
Structural insights into the transcriptional and
translational roles of Ebp1

Tom P Monie1, Andrew J Perrin1,
James R Birtley1, Trevor R Sweeney1,
Ioannis Karakasiliotis2, Yasmin Chaudhry2,
Lisa O Roberts3, Stephen Matthews4,
Ian G Goodfellow2 and Stephen Curry1,*
1Division of Cell and Molecular Biology, Imperial College, South
Kensington Campus, London, UK, 2Department of Virology, Faculty of
Medicine, Imperial College London, London, UK, 3School of Biomedical
and Molecular Sciences, University of Surrey, Guildford, Surrey, UK and
4Division of Biomolecular Science, Imperial College, London, UK

The ErbB3-binding protein 1 (Ebp1) is an important reg-

ulator of transcription, affecting eukaryotic cell growth,

proliferation, differentiation and survival. Ebp1 can also

affect translation and cooperates with the polypyrimidine

tract-binding protein (PTB) to stimulate the activity of the

internal ribosome entry site (IRES) of foot-and-mouth

disease virus (FMDV). We report here the crystal structure

of murine Ebp1 (p48 isoform), providing the first glimpse

of the architecture of this versatile regulator. The structure

reveals a core domain that is homologous to methionine

aminopeptidases, coupled to a C-terminal extension that

contains important motifs for binding proteins and RNA. It

sheds new light on the conformational differences be-

tween the p42 and p48 isoforms of Ebp1, the disposition

of the key protein-interacting motif (354LKALL358) and the

RNA-binding activity of Ebp1. We show that the primary

RNA-binding site is formed by a Lys-rich motif in the C

terminus and mediates the interaction with the FMDV

IRES. We also demonstrate a specific functional require-

ment for Ebp1 in FMDV IRES-directed translation that is

independent of a direct interaction with PTB.
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Introduction

Eukaryotic protein translation is predominantly initiated via a

cap-dependent scanning mechanism (Pestova et al, 2001).

However, during viral infection or cell death, cap-dependent

translation initiation may be disabled and cap-independent

mechanisms adopted instead. Cap-independent initiation re-

quires direct recruitment of ribosomal subunits to an RNA

sequence known as an internal ribosome entry site (IRES).

This element, which often contains significant secondary

structure elements, is usually contained within the 50-un-

translated region of the mRNA (Hellen and Sarnow, 2001).

Although IRESes were originally identified in the positive-

sense, single-stranded RNA genomes of picornaviruses (Jang

et al, 1988; Pelletier and Sonenberg, 1988), they have since

been found in other RNA viruses (Hellen and Sarnow, 2001);

it has been estimated that up to 10% of cellular mRNAs may

contain IRES elements (Stoneley and Willis, 2004).

In most cases, only specific subsets of the canonical

eukaryotic translation initiation factors (eIFs) are used for

cap-independent mechanisms (Jackson, 2005), but a variety

of other host-cell proteins, termed IRES-specific cellular

trans-acting factors (ITAFs), may also be required for efficient

IRES function. For example, the rhinovirus IRES and several

cellular IRESes require both the polypyrimidine tract-binding

protein (PTB) and upstream of N-ras (unr) for activity (Hunt

et al, 1999; Mitchell et al, 2003), whereas the IRES from foot-

and-mouth disease virus (FMDV)—another picornavirus—

requires both PTB and the proliferation-associated factor

ITAF45 (Pilipenko et al, 2000).

In general, ITAFs are RNA-binding proteins recruited from

their normal cellular functions and are believed to help in

folding or stabilising the active form of the IRES to stimulate

translation initiation (Hellen and Sarnow, 2001; Stoneley and

Willis, 2004). ITAF45 was originally identified as a member of

the PA2G4 family of proliferation-regulated proteins

(Radomski and Jost, 1995; Lamartine et al, 1997). However,

the protein is now better known as Ebp1 (ErbB3-binding

protein 1), as a result of more recent investigations that

have revealed its interaction with the ErbB3 receptor (Yoo

et al, 2000) and probed its role in mediating growth and

proliferation signals. The Ebp1–ErbB3 interaction is regulated

by the growth factor heregulin, which promotes the dissocia-

tion of Ebp1 and its relocation to the nucleus (Yoo et al,

2000), where it appears to function as a transcriptional

repressor of genes regulated by E2F1 (Zhang et al, 2003;

Zhang and Hamburger, 2004) and the androgen receptor (AR)

(Zhang et al, 2002, 2005a, b). This activity is linked to the

ability of Ebp1 to inhibit proliferation and promote differen-

tiation of breast and prostate cancer cell lines (Lessor et al,

2000; Zhang et al, 2005b). Lately, Ebp1 has also been shown

to regulate cell growth and proliferation in plants (Horvath

et al, 2006).

The transcriptional repression mediated by Ebp1 depends

on its participation in multi-protein complexes that interact

with DNA promoter sequences of regulated genes (Xia et al,

2001; Zhang et al, 2003). With the exception of the co-

repressor Sin3A (Zhang et al, 2005a), details of its interac-

tions with other proteins have yet to be precisely determined.

