














Structural studies of other tandem RRM partners of
PABP, Sex-lethal (Sxl) HuD and Hrp1 RNA binding
proteins bound to various different single-stranded sub-
strates reveal RNAs with either a linear or kinked trajec-
tory between RRM-binding surfaces (59–62). All of these
are evident in the MD ensemble for the RRM123 complex
with EDEN-2U/4U (Figure 5c) and suggest that intrinsic
conformational flexibility is essential for optimizing the
RNA-binding interface for targeting GREs through
multiple interactions with variably spaced UGU sites.
We also generated a number of energy minimized struc-
tures with the hairpin loop RNA substrate EDEN-2U/
HL, one of which is shown in Figure 6a and b. The
models show that the hairpin stem loop, containing four

Watson–Crick hydrogen bonded base pairs, brings the
three UGU sites within the 50 and 30 single-stranded tails
into an alignment similar to that modelled with EDEN-
2U/4U (Figure 5a). The RNA secondary structure and
RRM interactions at UGU sites across the base of the
hairpin motif remain stable throughout the 2 ns MD
simulation.

DISCUSSION

Targeting of RNA substrates by CELF1 proteins

Recent studies have identified natural mammalian AREs
containing GU-rich mRNA candidate-binding sites for

Figure 4. PRE effects in binding of RRM123 to spin-labelled EDEN-2U/4U substrates with MTSL covalently attached through 4-thiouridine (U*)
at the 50 or 30 terminus. (a) Histogram showing PRE effects from 50-U* across all three domains with the largest attenuation effects >0.7 clustered in
RRM2. (b) PRE effects from 30-U* with specific effects now evident in RRM3; (c) RNA sequence and model of the structure of 50-U* labelled
EDEN-2U/4U with RRM123 showing the location of the largest PRE effects. All residues with PREs >0.7 are shown in red. With the exception of
Met18, all of these are in RRM2. Residues with PREs between 0.5 and 0.7 are shown in orange. The modified base to which the MTSL tag is
attached (U*) is shown in blue. The RNA sequence used in the modeling is also shown with the three guanines highlighted on the structure; (d) PRE
effects from 30-U* labelled EDEN-2U/4U, with residues with PRE effects >0.8 shown in red (>0.7 in orange); (e) overlayed portions of the TROSY
spectra of the complexes of RRM123 with 50-labelled EDEN-2U/4U (black) and 30-labelled EDEN-2U/4U (red) showing differentiation signal
attenuation effects particularly for G176 (RRM2) and E244 (RRM3). The structure of MTSL modified 4-thiouridine (U*) is also shown.
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CELF1 within HeLa cell extracts. The c-fos and TNFa
AREs have been shown to enhance mRNA decay and
contain multiple UGUA, UGUU and UGUG sequences
in close proximity. The greater abundance of these sites
than predicted from a random distribution suggests that
these sequences contain high affinity CELF1-binding sites.
A 19-nt fragment of c-mos (EDEN19) was shown to be a
highly competitive inhibitor of deadenylation of c-fos and
TNFa, suggesting that c-mos similarly contains one or
more high affinity CELF1 recognition sites within the
EDEN19 element (13). The analysis of CELF1-targeted
30-UTRs of mRNAs in Xenopus tropicalis, using
immunoprecipitated CELF1/mRNA complexes, identified
an enrichment of putative EDEN sequences for which the
EDEN11 motif (Table 1) with closely spaced UGU motifs
represents the consensus-binding site (46).

We have studied a number of mRNA substrates of the
general sequence 50-UGUNxUGUNyUGU and have
shown that a stable three-domain CELF1 construct
binds with high affinity to the EDEN-2U/4U RNA
motif (N=U, x=2 and y=4) derived from the c-mos
natural target sequence. We have shown from ITC and
NMR experiments, including PRE effects using spin-
labelled RNAs, that the RRM123 CELF1 construct is
able to simultaneously bind to the three UGU sites. The
high affinity EDEN-2U/4U RNA substrate leads to
binding selectivity in which the three RRMs of CELF1
are aligned in a non-sequential 2-1-3 arrangement from
50 to 30 along the RNA target sequence.

