[Table 1]) was synthesized. The corresponding cDNA was obtained by PCR with
sense oligonucleotide I and the antisense oligonucleotide E (Table 1), by using
pJMI-b-F1 as a template. The construct pARF, containing bovine ARF-1 cDNA,
was obtained by PCR from the pET11d plasmid, kindly provided by A. Alconada,
with oligonucleotides J (sense) and K (antisense) (Table 1). The amplified cDNA
product was digested with KpnI and subcloned into the appropriately restricted
pBluescript SK vector (Stratagene). The heterologous plasmid (pARF-39bUTR)
containing the coding sequence of ARF-1 and the 39 UTR of b-F1-ATPase
mRNA, was obtained by subcloning the ApaI-HindIII cDNA fragment from
pJMIb-F1 into pARF. Sequencing of plasmids with T7 and T3 primers was
performed with the fmol DNA sequencing system (Promega).

TABLE 1. Oligonucleotides used in this studya

Oligonucleotide Orientation Sequence Expt(s)

A Antisense 41-mer 59-CAC AAC GGC GCC GAT GAC TGC CAC AAT TTG CCC GGT GGC GG-39 Primer extension,
RNase H protection

B Antisense 41-mer 59-ACG CCC CAC AAG ACT CAA CAT GGC GGA GTC CGG GTG GAG AC-39 Primer extension,
RNase H protection

C Antisense 30-mer 59-CAT GTA GAA GGC TTG TTC CGG GAG ATG GTC-39 RNase H protection
D Antisense 42-mer 59-CGA CCC ATG CTC CTC TGC CAG CTT GTC AGC CTT TGC CAC AGC-39 RNase H protection
E Antisense 30-mer 59-CCC ACC CTT GGC GTA TGG GGC CAG CAG ATC-39 RT-PCR
F Sense 30-mer 59-GCG CGG GTA CCC GAA TCC AGT CTC CAC CCG-39 PCR
G Antisense 30-mer 59-GCG AGC TCC GCG AAG CTT TTT TTT TTT TTT-39 RT-PCR
H Sense 30-mer 59-GGC AGT GAG CAT TAT GAT GTT GCT CGT GGG-39 PCR
I Sense 30-mer 59-GCG CGG GTA CCA TGT TGA GTC TTG TGG GGC-39 PCR
J Sense 30-mer 59-GCG CGG GTA CCA TGG GGA ATA TCT TTG CAA-39 PCR
K Antisense 30-mer 59-GCG CGG GTA CCT CAT TTC TGG TTC GGG AGC-39 PCR

a The sequences of oligonucleotides A through I were derived from the rat liver b-F1-ATPase cDNAs previously reported by Garboczi et al. (23) and Boulet et al.
(8). The sequences of oligonucleotides J and K were derived from the pET11d plasmid.
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In vitro synthesis of RNA transcripts. The pJMI-b-F1 and pARF-39bUTR
plasmids were linearized by cleavage at the HindIII site. Other plasmids used in
this study were linearized with restriction endonucleases, as follows: pJMI-b-F1
with ApaI, SacI, and DraI to generate the deletions of the 39 UTR of b-F1-
ATPase mRNA; pJMI59UTRb-F1 with HindIII and ApaI to generate the D-
59UTR and D-59,39UTR deletion constructs, respectively; pJMI39UTR-b-F1
with SacI, DraI, and HindIII to generate, respectively, the 39-D1, 39-D2, and
wild-type riboprobes of the 39 UTR; pARF with ApaI and with BamHI and
HindIII to generate, respectively, the ARF and the two ARF-39RNA mRNAs.
The in vitro transcription reaction was carried out with the mCap RNA capping
kit (Stratagene) according to the protocol of the manufacturer. Radiolabeled
RNA probes were prepared without adding cap structures, in the presence of
0.05 mM cold rUTP plus 50 mCi of [a-32P]UTP (400 Ci/mmol).

In vitro translation of mRNAs. In vitro-synthesized mRNAs, derived from the
corresponding plasmids (up 40 mg/ml), were utilized as templates for protein
synthesis in a nuclease-treated rabbit reticulocyte lysate (Amersham). The reac-
tions were performed in the presence of 40 mCi of L-[35S]methionine (.1,000
Ci/mM) and 40 U of RNasin (39, 62). At different reaction times (up to 1 h), the
products were analyzed by SDS-PAGE (29).

Preparation and fractionation of liver extracts. Liver homogenates and post-
mitochondrial supernatants from fetal, 1-h-old neonatal, and adult rats were
prepared (29) and stored at 270°C until use. Postmitochondrial supernatants
were centrifuged at 180,000 3 g for 1 h, and the supernatants obtained were
dialyzed against 10 mM K-phosphate buffer, pH 7.0 (molecular weight cutoff of
the membrane, 6,000 to 8,000). Protein (2.5 mg) from the dialyzed liver extract
was fractionated at a constant flow of 25 ml/h at 4°C through a Sephadex G-100
column with 50 mM Tris-HCl, pH 7.4. The column was calibrated previously with
a mixture containing blue dextran (40 mg), BSA (200 mg), and cytochrome c (200
mg). Collected fractions (1 ml) were desalted with Centricon-10 concentrators
(Amicon, Inc.) and combined into four main fractions (see Fig. 8). Heat-dena-
tured liver extracts were also used. Protein concentrations were determined with
the Bradford reagent (Bio-Rad) with BSA as the standard. Other tissue extracts
from adult male rats were also prepared.

RNase protection assays. Liver poly(A)1 RNA (2 mg) from fetal, 1-h-old
neonatal, and adult rats were coprecipitated with 5 3 105 cpm of the b-F1-
ATPase sense or antisense RNA probes. The sense and antisense RNA probes
were obtained from the transcription of the pJMI-b-F1 and pJMI39UTR-b-F1
plasmids digested with either HindIII or KpnI by using T7 or T3 polymerase,
respectively. Annealing was performed at 45°C for 16 to 18 h. After hybridiza-
tion, the samples were digested with 50 mg of RNase A (Boehringer) per ml and
1,000 U of RNase T1 (Boehringer) per ml at 37°C for 30 min. After treatment
with 50 mg of proteinase K (Boehringer), samples were extracted with phenol-
chloroform and analyzed on 6% denaturing polyacrylamide gels.

RNA EMSA and UV cross-linking assay. Band shift assays were carried out
with the modifications previously described (74). Protein (25 mg) from liver
extracts was incubated with radiolabeled probes (1 3 105 to 5 3 105 cpm) in 20
ml of 15 mM HEPES, pH 8.0, containing 4 mg of Escherichia coli tRNA, 10 mM
KCl, 10% glycerol, and 1 mM DTT at 30°C for 10 min prior to the addition of
20 U of RNase T1 (Boehringer). After a 30-min incubation at 37°C, the RNA-
protein complexes were resolved on a 5% polyacrylamide–0.53 TBE native gel.
For competition studies, an excess of unlabeled RNA was added 10 min before
the addition of the radiolabeled RNA to liver extracts. UV cross-linking studies
were performed essentially as described above. Reaction mixtures were exposed
to 254 nm of UV light (Stratalinker 1800; Stratagene) for 6 min on ice. The
RNA-protein complexes were resolved by SDS–12% PAGE. After electrophore-
sis, the gels were vacuum dried and the 32P-labeled complexes were visualized by
exposure of the gels to X-ray films with intensifying screens.