More recently, Ebp1 has also been ascribed a role in regulat-

ing cell survival, as its interaction with Akt kinase suppresses

apoptosis (Ahn et al, 2006; Liu et al, 2006). This interaction

depends on the phosphorylation of Ebp1 on Ser 360, which is
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also required for its interaction with ErbB3 (Lessor and

Hamburger, 2001; Liu et al, 2006).

In addition to its ability to interact with various proteins,

Ebp1 binds DNA (Yamada et al, 1994; Zhang and Hamburger,

2004) and an array of RNA targets including the FMDV IRES

(Pilipenko et al, 2000), the 30-untranslated region of bcl-2

mRNA (Bose et al, 2006) and ribosomal RNA (Squatrito et al,

2004), suggesting that Ebp1 can also regulate protein syn-

thesis at a number of different levels. A further dimension to

this role has appeared recently with a report that Ebp1 can

promote translation initiation by interacting with PKR and

inhibiting the phosphorylation of the eIF2a subunit of eIF2

(Squatrito et al, 2006).

Despite burgeoning interest in the role of Ebp1 in several

important cellular functions, little is known about either the

molecular structure of the protein or the interactions involved

in ligand binding. To address these questions, we have

determined the crystal structure of Ebp1. We show that, as

predicted (Pilipenko et al, 2000), the protein is structurally

homologous to the type II methionine aminopeptidases

(MAPs), but has a novel C-terminal extension containing

binding motifs for proteins and RNA. Moreover, we provide

direct evidence, using siRNA knockdown of the specific

involvement of Ebp1 in FMDV IRES-mediated translation

initiation, and we have determined that the ability of Ebp1

to bind to the FMDV IRES maps to a lysine-rich sequence in

the C-terminus of the protein. Together, these findings give

new insights into the structure and function of Ebp1 and

provide a valuable framework for further dissection of its

molecular mechanism.

Results

Crystal structure of Ebp1

As an aid to crystallisation, sequence alignments with homo-

logous type II MAPs (Pilipenko et al, 2000) of known

structure were used to identify potentially unstructured ter-

mini of Ebp1 (Supplementary Figure S1). Following a series

of deletion mutagenesis experiments, the construct Ebp1(8–

360), which lacks the first 7 and the last 34 amino acids of the

protein, was found to be the most complete fragment that

could be overexpressed solubly in Escherichia coli and crys-

tallised (Supplementary Table S1). The 2.5 Å crystal structure

of Ebp1(8–360) was phased by molecular replacement and

refined to yield an Rfree of 21.6% (Materials and methods;

Table I). The refined model contains all the Ebp1 residues

present in the construct.

As expected, the protein fold is very similar to the two-

domain structure of type II MAPs. The main or ‘catalytic’

domain (nonfunctional in Ebp1—see below) is conserved in

type I and II MAPs in prokaryotes, archaea and eukaryotes. In

Ebp1, it is composed of residues 8–243 and 307–337 and

adopts a ‘pita-bread’ fold (Bazan et al, 1994) formed from

two anti-parallel b-sheets each flanked by a pair of a-helices

(Figure 1A).This domain has a curved, globular structure and

in MAPs the active site is contained within a deep pocket on

its concave surface. The smaller insertion domain, one of the

distinguishing features of type II MAPs (Liu et al, 1998;

Tahirov et al, 1998), normally has a babaab topology and

forms a small anti-parallel b-sheet backed by a three-helix

bundle. However, in Ebp1 this domain (residues 244–306) is

slightly simplified by deletion of the middle helix (Figure 1A).

Superposition of Ebp1 with the structures of type II MAPs

using SSM (Krissinel and Henrick, 2004) revealed r.m.s.

differences in Ca positions of 1.7 Å for both human MAP2

(hMAP2; PDB ID 1kq9) and P. fu. MAP (PDB ID 1xgs)

emphasising the overall similarity of these proteins.

Nevertheless there are several notable differences between

Ebp1 and type II MAPs. In particular, Ebp1 contains two

extended loop insertions (loop 1: residue 63–71; loop 2:

residues 128–134), one helical insertion (residues 205–213)

and a C-terminal extension (residues 338–394) that are not

present in type II MAPs (Figure 1B). These features are

generally conserved in metazoan orthologues of Ebp1

(Supplementary Figure S2) and all occur on the surface of

the protein. The novel C-terminal extension of Ebp1 wraps

around the concave surface of the main domain and is

stabilized by interactions with loop 2 and hydrophobic con-

tacts between the 354LxxLL358 motif in the C-terminal helix

and the body of the protein (see Discussion). In contrast,

hMAP2 contains a long N-terminal extension (residues 1-150)

and a b-hairpin structure that are absent from Ebp1 and P. fu.

MAP (Figure 1B).

Despite the overall similarity with type II MAPs, the

structure of Ebp1 suggests that it does not retain MAP activity

since key residues in the active site are not conserved. This

prediction was verified experimentally in MAP assays that

confirmed the activity of hMAP2, but found no detectable

activity for Ebp1 (Supplementary Figure S3). In functional

MAPs, the active site contains a pair of divalent cations

coordinated by a strictly conserved set of residues (Asp 251,

Asp 262, His 331, Glu 364, Glu 459—hMAP2 numbering) and

a pair of flanking His residues (His 231 and His 339), that aid

catalytic activity (Lowther and Matthews, 2002; Figure 1C).

