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In higher eukaryotes, increasing evidence suggests, gene expression is to a large degree controlled by
RNA. Regulatory RNAs have been implicated in the management of neuronal function and plasticity in
mammalian brains. However, much of the molecular-mechanistic framework that enables neuronal reg-
ulatory RNAs to control gene expression remains poorly understood. Here, we establish molecular
mechanisms that underlie the regulatory capacity of neuronal BC RNAs in the translational control of
gene expression. We report that regulatory BC RNAs employ a two-pronged approach in translational
control. One of two distinct repression mechanisms is mediated by C-loop motifs in BC RNA 3� stem-loop
domains. These C-loops bind to eIF4B and prevent the factor’s interaction with 18S rRNA of the small
ribosomal subunit. In the second mechanism, the central A-rich domains of BC RNAs target eIF4A,
specifically inhibiting its RNA helicase activity. Thus, BC RNAs repress translation initiation in a bimodal
mechanistic approach. As BC RNA functionality has evolved independently in rodent and primate lin-
eages, our data suggest that BC RNA translational control was necessitated and implemented during
mammalian phylogenetic development of complex neural systems.

Translational control is an important means for the regula-
tion of gene expression in eukaryotic cells (22). In neurons, the
local translation of select mRNAs in synaptodendritic domains
is considered a key determinant of neuronal function and plas-
ticity (11, 13, 28, 42). Strict control of local translation is es-
sential to ensure that relevant proteins are synthesized only
when and where needed (11). Progress has been made over the
last 10 years as translational control mechanisms have been
investigated in neurons, and several translational regulators
have been identified (33, 46). In one of these mechanisms, the
effectors of neuronal translational control are regulatory BC
RNAs (2, 8, 43–45).

Dendritic BC RNAs, neuronal small cytoplasmic RNAs
(scRNAs) that include rodent BC1 RNA and primate BC200
RNA (20, 21, 40, 41), are non-protein-coding RNAs that reg-
ulate translation at the level of initiation (43, 44). Translational
control mediated by BC1 RNA is important in the manage-
ment of neuronal excitability (8, 47, 48). Lack of BC1 RNA in
a BC1�/� animal model triggers increased group I metabo-
tropic glutamate receptor-dependent synthesis of select synap-
tic proteins (47). Such alterations in the absence of BC1 RNA
precipitate neuronal metabotropic glutamate receptor-medi-
ated hyperexcitability that manifests in the form of exaggerated
cortical gamma frequency oscillations, epileptogenic neuronal
responses, and generalized seizures triggered by auditory stim-
ulation (47, 48). These phenotypical manifestations are conso-

nant with the molecular role of BC RNAs as translational
repressors. BC1 RNA inhibits recruitment of the 43S preini-
tiation complex to the mRNA (44), a rate-limiting step in
translation initiation that is mediated by the eIF4 family of
eukaryotic initiation factors (6, 9, 12, 31).

The eIF4 family of factors includes eIF4E, a cap-binding
protein that interacts with the 5� ends of mRNAs, eIF4A, an
ATP-dependent helicase that unwinds double-stranded ele-
ments in mRNA 5� untranslated regions (UTRs), eIF4B, a
multifunctional factor that stimulates eIF4A activity and me-
diates recruitment of the 43S preinitiation complex, and
eIF4G, a large scaffold protein that binds eIF4E, eIF4A, eIF3,
and poly(A) binding protein (PABP) (5, 6, 9, 31). The con-
certed activities of eIFs 4E, 4A, and 4G, which together form
the heterotrimeric complex eIF4F, eIF4B, and PABP appear
to mediate recruitment of the 43S complex to the 5� end of the
mRNA (31).

Previous work has shown that BC RNAs interact with eIF4A
and PABP (14, 43, 44). While interactions with PABP seem to
play only a minor role in translational repression mediated by
BC1 RNA, interactions with eIF4A result in repression of the
factor’s helicase activity (19). Recently, BC1 RNA was also
shown by UV cross-linking to interact with eIF4B (19), but the
functional relevance of this interaction was not examined. A
key question therefore arises: how do interactions with eIFs 4A
and 4B result in translational repression by neuronal BC
RNAs? We now report that BC RNAs employ a novel, bi-
modal mechanism in translational control. Our data reveal that
two separate BC RNA structural domains interact with eIF4A
and eIF4B, respectively, and repress translation by targeting
two distinct initiation requirements: eIF4B’s interaction with
ribosomal 18S rRNA and eIF4A’s catalytic activity. Thus, reg-
ulatory BC RNAs exert translational repression competence
via a dual mode of action.
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MATERIALS AND METHODS

Constructs and RNAs. Murine 18S rRNA was amplified by RT-PCR and
cloned into the pGEM-T easy vector (Promega). Primers were designed as
previously described (27) and are as follows: 18S rRNAT7_1 forward, TAATA
CGACTCACTATAGGGACCTGGTTGATCCTGCCAGT, and reverse, TAA
TGATCCTTCCGCAGGTTCACCTACGG.