RNase T1 mapping analysis. After drying and exposure of the RNA electro-
phoretic mobility shift gels, the retarded band was scissored from the gels. The
bands obtained were hydrated and extracted overnight at 37°C in a medium
containing 0.5 M ammonium acetate–10 mM magnesium acetate–0.1 mM
EDTA–0.1% SDS. After phenol-chloroform extraction, the eluted RNA was
precipitated with 20 mg of tRNA and 3 volumes of ethanol. The precipitated
RNA was resuspended in H2O and digested with 20 U of RNase T1 for 20 min
at 22°C. The digested products were resolved on a 12% PAGE–7 M urea
denaturing gel. After drying, the gel was exposed to a phosphorimage plate
and/or autoradiography.

RESULTS

The poly(A)1 tail of liver b-F1-ATPase mRNA remains
basically the same during development. The accumulation of
b-F1-ATPase mRNA in the fetal liver in a translationally re-
pressed state (30, 39) suggested the possibility that specific
covalent modifications in the mRNA itself (31, 55, 70, 72) are
involved in mediating the rapid changes in the translational
efficiency of the transcript during development (30, 39). Since
changes in the polyadenylation track of the b-F1-ATPase
mRNA could escape detection by conventional Northern blot-

ting procedures, we studied the 39 end of b-F1-ATPase mRNA
at different stages of liver development by RNase H analysis (4).

Incubation of the total RNA fraction, obtained from livers at
different stages of development, with an antisense oligonu-
cleotide (oligonucleotide C [Table 1]) of the 39 end of b-F1-
ATPase mRNA (Fig. 1, upper panel), plus or minus oligo(dT),
and further incubation with RNase H resulted in the specific
digestion of mRNA-DNA hybrids and the generation of large
59 and small 39 fragments of b-F1-ATPase mRNA, the latter
fragments with or without the poly(A)1 track (Fig. 1). Frac-
tionation and further hybridization of the resulting RNA sam-
ples to a 39-end antisense oligonucleotide (oligonucleotide D

FIG. 1. RNase H analysis of the 39 UTR and poly(A)1 tail lengths of b-F1-
ATPase mRNA during liver development. (Upper panel) Schematic represen-
tation of b-F1-ATPase mRNA. The thin lines indicate the relative lengths of the
59 and 39 UTRs, whereas the black box in the representation of the transcript
illustrates the mRNA coding region of the presequence of the b-precursor. The
hatched boxes illustrate the length and hybridization position of antisense oligo-
nucleotide C (Table 1) and oligo(dT). The dotted box illustrates the length and
hybridization position of antisense oligonucleotide D (Table 1), used for the de-
tection of the generated 39 b-F1-ATPase mRNA fragments. Total RNA (40 mg)
from fetal (0), 1-h-old neonatal (1), and adult (Ad) rat liver was analyzed as
described in Materials and Methods. Detection of the 39 b-F1-ATPase mRNA
fragments was carried out with 32P-labeled oligonucleotide D. (Lower panel)
Detection of the generated 59 b-F1-ATPase mRNA fragment, after digestion
with RNase H, with a PstI-HindIII fragment of b-F1-ATPase cDNA. RNA molec-
ular weight marker I (Boehringer) and E. coli tRNA were used as size markers.
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[Table 1]) of b-F1-ATPase cDNA allowed the visualization of
the undigested b-F1-ATPase mRNA and the resulting small
39-end fragments of the mRNA (Fig. 1, upper panel). With a
similar strategy, the hybridization of digested RNA samples to
a PstI-HindIII fragment of b-F1-ATPase cDNA (23) allowed
the visualization of the undigested, larger 59 fragment of b-F1-
ATPase mRNA (Fig. 1, lower panel). The results obtained by
these approaches revealed (i) that the relative abundance of b-
F1-ATPase mRNA in fetal and neonatal liver is higher than in
the adult (Fig. 1), in agreement with previous findings with
different probes used for the detection of b-F1-ATPase mRNA
levels (30, 39); (ii) that the poly(A)1 tail of b-F1-ATPase
mRNA is heterogeneous in size at all stages of liver develop-
ment, ranging from ;10 to 100 bases (Fig. 1, upper panel),
which is in agreement with the size of the poly(A)1 tail for
other mature eukaryotic mRNAs; and (iii) that the 39 end and
the majority of the poly(A)1 track of b-F1-ATPase mRNA has
the same length during liver development (Fig. 1), although it
cannot be excluded that as development proceeds the lengths
of the longest poly(A)1 tails decrease. Therefore, it appears
that changes in the translational efficiency of the transcript are
not accompanied by major changes in the poly(A)1 tail of the

mRNA. These results were confirmed by using the same ex-
perimental approach with the poly(A)1 RNA fraction of fetal
and neonatal samples (data not shown).

A unique transcription start site for the rat liver b-F1-
ATPase gene during development. It has been reported that
differences in the 59 UTR of eukaryotic mRNAs are expected
to influence the translational efficiency of the transcripts (25,
41, 50, 73). The human b-F1-ATPase gene has been shown to
contain, in various studies, one (44) or two (45) transcription
start sites. The situation for the rat gene is not known and, in
case of the existence of two transcription start sites, it is con-
ceivable that developmental regulation of transcription initia-
tion at different sites in the promoter of the gene would result
in b-F1-ATPase mRNAs with different 59 leaders that could,
therefore, express different translational efficiencies. Thus, we
studied whether the 59 end of rat liver b-F1-ATPase mRNA
changes throughout development.

Primer extension analysis of RNA fractions obtained at dif-
ferent stages of development (Fig. 2A), by using an antisense
oligonucleotide of the 59 end of b-F1-ATPase cDNA (oligo-
nucleotide A [Table 1]) (23, 29), revealed a major elongated
product (;240 nucleotides) of the RT reaction (Fig. 2A). Dif-
ferences in the amount of the major elongated product be-
tween the samples most likely reflect the different cellular
representations of b-F1-ATPase mRNA during liver develop-
ment (30, 39). Other intermediate-size products were also de-
tected (Fig. 2A). These most likely corresponded to noncom-
pleted products of the transcriptase reaction, as previously
suggested by others (23), because of the extensive secondary

FIG. 2. The rat liver b-F1-ATPase gene has a unique transcription initiation
site during development. (A) Primer extension analysis of b-F1-ATPase mRNA
from fetal (0), 1-h-old neonatal (1), and adult (Ad) rat liver with oligonucleotide
A (Table 1) was carried out as described in Materials and Methods. tRNA was
used as a control for nonspecific elongation. The migration of 32P-labeled DNA
molecular weight marker V (Boehringer) is shown on the right. The arrow
indicates the migration of the major elongated product. (B) RNase H analysis of
the 59 end of b-F1-ATPase mRNA during liver development. In the schematic
representation of the b-F1-ATPase mRNA, the thin lines indicate the relative
lengths of the 59 and 39 UTRs, whereas the black box in the representation of the
transcript illustrates the mRNA coding region of the presequence of the b-
precursor. The hatched box illustrates the length and hybridization position of
antisense oligonucleotide A (Table 1). The dotted box illustrates the length and
hybridization position of antisense oligonucleotide B (Table 1) used for the
detection of the 59 b-F1-ATPase mRNA fragment generated after incubation
with RNase H. The arrow indicates the migration of the generated 59 b-F1-
ATPase mRNA fragment.
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structure detected in the mRNA coding region of the prese-
quence of the b-subunit precursor. Interestingly, primer exten-
sion reactions with antisense oligonucleotide B (Table 1),
which is complementary to the most 59 end of b-F1-ATPase
cDNA, revealed no elongated products (data not shown).