The crystal structure of Ebp1 reveals that this active site

architecture is only partially conserved; in particular, Asp

262, Glu 459 and His 339 from human MAP2 are substituted

Table I Data collection and refinement statistics

Diffraction data
Space-group P212121

a (Å) 49.15
b (Å) 72.78
c (Å) 115.62
Wavelength (Å) 0.8123
Resolution range (Å) 38.41–2.50
Independent reflections 14 714
Multiplicitya 3.0 (3.0)
Completeness (%) 98.9 (98.9)
Mean I/(s.d.) 10.4 (3.3)
Rmerge (%)b 8.0 (41.0)

Model refinement
Nonhydrogen atoms/waters 2729/55
Rmodel

c/Rfree
d (%) 18.3/21.6

r.m.s.d. from ideal bond lengths (Å) 0.006
r.m.s.d. from ideal angles (deg) 1.27
Ramachandran plot, favoured/additional (%) 91.8/7.6
Average B-factor (Å2) 35.2
PBD ID 2v6c

aValues for the outermost resolution shell (2.64�2.50 Å) are given
in parentheses.
bRmerge¼ 100�

P
h

P
i|Ihj�Ih|/

P
h

P
iIhj where Ih is the weighted

mean intensity of the symmetry related reflections Ihj.
cRmodel¼ 100�

P
h|Fobs�Fcalc|/

P
hFobs where Fobs and Fcalc are the

observed and calculated structure factors respectively.
dRfree is the Rmodel calculated using a randomly selected 5% sample
of reflection data omitted from the refinement.
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by Asn 120, Lys 320 and Asp 196, respectively, in Ebp1

(Figure 1D and E). The electron density map shows that

these changes are sufficient to abrogate metal binding, thus

accounting for the absence of aminopeptidase activity. This is

most likely due to the fact that the side chain amino group of

Lys 320 in Ebp1 occupies a position equivalent to one of the

two cation sites in hMAP2, although other differences at the

active site may also contribute to disruption of metal binding

(Figure 1D and E).

A Lys-rich motif in the C terminus of Ebp1 binds RNA

Sequence alignments with homologous MAPs

(Supplementary Figure S1) revealed two lysine-rich regions,

one (residues 65–72) within loop 1 and one (residues 364–

373) within the C-terminal extension, both of which are well

conserved in Ebp1 orthologues (Supplementary Figure S2).

To probe the role of these Lys-rich motifs in RNA binding,

electrophoretic mobility shift assays (EMSAs) were per-

formed using radiolabelled full-length FMDV IRES RNA

(Materials and methods). Full-length Ebp1 bound the

FMDV IRES with an apparent KD B1–2 mM (Figure 2A).

Mutation of the N-terminal lysine-rich motif 65KKEKEMKK72

to 65SSSSSSSS72 in the context of the full-length protein

(Ebp1(1-394LM)) had no effect on RNA-binding activity

(Figure 2B). In marked contrast, the construct Ebp1(1–360),

in which the C-terminal Lys-rich sequence has been removed,

was unable to bind the FMDV IRES (Figure 2D), although

a lesser deletion (Ebp1(1–375)) which retains the Lys-rich

motif had wild-type-binding activity (Figure 2C). These

results demonstrate the critical importance of the sequence
361SASRKTQKKKKKKAS375, containing the C-terminal Lys-

rich region (underlined), for binding to FMDV IRES RNA

by Ebp1.

Toe-printing studies of Ebp1 previously indicated that the

protein bound to a site located at the basal region of domain I

of the FMDV IRES (Pilipenko et al, 2000). To further probe the

specificity of the Ebp1–IRES interactions, we compared the

binding of the protein to RNA transcripts encoding domains

H (nt 280–336), I (nt 337–551) and JKL (nt 552–716) of the

FMDV IRES. EMSAs performed using full-length Ebp1 indi-

cated that the protein binds with broadly similar affinities

(apparent KDB0.2–1.0 mM) to all three RNA constructs

(Figure 2E–G), although some minor variations were ob-

served. For example, binding of Ebp1 to domains I and JKL

was about twofold stronger than to domain H and the

interaction of Ebp1 with domains JKL resulted in the forma-

tion of two distinct complexes with different affinities

(Figure 2G). Overall, however, these data suggest that,

under our experimental conditions, the binding of RNA by

Ebp1 is nonspecific. Further experiments confirmed this idea

by showing that Ebp1 bound to the FMDV and EMCV IRESes

(which differ in nucleotide sequence by about 50% (Drew

and Belsham, 1994)) with equal affinity (Supplementary

Figure S4); this result is consistent with previous reports

that Ebp1 could bind to both IRESes (Pilipenko et al,

2000). Moreover, the nonspecific nature of the interaction is

Figure 1 Molecular structure of Ebp1 and comparison with a type II human MAP (hMAP2). (A) Ribbon diagram of the crystal structure of
Ebp1(8–360); a-helices are coloured pink and b-strands blue. (B) Superposition of Ebp1 in orange and hMAP2 in cyan (PDB 1kq9 (Nonato et al,
2006)); insertions in Ebp1 are coloured dark red and those in hMAP2 dark blue. (C–E) Comparison of the active site of hMAP2 with the
corresponding region in Ebp1. Side chains of selected residues are shown as sticks for (C) hMAP2, (D) a superposition of hMAP2 and Ebp1 and
(E) Ebp1. The colour coding is the same as for panel B.
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underscored by the finding that the protein has broadly