In contrast, our NMR and ITC studies of the consensus
GRE identified by Vlasova et al. (12), which conforms to
this general sequence but has single nucleotide spacers
(x=1 and y=1) between UGU sites, is sterically
unable to accommodate all three RRMs in such close
proximity (40,41). We show that the GRE only partially
binds the CELF1 protein through two of the three
possible UGU-binding sites (50-UGUUUGUUUGU).
Thus, the GRE with sub-optimal spacing of UGU sites
does not capture the full extent of CELF1-RNA recogni-
tion but may act as a key anchor point for the initial RNA
interaction.
The recognition of UGU(U) motifs by the three RRMs

is mediated by a common set of conserved residues on the
surface of the b-sheet and adjacent loops that use a com-
bination of base-specific hydrogen bonding and p-stacking
interactions (39,40). Further selectivity for binding a GRE
appears to be imparted by a syn glycosidic conformation
for the guanine base, more typical of left-handed Z-RNA
helices (40). RRM3 is, however, distinct in having an
N-terminal extension that folds back to interact with the
b-sheet and extend the RNA-binding surface (39). These
differences may account for the 10-fold higher affinity of
RRM3 for a UGU(U) motif (Kd� 2–4 mM) compared
with the other isolated RRMs (Kd� 30–60 mM) (39–41).
However, RRM1 and RRM2 are separated by a short

8-residue linker and the tandem interaction of the two
RRMs leads to high affinity co-operative binding
(Kd� 0.4–0.7mM) to closely spaced UGU sites, realizing

Figure 5. Structure and conformational flexibility of the RRM123 complex with EDEN-2U/4U. (a) Model refined from MD simulations showing
the arrangement of the three RRMs in the order 2-1-3 from 50 to 30 along the RNA substrate. (b) The flexible 35-residue linker between RRM2 and
RRM3 allows the C-terminal domain to fold back, as shown schematically. (c) Overlayed structures from the MD ensemble showing changes in
orientation about the 8-residue RRM1-RRM2 linker sequence which allows RRM123 to adopt both compact and more extended conformations.
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a >100-fold enhancement in affinity over the isolated
domains (41). This tandem co-operative interaction is
not evident for an RRM2-RRM3 construct (RRM23)
with the 35 residue spacer where interactions between
the two motifs are decoupled, resulting in a clear
two-step binding process, which reflects the >10-fold dif-
ference in affinity between the two RRMs. This is evident
from CSP effects with RRM23 in NMR titrations with a
number of RNA substrates where perturbations were
confined to RRM3 up to a 1:1 binding stoichiometry.
ITC measurements indicated a first-step interaction with
a Kd=0.52±0.12 mM for RRM3 binding to a UGU(U)
site. We conclude that the co-operative binding of RRM1
and RRM2, which leads to a high affinity interaction,
together with the strong binding of RRM3 in isolation,
ensures that both ‘ends’ of CELF1 are anchored to an
RNA substrate with comparable affinity, of particular
relevance in targeting dispersed UGU-binding sites and
in the structural remodelling of pre-mRNAs.
We tested this model with a designed RNA-binding

element EDEN-2U/HL with UGU sites within the 50 and
30 single stranded tails at the base of a 14-nt hairpin loop.
ITC and NMR titrations showed that RRM123 could bind
with high affinity (Kd=0.55±0.08mM) in a 1:1 binding