The length of the 59 leader of b-F1-ATPase mRNA during
liver development was further studied by RNase H analysis
(Fig. 2B). Incubation of total RNA fractions from different
stages of liver development with oligonucleotide A, digestion
of the RNA-DNA hybrids with RNase H, and further detec-
tion of the generated fragments with oligonucleotide B re-
vealed the presence of a unique ;200-nucleotide 59 fragment
of the b-F1-ATPase mRNA during development. Thus, the
results (Fig. 2A and B) suggest that the rat liver b-F1-ATPase
gene is transcribed during liver development from a single
transcription start site, which is located ;27 bp upstream of
the initiator codon AUG (8), in agreement with findings of a
unique transcription start site on the human gene (44).

In the view of the absence of differences in the 39 and 59 ends
of b-F1-ATPase mRNA during liver development (Fig. 1 and
2), which could suggest mechanisms controlling developmental
changes in the translational efficiency of the transcript (30, 39),
we next explored whether developmentally regulated mole-
cules of the liver could be involved in controlling the transla-
tional efficiency of the transcript (39).

Cloning full-length b-F1-ATPase cDNA from rat liver. In
order to characterize putative trans-acting factors involved in
the regulation of b-F1-ATPase mRNA translation during liver
development, it was first necessary to obtain full-length b-F1-
ATPase cDNA from rat liver. In brief, the 59 and 39 ends of b-
F1-ATPase mRNA were obtained by RT coupled to PCRs with
specific oligonucleotides (E and F for the 59 ends and G and H,
for the 39 ends [Table 1]). The sequences of the 59 and 39 ends
of the recombinant plasmid, named JMI-b-F1, matched the
previously published sequences of the 59 and 39 ends of b-F1-
ATPase cDNAs from rat liver (8, 23). The JMI-b-F1 plasmid
was efficiently transcribed in vitro, producing b-F1-ATPase
mRNA of the expected size (data not shown).

RNase protection assays provided no indication of the exis-
tence of b-F1-ATPase mRNA antisense RNAs in the liver. The
fact that translation of b-F1-ATPase mRNA from the fetal
poly(A)1 RNA fraction is less efficient than that carried out
from the poly(A)1 RNA fraction of the neonatal liver (39)
suggested that the molecular nature of the putative effector of
b-F1-ATPase mRNA translation could be a polyadenylated
RNA and/or the protein product of an RNA contained in the
fraction (39). Examples of regulatory RNAs involved in the
translation of specific mRNAs have been provided previously
(25, 36, 52, 53, 64, 69, 71). Therefore, we studied whether the
poly(A)1 RNA fraction of rat liver contains, depending on the
stage of development, some kind of polyadenylated RNA able
to protect the labeled b-F1-ATPase mRNA probe from deg-
radation with a mixture of RNase A plus T1. The results ob-
tained revealed that in vitro-generated b-F1-ATPase mRNA is
completely degraded irrespective of the presence in the assay
of poly(A)1 RNA from fetal, neonatal, or adult rat liver (Fig.
3, lanes 3 to 5). In contrast, an antisense b-F1-ATPase mRNA
probe, used as a control in the RNase protection assay, re-
vealed the presence of a protected RNA fragment of the ex-
pected size when incubated in the presence of poly(A)1 RNA
from rat liver (Fig. 3). These results most likely exclude the
possibility that antisense RNAs regulate b-F1-ATPase mRNA
translation during liver development.

Developmentally regulated trans-acting factors of the liver
modulate the rate of translation of b-F1-ATPase mRNA. In
line with previous findings (Fig. 1 and 2) and suggestions (39),

the observed differences in translational efficiency of b-F1-
ATPase mRNA during development may thus result from the
presence of specific regulatory proteins in the liver which in-
hibit (in the fetal stage) or activate (in the neonatal stage) the
translation of b-F1-ATPase mRNA (39). Therefore, we next
studied whether the translational efficiency of the in vitro-
generated transcript could be modified by the presence of
exogenously added extracts from rat liver obtained at different
stages of development. The translational efficiency of the tran-
script was assessed in reticulocyte lysates, an in vitro system
previously shown to reflect differences in the translational ef-
ficiency of the transcript (39) that basically mimic those ob-
served in vivo (30). In vitro-synthesized b-F1-ATPase mRNA
was efficiently translated in vitro with rabbit reticulocyte lysates
(Fig. 4A). A single 52-kDa polypeptide was obtained, in con-
trast with previous results by others (8) but in agreement with
the size of the precursor protein of the b-subunit of the
F1-ATPase complex from rat liver (62).

Addition of liver extracts to the assay system always pro-
moted a decline in the amount of the synthesized b-precursor
compared to those lacking any addition (Fig. 4A). However, it
is remarkable to observe that the inhibition of translation of b-
F1-ATPase mRNA, promoted by the addition of 1-h-old neo-
natal and adult liver extracts, was much less than that triggered

FIG. 3. RNase protection analysis of in vitro-synthesized b-F1-ATPase
mRNA. The HindIII-digested pJMI-b-F1 plasmid was transcribed in vitro with
T7 viral RNA polymerase to generate b-F1-ATPase mRNA (lane 1). Two mi-
crograms of poly(A)1 RNA from fetal (lane 3), 1-h-old neonatal (lane 4), and
adult (lane 5) rat liver were annealed to the radiolabeled b-F1-ATPase mRNA
probe. The nonprotected fragments were digested with RNases A plus T1, and
the products were fractionated through 6% polyacrylamide sequencing gels.
Lanes 2 and 6 contained the b-F1-ATPase mRNA probe with no further addi-
tions and 2 mg of E. coli tRNA, respectively. The marker lanes are a sequencing
ladder of unrelated DNA and 32P-labeled DNA molecular weight marker V from
Boehringer, respectively. In the lane labeled (2) Probe, a positive control for the
RNase protection analysis is shown. Two micrograms of fetal poly(A)1 RNA was
annealed to the antisense 39 UTR of b-F1-ATPase mRNA. The antisense RNA
probe was synthesized from the KpnI-digested pJMI39UTR-b-F1 plasmid by
using T3 viral RNA polymerase. The size of the protected fragment is indicated
by an arrow.
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by the addition of fetal liver extracts (Fig. 4A). From the mean
of two independent experiments, addition of fetal extracts pro-
moted 80% inhibition whereas neonatal or adult extracts pro-
moted only 30 or 20% inhibition, respectively. Interestingly,
fetal liver extracts did not show such inhibitory effect for the
translation of a polycistronic mRNA used as a control (Fig.
4A), suggesting that fetal extracts specifically inhibit transla-
tion of b-F1-ATPase mRNA.

Proteolytic cleavage by one of the domains of the precursor
polypeptide encoded in the control RNA yields several poly-
peptides during the translation reaction (Fig. 4A). Since one of
these polypeptides has the same electrophoretic migration as
that of the b-precursor (Fig. 4A), the effect of liver extracts
was further assessed in a translation mixture containing b-F1-

ATPase mRNA and bovine ARF-1 mRNA. In the absence of
added extracts, and under the translation conditions assayed, it
was predicted that both mRNAs would compete for the avail-
able translational machinery, resulting in less-synthesized
products than when translated separately. However, the results
obtained revealed that the synthesis of ARF was very much
inhibited (60 and 70%) whereas that of the b-precursor was
not affected (Fig. 4B). This finding suggested the existence of
an intrinsic characteristic of b-F1-ATPase mRNA that is able
to provide to the transcript a translational advantage for com-
peting for the translational machinery of the lysate. In agree-
ment with previous findings (Fig. 4A), the addition of fetal
liver extract to the translation reaction mixture repressed the
synthesis of the b-precursor (70%) and marginally affected the
synthesis of ARF (0 and 15%, from two independent experi-
ments) (Fig. 4B).