similar affinity for single- and double-stranded RNA and for

double-stranded DNA targets (Supplementary Figure S5).

Nevertheless, for all nucleic acid targets tested, deletion of

the C-terminal Lys-rich sequence severely impaired binding

of Ebp1, confirming that this is the binding motif for both

RNA and DNA (Figure 2 and Supplementary Figures S4 and

S5). The dependence of Ebp1 on such a motif readily

accounts for its apparent lack of sequence specificity in

binding RNA or DNA, at least in assays using purified

components. This nevertheless raises interesting questions

regarding the functional specificity of the protein (see

Discussion).

The interaction between the ITAFs PTB and Ebp1 is

RNA-dependent

Ebp1 appears to operate synergistically with PTB in stimulat-

ing formation of 48S initiation complexes on the FMDV IRES

(Pilipenko et al, 2000). We initially tried to probe the mole-

cular basis of this phenomenon using dual-protein EMSAs in

which RNA was pre-bound to either Ebp1 or PTB and then

incubated with the other protein, but this invariably resulted

in extensive aggregation of the sample (data not shown). We

therefore attempted to detect a direct, RNA-independent

Ebp1–PTB interaction using pull-down assays. Ebp1 con-

structs were transcribed and translated in vitro (Figure 3A)

and then pulled down with either GST-PTB or, as a negative

control, GST-Sex Lethal (GST-Sxl). The construct Raver1

(1–455) was included as a positive control with known

RNase sensitivity in its interaction with PTB (Rideau et al,

2006). Both Ebp1(1–394) and Ebp1(1–375) were pulled down

with GST-PTB. However, this interaction was clearly abro-

gated by treatment with RNase to remove mRNAs generated

during in vitro transcription (Figure 3B, bottom panel).

Figure 2 The C-terminal Lys-rich motif of Ebp1 binds the FMDV IRES RNA. EMSAs were performed using 32P-labelled FMDV IRES RNA (nt
280–716) and twofold dilutions of various Ebp1 proteins over the range 0.125–8 mM. (A) Ebp1(1–394); (B) Ebp1(1–394LM); (C) Ebp1(1–375)
and (D) Ebp1(1–360). Ebp1 binds multiple regions of the FMDV IRES. EMSAs were performed using 32P-labelled RNA and twofold dilutions of
full-length Ebp1 (residues 1–394) over the range 0.125–32mM. (E) FMDV IRES Domain H (nts 280–336); (F) Domain I (nts 337–551) and (G)
Domain JKL (nts 552–716). (H) Schematic secondary structure of the FMDV IRES.

Figure 3 Ebp1 interacts with PTB in an RNA-dependent manner.
(A) 35S Methionine labelled coupled transcription-translation pro-
ducts for Ebp1 and control constructs. (B) GST pull-down assays
between 35S-labelled Ebp1 constructs and 35 picomoles of either
GST-Sxl (top panel) or GST-PTB (bottom panel). Reactions were
performed in the absence (�) and presence (þ ) of RNAse treat-
ment.
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Moreover, the construct Ebp1(1-360), which lacks the C-

terminal RNA-binding motif, was not pulled down signifi-

cantly above background levels, even in the absence of RNase

treatment (Figure 3B, bottom panel). These results indicate

that the positive interactions observed with Ebp1(1–394) and

Ebp1(1–375) do not result from direct interaction between

PTB and Ebp1, but are the consequence of both proteins

binding to the same RNA molecule, consistent with the fact

that both proteins have RNA-binding activity. It remains

possible nevertheless that RNA binding by either protein

may induce conformational changes that permit formation

of direct protein–protein contacts.

Role of Ebp1 in translation initiation

Previous work demonstrating a role for Ebp1 in stimulating

48S initiation complex formation on the FMDV IRES relied

exclusively on the use of in vitro biochemical toe-printing

analysis (Pilipenko et al, 2000). To confirm a role for Ebp1 in

FMDV IRES-mediated translation initiation, we examined the

effect of Ebp1-specific siRNAs on IRES activity in vivo

(Figure 4). Transfection of human embryonic kidney cells

with Ebp1-specific siRNAs resulted in a significant reduction

of Ebp1 levels, whereas PTB or GAPDH levels were unaf-

fected (Figure 4B). RNAi mediated reduction of Ebp1 levels

resulted in a 55% reduction in FMDV IRES activity, whereas

EMCV IRES- and cap-dependent translation were unaffected

(Figure 4A and C), consistent with previous observations on

48S complex formation (Pilipenko et al, 2000). This confirms

that Ebp1 exhibits sequence-specific stimulation of the FMDV

IRES in vivo.

