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ABSTRACT: Eukaryotic initiation factor 4B (eIF4B) is a multidomain protein with a range of activities that
serves primarily to promote association of messenger RNA to the 40S ribosomal subunit during translation
initiation. We report here the solution structure of the eIF4B RNA recognition motif (RRM) domain. It
adopts a classical RRM fold, with aâRââRâ topology. The most striking difference with other RRM
structures is in the disposition of loop 3, which connects theâ2 andâ3 strands and is implicated in RNA
recognition. This loop folds down against the body of the RRM and exhibits restricted motion on a milli-
to microsecond time scale. Although it contributes to a large basic patch on the RNA binding surface, it
does not protrude out from the domain as observed in other RRM structures, possibly implying a different
mode of RNA binding. On its own, the core RRM domain provides only a relative weak interaction with
RNA targets and appears to require extensions at the N- and C-terminus for high-affinity binding.

Human eukaryotic initiation factor 4B (eIF4B) is a 611
amino acid RNA binding protein of 69 kDa (1) which
promotes the binding of 40S ribosomal subunits to mRNA
(2, 3) and stimulates the RNA helicase activities of eIF4A
and eIF4F (4, 5). Deletion and site-directed mutagenesis
studies have identified a number of functional domains within
eIF4B, two of which are involved in RNA binding and are
implicated in linking mRNA to the 40S ribosomal subunit
during translation initiation. An N-terminal RNA recognition
motif (RRM; residues 97-175) has been shown to bind the
18S rRNA of the 40S ribosomal subunit in UV-cross-linking
and competition binding experiments (6). A second RNA
binding domain is located toward the C-terminus (residues
367-423) and has been termed the basic domain (BD) since
it contains two arginine-rich motifs (ARMs) (7, 8). This
region, which has not been assigned to a particular structural
family, binds RNA nonspecifically but with high affinity and
has been proposed to bind mRNA during initiation (6, 8). It
is also primarily responsible for the stimulation of the
helicase activity of eIF4A although the RRM domain has
also been linked to this function (8). Between the RNA
binding domains there is a region rich in Asp, Arg, Tyr, and
Gly amino acids, termed the DRYG domain (residues 214-
327) which has been shown, both in vivo and in vitro, to be
responsible both for self-association of eIF4B and for binding
to the p170 subunit of eIF3 (9).

More recently, an interaction between eIF4B and the poly-
(A) binding protein (PABP), first demonstrated in wheat
germ (10), has now been confirmed for mammalian cells
(11). This interaction appears to stimulate both the eIF4B-
mediated activation of the helicase activity of eIF4A (12)
and binding of poly(A) by PABP (10) and is apparently
regulated by phosphorylation of both proteins (13). One line
of evidence indicates that the interaction occurs between the
C-terminal homodimerization domain of PABP and a region
within the N-terminal 80 amino acids of eIF4B. However,
homology between the N-terminal peptide of eIF4B and an
internal sequence within eIF4G that binds to the N-terminal
pair of RRM domains in PABP suggests that eIF4B may
also bind to this region of PABP (14). Resolution of these
apparently conflicting observations will require further work.

eIF4B has also been shown to interact specifically with
the internal ribosome entry sites (IRES) of several picor-
naviruses which facilitate cap-independent translation initia-
tion (15-18). The protein appears to bind to stem-loop
features just upstream of the initiator AUG codon (15-18).
Although mutations in these sites which abrogate eIF4B
binding also severely reduce the initiation activity of the
IRES, an absolute requirement for eIF4B in IRES function
has not been formally demonstrated; in vitro experiments
showed that eIF4B stimulated but was not required for the
formation of IRES-mediated 48S preinitiation complexes
(19).

Despite the functional dissection of eIF4B, the molecular
mechanism of its role in translation initiation remains poorly
understood. We are undertaking structural studies on the
protein in order to assist the interpretation of the accumulat-
ing functional data. As a first step we have elucidated the
structure of the eIF4B RRM domain.

RRM domains are one of the most ubiquitous structural
domains, found in more than 200 different RNA binding
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proteins. They can appear singly or in multiple repeats, and
examples includeDrosophila sex-lethal (Sxl), PTB, U1A,
and PABP (20). Several crystal and solution structures exist
for these proteins, some of which have been determined in
complex with their RNA ligands (21-30). The RRM domain
consists of a conserved sequence of approximately 80-90
residues, with common secondary structural elements that
fold into a âRââRâ topology. Theâ-sheet formed by the
four strands acts as the RNA binding surface while the
R-helices pack against theâ-sheet on the opposite face of
the molecule. The central pair ofâ-strands contains two
short-sequence motifs (RNP1 and RNP2) that are particularly
highly conserved among RRM domains (20). These motifs
consist of stretches of eight and six residues, respectively,
and are principally characterized by the presence of three
highly conserved aromatic residues, which have been shown
to be responsible for nonspecific ligand interactions via
stacking with RNA bases (23, 25, 29, 30). Loops between
secondary structure elements are the most variable between
RRM domains, differing not only in length but also in terms
of their amino acid composition and mobility in solution (20).
Loop 3, which connectsâ-strands 2 and 3, is known to be
particularly variable and has been implicated as a ligand
specificity determinant in other RRM domains (20, 31). In
the eIF4B RRM domain loop 3 is 12 residues in length and,
unusually, contains three evenly spaced proline residues
(PxxPxxP) so its structural configuration is of particular
interest.