BC RNA mutations were generated using a QuikChange site-directed mu-
tagenesis kit (Stratagene) or, alternatively, were commercially generated (Gen-
script). The following BC RNAs and BC RNA derivatives were used (mutations
are indicated in boldface): wild-type (WT) BC1 RNA, GGGGUUGGGGAUU
UAGCUCAGUGGUAGAGCGCUUGCCUAGCAAGCGCAAGGCCCUGG
GUUCGGUCCUCAGCUCCGAAAAAAAAAAAAAAAAAAAAAAGACA
AAAUAACAAAAAGACCAAAAAAAAACAAGGUAACUGGCACACAC
AACCUUU; BC1 RNA mutant WC, GGGGUUGGGGAUUUAGCUCAGU
GGUAGAGCGCUUGCCUAGCAAGCGCAAGGCCCUGGGUUCGGUCC
UCAGCUCCGAAAAAAAAAAAAAAAAAAAAAAGACAAAAUAACAA
AAAGACCAAAAAAAAACAAGGUAACUGGCACACAGUUACCUUU; BC1
RNA mutant Loop, GGGGUUGGGGAUUUAGCUCAGUGGUAGAGCGC
UUGCCUAGCAAGCGCAAGGCCCUGGGUUCGGUCCUCAGCUCCGA
AAAAAAAAAAAAAAAAAAAAAGACAAAAUAACAAAAAGACCAAA
AAAAAACAAGGUGUAUGGCACACACAACCUUU; BC1 RNA mutant
A-U, GGGGUUGGGGAUUUAGCUCAGUGGUAGAGCGCUUGCCUAG
CAAGCGCAAGGCCCUGGGUUCGGUCCUCAGCUCCGAAAAAAAAA
AAAAAAAAAAAAAGACAAAAUAACAAAAAGACCAAAAAAAAACA
AGGAAACAGGCACACUCAUCCUUU; BC1 RNA mutant U�, GGGGUUG
GGGAUUUAGCUCAGUGGUAGAGCGCUUGCCUAGCAAGCGCAAG
GCCCUGGGUUCGGUCCUCAGCUCCUUUUUUUUUUUUUUUUUUUUC
UCUUUAUUUCUUUCUUUAUUUUUUUUGUUAACAAGGUAACUGGCAC
ACACAACCUUU; WT BC200 RNA, GGCCGGGCGCGGUGGCUCACGC
CUGUAAUCCCAGCUCUCAGGGAGGCUAAGAGGCGGGAGGAUAGC
UUGAGCCCAGGAGUUCGAGACCUGCCUGGGCAAUAUAGCGAGAC
CCCGUUCUCCAGAAAAAGGAAAAAAAAAAACAAAAGACAAAAA
AAAAAUAAGCGUAACUUCCCUCAAAGCAACAACCCCCCCCCCCC
UUU; BC200 RNA mutant WC, GGCCGGGCGCGGUGGCUCACGCCUGU
AAUCCCAGCUCUCAGGGAGGCUAAGAGGCGGGAGGAUAGCUUG
AGCCCAGGAGUUCGAGACCUGCCUGGGCAAUAUAGCGAGACCCC
GUUCUCCAGAAAAAGGAAAAAAAAAAACAAAAGACAAAAAAAA
AAUAAGCGUAACUUCCCUCAAAGCAAGUUACCCCCCCCCCCCUUU;
BC200 RNA mutant Loop, GGCCGGGCGCGGUGGCUCACGCCUGUAAU
CCCAGCUCUCAGGGAGGCUAAGAGGCGGGAGGAUAGCUUGAGCC
CAGGAGUUCGAGACCUGCCUGGGCAAUAUAGCGAGACCCCGUUC
UCCAGAAAAAGGAAAAAAAAAAACAAAAGACAAAAAAAAAAUAA
GCGUGUAUUCCCUCAAAGCAACAACCCCCCCCCCCCUUU; BC200
RNA mutant A-U, GGCCGGGCGCGGUGGCUCACGCCUGUAAUCCC
AGCUCUCAGGGAGGCUAAGAGGCGGGAGGAUAGCUUGAGCCC
AGGAGUUCGAGACCUGCCUGGGCAAUAUAGCGAGACCCCGUUC
UCCAGAAAAAGGAAAAAAAAAAACAAAAGACAAAAAAAAAAUA
AGCGAAACAUCCCUCAAAGCAUCAUCCCCCCCCCCCCUUU; and
BC200 RNA mutant U�, GGCCGGGCGCGGUGGCUCACGCCUGUAAU
CCCAGCUCUCAGGGAGGCUAAGAGGCGGGAGGAUAGCUUGAGC
CCAGGAGUUCGAGACCUGCCUGGGCAAUAUAGCGAGACCCCGU
UCUCCUCUUUUUCGUUUUUUUUUUUCUUUUCUGUUUUUUUUUUAA
AGCGUAACUUCCCUCAAAGCAACAACCCCCCCCCCCCUUU.

All of the above-described constructs were verified by sequencing. Other
constructs used in this work have been described previously (19).

Expression and purification of recombinant proteins. Plasmids pET(His6-
eIF4A) and pET(His6-eIF4B) were used to generate recombinant eIFs 4A and
4B, respectively, as described previously (32). The recombinant proteins were
purified as described previously (19). The homogeneity of the purified proteins
was verified by SDS-polyacrylamide gel electrophoresis.

Reverse transcription (RT)-PCR and PCR. Total RNA from mouse brains was
extracted with TRIzol (Invitrogen). First-strand cDNA was generated by using
random hexamers and GoScript reverse transcriptase (Promega). PCR was per-
formed using Phusion hot start II (New England BioLabs).

EMSA analysis. 32P-labeled RNA probes for electrophoretic mobility shift
assays (EMSAs) were generated using riboprobe in vitro transcription systems
(Promega). Probes (50,000 cpm per reaction mixture, corresponding to an esti-
mated concentration of 1 nM) were heated for 10 min at 70°C, cooled to room
temperature, and incubated with protein in binding buffer (300 mM KCl, 5 mM
magnesium acetate, 2 mM dithiothreitol [DTT], 5% glycerol, 20 mM HEPES,
pH 7.6) for 20 min at room temperature. EMSAs were also performed at 100
mM or 500 mM KCl, with identical results. For competition assays, unlabeled

RNAs were added as competitors as indicated below. RNA-protein complexes
were subsequently separated on 5% polyacrylamide gels and analyzed by auto-
radiography (44). For quantitative analysis, intensities were measured within a
quantification box of identical size for each lane; after subtraction of the back-
ground, the signal of the complex (bound) was calculated against the total signal
(bound plus free). Supershift assays (44) were performed in two ways: (i) with
recombinant eIF4B and (ii) with rabbit reticulocyte lysates (RRL). An antibody
against eIF4B was obtained from Nahum Sonenberg (37). We also used anti-
bodies against PABP (19), against �3-tubulin (NEB), and against glutathione
S-transferase (GST). Antibodies were incubated for 1 h at room temperature.
Complexes were resolved by 5% PAGE.

Calculation of KD. EMSAs were performed with titrating amounts of eIF4B
ranging from 10 nM to 2 �M. The intensities of bound RNA and free RNA were
measured, and the fraction of bound RNA was calculated as a function of eIF4B
concentrations. The equilibrium dissociation constant (KD) was established by
fitting the data to the Hill equation as described previously (36).

Helicase assays. RNA helicase assays were performed as described previously
(19). In brief, a 12-nucleotide (nt) oligonucleotide (GCUUUACGGUGC;
Thermo Scientific) was end labeled with [�-32P]ATP (10 pmol, 3,000 Ci/mmol)
using polynucleotide kinase (PNK; New England BioLabs). A 44-nt oligonucle-
otide (GGGAGAAAAACAAAACAAAACAAAACUAGCACCGUAAAGCA
CGC) was added and annealed to form RNA duplexes in hybridization buffer (10
mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM KCl) by heating at 95°C for 5 min
and allowing to cool for at least 30 min at room temperature. Annealed RNA
duplexes were diluted in hybridization buffer to a final concentration of 20
fmol/�l for use in helicase assays.

BC and other RNAs were heated at 70°C for 10 min and cooled at room
temperature. The reaction mixtures contained BC1 RNA or other RNAs (0.5
�M), eIF4A (1 �M), or eIF4B (0.5 �M), as indicated, and RNasin (40 units;
Promega) in helicase buffer (20 mM HEPES, pH 7.5, 70 mM KCl, 2 mM DTT,
5 mM magnesium acetate, 1 mM ATP, 5% glycerol) and were incubated for 10
min at room temperature. Labeled duplex RNA (1 �M) was added to the
reaction mixtures and incubated at 34°C for 15 min. The reaction products were
resolved by native PAGE (15% polyacrylamide).