The 3* UTR of b-F1-ATPase mRNA is an essential cis-acting
element of mRNA translation. In order to map the apparent
cis-acting element providing b-F1-ATPase mRNA its in vitro
translational advantage, we generated different deletion con-
structs of the mRNA and assayed their translational efficiency
in the reticulocyte system (Fig. 5A). The results revealed that
the deletion of the 59 UTR of the mRNA (D-59UTR) pro-
moted almost a twofold increase in the amount of synthesized
b-precursor compared to the wild-type construct (Fig. 5A). In
contrast, deletion of the 39 UTR (D-39UTR) promoted almost
complete inhibition of the synthesis of the b-precursor (Fig.
5A). In agreement with the partial in vitro inhibitory effect of
the 59 UTR of the mRNA on the synthesis of the b-precursor,
the amount of b-precursor synthesized from the double dele-
tion construct (D-59,39UTR) was slightly recovered compared
to the synthesis from the D-39UTR construct (Fig. 5A). These
findings indicate that the 39 UTR of b-F1-ATPase mRNA is an

FIG. 4. Effects of liver extracts on the translation efficiency of in vitro-syn-
thesized b-F1-ATPase mRNA. (A) Twenty micrograms of in vitro-synthesized b-
F1-ATPase mRNA (b-F1 mRNA) or control B RNA (Amersham) per milliliter
was added to nuclease-treated rabbit reticulocyte lysates. Where indicated, 25 mg
of protein from fetal (0), 1-h-old neonatal (1), or adult (Ad) rat liver extracts was
used to determine the translational efficiency of b-F1-mRNA. Translation was
carried out for 30 min at 30°C. The [35S]methionine-labeled products were
fractionated by SDS–12% PAGE and processed by fluorography. The autora-
diogram of the gel of a representative experiment is shown. The migration of the
synthesized b-subunit precursor (pb) and molecular mass markers (200, 97, 69,
46, and 30 kDa, from top to bottom) are indicated. For quantitation of the
inhibitory effect of fetal extracts on the translational efficiency of b-F1-ATPase
mRNA, see the text. (B) Simultaneous translation of the mixture of b-F1-
ATPase and ARF mRNAs reveals the translational advantage of the former
transcript. Ten micrograms of in vitro-synthesized b-F1-ATPase and ARF mR-
NAs were added alone or in combination to the lysate. Where indicated, 20 mg
of protein from fetal (0), 1-h-old neonatal (1), or adult (Ad) rat liver extracts was
added. The migration of the synthesized pb and ARF protein is indicated by
arrowheads. Molecular mass markers (200, 97, 69, 46, 30, 21, and 14 kDa, from
top to bottom) are shown on the left. The arrow indicates the front of the gel.

FIG. 5. A full-length 39 UTR of b-F1-ATPase mRNA is required for efficient
translation of the transcript. (A) Synthetic b-F1-ATPase mRNAs (W.T., D-
59UTR, D-39UTR, and D-59,39UTR) were obtained as described in Materials and
Methods. The closed and hatched boxes represent the UTRs and coding regions
of b-F1-ATPase mRNA, respectively. (B) Schematic representation of the size of
the 39 UTR of b-F1-ATPase mRNA in different 39-UTR deletion mutants. The
mutants are indicated by D-39 followed by the restriction endonuclease used to
linearize templates prior to in vitro transcription. The hatched boxes represent
the b-F1-ATPase 39 UTRs of the mRNAs. The closed boxes represent the 13
adenosines at the 39 end. In both panels, 0 or 500 ng of each construct was
translated in the lysates for 30 min at 30°C. Aliquots (4 ml) of the in vitro-
synthesized protein were processed to determine the translational efficiency of
each mRNA construct. Representative autoradiograms are shown. The migra-
tion of the synthesized b-subunit precursor (pb) is indicated by an arrowhead.
The migration of molecular mass markers (97, 69, and 46 kDa, from top to
bottom) is shown on the left.
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essential cis-acting element for efficient translation of the tran-
script. Progressive 39 deletions of the 39 UTR of the mRNA,
generated by digestion of the pJMI-b-F1 plasmid with the
HindIII (wild type), DraI, SacI, and ApaI restriction endo-
nucleases (Fig. 5B), resulted in a gradual decrease in the
amount of synthesized b-precursor (30, 44, and 80% of the
synthesized b-precursor from the wild-type mRNA, respec-
tively) (Fig. 5B), further indicating that b-F1-ATPase mRNA
translation is dependent on a complete 39 UTR.

The 3* UTR of b-F1-ATPase mRNA enhances translation of
a chimera and contains the target site for developmental reg-
ulation of the transcript. To confirm the essential role of the 39
UTR of b-F1-ATPase mRNA in translational regulation, we
subcloned the 39 bUTR downstream of the ARF mRNA and
tested the translational efficiency of the reporter construct. As
additional controls for the experiment, sequences of the pBlue-
script plasmid (ApaI-HindIII [ARF-39RNA] or ApaI-BamHI
[data not shown]) were also placed 39 downstream of the ARF
mRNA (Fig. 6). The results obtained confirmed an autono-
mous translational enhancing activity of the 39 UTR of b-F1-
ATPase mRNA because the amount of ARF synthesized from
the ARF-39bUTR chimera was 5- to 10-fold above that syn-
thesized from any of the other ARF constructs (Fig. 6). Fur-
thermore, when translation of the ARF-39bUTR construct was
carried out in the presence of fetal liver extracts, a specific
recapitulation of the inhibitory effect of the extract on the syn-
thesis of ARF (55% inhibition) was observed (Fig. 6). These
findings strongly suggest that the 39 UTR of b-F1-ATPase
mRNA is the target cis-acting element involved in translational
regulation of the expression of the transcript during develop-
ment.

Developing liver reveals profound differences in the activity
of 3*bFBP. mRNA regulatory sequences in certain transcripts
are found in the 39 UTR of the mRNAs (17, 25, 41, 50). The
finding that b-F1-ATPase mRNA is localized (20) and trans-
lated (54) within cluster structures of the hepatocyte, together
with the essential (Fig. 5) and target (Fig. 6) roles played by the
39 UTR of b-F1-ATPase mRNA in controlling its translation,
led us to search for proteins that could bind the 39 UTR of b-
F1-ATPase mRNA (39bFBP). To distinguish between proteins
that could be involved in localization of the transcript (20) and

those involved in controlling its translation, we focused on
those proteins that could display a different expression pattern
during liver development, i.e., that could show different RNA
binding activities in fetal and neonatal extracts, the two stages
of development that show profound differences in the transla-
tional efficiency of the transcript (Fig. 4; also reference 39).

The EMSAs depicted in Fig. 7A illustrate the existence in
rat liver extracts of a set of proteins with varying degrees of
binding activity for the 39 UTR of b-F1-ATPase mRNA. Re-
markably, fetal extracts contained a binding activity that is
much less represented in extracts from neonatal and adult rat
liver (Fig. 7A). The specificity of the binding activity of this
protein, on average 52 kDa in the native RNA-complexed state,
is illustrated by the lack of binding activity in heat-denatured
extracts and in competition experiments with a molar excess of
unlabeled 39 UTR of b-F1-ATPase mRNA (Fig. 7A).