MATERIALS AND METHODS

Cloning and Preparation of the eIF4B RRM Domain.
Initial attempts to express fragments containing the eIF4B
RRM domain inEscherichia coliyielded proteins with low
solubility which could not be concentrated for structural
analysis without severe precipitation. We therefore mutated
Phe99 to Tyr, since this residue is predicted to be exposed
on the RNA binding surface, following a strategy that was
previously applied to the RRM protein sex-lethal (29). The
mutated eIF4B RRM domain, comprising residues 88-176
of human eIF4B, was cloned using PCR between theBamHI
and HindIII sites of pQE-9 (Qiagen) and expressed as a
recombinant protein withinE. coli. The expressed fragment
contains an N-terminal hexahistidine tag (MRGSHHHH-
HHG) and was readily concentrated to 1.5 mM. A15N,13C
double-labeled sample of the eIF4B RRM domain construct
was produced in minimal media, containing 0.07%15NH4Cl
and 0.2% [13C]glucose, supplemented with 50µg/mL ampi-
cillin. Protein expression was induced by the addition of 1
mM isopropylâ-D-thiogalactopyroside. Clarified cell lysate
was purified essentially to homogeneity in a single step on
TALON metal affinity resin (Clontech). Purified eIF4B was
dialyzed into 20 mM sodium acetate buffer at pH 5.5 and
concentrated to 1.5 mM for NMR.

NMR Spectroscopy.The majority of NMR spectra were
recorded at 298 K on a 500 MHz four-channel Bruker
DRX500 spectrometer equipped with az-shielded gradient
triple resonance cryoprobe. Sequence-specific backbone and
secondary structure assignments were determined using
standard triple resonance methods (32-35). Side-chain
assignments were obtained from HCCH-TOCSY experiments
(36). 3D 1H-15N/13C NOESY-HSQC (mixing time 100 ms)
spectra provided distance restraints used in the final structure

calculations. A further 3D1H-13C NOESY-HSQC spectrum
(mixing time 80 ms) was recorded at 800 MHz in order to
resolve any overlap. An anisotropic liquid crystal sample of
the eIF4B RRM domain was prepared in 3.0% (w/v) C12E5/
hexanol (r ) 0.96) as described (37). A total of 64 1DNH

values were measured using interleaved15N-1H IPAP-HSQC
spectra with carbonyl decoupling (38); 45 1DCCR and 44
1DNCR values were measured using previously described 3D
HNCO-based experiments (39). All spectra were processed
with XWinNmr and analyzed with NMRview (40). Amide
protons involved in hydrogen bonds were identified by the
presence of NH resonances in HSQC spectra recorded 12 h
after being dissolved in D2O. The hydrogen bond acceptors
were identified by using distinctive neighboring NOEs.
Characteristic13Câ and13Cγ chemical shifts and sequential
NOE information were used to distinguish the cis/trans
isomerization of the peptide bond for proline residues.

Structure Calculation.A total of 967 nuclear Overhauser
effects (NOE) were assigned, of which 301 intraresidue
NOEs were removed from final calculations as they did not
contribute significantly to the tertiary structure. Final struc-
tures were calculated from random starting coordinates on
the basis of 666 distance restraints, comprising 280 long-
range NOEs (i to i > 4), 126 short-range NOEs (1< i e 4),
260 sequential NOEs, and 24 distance restraints for 12
hydrogen bonds. In addition, 76 dihedral angle restraints (37
æ and 39 φ angles) from the backbone torsion angle
prediction package TALOS (41) and 108 residual dipolar
couplings were included. In total, this amounts to an average
of 13 restraints per residue for the globular eIF4B RMM
domain. Structure calculations were performed starting from
extended structures and using a hybrid algorithm including
torsion angle dynamics (TAD) and Cartesian dynamics
executed within the program CNS (42). An initial TAD phase
was performed at a temperature of 50000 K consisting of
2000 molecular dynamics steps each of 15 fs. A TAD cooling
phase to 2000 K followed which included 2000 steps each
of 15 fs. Finally, a Cartesian dynamics cooling phase to 300
K was executed using 3000 steps each with a 0.3 fs time
step. All parameters were scaled using default CNS values.
Residual dipolar couplings where introduced during the
Cartesian dynamics cooling phase. One hundred structures
were calculated and were ranked in overall energy terms;
the best 15% were selected as representative and are
presented in Figure 1A. No distance violation greater than
0.5 Å, no dihedral violation greater than 5°, and no residual
dipolar coupling violations greater than 1.5 Hz were tolerated
in the final family of structures. The structural coordinates
have been deposited in the PDB.