In vitro translation. For in vitro translation analysis, the Retic Lysate IVT
system (Applied Biosystems) was used as described previously (44). Lysate,
reaction buffer, [35S]methionine, and chloramphenicol acetyltransferase (CAT)
mRNA were incubated for 90 min at 30°C in the presence of BC RNAs or
derivatives (400 nM) as indicated. Rescue experiments with eIFs were performed
with eIF4A (0.5 �M), eIF4B (0.5 �M), and eIF4A and eIF4B in combination
(both 0.5 �M). Proteins were added to the reaction mixtures in the presence of
BC1 RNA and incubated for 90 min at 30°C. The reaction mixtures were treated
with 0.1 mg/ml RNase A (Applied Biosystems) for 10 min at 30°C and were
separated by SDS-PAGE. Gels were dried and exposed to X-ray film. Protein
bands were visualized and quantified using ImageJ software (NIH). For all
experiments, statistical analyses were performed using SPSS software.

(Part of this work was submitted by Valerio Berardi in a partial fulfillment of
his Ph.D. thesis at Sapienza Università di Roma.)

RESULTS

Experimental approach. The overall design of our experi-
mental strategy was based on the hypothesis that structural
motif attributes are determinants of RNA function. This con-
sideration is particularly relevant to BC1 and BC200 RNAs as
they are nonorthologous, i.e., are phylogenetic descendants of
different progenitors in rodent and primate lineages, respec-
tively (20, 21, 38). Therefore, any structural equivalence be-
tween the two RNAs can be assumed to be a consequence of
common functional necessities (rather than of common phylo-
genetic ancestry).

BC1 RNA and BC200 RNA have in common a tripartite
structure in which a 5� stem-loop is connected via a central
A-rich region to a 3� stem-loop (34, 38). While the BC1 5�
domain contains spatial codes that specify synaptodendritic
targeting (29), the central and 3� domains are sites of transla-
tional repression competence (14, 43, 44). Conversely, the 3�
domain is incompetent for targeting, while the 5� domain is
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incompetent for repression (14, 29, 43, 44). For the functional
analysis in this work, we therefore focused on the central and
3� BC RNA domains (Fig. 1A).

The central domains of BC RNAs are rich in A residues and
are therefore unlikely to form higher-order structures (Fig.
1A). In contrast, the 3� domains of BC RNAs assume a unique
stem-loop secondary structure conformation (Fig. 1B) (34).
Comparison of the BC1 RNA and BC200 RNA 3� stem-loop
domains revealed a perfect correspondence with eukaryotic
C-loop motifs (Fig. 1B) (18). C-loop motifs are recurrent RNA

structures in which an asymmetric internal loop is flanked by
Watson-Crick (WC) base pairs (Fig. 1B) (16, 18). In eu-
karyotes, the flanking WC pairs are often of the U-A type, and
the internal-loop nucleotides engage with the A residues of the
flanking U-A pairs in noncanonical (non-WC) base pairings of
the trans-Watson-Crick/Hoogsteen (trans-WC/H) and the cis-
Watson-Crick/sugar edge (cis-WC/SE) subtypes (Fig. 1B) (18).
These noncanonical interactions are important for motif con-
formation (16, 18). Results from chemical and enzymatic prob-
ing of BC1 RNA (34) also support the notion of a C-loop motif

FIG. 1. Rodent BC1 RNA and primate BC200 RNA feature identical C-loop motifs in their 3� stem-loop domains. (A) C-loop motifs are boxed
in secondary structure representations of the two BC RNAs. The structure of BC1 RNA has previously been ascertained by chemical and enzymatic
probing (34). (B) BC RNA C-loop motifs are aligned with a previously described eukaryotic C-loop motif (18). C-loop motifs are boxed in the
upper panels. Canonical and noncanonical nucleotide interactions are highlighted in the lower panels. Base pairings are typified using the Leontis
and Westhof scheme of symbolic representations (15–18). Base pairings are color coded as follows (18): green, cis-WC/WC; blue, cis-WC/SE;
purple, trans-WC/H; and yellow, cis-WC/WC. (C) Three types of mutations were introduced into BC RNA C-loop motifs. (i) Mutant WC:
conversion to WC base pairings forces the 3� stem-loops into standard A-form helices, abolishing the C-loop motifs. (ii) Mutant A-U: U-A pairs
were changed to A-U pairs. Although this inversion does not alter cis-WC/WC interactions (green and yellow), C-loop motif architecture is
intolerant of this change as U cannot substitute for A in motif-essential noncanonical interactions (blue and purple). (iii) Mutant Loop: the
long-strand C-loop nucleotides were exchanged in a manner that continues to allow noncanonical interactions (18).
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in the 3� domain, as nucleotides in the long strand of the loop
are either unpaired or non-WC paired, while short-strand nu-
cleotides engage in tertiary interactions (18). We therefore
surmised that the 3� domains of BC RNAs represent C-loop
motifs and that these motifs are relevant for the translational
control functionality of the RNAs.

Thus, the mode of action of BC RNA translational control
presents a classical structure-function problem. To solve this
problem, we performed a BC RNA structure-function dissec-
tion using four experimental paradigms: (i) BC RNA interac-
tions with eIFs 4A and 4B, (ii) BC RNA competition with 18S
rRNA for eIF4B interactions, (iii) BC RNA inhibition of
eIF4A/4B helicase activity, and (iv) BC RNA translational
repression. This analysis revealed, unexpectedly, a dual mode
of action in BC RNA translational control.

BC RNAs disrupt interactions of eIF4B with 18S rRNA: role
of the 3� C-loop motif. eIF4B is a multifunctional protein that
has been reported to promote translation initiation by stimu-
lating eIF4A catalytic activity and by recruiting the 40S small
ribosomal subunit (in the form of the 43S preinitiation com-
plex) via interactions with 18S rRNA and eIF3 (12, 31). To
begin our analysis of eIF4B interactions with BC RNAs, we
examined binding by performing electrophoretic mobility shift
assays (EMSAs) with wild-type (WT) and mutant RNAs.

Mutant BC RNAs were used to dissect the respective con-
tributions of central and 3� domains to RNA functionality. The
following mutations were introduced into full-length BC1 and
BC200 RNAs (Fig. 1C). (i) The C-loop motif was abolished by
conversion into a WC-paired stem-loop (referred to hereinaf-
ter as mutant WC). (ii) The flanking U-A pairs of the C-loop
motif were inverted to A-U pairs (mutant A-U). The A resi-
dues in flanking U-A pairs engage in both canonical and non-
canonical interactions (Fig. 1C) (18), and inversion to A-U will
therefore maintain the WC pairings but will make the A resi-
dues unavailable for cross-loop noncanonical interactions that
are essential to the motif. (iii) As a control, the internal loop
nucleotides AAC were converted to GUA (mutant Loop), an
exchange that is predicted to be neutral for C-loop structure
(18). (iv) In addition, BC RNA central domain modifications
were introduced by replacing all A residues with U residues
(mutant U�).