UV cross-linking of the 39 UTR of b-F1-ATPase mRNA
with liver extracts from various stages of development (Fig. 7B)
confirmed the above findings. The results obtained by this ap-
proach further illustrated that the major developmentally reg-
ulated RNA binding activity corresponded to RNA-protein
complexes of ;52 kDa in the denatured state (Fig. 7B). As
previously illustrated, the binding activities were heat sensitive
and competed by an excess of unlabeled 39 UTR of b-F1-
ATPase mRNA (Fig. 7B).

Cofractionation of the mRNA binding and translational
inhibitory activities of b-F1-ATPase mRNA. An additional
correlation between translational inhibitory activity and b-F1-
ATPase mRNA binding activity was obtained by fractionation
of fetal liver extracts and demonstration that both activities
cofractionate (Fig. 8). Since the results of EMSA and UV
cross-linking experiments (Fig. 7) indicated that the RNA-pro-
tein complex migrated at ;52 kDa, we selected for fraction-
ation of the fetal liver extract a gel filtration chromatographic
procedure in which cellular proteins could be separated ac-
cording to the expected molecular weight of the inhibitor pro-
tein. The proteins eluted from the G-100 column were grouped
in four fractions, each of them enriched in cytosolic proteins of
different molecular mass according to the calibration of the
column (.70 kDa, between 40 and 70 kDa, between 30 and 40
kDa, and ,30 kDa for fractions 1 to 4, respectively) (Fig. 8A).
The percentage of protein recovered in the fractions was 58,
24, 12, and 6% of the total protein loaded for fractions 1 to 4,
respectively. As hypothesized, the EMSAs of the 39 UTR of b-
F1-ATPase mRNA with the fetal extract and with the resulting
fractions (Fig. 8B) revealed the enrichment of the binding
activity (approximately fourfold) in the fraction containing
proteins of the 40- to 70-kDa range (fraction 2).

Addition of the fetal extract to translation assays containing
b-F1-ATPase mRNA promoted a decline in the amount of in
vitro-synthesized b-precursor (Fig. 8C), in agreement with pre-
vious findings (Fig. 4). Remarkably, inhibition of the synthesis
of the b-precursor was much higher when translation reactions
were carried out in the presence of proteins contained in frac-
tion 2 (Fig. 8C), the fraction that contained 39bFBP (Fig. 7B).
Proteins of fraction 1 slightly affected the synthesis of the
b-precursor (Fig. 8C), and proteins of fractions 3 and 4, which
lack binding activity (Fig. 8B), revealed a higher synthesis of
the b-precursor than when translation of b-F1-ATPase mRNA
was carried out in the presence of the fetal extract (Fig. 8C). It
is difficult to explain why translation of b-F1-ATPase mRNA
was not fully restored when assayed in the presence of fractions
devoid of b-F1-ATPase mRNA binding activity (Fig. 8), a sit-
uation also occurring when translation of b-F1-ATPase mRNA
was carried out in the presence of neonatal or adult extracts
(Fig. 4A). It is possible that other factors could account for

FIG. 6. Translation-enhancing effect of the 39 UTR of b-F1-ATPase mRNA
on a chimeric reporter transcript. The chimeric RNAs (ARF-39RNA and ARF-
39bUTR) were generated as described in Materials and Methods. Zero or 400 ng
of each RNA was translated in a standard reaction assay. Where indicated (1),
25 mg of protein from fetal rat liver extract was added. The migration of the
synthesized ARF is indicated by an arrowhead. Molecular mass markers (21 and
14 kDa, from top to bottom) are shown on the right. The arrow indicates the
front of the gel.
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such an effect. Altogether, the results suggest that the 39bFBP
present in fetal liver extracts exerts translational repression on
the transcript. Its lower binding activity, or perhaps its absence
in neonatal and adult liver extracts (Fig. 7), could explain the
lower repression of b-F1-ATPase mRNA translation observed
in vitro (Fig. 4) and, therefore, the activation of translation of

b-F1-ATPase mRNA in neonatal liver shortly after birth (30,
39).

Expression of the activity of 3*bFBP in adult rat tissues. In
contrast to other nuclear genes of oxidative phosphorylation
(for examples see reference 30), the rat genome was found
to contain a single-copy b-F1-ATPase gene (30) that is tran-

FIG. 7. Identification of a protein that binds to the 39 UTR of b-F1-ATPase mRNA. The sense 39 UTR of b-F1-ATPase mRNA was synthesized from the
HindIII-digested pJMI39UTR-b-F1 plasmid by using T7 viral RNA polymerase. The 32P-labeled b-F1-ATPase mRNA probe was incubated with extracts (25 mg of
protein) from fetal (0), 1-h-old neonatal (1), and adult (Ad) rat liver and analyzed by gel retardation in low-ionic-strength nondenaturing polyacrylamide gels (A) or
by SDS–12% PAGE after UV cross-linking (B). b-F1-ATPase mRNA probes were also incubated with heat-denatured liver extracts. For competition experiments, an
excess of unlabeled 39-UTR b-F1-ATPase mRNA probe (300 ng) was added prior to the addition of the labeled probe. (A) Migration of the major specific RNA-protein
complex (arrowhead) is shown in a representative gel retardation assay. The migration of the 69- and 46-kDa markers, from top to bottom, is shown on the left. (B)
After incubation as described above, samples were subjected to UV cross-linking and digested with RNase T1 as described in Materials and Methods. The RNA-protein
complexes were resolved by SDS–12% PAGE. The migration of the major RNA-protein complex (arrowhead) is shown in a gel from a representative UV cross-linking
experiment. The migration of protein standards of 200, 97, 69, 46, 30, 21, and 14 kDa (from top to bottom) is indicated on the left.

FIG. 8. Cofractionation of b-F1-ATPase mRNA protein binding and translation-inhibiting activities. (A) Fetal liver extract fractionated by gel filtration chroma-
tography with a Sephadex G-100 column as described in Materials and Methods. Protein (30 mg) from fetal liver extract and the collected fractions was resolved by
SDS–12% PAGE and Coomassie blue stained. Molecular mass markers (200, 97, 69, 46, 30, 21, and 14 kDa, from top to bottom) are shown on the left. (B) EMSA
of the sense 32P-labeled 39 UTR of b-F1-ATPase mRNA incubated with 15 mg (3 ml) or 30 mg (6 ml) of protein from fetal liver extract or 15 mg (4 ml) of protein from
each of the Sephadex G-100 fractions. The RNA-protein complexes were resolved on 5% 0.53 TBE native polyacrylamide gels. The migration of the 46- and 69-kDa
markers is shown on the left. (C) Cell-free translation assays. Five hundred nanograms of in vitro-synthesized b-F1-ATPase mRNA was translated in vitro by using
nuclease-treated rabbit reticulocyte lysates in the absence of fetal liver extract (none) or in the presence of 4 ml of each fraction (fractions 1 through 4) or 20 mg of
protein from the fetal liver extract. The [35S]methionine-labeled products were fractionated by SDS–12% PAGE and processed by fluorography. The migration of the
in vitro-synthesized b-subunit precursor (pb) is indicated. Molecular mass markers are the same as in panel A.
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scribed in all tissues examined as an ;1.8-kb mRNA (28).
These findings suggested a lack of heterogeneity in b-F1-
ATPase mRNA between different tissues and allowed the
study of the expression of the activity of 39bFBP in different
adult rat tissues (Fig. 9A and B). The findings obtained may
provide an additional correlation between b-F1-ATPase
mRNA binding and translational inhibitory activities and a
further indication of the biological relevance of the inhibitor
protein in putative tissue-specific expression of the b-F1-
ATPase gene (28). The results obtained by both EMSA (Fig.
9A) and UV cross-linking (Fig. 9B) illustrated that kidney
(;12-fold) and spleen (;3-fold) have much higher levels of b-
F1-ATPase mRNA binding activity (39bFBP) than does adult
liver. Consistent with the role ascribed to 39bFBP, translation
of b-F1-ATPase mRNA in the presence of kidney and spleen
extracts was almost completely abolished compared to trans-
lation in the presence of adult liver extracts (Fig. 9C). These
findings reinforce a translational-inhibitor role for the b-F1-
ATPase mRNA binding activity and suggest the involvement
of this activity in controlling the expression of the b-F1-
ATPase gene in adult kidney and spleen.