RNA Binding Experiments.RNA A2 was identified by in
vitro selection as an RNA molecule that binds to the
N-terminal domains of eIF4B (residues 1-250) with high
affinity (Kd ) 12.5 nM) (6). The original construct, a kind
gift from Dr. Nahum Sonenberg, was used to generate RNA
for binding assays; it yields a transcript of 101 nucleotides
(nt) which contains a core stem-loop structure of 33 nt that
is implicated in binding eIF4B (6). In vitro transcriptions to
generateR-32P-labeled RNA transcripts of the A2 RNA
fragment and the EMCV IRES (43) and nitrocellulose filter
binding assays were performed as described previously (21,
44). For NMR titration experiments, a truncated version of
the same RNA was produced; this RNA contains the 33 nt
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core stem-loop structure within a total transcript length of
54 nt. It was generated using the complementary primers
A2HindIIIFOR, 5′-AGCTTAATGGTTGGAACGCACAG-
GCTTGACATCAACCATCAATCCG-3′, and A2EcoRIREV,
5′-AATTCGGATTGATGGTTGATGTCAAGCCTGTGC-
GTTCCAACCATTA-3′. These primers generate a 5′ HindIII
site and a 3′ EcoRI site on hybridization and were used to
insert the sequence into pGEM-4Z. The resulting pGEM-
4Z-A2 plasmid was linearized withEcoRI and ethanol
precipitated prior to in vitro transcription using a T7 Ribomax
express kit (Promega) according to the manufacturer’s
protocol. Following transcription, the template was digested
with 1 unit of RNase-free DNase/µg of DNA. Unincorporated
nucleotides were removed using a NAP-5 column (Amer-
sham Bioscience); the RNA was subjected to phenol-
chloroform extraction and precipitated by addition of 0.5
volume of 7.5 M NH4OAc and 2 volumes of ethanol. The
resulting RNA pellet was dried and dissolved in diethyl
pyrocarbonate-treated buffer: 100 mM NaCl, 50 mM Na2-
HPO4/NaH2PO4, pH 6.5, 1 mM DTT, and 0.02% azide. The
purified RNA ran as a single band of the expected size on
an 8% polyacrylamide gel containing 8 M urea.

For NMR mapping experiments, the15N/13C-labeled eIF4B
sample was prepared in 20 mM sodium acetate buffer at pH
5.5 at approximately 30µM in 0.5 mL. Purified RNA in the
same buffer was introduced in four steps, at molar ratios
(eIF4B:RNA) of 0, 0.1, 0.5, 1.0, and 2.7:1, and15N-1H

HSQC spectra were recorded at each stage under identical
experimental conditions. Filter binding assays indicated that
the truncated A2 construct bound to eIF4B with affinities
that were essentially identical to the longer A2 RNA (data
not shown).

RESULTS AND DISCUSSION

Solution Structure of eIF4B.A total of 967 nuclear
Overhauser effects (NOE) were assigned, of which 301
intraresidue NOEs were removed from the final calculation
as they did contribute to the tertiary structure. A total of
666 structurally significant NOE-derived interproton distance
constraints, 24 distance restraints for backbone hydrogen
bonds, 76 dihedral angle restraints comprising 37φ and 39
æ angles, 64 backbone one-bond15N-1H, 45 one-bond13C-
13CR, and 44 one-bond15N-13CR residual dipolar couplings,
were used for the structure determination, which amounts
to an average of 13 restraints per residue for the globular
domain. Sequential NOEs and13Câ/13Cγ chemical shifts
identified the trans isomer for the peptide bonds involving
all assigned proline residues. A trans conformation was also
given to Pro130, which was unassigned, based on energy
terms in preliminary structure calculations. The 15 lowest
energy structures were chosen from a total of 100 calculated
on the basis of agreement with experimental data and
structural quality. In the final family of structures, shown in
Figure 1A, no NOE violation greater than 0.5 Å, no torsion

FIGURE 1: Solution structure of the RNA recognition motif (RRM) of eukaryotic translation initiation factor 4B. (A) Backbone trace of the
15 lowest energy structures of the eIF4B RRM domain superimposed for best fit of the N, C′, and CR atoms of residues 96-129 and
137-172. (B) Ribbon diagram of the lowest energy solution structure in the same orientation as (A). (C) Ribbon diagram showing an
approximate 90° rotation of the orientation represented in (B). (D) Electrostatic potential surface in the same orientation as (A) calculated
using MolMol (65) with areas of positive charge in blue and areas of negative charge in red.
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angle violation greater than 5°, and no residual dipolar
coupling violation greater than 1.5 Hz were allowed. The
statistics for the structure determination are summarized in
Table 1.