In EMSA experiments, radiolabeled WT BC1 RNA was
specifically shifted to lower mobility by eIF4B (Fig. 2A). In
contrast, U6 RNA, a small nuclear RNA that was used as a
control (19, 43, 44), failed to produce a mobility shift. We next
probed the relevance of the 3� BC1 C-loop motif and the
central BC1 A-rich domain for eIF4B interactions. BC1 RNA
C-loop mutants WC and A-U both exhibited significantly less
binding to eIF4B than did WT BC1 RNA (Fig. 2A and B). In
contrast, the interactions of eIF4B with BC1 RNA mutant
Loop were indistinguishable from its interactions with WT BC1
RNA. These results indicate that an intact C-loop motif in the
3� BC1 domain is required for specific binding of the RNA to
eIF4B. Analogous results were obtained concerning the inter-
actions of eIF4B with primate BC200 RNA (Fig. 2C and D). In
contrast to the 3� domain C-loop motif, the BC RNA central
A-rich domain does not seem to be relevant for interactions
with eIF4B. The replacement of all A residues with U residues
in this domain (mutant U�) did not result in any discernible

difference in eIF4B binding of BC1 RNA (Fig. 2A and B) or of
BC200 RNA (Fig. 2C and D).

For BC1 RNA, we performed EMSA experiments with
titrating amounts of eIF4B (see Materials and Methods) to
establish binding affinity. These experiments revealed an equi-
librium dissociation constant (KD) of 690 nM � 30 nM
(mean � standard deviation) (data not shown). The KD that
was established is in agreement with a previously published
dissociation constant for the interaction of eIF4B with RNA
(5 � 10�7 M) (26). A midrange affinity may be advantageous,
as initiation factors are relatively abundant (7), and a very high
affinity may therefore result in locked binding that would be
incompatible with dynamic modulation. In a further control,
we probed interactions of eIF4B with rat and mouse BC1
RNAs and found that they were indistinguishable (not shown).

To confirm the identity of the RNA-protein complex, we
used an antibody specific for eIF4B in supershift experiments.
We found that the addition of this antibody to a reaction
mixture containing BC1 RNA and recombinant eIF4B resulted
in an RNA-protein complex band with further-retarded mo-
bility (Fig. 2E). An irrelevant antibody, directed against �3-
tubulin, did not produce a supershift. To probe interactions
between BC1 RNA and eIF4B in a cytoplasmic environment,
we performed supershift assays with rabbit reticulocyte lysates
(RRL). We used antibodies against eIF4B, against PABP, a
protein that has previously been shown to bind to BC1 RNA
(14, 43, 44), and against GST, an irrelevant protein. Supershifts
were observed with anti-eIF4B and anti-PABP but not with
anti-GST (Fig. 2F). The results indicate that BC1 RNA is
recognized by eIF4B in a cytoplasmic environment.

In summary, we conclude that eIF4B specifically binds BC1
and BC200 RNAs by interacting with a C-loop motif structure
in the 3� stem-loop domains of these RNAs.

eIF4B binds 18S rRNA, thus effectively forming a bridge
between the 5� end of an mRNA and the 40S small ribosomal
subunit (27). Using in vitro RNA selection approaches, Méthot
et al. (27) identified RNA stem-loop structures that specifically
bound to the eIF4B RNA recognition motif (RRM), and they
further showed that these stem-loops competed directly with
the binding of 18S rRNA to eIF4B. A remarkable structural
similarity is apparent between these in vitro-selected stem-loop
RNAs and the 3� BC RNA C-loop motifs (Fig. 1) (27). We
found that the in vitro-selected RNAs of Méthot et al. (27) and
BC RNAs compete with each other for binding to eIF4B (data
not shown), and we therefore reasoned that BC RNA binding
to eIF4B may compete with 18S rRNA binding to the factor.
The results shown in Fig. 3 confirmed that this was indeed the
case. Increasing concentrations of unlabeled 18S rRNA or of
unlabeled BC1 RNA effectively abolished the binding of ra-
diolabeled BC1 RNA to eIF4B (Fig. 3A and B). Analogous
results were obtained with BC200 RNA (Fig. 3C and D). In
contrast, unlabeled U6 RNA, used at identical concentrations,
failed to compete with BC1 RNA for binding to eIF4B (Fig.
3A and B).

The combined results thus indicate that C-loop motifs in the
3� BC RNA stem-loop structures specifically interact with
eIF4B and that BC RNAs effectively compete with 18S rRNA
for binding to the factor.

BC RNAs target eIF4A helicase activity: role of the central
A-rich domain. In addition to its role in 40S ribosomal subunit
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FIG. 2. BC1 and BC200 RNA C-loop motifs bind to eIF4B. EMSA experiments were performed with 32P-labeled BC1 RNA, BC200 RNA, and
derivatives. Labeled RNAs were incubated with eIF4B (412 nM). (A) WT BC1 RNA produced a band shift with eIF4B (2nd lane) relative to the
position of BC1 RNA in the absence of protein (1st lane). The intensities of the RNA-protein complexes were substantially lower with BC1 RNA
C-loop mutant WC (3rd lane) than with the WT. C-loop mutant Loop produced an intensity of the shifted band similar to that produced by WT
BC1 RNA (4th lane). C-loop mutant A-U produced a significantly lower intensity of the shifted band (5th lane). In contrast, central domain mutant
U� showed no difference from the WT (6th lane). U6 RNA failed to produce a band shift (7th lane; note that free U6 RNA exited the gel).
(B) RNA-protein complex band intensities were quantified, and results were plotted as binding to eIF4B relative to the binding of WT BC1 RNA.
Error bars represent standard errors of the mean (SEM); n 	 4, one-way analysis of variance (ANOVA), P 
 0.001; Tukey post hoc analysis,
comparison with WT BC1 RNA, P 
 0.001 for WC, P 
 0.01 for A-U, P 	 0.979 for Loop, and P 	 0.744 for U�. (C) WT BC200 RNA produced
a shift with eIF4B (2nd lane) relative to the position of BC200 RNA without eIF4B (1st lane). The intensities of the RNA-protein complexes were
significantly lower with BC200 RNA C-loop mutants WC and A-U (3rd and 5th lanes, respectively) than with the WT. C-loop mutant Loop
produced an intensity of the shifted band similar to that produced by WT BC200 RNA (4th lane). The intensity of the band produced by mutant
U� did not differ significantly differ from that of the WT (6th lane). U6 RNA did not produce a band shift (7th lane). Raw data were as follows
(percentage of bound relative to total): WT, 11.5; WC, 2.6; Loop, 11.8; AU, 3.2; and U�, 11.0. (D) Results were plotted as binding to eIF4B relative
to that of WT BC200 RNA. Error bars represent SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with WT BC200
RNA, P 
 0.001 for WC, P 
 0.001 for A-U, P 	 0.890 for Loop, and P 	 0.997 for U�. (E) The addition of an antibody (Ab) against eIF4B to
the BC1 RNA-eIF4B complex reaction produced a supershift (2nd lane, 2 �l antibody, and 3rd lane, 3 �l antibody; compare with 1st lane in which
no antibody was added). No supershift was observed following the addition of an irrelevant antibody (directed against �3-tubulin; 4th and 5th
lanes). (F) In assays using labeled BC1 RNA in RRL, supershifts were observed with antibodies (3 �l each lane) against eIF4B (1st lane) and PABP
(3rd lane) but not with an antibody against GST (2nd lane).
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recruitment, eIF4B is also known to stimulate the helicase
activity of eIF4A (7, 31). Because BC RNAs inhibit the heli-
case activity of eIF4A (19), the possibility is raised that eIF4B
may affect the ability of BC RNAs to target the catalytic ac-
tivity of eIF4A. To address this question, we performed two
sets of experiments.