Discussion

The crystal structure of Ebp1 provides new molecular in-

sights into the transcriptional and translational roles of the

protein, allowing us to re-interpret some of the existing

functional data and to probe its mechanism more precisely.

As anticipated from sequence alignments (Pilipenko et al,

2000), Ebp1 is structurally similar to the homologous type II

MAPs (Figure 1), although there are some significant differ-

ences. The structure reveals that the identity and conforma-

tion of the active site residues in MAPs is not maintained

in Ebp1, resulting in the loss of aminopeptidase activity

(Supplementary Figure S3). More significantly, the structure

of Ebp1 shows that at least part of the novel C-terminal

extension in Ebp1 (residues 338–360) lies in a relatively

extended conformation across the concave dorsal surface of

the protein and is apparently available for interactions with

proteins and RNA (see below).

Predicted structural differences between the p42 and

p48 isoforms of Ebp1

There are two major isoforms of Ebp1 (p42 and p48) which

have distinct cellular functions (Liu et al, 2006). The longer

p48 isoform (used in our study), which localises to the

cytoplasm and nucleolus, suppresses apoptosis but promotes

cellular differentiation. In contrast, the shorter p42 isoform,

which lacks the N-terminal 54 amino acids present in p48, is

confined predominantly to the cytoplasm, where it acts to

promote differentiation and suppress proliferation (Liu et al,

2006). The crystal structure shows that the shorter isoform is

missing the whole of helix a1 and half of a2 (Figure 5A),

structural features that are conserved in all known MAPs.

The truncation of p42 removes K20 and K22, which form part

of the nucleolar localisation signal (Squatrito et al, 2004).

Such signals generally involve extended basic sequences

(Fujiwara et al, 2006) and the structure of p48 Ebp1 shows

that these residues are situated at solvent exposed positions

close to the highly basic loop1 (63IFKKEKEMK71; Figure 5A);

this suggests that, although loop1 has no demonstrated role

in RNA binding (Figure 2), it may contribute to a bipartite

nucleolar localisation signal.

The truncation of p42 also exposes of a large hydrophobic

surface to solvent and may cause destabilisation of the

protein, perhaps accounting for its significantly lower levels

of expression (Liu et al, 2006). Consistent with this, we were

unable to express Ebp1(55–394) in E. coli (Supplementary

Table S1). In eukaryotic cells, the shorter isoform may be

stabilised by refolding of the N-terminal region, perhaps

involving the nearby C-terminal extension (Figure 5A and

B), or by recruitment of novel protein partners. It is tempting

to speculate that the conformational changes associated with

the absence of residues 1–54 account for the ability of p42

Ebp1, but not p48, to interact with ErbB3 (Liu et al, 2006).

Structure of the conserved LxxLL protein-binding motif

in Ebp1

Ebp1 has an important role in transcriptional repression

which is reported to involve interaction with components of

repressive complexes such as Rb (Xia et al, 2001), AR (Zhang

et al, 2002) and Sin3A (Zhang et al, 2005a). In each case, the

C-terminal 70–80 residues of Ebp1, which incorporate the

novel extension identified in the structure (residues 338–394;

Figure 1), have been shown to be required for these interac-

tions. However, it is not yet clear if these interactions all

involve direct contact with Ebp1 or are mediated by other

components of the complex. Evidence for a direct protein–

protein contact has been reported only for the Sin3A–Ebp1

interaction (Zhang et al, 2005a). In particular, it has been

Figure 4 Ebp1 is required for efficient translation from the FMDV
IRES. (A) Schematic representation of reporter RNAs used to
analyse the effect of Ebp1-specific siRNAs on IRES-mediated trans-
lation. (B) Western blot analysis of cells transfected with either
EGFP or Ebp1-specific siRNAs. Blots were probed with antisera to
Ebp1, PTB or GAPDH. (C) Levels of the reporter proteins CAT and
luciferase produced in cells transfected with either EGFP- or Ebp1-
specific siRNAs. Levels are expressed as a percentage of that
observed in the EGFP siRNA-transfected control. Assays were
carried out in triplicate and the error bars represent the observed
standard deviation.
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shown that this is primarily mediated by the conserved LxxLL

motif in the C terminus of Ebp1 (354LKALL358) (Zhang et al,

2005a). This motif has also been shown to be important for

the interaction of Ebp1 with AR, which is known to have a

binding site for the LxxLL motif (Hur et al, 2004); however,

a direct Ebp1–AR interaction remains to be demonstrated

experimentally.