Mapping the cis-acting element of the 3* UTR of b-F1-
ATPase mRNA. As a preliminary approach to identifying the
RNA binding domain of the putative inhibitor of b-F1-ATPase
mRNA translation (39bFBP), a computer search of the 39
UTR of mammalian b-F1-ATPase mRNAs was undertaken.
The results (Fig. 10) illustrated a high degree of sequence
conservation in the last two-thirds of the 39 UTR of the
mRNAs. Riboprobes for different regions of the 39 UTR of
b-F1-ATPase mRNA were generated by digestion of the
pJMI39UTR-b-F1 plasmid (Fig. 10) in order to map the pro-
tein binding region in the RNA sequence. Kidney extracts were
used for the purpose of mapping the mRNA cis-acting element
because they express the highest b-F1-ATPase mRNA binding
activity (Fig. 9).

EMSAs with the generated riboprobes illustrated binding
activity of the extracts only when the 39 UTR of b-F1-ATPase
mRNA was complete (39-w.t.) (Fig. 10). In fact, none of the
deleted riboprobes, those not containing (39-D1) and those
containing (39-D2) a long stretch of conserved nucleotides,

revealed binding activity or competed the binding of the pro-
tein to the full-length 39 UTR riboprobe (Fig. 10). Similar
results were obtained by UV cross-linking experiments (Fig.
10). These results suggest that an essential mRNA sequence
for protein binding is located within the last 26 nucleotides plus
the 13 adenosines of the 39 UTR of b-F1-ATPase mRNA.

These findings were further confirmed by RNase T1 foot-
printing. Theoretical analysis (FINGERPRINT [19]) of the
number and length of the fragments obtained after digestion of
the b-F1-ATPase 39-UTR mRNA with RNase T1 predicted
that the largest fragment obtained, when the 39 UTR of b-F1-
ATPase mRNA contained a track of 13 adenosines, would
consist of 23 nucleotides. This fragment corresponds to the
terminal part of the RNA compatible with the digestion of the
39 UTR of b-F1-ATPase mRNA riboprobe at the G (Fig. 10A)
following the polyadenylation signal (Fig. 10 and data not
shown). T1 footprinting analysis of the retarded riboprobe gen-
erated a fragment of 23 nucleotides (Fig. 10), in agreement
with the largest RNA product obtained after experimental
digestion of the 39 UTR of b-F1-ATPase mRNA with RNase
T1 (Fig. 10) and with computer analysis data. These results,
therefore, support the theory that the last 26 nucleotides of the
39 UTR of b-F1-ATPase mRNA are protected from degrada-
tion with T1 by the binding of the regulatory protein(s).

The lack of significant inhibition (15%) in the synthesis of
b-precursor from a deletion construct of b-F1-ATPase mRNA
that lacks the cis-acting element for binding of the regulatory
protein (39-D2 b-F1 mRNA) (Fig. 11), compared to the inhi-
bition of synthesis from b-F1-ATPase mRNA (60%) in the
presence of fetal liver extract (Fig. 11A), further confirmed the
role of the deleted sequence as the binding site for the regu-
latory protein. It should be kept in mind that differences in the
synthesis of b-precursor between these mRNAs, in the absence
of inhibitor, are due to the requirement of a complete 39 UTR
(Fig. 5B). In any case, our findings cannot exclude that other 59
upstream sequences and/or structures of the 39 UTR of the
mRNA may influence the binding of the protein to this region.

Is there a role for the 3* UTR of b-F1-ATPase mRNA in the
recruitment of the translational machinery? The lack of re-
covery of ARF synthesis when fetal liver extracts were added to

FIG. 9. Tissue-specific expression of the b-F1-ATPase mRNA 39 UTR binding protein (39bFBP). (A and B) The 32P-labeled b-F1-ATPase mRNA probe was
incubated in the absence (2) or presence of 25 mg of protein from different tissue extracts of adult rats, as follows: heart (H), brain (B), spleen (S), lung (Lu), liver
(Li), muscle (M), kidney (K), and testis (T). Incubation of the adult liver extract (non) with heat denaturation (heat) and an excess of unlabeled probe (comp.) (see
details in the legend to Fig. 7) is shown. The RNA-protein complexes formed were analyzed by gel retardation assays in low-ionic-strength nondenaturing gels (A) or
by SDS–12% PAGE after UV cross-linking and digestion with RNase T1 (B). The migration of the major 39bFBP (arrowhead) is indicated in each panel. The migration
of molecular mass markers of 69 and 46 kDa (from top to bottom in panel A) and of 200, 97, 69, 46, 30, 21, and 14 kDa (from top to bottom in panel B) is shown.
(C) Twenty micrograms of in vitro-synthesized b-F1-ATPase mRNA (b-F1 mRNA) per milliliter was added to nuclease-treated rabbit reticulocyte lysates. Where
indicated, 20 mg of protein from adult liver (Li), spleen (S), or kidney (K) extract was used to determine the translational efficiency of in vitro synthesized b-F1-ATPase
mRNA. For other details see the legend to Fig. 4A. The autoradiogram of the gel of a representative experiment is shown. The migration of the synthesized b-subunit
precursor (pb) and of the protein standards used (200, 97, 69, 46, 30, and 21 kDa, from top to bottom) are indicated on the left.
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translation assays containing the mixture of b-F1-ATPase–
ARF mRNAs (Fig. 4B), together with the translational en-
hancing activity of the 39 UTR of the transcript (Fig. 5 and 6),
suggested that the 39 UTR of b-F1-ATPase mRNA might di-

rectly interact with components of the translational machinery.
Furthermore, the interaction seems not to be hampered by the
presence of the fetal inhibitor. To test this possibility, b-F1-
ATPase mRNA was translated in the absence and presence of