In the first approach, we examined BC RNA motif interac-
tions with eIF4A by EMSA analysis. As shown in Fig. 4, WT
BC1 RNA but not U6 RNA is specifically shifted to lower
mobility by eIF4A. Remarkably, all of the BC1 RNA C-loop
motif mutants described above bound to eIF4A in a manner
indistinguishable from WT BC1 RNA (Fig. 4). Analogous re-
sults were obtained with BC200 RNA (not shown). The data
indicate that the 3� BC RNA C-loop motifs do not mediate
binding to eIF4A. In clear contrast, however, conversion of the
central A-rich domain to a central U-rich domain (mutant U�)
completely abolished the binding of BC RNAs to eIF4A (Fig.
4; also data not shown). Thus, the BC RNA central domains
are important for binding to eIF4A, while in contrast, the 3�
C-loop motifs are irrelevant in this regard.

In the second approach, we focused on the helicase activity
of eIF4A and its inhibition by BC RNAs. Figure 5A shows that
eIF4A effectively converted a double-stranded RNA duplex
into its constituent monomers. This helicase activity was sig-
nificantly repressed in the presence of BC1 RNA but not in the
presence of U6 RNA, as reported previously (19). All three
C-loop motif mutants were indistinguishable from WT BC1
RNA in their ability to repress eIF4A helicase activity (Fig.
5A). Conversely, the central domain mutation that abolished
binding of BC1 RNA to eIF4A also abolished the capacity of
BC1 RNA to inhibit the helicase activity of the factor. Evi-
dently, eIF4A’s helicase-repressive functionality is mediated by
the central A-rich domain of BC1 RNA, while the 3� C-loop
motif, in contrast, does not contribute (Fig. 5B).

The above-described experiments were repeated with
BC200 RNA, and analogous results were obtained (Fig. 5C).
As with BC1 RNA, conversion of the central region from
A-rich to U-rich abolished the functional ability of
BC200 RNA to repress eIF4A helicase activity. In contrast,

FIG. 3. BC1 RNA and BC200 RNA compete with 18S rRNA for
binding to eIF4B. (A) Formation of RNA-protein complexes between
BC1 RNA and eIF4B was significantly inhibited by increasing amounts of
unlabeled BC1 RNA (3rd and 4th lanes). Unlabeled U6 RNA did not
inhibit the formation of BC1 RNA-eIF4B complexes (5th and 6th lanes).
In contrast, unlabeled 18S rRNA inhibited the formation of BC1 RNA-
eIF4B complexes (7th and 8th lanes). The 1st lane shows labeled BC 1
RNA in the absence of protein, and the 2nd lane shows the formation of
BC1 RNA-eIF4B complexes in the absence of competitor RNA.
(B) Quantitative analysis confirmed competition of BC1 RNA with 18S
rRNA for eIF4B binding. Competitor RNA concentrations were 1.7 nM
(light gray) or 3.4 nM (dark gray). Error bars show SEM; n 	 4, one-way
ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with U6 RNA,
P 
 0.001 for BC1 RNA and 18S rRNA. (C) Formation of BC200
RNA-eIF4B complexes was reduced by unlabeled competitor BC200
RNA (3rd and 4th lanes) and by unlabeled 18S rRNA (7th and 8th lanes).
Unlabeled U6 RNA did not inhibit complex formation (5th and 6th
lanes). The 1st lane shows labeled BC200 RNA, and the 2nd lane shows
the formation of BC200 RNA-eIF4B complexes in the absence of com-
petitor RNA. (D) Quantitative analysis confirmed competition of BC200
RNA with 18S rRNA for eIF4B binding. Competitor RNA concentra-
tions were 1.7 nM (light gray) or 3.4 nM (dark gray). Error bars show
SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis,
comparison with U6 RNA, P 
 0.001 for BC200 RNA and 18S rRNA.

FIG. 4. The central A-rich domain of BC1 RNA mediates binding
to eIF4A. Labeled RNAs were incubated with eIF4A (820 nM). WT
BC1 RNA produced a band shift with eIF4A (2nd lane) relative to the
position of BC1 RNA in the absence of protein (1st lane). RNA-
protein complexes were also observed with BC1 RNA C-loop mutants
WC (3rd lane), Loop (4th lane), and A-U (5th lane). In contrast, central
domain mutant U� failed to produce a band shift (6th lane). Similarly,
U6 RNA failed to interact with eIF4A (7th lane).
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BC200 RNA C-loop mutants were indistinguishable from
WT BC200 RNA in this respect (Fig. 5C and D). These data
provide further corroboration of the notion that BC1 and
BC200 RNAs, although not orthologs, are functional analogs.

In a further set of experiments, we investigated whether the
interaction of BC1 RNA with eIF4A-stimulating eIF4B would
have any impact on BC1 repression of eIF4A helicase activity.
In agreement with earlier data (12, 19, 31), we observed a

FIG. 5. The BC RNA A-rich central domains mediate repression of eIF4A helicase activity. RNA duplexes (12/44 nt, 32P-labeled on the 12-nt
short strand) were used as helicase substrates in the presence of 1 mM ATP. (A and B) The BC1 RNA central domain mediates repression of
eIF4A helicase activity. Labeled RNA monomer and RNA duplexes in the absence of eIF4A were run in the 1st and 2nd lanes, and eIF4A-
unwound duplexes were run in the 3rd lane. U6 RNA did not significantly inhibit unwinding (4th lane). WT BC1 RNA inhibited RNA duplex
unwinding (5th lane). BC1 RNA C-loop mutants WC, Loop, and A-U (6th to 8th lanes) all inhibited unwinding in a manner indistinguishable from
the results for WT BC1 RNA. In contrast, central domain mutant U� did not inhibit unwinding (9th lane). (B) Quantitative analysis confirmed
the above-described results. Error bars show SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with U6 RNA, P 

0.001 for WT BC1 RNA and mutants WC, Loop, and A-U and P 	 0.970 for mutant U�; comparison with WT BC1 RNA, P 
 0.001 for U6 RNA
and mutant U�, P 	 0.803 for WC, P 	 0.891 for Loop, and P 	 0.969 for A-U. (C and D) The BC200 RNA central domain mediates repression
of eIF4A helicase activity. WT BC200 RNA significantly repressed eIF4A helicase activity (2nd lane) while U6 RNA did not (1st lane). BC200
RNA C-loop mutants WC, Loop, and A-U (3rd to 5th lanes) inhibited eIF4A helicase activity in a manner indistinguishable from the results for
WT BC200 RNA. In contrast, central domain mutant U� (6th lane) did not significantly inhibit duplex unwinding (indistinguishable from the
results for U6 RNA in the 1st lane). (D) The above-described results were confirmed by quantitative analysis. Error bars show SEM; n 	 4, one-way
ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with U6 RNA, P 
 0.001 for WT BC200 RNA and mutants WC, Loop, and A-U and
P 	 0.976 for mutant U�; comparison with WT BC200 RNA, P 
 0.001 for U6 RNA and mutant U� and P 	 1.0 for mutants WC, Loop, and
A-U. (E and F) eIF4B-stimulated eIF4A helicase activity is repressed by BC1 RNA via its central A-rich domain. Labeled RNA duplexes in the
absence of protein were run in the 1st lane. eIF4A (2nd lane) or eIF4A and eIF4B in combination (3rd lane) were added. WT BC1 RNA and BC1
RNA C-loop mutants WC, Loop, and A-U inhibited RNA duplex unwinding (5th to 8th lanes) in a manner indistinguishable from each other. In
contrast, neither BC1 RNA central domain mutant U� (9th lane) nor U6 RNA (4th lane) inhibited unwinding. (F) Quantitative analysis confirmed
the above-described results. Error bars show SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with U6 RNA, P 