The crystal structure of Ebp1 reveals that the 354LKALL358

sequence adopts the helical structure common for LxxLL

motifs, allowing all three Leu side chains to interact with a

shallow hydrophobic pocket on the back side of Ebp1

(Figure 5C). The binding pocket for the motif in Ebp1 is

primarily formed by amino-acid side chains from helices a3

and a4 that are completely apolar or have substantial hydro-

phobic moieties (L148, A152, R155, L156, A169, K172 and

V173). Interestingly helices a3 and a4 adopt a different

architecture to that observed in the helical LxxLL binding

sites of nuclear receptors (Figure 5C and D), revealing that

the LxxLL motif can interact with structurally diverse binding

sites. The interaction appears to at least partially conserve the

‘charge-clamp’ mechanism previously detected in the ligand-

binding domains of nuclear receptors that bind this motif

(Nolte et al, 1998; Hur et al, 2004; Plevin et al, 2005).

Normally, a basic and an acidic amino-acid side chain serve

to neutralise the partial charges associated with the helix

dipole (Plevin et al, 2005). In the case of Ebp1, Arg 155 is

positioned to interact with the negatively charged C-terminal

end of the LxxLL helix, whereas Asp 351 interacts with the

positively charged N-terminal end. Note however that Asp

351 is immediately upstream in the primary sequence from

the helix so, while this interaction can stabilise the helix, it

may not otherwise contribute significantly to its interaction

with the body of the protein. This weakening of the charge-

clamp may be advantageous as it is evident that the
354LKALL358 motif from Ebp1 must peel away from the

protein surface to interact with a binding partner such as

Sin3A (Zhang et al, 2005a). Intriguingly, dissociation of the
354LKALL358 helix from the dorsal surface of Ebp1 makes the

binding pocket available for another LxxLL motif; however, a

binding partner that might take advantage of this site has not

yet been identified.

The structure also shows that Ser 360, the phosphorylation

site of PKC (Liu et al, 2006), is solvent exposed and lies very

close to the C-terminal end of the LxxLL helix (Figure 5B and

C). This residue is therefore likely to contact binding partners

that interact with the LxxLL motif, suggesting that such

interactions may be regulated by phosphorylation.

Phosphorylation of this residue enhances binding to ErbB3

Figure 5 Structural features at the N and C termini of Ebp1. (A) The structure shows that the predicted p42 isoform (left) which starts at Met
55 lacks one and a half helices at the N terminus of the p48 isoform (indicated in grey in the structure on the right). This helix makes extensive
hydrophobic contacts with the body of Ebp1 (coloured by atom type: carbon—orange; nitrogen—blue oxygen—red; sulphur—yellow); its
removal exposes a large hydrophobic cleft on one face of the protein. The structure of p48 Ebp1 also illustrates the proximity of K20 and K22 to
the lys-rich loop 1; together these features may constitute a bipartite nucleolar localisation signal (Squatrito et al, 2004; Fujiwara et al, 2006).
(B) Position of the 354LKALL358 protein-binding motif at the C terminus of Ebp1. Colouring is the same as in Figure 1B except that residues from
the motifs are highlighted in green. The surface of Ebp1 up to residue 337 is shown. Close-up views (in similar orientations) of the LxxLL motif
from (C) Ebp1 and (D) the AR ((Hur et al, 2004); PDB—1t7f). Residues from Ebp1 are colour coded as described above. Carbon atoms of the
LxxLL motif of the peptide ligand of AR are cyan.
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and Akt (Lessor and Hamburger, 2001; Liu et al, 2006), but

further work is required to establish a definitive role for the

LxxLL motif in interactions with these binding partners.

Ebp1 does not bind to PTB

Ebp1 operates synergistically with PTB in forming 48S initia-

tion complexes on the FMDV IRES (Pilipenko et al, 2000).

Although PTB is known to interact with a variety of protein

partners, particularly in its role as a regulator of alternative

splicing (e.g., Raver1 (Gromak et al, 2003), Nova

(Polydorides et al, 2000)), we were unable to detect a direct

PTB–Ebp1 interaction. This is consistent with the fact that

Ebp1 lacks the conserved (S/G)(I/L)LGxxP PTB-binding

motif that has recently been identified within Raver1

(Rideau et al, 2006). Our results do show that PTB and

Ebp1 can interact by binding to the same RNA molecule so

their synergistic effect on FMDV translation initiation is likely

to derive from concerted effects on the IRES structure.

RNA-binding activity of Ebp1

The ability of Ebp1 (and its orthologues) to bind nucleic acid

is well documented (Yamada et al, 1994; Radomski and Jost,

1995; Pilipenko et al, 2000; Squatrito et al, 2004, 2006; Zhang

and Hamburger, 2004; Bose et al, 2006). With regard to RNA

binding, previous sequence analyses suggested that Ebp1

contains two conserved RNA-binding domains, a s70-like

domain (residues 46–64) (Squatrito et al, 2004) and a

double-stranded RNA-binding domain (residues 91–156)

(Squatrito et al, 2006), both of which were apparently con-

firmed when deletion of these domains abrogated RNA bind-

ing. Strikingly, however the crystal structure reveals that

neither of these domains is present in Ebp1 (Supplementary

Figure S6), but shows that deletion of the residues predicted

to form them would cause loss of function by severely

disrupting the protein fold. This is in fact the second time

that the predicted helix-turn-helix motif of so-called s70-like

domains has been contradicted by a crystal structure (Ng

et al, 2005), thus calling into question the functionality of this

hypothetical motif (Wehner and Baserga, 2002).