FIG. 10. Mapping of the protein binding site within the 39 UTR of b-F1-ATPase mRNA. (A) Comparison of the 39 UTRs of the rat (23), bovine (10), and human
(44, 45) b-F1-ATPase mRNA sequences. Multiple sequence alignment was carried out with the PileUp program of the University of Wisconsin Genetics Computer
Group software package (19). Nucleotide identities between the three sequences are shown in white letters over black boxes. Numbers indicate the nucleotide position
after the U (11) of the UGA stop codon in each sequence. The 39-D1 and 39-D2 arrows indicate the 39 ends of the riboprobes synthesized when the pJMI39UTR-b-F1
plasmid was digested with the SacI and DraI restriction endonucleases, respectively. The underlined AAUAAA sequence is the nuclear polyadenylation signal. The
asterisk above the rat sequence indicates the position of the putative G nucleotide protected from degradation by RNase T1 in the 39-UTR b-F1-ATPase riboprobe
containing a track of 13 adenosines. EMSA (B) and UV cross-linking (C) of the 39 UTR of b-F1-ATPase mRNA with adult kidney extracts illustrate that the last 26
nucleotides of the sequence are essential for protein binding. Formation of specific mRNA-protein complexes was observed only with the probe containing the complete
sequence of the b-F1-ATPase 39 UTR (39-w.t.). The specific binding was competed with the nonlabeled riboprobe (39-w.t.) but not with two deleted probes (39-D2 and
39-D1). Arrowheads denote the migration of the RNA-protein complexes. The migration of molecular mass markers of 69 and 46 kDa (in panel B) and of 200, 97, 69,
46, 30, 21, and 14 kDa (in panel C) are indicated (from top to bottom) on the left of each panel. The labeled probes, 39-w.t., 39-D1, and 39-D2, respectively, were
generated from transcription of the HindIII-, SacI-, and DraI-digested pJMI39UTR-b-F1 plasmid. The amounts of the competitor probes used in panel B are 30 and
300 ng for the 39-w.t., and 40 and 400 ng for 39-D1 and 39-D2, for the first and second lane under each competitor, respectively. In panel C the amounts of the competitor
probes used were 300 ng for 39-w.t. and 400 ng for 39-D1 and 39-D2, respectively. (D) RNase T1 mapping of the retarded RNA-protein complexes. After EMSA the
retarded band was eluted and digested (1T1) or not (2) with RNase T1. The RNase T1 digest of the b-F1-ATPase 39-UTR RNA probe is also shown in the left lane.
The migration of DNA markers (marker V; Boehringer) (18, 21, 51, and 57 nucleotides, from bottom to top) is indicated on the left. The arrowhead indicates migration
of the protected fragment.
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kidney extracts, plus or minus increasing concentrations of the
39 UTR of b-F1-ATPase mRNA (Fig. 12). The results ob-
tained revealed that the inhibition brought about by the extract
was not overcome when the 39 UTR was added. In fact, the
more 39 UTR added to the assay, either alone or in combina-
tion with the extract, the less b-precursor was synthesized (Fig.
12). These results suggest, therefore, that the 39 UTR of b-F1-
ATPase mRNA, in addition to providing a binding site for the
inhibitor, also interacts with some components of the transla-
tional machinery. It appears that when the 39 UTR is present,
either alone or attached to a transcript, it limits the transla-
tional machinery available for the translation of other tran-
scripts.

DISCUSSION

We have analyzed potential mechanisms that may mediate,
during liver development, the rapid translational activation of
b-F1-ATPase mRNA (39), used as a reference marker of a
nucleus-encoded transcript responsible for the development of
mitochondrial oxidative phosphorylation. We report that, re-
markably, the 39 UTR of b-F1-ATPase mRNA is an essential
cis-acting element required for in vitro translation of the tran-
script (Fig. 5). When this element is placed in cis on other
mRNAs, the synthesis of the reporter protein is significantly
increased (Fig. 6). In addition, the results show that transla-
tional control of b-F1-ATPase mRNA during liver develop-
ment is apparently exerted by trans-acting inhibitory proteins
of the liver (Fig. 4 and 6) that bind the 39 UTR of the mRNA
(Fig. 6 to 8). This study is the first to highlight such a mecha-
nism of translational regulation for controlling the biogenesis
of mammalian mitochondria, a mechanism that might be also
operative in other mammalian cell types of the adult animal
(Fig. 9).

One of the best-characterized mechanisms of cytoplasmic
regulation of the expression of certain transcripts during early
development is the control of their poly(A)1 tail lengths (31,
55, 70, 72). In most reported cases, an increase in the length of
the poly(A)1 tail is associated with an increase in translation
(27, 43, 49, 57), whereas in other situations, translational acti-
vation has been associated with deadenylation of the transcript
(5, 18, 34). The lack of major differences in the poly(A)1 tracks
of b-F1-ATPase mRNA during liver development (Fig. 1) sug-

gests that the translation control experienced by this transcript
(30, 39) is exerted independently of the length of the poly(A)1

tail. The minor changes in the lengths of the longest poly(A)1

tails that might accompany the transition from the fetal to
neonatal stage of development may result from the activation
of the translation and subsequent degradation of the transcript
(31, 61).

It has been recently reported that cytochrome c mRNAs
have different translational efficiencies as a result of different
59 UTRs of the mRNAs (73). Heterogeneity in this part of the
cytochrome c transcripts is correlated with the existence of
multiple transcription start sites on the promoter of the gene,
most likely because it lacks a TATA box (73). Many nuclear
genes encoding mitochondrial proteins, including the human
b-F1-ATPase gene (44, 45), are devoid of TATA-containing
promoters. Thus, it is conceivable that developmental regula-
tion of the site of transcription initiation in the promoters of
these genes could contribute to the regulated expression of the
resulting transcripts by their different 59 UTRs. However, the
finding of the lack of heterogeneity in the 59 UTR of rat b-F1-
ATPase mRNA during liver development strongly suggests
that this mechanism of translational regulation is not operative
for the expression of b-F1-ATPase mRNA.

Several examples in which mRNA-RNA interactions are
able to modulate translation of specific mRNAs have been
provided (25, 33, 36, 52, 53, 63, 64, 69, 71). Interestingly, many
of the inhibitory RNAs have been characterized from embry-
onic sources (reference 69 and references therein). Perhaps
the best characterized are certain antisense RNAs, whose
mechanism of action involves the hindering of translation by
hybridization to regulatory regions of the sense mRNA, such
as those recently described involved in the controlled expres-
sion of Lin-14 during Caenorhabditis elegans development (36,
71). We previously provided evidence suggesting that non-
polyadenylated RNAs were not involved in controlling b-F1-
ATPase mRNA translation (39). The absence of b-F1-ATPase
mRNA fragments, protected from degradation with RNases
when incubated in the presence of poly(A)1 RNA fractions
(Fig. 3), appears to exclude a role for antisense mRNAs in
controlling the translation of b-F1-ATPase mRNA during liver
development.

Overall, it appears that translational control of b-F1-ATPase

FIG. 11. Translation of a deletion mutant of the 39 UTR of b-F1-ATPase
mRNA is not inhibited by the fetal liver extract. b-F1-ATPase and D-39-DraI b-
F1-ATPase (39-D2 b-F1 mRNA) mRNAs were synthesized from plasmid pJMI-
b-F1 digested with HindIII and DraI, respectively, by using T7 viral RNA poly-
merase. The synthesized mRNAs (500 ng) were in vitro translated in the absence
(2) or presence (1) of 25 mg of protein from fetal liver (F.L.) extract. The
arrowhead indicates the migration of the synthesized b-subunit precursor (pb).
Molecular mass markers (97, 69, and 46 kDa, from top to bottom) are shown on
the left.

FIG. 12. The 39 UTR of b-F1-ATPase mRNA inhibits in trans the translation
of b-F1-ATPase mRNA. The 39 UTR of b-F1-ATPase mRNA was synthesized
from pJMI39UTRb digested with the HindIII restriction endonuclease. Full-
length b-F1-ATPase mRNA (b-F1-mRNA) (500 ng) was translated in the pres-
ence (1) or absence (2) of 25 mg of kidney extract plus or minus increasing
amounts of the 39 UTR of b-F1-ATPase mRNA. The numerals 1, 4, and 10
indicate the molar ratio between the 39 UTR and b-F1-ATPase mRNA. The
arrowhead indicates the migration of the synthesized b-subunit precursor (pb).
Molecular mass markers (69, 46, and 30 kDa, from top to bottom) are shown on
the right.
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mRNA during liver development and, thus, rapid postnatal
mitochondrial differentiation (68), is mechanistically closer to
the examples provided by the expression of protamine 2 during
spermiogenesis (35), the expression of fibroblast growth factor
receptor 1 during meiotic maturation of frog oocytes (56), the
repression of maternal mRNAs by FRGY2 in Xenopus oocytes
(40), and the stage-specific control of 15-lypoxygenase expres-
sion during erythroid cell differentiation (46). However, it
should be stressed that, in addition to this type of regulation,
the expression of b-F1-ATPase mRNA also shows similarities
with enhancing elements found in the 39 UTR of certain viral
mRNAs (16, 24).