0.001 for WT BC1 RNA and C-loop mutants WC, Loop, and A-U and P 	 0.998 for mutant U�; comparison with WT BC1 RNA, P 
 0.001 for
U6 RNA and mutant U� and P 	 1.0 for mutants WC, Loop, and A-U.
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helicase-stimulatory effect of eIF4B (Fig. 5E). Such eIF4B-
stimulated eIF4A helicase activity was significantly repressed
by BC1 RNA, in a manner similar to eIF4A helicase repression
in the absence of eIF4B (Fig. 5E and F). The eIF4A/4B heli-
case-repressive capacity of BC1 RNA was not observed with a
BC1 RNA central domain mutant that does not bind eIF4A.
Notably, however, all BC1 RNA C-loop motif mutants were
fully effective in repressing eIF4B-stimulated eIF4A helicase
activity and were indistinguishable in this activity from WT
BC1 RNA (Fig. 5E and F). Because the 3� domain C-loop
motif is required for interactions with eIF4B, the combined
results indicate that direct interactions with eIF4A, mediated
through the central A-rich domain, underlie the eIF4A heli-
case inhibitory competence of BC1 RNA. In contrast, interac-
tions of the 3� domain C-loop motif with eIF4B do not affect
the eIF4A helicase inhibitory functionality of BC1 RNA, i.e.,
they are entirely dispensable in this regard. Thus, taken to-
gether, the data suggest that interactions of the RNA with
eIF4A and eIF4B are physically and functionally segregated.

A dual mode of action underlies translational repression by
BC RNAs. The above-described data show that BC RNAs
engage in distinctly segregated interactions with eIF4A and
eIF4B. What are the functional consequences of these inter-
actions in BC RNA-mediated translational control? We ad-
dressed this question using in vitro translation assays with rab-
bit reticulocyte lysates (RRL) (43, 44). As a control for BC
RNAs, we used U6 RNA, an snRNA that we have shown not
to affect translation in the RRL or other systems (19, 43, 44;
also data not shown). CAT mRNA was used as a reporter for
BC RNA-mediated regulation of translational activity. CAT
mRNA was chosen because its 5� UTR is predicted to assume
a structured conformation that requires unwinding for efficient
translation (19). As a further control, we used pateamine, a
specific inhibitor of eIF4A helicase activity (3), to verify that
translation of CAT mRNA in the RRL system is in fact eIF4A
dependent (not shown).

We first verified that BC1 RNA, used in the nanomolar
concentration range, effectively inhibited translation of CAT
mRNA in the RRL system (Fig. 6A and B). U6 RNA, in
contrast, had no effect (Fig. 6A and B). We next probed trans-
lational repression by BC1 RNA C-loop mutants. C-loop mu-
tations that inhibited binding of BC1 RNA to eIF4B (Fig. 2)
also displayed reduced translational repression competence
(Fig. 6A and B). Subsequently, to examine the extent to which
the ability to bind to eIF4B correlated with repression compe-
tence, we subjected quantitative data obtained for eIF4B bind-
ing (Fig. 2B) and for translational repression (Fig. 6B) to linear
regression analysis (Fig. 6C). Such analysis revealed that for
the WT and mutant RNAs tested, eIF4B binding and transla-
tional repression are tightly correlated (R2 	 0.96075). Thus,
an inability to bind to eIF4B is reflected in a quantitatively
corresponding inability to repress translation (Fig. 6C). In con-
clusion, the data suggest that BC1 RNA’s translational repres-
sion competence relies on interactions with eIF4B.

In addition, we examined translational repression by BC1
RNA central domain mutant U� (conversion from A rich to U
rich). As mentioned above, for the central domain, we were
able to generate a single mutant that completely abrogated the
binding of BC1 RNA to eIF4A (Fig. 4) without affecting bind-
ing to eIF4B (Fig. 2). BC1 RNA mutant U� also quantitatively

blocked the helicase activity of eIF4A (Fig. 5A and B). We now
show that this central domain mutant was also completely
ineffective as a translational repressor (Fig. 6A and B). Thus,
the ability of the central A-rich domain to bind to eIF4A and
inhibit its helicase activity is expressed in the ability of BC1
RNA to repress translation. In summary, we conclude that
interactions of BC1 RNA with eIF4B and with eIF4A are
equally requisite for translational repression competence.

In a further set of experiments, we probed translational
repression by primate BC200 RNA in RRL. The results ob-
tained (Fig. 6D and E) were analogous to those described
above that were obtained with BC1 RNA (Fig. 6A and B). As
with BC1 RNA, the translational repression competence of
BC200 RNA was significantly reduced in C-loop mutants WC
and A-U but not in C-loop mutant Loop in comparison to that
of the WT (Fig. 6D and E). BC200 RNA central domain
mutant U� was repression incompetent in a manner indistin-
guishable from U6 RNA. Thus, in conclusion, both BC RNAs
use the same dual mode of action to target eIF4B and eIF4A
for translational repression, again supporting the notion of
functional analogy of these nonorthologous regulatory RNAs.

For an independent assessment of the roles of eIFs 4A and
4B as targets of BC1-mediated translational repression, we
performed rescue experiments in which recombinant eIF4A,
recombinant eIF4B, or both factors in combination were
added to the RRL translation system (Fig. 6F and G). While
the translation of CAT mRNA was reduced by BC1 RNA to
11% of the translational efficiency of unrepressed RRL, the
combined presence of both eIFs restored translation efficiency
in the presence of BC1 RNA to 76% of control levels. The
translational efficiency was restored to 39% by eIF4A alone
and to 30% by eIF4B alone. Thus, the restoration appears to
be additive, indicating that translational repression by BC1
RNA occurs via independent interactions with these two fac-
tors.

In summary, the data indicate that BC RNAs use distinctly
segregated dual-motif interactions to repress translation. In
the first mechanism, 3� C-loop motif interactions with eIF4B
result in a reduced ability of the factor to bind 18S rRNA. In
the second mechanism, central A-rich domain interactions
with eIF4A result in reduced catalytic activity of the helicase.
Both mechanisms operate individually as mediators of BC
RNA translational control competence.