In contrast to the above studies, we showed that a lysine-

rich sequence (364RKTQKKKKKK373), situated within the

portion of the C terminus that had to be removed for crystal-

lisation (suggesting that it may be relatively unstructured in

the absence of ligand), is likely to be the key determinant for

RNA binding (Figure 2A–D). It is interesting to note that

mutations within this motif partially inhibit nucleolar locali-

sation (Squatrito et al, 2004), suggesting that RNA-binding

activity contributes to this function.

The attribution of the primary RNA-binding activity to a

Lys-rich sequence suggests that RNA binding by isolated

Ebp1 may not be sequence specific, as a series of basic

amino-acid side chains may primarily interact with the

phosphate backbone of RNA ligands. Consistent with this

idea, we observed similar binding by Ebp1 to a variety of

RNA and DNA targets, including FMDV and EMCV IRES RNA

(Supplementary Figure S4), distinct subdomains of the FMDV

IRES (Figure 2E–G) and ssRNA, dsRNA and dsDNA samples

(Supplementary Figure S5).

The absence of detectable specific interactions with RNA

or PTB throws into sharp relief the observation that Ebp1

nevertheless has a specific stimulatory effect on FMDV IRES-

directed translation initiation, but not on translation initiation

directed by the closely related EMCV IRES (Figure 4). At

present, it is unclear how this functional specificity arises.

Specific activation of the FMDV IRES by Ebp1 may depend on

the intact RNA structure and also the presence of other ITAFs,

including PTB. Consistent with this line of thinking, it has

been suggested previously that Ebp1 and PTB may stabilise a

conformation of the FMDV IRES that favours eIF4A/eIF4G

binding (Pilipenko et al, 2000), thereby enhancing translation

initiation, although alternative modes of ITAF action may

operate (Mitchell et al, 2003). Indeed, the functional specifi-

city probably only emerges once the full complement of

initiation factors has assembled on the IRES.

The plurality of interactions with proteins and RNA made

by Ebp1 means that further work is required to dissect its

roles both as a transcriptional regulator—and potential target

for prostate cancer therapy (Zhang et al, 2005b)—and as an

enhancer of IRES-mediated translation initiation. The struc-

ture reported here has begun to illuminate these functions in

greater detail and will facilitate the design of more incisive

functional investigations.

Materials and methods

Plasmid construction
The plasmids pQE9-PTB1 (Conte et al, 2000) and pSP64 FMDV
polyA (Stassinopoulos and Belsham, 2001) have been described
previously. Ebp1 expression plasmids encoding the larger p48
isoform of the protein (Liu et al, 2006) were generated following
cDNA amplification by PCR from the plasmid pET(His6-ITAF45)
(Pilipenko et al, 2000) using the primers detailed in Supplementary
Table S2. cDNA was digested with either BspHI/HindIII for
constructs beginning at residue 1, or NcoI/HindIII for constructs
beginning at residue 8, and inserted into NcoI/HindIII-digested
pETM-11 (EMBL), creating constructs with an N-terminal TEV
cleavable His-Tag (Supplementary Table S1). Ebp1(1–394LM) was
generated by overlap PCR in the context of Ebp1(1–394) using the
primers described previously (Supplementary Table S2).

Protein expression and purification
PTB proteins were expressed in SG13009 E. coli and purified on
TALON resin (BD Biosciences) essentially as described previously
(Conte et al, 2000). Ebp1 constructs were expressed in RosettaTM

(DE3) E. coli (Novagen). Cell pellets were lysed by sonication in
50 mM HEPES (pH 7.0), 500 mM NaCl, 5 mM b-mercaptoethanol
supplemented with 0.1% Triton X-100 and a protease inhibitor
cocktail (Sigma) and the protein purified using TALON (BD
Biosciences) affinity resin. Samples for crystallographic screening
were further purified as follows. The His-tag was removed with His-
tagged TEV protease (Nunn et al, 2005) (1:10 TEV:target ratio)
during overnight dialysis against 25 mM Tris (pH 8.0), 100 mM
NaCl, 5 mM b-mercaptoethanol. The cleaved His-tag and the His-
TEV were subsequently removed using TALON resin. Further
impurities were removed by passage through a 6 ml ResourceQ
(Amersham) column (which did not bind Ebp1) in 25 mM Tris (pH
8.0), 100 mM NaCl, 10 mM b-mercaptoethanol followed by gel
filtration using a HR 30/10 Superdex75 (Amersham) column in
25 mM HEPES (pH 7.7), 100 mM NaCl, 10 mM b-mercaptoethanol.
Purified Ebp1 was concentrated to 10 mg/ml in 10 mM HEPES (pH
7.7), 10 mM b-mercaptoethanol. GST-PTB (Pérez et al, 1997) and
GST-Sxl were expressed in E. coli and purified using glutathione
sepharose 4B resin (Amersham) following the manufacturer’s
protocol.