event with NMR CSP effects consistent with all three
motifs simultaneously engaging in RNA interactions.
Bringing together distant UGU sites through RNA second-
ary structure formation may account for the observed inter-
action of CELF1 with mRNAs such as TNFa (13), which
have a poor match to the consensus GRE. The known
target c-jun was reported by Paillard et al. (47) to bind
both Xenopus and human CELF1 and trigger rapid
deadenylation when present in the 30 UTR of mRNA.
Vlasova et al. (12) reported a shorter version of the c-jun
sequence, which could also trigger deadenylation. In both
cases, the mRNA contains a consensus EDEN11 GRE site,
but when considered as a linear sequence, it does not
appear to contain a site capable of binding all three
RRMs in the manner of a high affinity EDEN-2U/4U
sequence. Secondary structure prediction for c-jun, using
the Mfold web server (63), provides an explanation for
binding of CELF1 to UGU motifs co-localized by the
overall fold of the mRNA, as modelled in the complex
with EDEN-2U/HL. The c-jun RNA shows two clear
double-stranded regions (Figure 6c). One is from bases
17–31, which forms a hairpin held together primarily by
Watson–Crick C-G base pairs, similar to the hairpin in
the EDEN-2U/HL sequence. The second double stranded

Figure 6. (a) Structural model from MD simulations of the complex of the CELF1 construct RRM123 with the hairpin-loop mRNA EDEN-2U/HL;
(b) schematic representation for clarity. The RNA hairpin is effective in co-localizing all three single-stranded UGU-binding motifs, with RRM123
binding across the base of the hairpin stem-loop. (c) Mfold prediction of secondary structure formation in part of the 30-UTR of c-jun, which triggers
deadenylation. UGU-binding sites (highlighted in red) are founded within an unstructured GU-rich loop and are co-localized through the formation
of two hairpin structures.
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region is between bases 1–11 and 44–53, mostly composed
of U-A base pairs. The two hairpins are linked by a single-
stranded loop region, which contains five of the six possible
UGU interaction sites in close proximity. The three high-
lighted UGU sites result in an arrangement analogous to
that shown for EDEN-2U/HL, which is capable of binding
all three RRMs of CELF1 with high affinity. There is also a
reported dependence of deadenylation efficiency on the
presence of AREs by Audic et al. (64), which are found
in c-jun and TNFa. We can speculate that these elements
facilitate formation of secondary structures that bring
UGU sites into more favourable configurations for
CELF1 binding, rather than having any direct interaction
with CELF1.

This has possible implications both for defining the
EDEN-binding motifs and for the role of CELF1 in
regulating alternative splicing. Bioinformatic analysis by
Masuda et al. (51) reported that partial CELF1 targets
tend to cluster in intronic regions flanking alternative
exons, with functional analysis consistent with CELF1
binding to the upstream intron facilitating exon
skipping. Indeed, CELF1 can promote or inhibit exon in-
clusion depending on the location of recruitment to the
transcript (65,66). It remains a possibility that CELF1 is
able to bind across branch points or whole exons to
regulate alternative splicing, with RRM1–RRM2
anchored on one side and RRM3 on the other, as
illustrated for EDEN-2U/HL, providing a mechanism
for exon exclusion.

Although we have worked largely with the truncated
RRM123 construct in this study, for reasons of stability,
15N-labelled full-length wt-CELF1 (489 residues) with an
additional 170 residues of flexible linker sequence was
isolated in small amounts for RNA-binding studies with
both EDEN-2U/4U and EDEN-2U/HL. Although the
spectra of the wt-CELF1 in isolation were of high
quality, owing to the intrinsic dynamics of the structure,
RNA complex formation leads to extensive line broaden-
ing and poor resolution. Many of those residues that are
expected to be perturbed (C61 in RRM1, C150 in RRM2
and G448 in RRM3), and a variety of residues usually
associated with smaller CSPs show characteristic,
although not readily quantifiable, binding effects that
are consistent with all three RRMs of wt-CELF1
binding to these high affinity RNA substrates.

We also considered reports that differential phosphoryl-
ation of CELF1 has been implicated in regulating both
protein–protein and protein–RNA interactions, with
studies suggesting that phosphorylation of Ser28 in
RRM1 of CELF1 increases RNA binding in vitro (67)
and that hyperphosphorylation by protein kinase C
(PKC) increases the half-life of CELF1 (68). To investigate
the possible effects in vitro, we produced an S28D
phosphomimetic mutant of the isolated RRM1. However,
neither NMR nor ITC measurements could reveal any dif-
ferences in binding affinity with GU-rich RNA substrates
compared with the native RRM1 (data not shown).