DISCUSSION

In this work, we introduce a novel mode of action in RNA
translational control. Previous work has shown that neuronal
regulatory BC RNAs repress translation by targeting compo-
nents of the eIF4 family of initiation factors (19, 43, 44). We
now report that within this family, eIF4B is a direct target of
the translational repression mediated by BC RNAs. Interact-
ing with eIF4B through their 3� C-loop motifs, BC RNAs
interfere with the ability of this factor to bind 18S rRNA. In
addition, BC RNAs interact with eIF4A and inhibit its helicase
activity. Thus, by interacting with two members of the eIF4
family, BC RNAs employ a dual mode of action by targeting
two distinct but complementary mechanisms that are required
for translation initiation.
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BC RNA interactions with eIF4B: the 3� C-loop motif do-
main and 18S rRNA competition. eIF4B is a multifunctional
translation factor. It has been reported to promote translation
initiation by using three independent mechanisms (6, 12, 27,
31, 35), i.e., (i) by stimulation of the helicase activity of eIF4A,

(ii) by binding to eIF3 (which in turn interacts with eIF4G and
the small ribosomal subunit, thus linking it with the mRNA),
and (iii) by interacting with the small ribosomal subunit by
binding to 18S rRNA. eIF4B features two RNA binding do-
mains, an RNA recognition motif (RRM) located near the N

FIG. 6. Translational repression by BC RNAs is dualistic and mediated both by their 3� domain C-loop motifs, interacting with eIF4B, and by
their central A-rich domains, interacting with eIF4A. (A) WT BC1 RNA inhibited translation of CAT mRNA in RRL, whereas U6 RNA did not.
The translation repression competence of BC1 RNA C-loop mutants was diminished to various degrees (compared to that of WT BC1 RNA),
whereas BC1 RNA central domain mutant U� (lane 6) was completely ineffective in repressing translation, in a manner that was indistinguishable
from the results for U6 RNA. (B) For quantitative analysis, the intensities of the protein product bands were normalized against the one obtained
in the presence of U6 RNA, as described previously (19). Error bars show SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis,
comparison with U6 RNA, P 
 0.001 for WT BC1 RNA and mutants WC, Loop, and A-U and P 	 0.965 for mutant U�; comparison with WT
BC1 RNA, P 
 0.001 for U6 RNA and mutants WC, A-U, and U� and P 	 0.485 for mutant Loop. (C) Regression analysis showed that binding
to eIF4B and translational repression by BC1 RNA are tightly correlated, indicating that complete binding inability results in complete inability
to mediate repression. Relative quantitative repression competence (from the experiments whose results are shown in panels A and B) was plotted
against relative quantitative binding to eIF4B (from the experiment whose results are shown in Fig. 2) for the RNAs indicated. A correlation
coefficient of R2 	 0.96075 was obtained. Error bars show SEM. (D) Analogous to BC1 RNA, BC200 RNA inhibited translation of CAT mRNA
in RRL. The repression competence of BC200 RNA C-loop and central domain mutants was diminished to degrees similar to the results for the
respective BC1 RNA mutants. (E) BC200 RNA quantitative analysis results are as follows. Error bars show SEM; n 	 4, one-way ANOVA, P 

0.001; Tukey post hoc analysis, comparison with U6 RNA, P 
 0.001 for WT BC200 RNA and mutants WC, Loop, and A-U and P 	 0.996 for
mutant U�; comparison with WT BC200 RNA, P 
 0.001 for U6 RNA and mutant U�, P 
 0.01 for mutants WC and A-U, and P 	 1.0 for mutant
Loop. (F) Recombinant eIFs 4A and 4B restored in vitro translation in RRL. No protein was added in the 1st and 2nd lanes. Recombinant eIF4A
was added in the 3rd lane, recombinant eIF4B protein in the 4th lane, and both recombinant factors in the 5th lane. (G) Quantitative analysis
results are as follows. Error bars show SEM; n 	 4, one-way ANOVA, P 
 0.001; Tukey post hoc analysis, comparison with U6 RNA, P 
 0.001
for WT BC1 RNA, addition of eIF4A, addition of eIF4B, and addition of eIFs 4A and 4B in combination.
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terminus and two arginine-rich motifs (ARMs) located in the
C-terminal half (4, 26, 27). While the ARMs bind RNA (i.e.,
mRNA) unspecifically but with high affinity, the RRM specif-
ically binds 18S rRNA (27). Thus, by interacting simultane-
ously with an mRNA and with the 40S small ribosomal subunit
via 18S rRNA, eIF4B provides a bridging mechanism for the
recruitment of the 40S small ribosomal subunit to the mRNA
during 48S initiation complex formation.

We now show that eIF4B specifically interacts with C-loop
motifs in the 3� stem-loop domains of BC1 and BC200 RNAs.
The C-loop motifs are identical in these nonorthologous
RNAs. C-loops are RNA motifs in which an asymmetric inter-
nal loop is flanked by standard WC base pairs and stabilized by
cross-strand noncanonical interactions of the trans-WC/H and
cis-WC/SE types (16, 18). Our analysis revealed that interac-
tions between BC RNAs and eIF4B are intolerant of nucleo-
tide alterations that are motif disruptive (e.g., conversion of
noncanonical nucleotide interactions into standard WC inter-
actions or inversion of motif-essential U-A pair orientation).
Thus, nucleotide immutability in these positions is a reflection
of their essential roles in motif architecture.

eIF4B has previously been shown to interact with 18S rRNA
through its RRM (27). Using in vitro RNA selection, these
authors identified a number of stem-loop structures that spe-
cifically bound to the eIF4B RRM. Subsequent structural work
further corroborated these data (4). The selected stem-loops
featured asymmetric internal loops with flanking WC pairs,
often of the U-A type (e.g., A2, A13, and B6) (27). We as-
sumed that these stem-loop structures were selected because
they mimic C-loop motifs, and we found that they do compete
with BC RNAs for binding to eIF4B. In turn, BC RNAs and in
vitro-selected stem-loops all compete with 18S rRNA for bind-
ing to eIF4B (Fig. 3) (27). The combined data lead us to the
conclusion that BC RNA C-loop motifs are specifically recog-
nized by the eIF4B RRM and that this interaction is in direct
competition with 18S rRNA binding to the same RRM. Thus,
taken together, the data support the notion that BC RNAs
repress translation initiation by preventing interactions of
eIF4B with 18S rRNA and, thus, with the small ribosomal
subunit. This notion is also consistent with earlier data showing
that BC RNAs repress 48S initiation complex formation, i.e.,
small ribosomal subunit recruitment to the mRNA (43, 44).

BC RNA interactions with eIF4A: the central A-rich domain
and helicase repression. eIF4A is an ATP-dependent RNA
helicase (6, 12, 31). mRNAs with significant double-stranded-
structure content in their 5� UTRs require the helicase activity
of eIF4A for efficient initiation (31, 39). Previous work has
shown that BC1 and BC200 RNAs inhibit the helicase activity
of eIF4A (19). Here, we performed differential mutagenesis
analysis to dissect the respective functional contributions and
potential mutual interactions of the eIF4A and eIF4B
branches of BC RNA translational repression competence.