No definitive indication has been provided yet to explain the
mechanistic cross talk between the 59 and 39 ends of an mRNA
in translational control (21, 22, 65–67). The findings reported
herein regarding (i) the translational stimulatory effect of the
39 UTR of b-F1-ATPase mRNA (Fig. 5 and 6), (ii) the inhi-
bition of synthesis of the b-precursor (Fig. 4) and of ARF from
the chimera (Fig. 6) in the presence of fetal liver extracts, (iii)
the identification of a developmentally regulated protein that
binds the 39 UTR of b-F1-ATPase mRNA (Fig. 7), and (iv) the
copurification and correlation existing between the binding
and translational inhibitory activities (Fig. 8, 9, and 11) strong-
ly suggest that translational control of the transcript in the
liver, and perhaps in other mammalian tissues (Fig. 9), is ex-
erted by the trans-acting inhibitory protein(s) that blocks the
essential functional role of the 39 UTR in translation upon
interaction with the binding site on the 39 regulatory element
(Fig. 10 and 11). This is in line with previous suggestions by
others (14, 25, 41).

We should stress that, remarkably, b-F1-ATPase mRNA is
localized in certain electron-dense structures of the hepatocyte
(20). These structures have been shown to contain 60S ribo-
somal proteins as well as molecular chaperones (54). Likewise,
the stability of b-F1-ATPase mRNA is controlled throughout
liver development (30). Most cis-acting elements involved in
mRNA localization and control of the stability of eukaryotic
mRNAs have been mapped onto the 39 UTR of the mRNAs
(6, 12, 14, 17, 25, 41, 59). Therefore, it may not be surprising if,
within the conserved 39 UTR of b-F1-ATPase mRNA (Fig.
10), there is a certain degree of overlapping of cis-acting ele-
ments involved in controlling the translation, stability, and
subcellular localization of the transcript. This is compatible
with the finding that a full-length 39 UTR of the transcript is
required to confer complete translational efficiency to b-F1-
ATPase mRNA (Fig. 5).

In recent years, several RNA binding proteins that are able
to repress translation of specific mRNAs in response to differ-
ent morphogenetic, developmental, and/or metabolic responses
of the organism have been identified (for reviews see refer-
ences 14, 25, and 41). These proteins bind cis-acting elements
located in both the 59 and 39 UTRs of the mRNAs. Our
findings (Fig. 10 and 11) strongly suggest that the highly con-
served AU-rich region (77%) present in the last 26 nucleotides
of the 39 UTR of b-F1-ATPase mRNA is involved in the
binding of the developmentally regulated and tissue-specifi-
cally expressed inhibitory protein. Interestingly, this region of
b-F1-ATPase mRNA is highly conserved within the 39 end of
the 39 UTR of many other mammalian nucleus-encoded mito-
chondrial proteins (32), which might suggest a broader func-
tional role for this inhibitory activity in exerting concerted
translational control of the cytoplasmic expression of the genes
involved in mitochondrial function.

The abrupt developmental decrease in the activity of the b-
F1-ATPase mRNA binding protein (Fig. 7) strongly suggests
that either the protein itself or its binding activity is acutely

regulated during development. Regulation of the RNA bind-
ing activity of the protein may be exerted by specific covalent
modification and/or interaction of the protein with other reg-
ulated components of the liver as a result of undetermined
mRNA unmasking signals. Examples of both types of regula-
tory mechanisms for promoting the rapid inactivation of
mRNA-inhibitory proteins have already been provided in
other cellular systems (15, 26, 35, 60). However, it is also
possible that acute regulation of the expression of the gene
encoding the putative inhibitory protein may also accomplish
the same rapid regulation of the translational efficiency of the
transcript during development. The different translational ef-
ficiencies of b-F1-ATPase mRNA, manifested in in vitro trans-
lations of fetal and neonatal rat liver RNA fractions (39), seem
to point in this direction.

Recently, biochemical evidence in yeast illustrating that the
poly(A)1 tails of the mRNAs interact with the 59 cap structure
through the translational initiation factor eIF-4G has been
provided (67). Based on the proximity for both mRNA ends
suggested by these results (67) and on our observation that the
39 UTR of b-mRNA (Fig. 4B and 12) inhibits translation of
other mRNAs, apparently by competition for the available

FIG. 13. Schematic illustration of the putative mechanisms controlling the
translation of b-F1-ATPase mRNA. The 39 UTR of b-F1-ATPase mRNA is
required for efficient translation of the transcript (Fig. 5). When the 39 UTR of
the transcript is placed downstream of a reporter, it acts as a translational
enhancer (Fig. 6). Presumably, its effect is exerted by interaction with compo-
nents of the translational machinery (40S ribosomal subunit) because the trans-
lation of transcripts containing the 39 UTR is preferential over transcripts lacking
the 39 UTR (Fig. 4B). Besides, when the 39 UTR is added in trans to the
translation assay, it inhibits the synthesis of the b-subunit precursor in both the
absence and presence of the inhibitor protein (39bFBP) (Fig. 12). In the absence
of 39bFBP (the left side of the schematic), the translation of the transcript is very
efficient because the cross talk between the 39 and 59 ends of the mRNA is not
impeded. This situation in the transcript resembles that of the translational
efficiency of b-F1-ATPase mRNA in the neonatal liver, characterized by an
increased output of b-subunit precursor concurrent with differentiation of liver
organelles. In the presence of 39bFBP (the right of the schematic), the transla-
tion of the transcript is very inefficient because the cross talk between the 39 and
59 ends of the mRNA is presumably hampered by steric constraints imposed by
the binding of 39bFBP. In both situations, the 39 UTR is still able to interact with
components of the translational machinery (Fig. 12 and reference 54). This
situation in the transcript resembles that of the translational efficiency of b-F1-
ATPase mRNA in the fetal liver, characterized by low output of b-subunit
precursor. Regulation of the binding activity and/or expression of 39bFBP allows
a rapid switch in the translational efficiency of the transcript.
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translational machinery, we suggest the following working hy-
pothesis (Fig. 13). The 39 UTR of b-F1-ATPase mRNA acts as
a translation enhancer by promoting the recruitment of the
translational machinery for providing reinitiation events due to
the physical proximity and cross talk of both mRNA ends. In
the absence of the inhibitor protein, the mRNA is efficiently
translated, providing the required b-precursor (Fig. 13). How-
ever, in the presence of the inhibitor (Fig. 13), b-F1-ATPase
mRNA translation is carried out inefficiently because the bind-
ing of the repressor to the most 39 end of the 39 UTR of the
mRNA sterically represses the reinitiation events and, there-
fore, the amount of b-precursor synthesized is much lower. It
is obvious that future investigations are required to elucidate
the posttranscriptional mechanisms that control the expression
of this essential gene of mitochondrial oxidative phosphoryla-
tion. In this regard, the characterization of the mechanisms by
which the 39 UTR interacts with the translational machinery
and the identification of 39bFBP deserve the most attention.
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