The RNA mutation model for DM pathogenesis has
shown that CUG expansion repeats in the 30-UTR
region lead to the formation of long double-stranded
RNA hairpins that sequester RNA-binding proteins

(48,49). The subcellular distribution of CELF1 and
MBNL1, another developmentally regulated RNA-
binding protein that controls alternative splicing, are of
particular interest in this context. Although MBNL1
binds to double-stranded hairpins (50) and accumulates
in nuclear foci (51), studies suggest that CELF1 is
localized to the base of these RNA hairpin structures
rather than the stem region (52). Our structural models,
shown in Figure 5b, are consistent with this hypothesis
and enable us to visualize how this might occur either
through binding to an isolated single-stranded CUG
repeat or to the single-stranded ‘tails’ at an RNA junction.
The RRM is a ubiquitous RNA-binding motif that is

used in numerous post-transcriptional steps in gene ex-
pression and as a regulatory repressor of alternative
splicing events. The polypyrimidine tract-binding protein
(PTB) is a typical well-characterized example with a
similar architecture to CELF1 of multiple flexibly linked
RRMs, which bind pyrimidine-rich motifs (e.g. UCUU, C
UCUCU) (69–71) within regulatory elements of RNA
(72–75). PTB suppresses splicing by blocking various com-
ponents of the spliceosome, including the splicing factor
U2AF65 (76,77), or by masking splice sites through for-
mation of oligomeric assemblies across intron–exon
boundaries (78). Alternative indirect mechanisms suggest
that PTB blocks splicing complex formation through its
ability to remodel pre-mRNA by bringing together distal
regions to form looped structures or by formation of non-
productive interactions with other stem-loop motifs
(79–83). Although full-length PTB has eluded structure
determination, the structure, affinity and binding specifi-
city of the individual RRMs have been reported.
It is also apparent that PTB mediates both RNA and

protein interactions. The PTB–Raver1 interaction, which
modulates splicing of a-tropomyosin (Tpm1), is well
characterized structurally and functionally (84,85).
Structures derived from Raver1 peptide-RRM complexes
reveal the versatility of RRMs as a recognition motif in
mediating protein interactions across the distal helical face
while engaged in RNA binding across the b-sheet. By
analogy, recent studies using in vitro assays for assessing
mRNA decay in AU-rich mRNAs have shown that
CELF1 binds specifically to mRNAs and stimulates
poly(A) shortening in the 30 UTR by recruiting the
poly(A) deadenylase PARN (13,30). Although the details
of this interaction are still ill-defined, it would appear that
a Ser-rich motif within the RRM2-RRM3 flexible linker
region of CELF1, close to a putative amphipathic helical
motif (residues 332–340), facilitates recruitment.
Phosphorylation-regulated CELF1 recruitment of PARN
to initiate deadenylation and mRNA decay has been
proposed (86) and is consistent with functional studies
of CELF1 (4) in which a G331D mutation appears to
knock-out CELF1 as a deadenylation factor. As a step
towards elucidating protein–protein and protein–mRNA
interactions of CELF1 linked to mRNA functional regu-
lation, we have presented new structural insights into the
selectivity and affinity of the three RRMs of CELF1 for a
GU-rich mRNA target sequence containing multiple
UGU-binding sites.
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69. Conte,M.R., Grüne,T., Ghuman,J., Kelly,G., Ladas,A.,
Matthews,S. and Curry,S. (2000) Structure of tandem RNA
recognition motifs from polypyrimidine tract binding protein
reveals novel features of the RRM fold. EMBO J., 19,
3132–3141.

70. Simpson,P.J., Monie,T.P., Szendröi,A., Davydova,N.,
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