Crystallisation and data collection
Crystals of Ebp1 (residues 8–360) were grown in 4–5 days at 41C
from vapour-diffusion sitting drops at a protein concentration of
10 mg/ml in 10 mM HEPES (pH 7.7), 10 mM b-mercaptoethanol. The
reservoir solution contained 20% PEG 8000 in 0.1 M HEPES (pH
7.5) and the drop was supplemented with 0.56 mM CYMAL-6.
Diffraction data to 2.5 Å resolution, collected at room temperature
using a single capillary-mounted crystal on beamline X11 at
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EMBL/DESY Hamburg, were processed and scaled using the CCP4
program suite (Collaborative Computer Project No. 4, 1994). The
crystals belong to space-group P212121 and have one molecule in
the asymmetric unit. Data collection statistics are summarised
in Table I.

Structure solution and refinement
The diffraction data were phased using the molecular replacement
program PHASER v1.2 (Storoni et al, 2004) with a search model
generated by superposition of the structures of the homologous
human and Pfu MAPs (PDB IDs 1kq9 and 1xgs, respectively).
Regions with nonconserved side chains were removed from the
search models, which were weighted according to the degree of
identity (human MAP—18%; Pfu MAP—22%). This yielded a
single solution with a Z-score of 10. 3Fo–2Fc and Fo�Fc electron
density maps calculated using this solution showed clear features
not present in the phasing model and allowed initiation of model
building using ARP/wARP (Morris et al, 2003) starting with a
truncated Ebp1 homology model generated using SWISSMODEL
(Schwede et al, 2003) from the superposition described above.
Manual model building and correction of protein register errors
introduced during sequence alignment were performed using the
program ‘O’ (Jones et al, 1991). Structure refinement was
completed using CNS (Brunger et al, 1998).

RNA transcription and binding assays
FMDV IRES RNA (nts 280–717; numbering according to Pilipenko
et al (2000)) was generated using T7 RNA polymerase following
linearization of pSP64-FMDV-polyA with EcoRI (Stassinopoulos and
Belsham, 2001). Transcription templates for the FMDV IRES domain
truncations were generated by PCR amplification from pSP64-
FMDV-polyA with the primer pairs described in Supplementary
Table S2. All forward primers contained a T7 promoter. Radi-
olabelled RNA was produced either by incorporation of [a-32P] UTP
during transcription, or by addition of [g-32P] ATP to the 50 end of
the RNA using T4 polynucleotide kinase (Promega). The resultant
RNA transcripts corresponded to—Domain H (nts 280–336);
Domain I (nts 337–551) and Domain JKL (nts 552–716).

Before use in EMSAs, all RNA constructs were refolded by heat
denaturation for 5 min at 701C followed by slow cooling to room
temperature. EMSAs were performed essentially as described
previously (Simpson et al, 2004) using 3–10 nM RNA and final
binding conditions of 10 mM HEPES (pH 7.0), 3 mM MgCl2, 5 mM
DTT, 100 mM KCl, 50 mg/ml tRNA, 40 mg/ml HSA and 5% glycerol.
Samples were analysed in 1% 0.5�TBE agarose gels and visualised
by phosphoimaging with a Fuji FLA5000.

GST-pull-down assays
35S-labelled proteins were generated from plasmid DNA using
coupled transcription-translation assays (Promega) as per the
manufacturer’s instructions. Equal activities of the 35S-labelled

proteins were rotated for 3 h at 41C with 35 pmoles of either
glutathione-Sepharose 4B (Amersham) bound GST-Sxl or GST-PTB
fusion protein in pull-down buffer (20 mM HEPES (pH 7.9), 100 mM
KCl, 0.5 mM DTT, 10% glycerol, 0.2% Tween-20). The total reaction
volume was 500ml. After incubation beads were transferred to
ZebaTM micro spin columns (Pierce) washed three times with pull-
down buffer, and protein eluted with 2� SDS-sample buffer before
analysis by 12% SDS–PAGE. Bound proteins were visualised by
phosphoimaging with a Fuji FLA5000. For reactions requiring
RNAse treatment, 10 U of RNAse One (Promega) were added to the
35S-labelled protein immediately post translation and a further 10
units to each individual reaction mix.

RNAi experiments and translation assays
siRNAs targeting either EGFP (target sequence GGCTACGTCCAG
GAGCGCACC) or Ebp1 (target sequence GTGAGGTGGAAAGG
CGTTT) were purchased from Eurogentec. siRNA-mediated reduc-
tion of Ebp1 in human embryonic kidney cells (293) was carried out
using Lipofectamine 2000 according to the manufacturers instruc-
tions. At 48 h post-transfection with siRNAs, cap- and IRES-
dependant translation was monitored by transfection of 50 capped
and 30 polyadenylated in vitro transcribed dicistronic reporter
mRNA of the form cap-CAT-IRES-Luc (Roberts et al, 1998). In vitro
transcribed reporter RNAs were capped by the incorporation of cap
analogue (m7G(50)ppp(50)G; Promega) during transcription and
subsequently polyadenylated using E.coli poly-A polymerase
(Ambion). CAT and luciferase levels were determined 24 h post-
transfection with reporter RNA using a CAT-specific ELISA (Roche)
and luciferase assay (Promega), respectively.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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