We verified that both BC1 RNA and BC200 RNA effectively
repressed eIF4A helicase activity. Such repression was not
overcome by the helicase-stimulatory activity of eIF4B. BC
RNA repression of eIF4A helicase activity was effectively abol-
ished by conversion of the BC RNA A-rich central domain into
a U-rich central domain. Conversely, none of the alterations in
the 3� domain that disrupt the C-loop motif structure had any

effect on the helicase repression capacity of BC RNAs. These
data have two relevant functional implications.

(i) Indispensable for eIF4A helicase repression are the A
residues in the central, single-stranded BC RNA domain. The
nature of some non-A residues interspersed in this domain
appears to be irrelevant for helicase repression competence:
for instance, a GAC motif that is common to both BC1 RNA
and BC200 RNA can be altered without affecting eIF4A heli-
case repression (not shown). Helicase repression is thus medi-
ated by a single-stranded A-rich domain that is bordered at the
3� end by a stem-loop structure. It is, however, immaterial for
the helicase repression competence of BC RNAs whether the
3� stem-loop is of a canonical A-form helical type or of a
noncanonical C-loop motif type. Thus, with respect to their
helicase-inhibiting activity, BC RNAs seem to take advantage
of a key functional property within the group of DEAD-box
RNA helicases (of which eIF4A is a prototypical member): the
requirement that the helicase first bind to a single-stranded
region before it can be loaded onto a double-stranded region
to initiate strand separation (10).

(ii) eIF4B, on the other hand, does not seem to play any
significant role in BC RNA helicase repression. The degree to
which the helicase activity of eIF4A is repressed by BC RNAs
is not dependent on whether eIF4B is present to stimulate
eIF4A. Furthermore, BC RNA C-loop motif mutants, unable
to bind to eIF4B, nevertheless repress eIF4A helicase activity
in a manner indistinguishable from that of WT BC RNAs. We
therefore conclude that the interactions of BC RNAs with
eIF4A and eIF4B result in dualistic functional consequences
that are mechanistically distinct and independent from each
other.

BC RNAs: dualistic mode of action in translational control.
BC RNA translational control uses a two-pronged approach to
target two initiation mechanisms that are mediated by eIFs 4A
and 4B, respectively. Consequently, translation in RRL, re-
pressed by BC1 RNA, is partially restored by either recombi-
nant eIF4A or recombinant eIF4B and almost completely re-
stored (to nearly 80%) by both factors in combination. These
data suggest that the translational repression by BC RNAs
occurs via two modular branches. A third branch is possible, as
BC1 RNA has previously been shown to interact with PABP
(14, 43, 44). The PABP branch, however, appears to contribute
at most 20% to the repression competence of BC1 RNA (19),
a degree that is in agreement with the above-mentioned ob-
servation that eIFs 4A and 4B in combination are able to
restore translation to within about 20% of control levels.

The two main mechanisms that are targeted by BC RNAs
enable recruitment of the 40S ribosomal subunit to the mRNA
by (i) bridging of the mRNA to 18S rRNA by eIF4B and (ii)
unwinding of the 5� UTR mRNA duplex content by eIF4A.
Although these two mechanisms are functionally independent
of each other, their dual repression by BC RNAs appears to be
interlocked. Incapacitation of one branch of the dual BC RNA
translational repression competence is dominant, i.e., is not
rescued by the respective other branch. The underlying molec-
ular basis for this coupling is unknown and remains to be
explored in future work. It is known, however, that eIFs 4A
and 4B bind synergistically to BC1 RNA (19). Also, eIFs 4A
and 4B interact with other initiation factors, e.g., eIF4A with
eIF4G, which at the same time interacts with PABP, which in
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turn interacts with eIF4B (1, 6, 12, 31). In a cytoplasmic envi-
ronment (e.g., in RRL), such additional protein-protein inter-
actions may be responsible for the observed repression cou-
pling. We speculate that a nascent “initiation” complex may
assemble on BC RNAs. However, such a complex, which may
include a to-be-initiated mRNA, will be nonproductive as it
will be prevented from recruiting the 40S small ribosomal
subunit. We also note that eIF4B is a downstream effector
target of two signaling pathways (37). Future work will address
the question of whether signaling-induced phosphorylation of
eIF4B is a modulating factor in BC RNA translational repres-
sion.

In all experimental approaches used in this work, the non-
orthologous BC1 and BC200 RNAs proved functionally anal-
ogous. This functional equivalence is determined by common
architectural RNA motifs, not by shared nucleotide sequences.
Thus, BC RNA C-loop motifs are maintained in evolution: the
C-loop motifs are invariant between BC1 RNA and BC200
RNA (despite the nonorthologous origin of these two RNAs),
as well as among different BC1 RNA species in rodents and
among different BC200 RNA species in primates (Fig. 7).
However, notwithstanding the fact that our data are consistent
with C-loop motifs as functional elements in BC RNAs, addi-

tional structural studies are desirable for further corrobora-
tion.

Our data support the notion that, in contrast to regulatory
RNAs that base pair with target nucleic acids (and therefore
require sequence conservation), regulatory RNAs such as BC1
and BC200 RNAs that interact with proteins will typically
exhibit analogous higher-order motif structures (30). BC1
RNA and BC200 RNA have evolved independently during
mammalian phylogenetic development, the former in the ro-
dent lineage and the latter in the primate lineage (20, 21). We
posit that BC1 and BC200 RNAs were selected in vivo, during
the course of mammalian evolution, for their ability to interact
specifically with eIFs 4A and 4B and, thus, to control neuronal
translation at the level of initiation.

We further posit that RNA selection and recruitment be-
came necessary as a result of the ever-increasing complexities
of mammalian brains. Increasing brain complexity necessitated
higher numbers of molecular regulators that could contribute
to the long-term control of neuronal function and plasticity.
Because the limited repertoire of protein regulators was prob-
ably exhausted in early eukaryotic evolution (23–25), the new
brain regulators were recruited from the much larger pool of
non-protein-coding RNAs. Thus, while mammalian neuronal
function remains protein executed, it has to a significant de-
gree become RNA regulated. We propose that RNA control of
gene expression has become a phylogenetic driving force in the
development of neural systems and organismal complexity.
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FIG. 7. Conservation of BC1 C-loop motifs in rodents and BC200
C-loop motifs in primates (Anthropoidea). The 3� domains of BC1
RNA (top) and BC200 RNA (bottom) are given for all published
sequences. C-loop motif nucleotides, shaded in light blue, are invariant
across all species shown with the exception of a U-to-C transition in
four primate species. This transition results in the replacement of
standard WC U-A pairs with wobble WC C � A pairs. This pair (U165-
A185 in human BC200 RNA) is the basal C-loop WC pair. While U-A
pairs are most frequently observed in this position in eukaryotic C-
loops, C � A pairs are not uncommon (16). A second U-A to C � A
transition occurs at position 170 to 181, i.e., outside the C-loop motif.
(Sequence data are from references 21 and 38.) Species: Rattus nor-
vegicus (Rno), Mus musculus (Mmu), Mesocrietus auratus (Mau),
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