As expected, the final structure of the eIF4B RRM domain
exhibits aâRââRâ topology, with the strands arranged in
an antiparallelâ4-â1-â3-â2 fashion. Theâ-sheet is
packed against the twoR-helices, which themselves lie
almost perpendicular to one another (see Figure 1B,C). The
three conserved aromatic residues in the RNP motifs on the
â-sheet surface are facing into solvent, and in common with
other RRM domain structures, they are oriented such that
their hydrophobic rings are almost parallel to the surface of
the â-sheet.

All areas of secondary structure are very well defined
(Figure 1A); the average pairwise root-mean-squared devia-
tion (RMSD) for the 15 unminimized final structures is 0.63
Å for the backbone atoms and 1.66 Å for the heavy atoms
of residues 96-127 and 137-172. This comparison excludes
four unstructured residues at the C-terminus of the protein
and most of the loop 3 residues. Although loop 3 (residues
127-138) appears to adopt a well-defined conformation, the
precision of this part of the structure relative to that of the
secondary structure elements is somewhat reduced; the
RMSD increases to 0.82 Å for the backbone atoms when
loop 3 is included. A relative deficit of long-range NOEs
and torsion angle restraints in this region are most likely the
primary causes for the decreased accuracy for this loop.
Additionally, backbone and side-chain assignments for one
of the residues, Pro130, could not be made, which could be
due to the attenuation of resonances caused by conforma-
tional exchange on an intermediate NMR time scale. The
amide resonance of Ser131 was not visible in the1H-15H
HSQC spectrum, which may also be a result of intermediate
conformational exchange. Nevertheless, a number of long-
range contacts between loop 3 residues and the main body
of the structure are observed. In particular, NOEs can be
seen from the hydrophobic moiety of Arg135 in loop 3 to
the side chains of Leu103, Tyr105, and Val107 in loop 1
which packs underneath and is closely associated with the
body of the RRM. Dihedral angle restraints are also in place
for several of the loop 3 residues, such as Arg128, Glu129,
Arg135, and Leu136. Furthermore, the presence of more than
one set of residual dipolar couplings for the majority of the
non-proline residues in this area ensures that the loop

orientation with respect to the rest of the structure is
reasonably well defined.

Backbone Dynamics of the eIF4B RRM Domain.To probe
the dynamics of the eIF4B RRM domain and, in particular,
to examine the mobility of the atypical loop 3 region,
relaxation parameters (15N-T1, 15N-T2, and the steady-state
heteronuclear [1H]-15N NOE) were measured for resolved
1H-15N backbone cross-peaks (see Figure 2A-C). T1 and
T2 values are consistent with a molecule the size and shape
of eIF4B, with an estimated isotropic overall correlation time
(τm) of 7.0 ((0.9) ns.

High T1, T2 and low NOE values were observed at the N-
and C-termini, which reflect the increased flexibility in these
regions, especially at the C-terminus where the finalâ-strand
ends at residue Ala171. The presence of three proline
residues in loop 3 (Pro127, Pro130, and Pro133) and a
missing amide assignment on Ser131 mean that this area is
not fully sampled. Despite this, a high degree of mobility
on the pico- to nanosecond time scale is not apparent, which
is consistent with proton-proton NOE evidence. Lipari-
Szabo model-free analysis (45, 46) of the experimental
backbone15N relaxation data was carried out assuming
isotropic tumbling in solution, and model selection was based
on the method described by Mandel and co-workers (47).
The sequence dependence of the model-free-derived param-
eters can be seen in Figure 2D-F. Areas of secondary
structure have high order parameters, with an average of 0.87
indicating a highly ordered conformation. Aside from the
N- and C-termini, which exhibit lower order parameters,
there are two additional regions of interest. The first
encompasses residues at the end ofR1 and in the adjoining
loop 2. Slow conformational exchange (Rex) terms are also
associated with three residues in this region, Glu114, Phe115,
and Arg117, indicating conformation exchange on the micro-
to millisecond time scale. The second region occurs at the
C-terminal end of loop 3 and extends through to the
subsequentâ-strand,â3. Slow conformational exchange for
residues Glu134, Leu136, Phe139, and Ala142 in this region
is also observed. This indicates that although this part of
loop 3 is ordered on the pico- to nanosecond time scale, it
exhibits increased mobility relative to other secondary
structure elements on a slower micro- to millisecond time
scale.

Structural Comparison with Other RRM Domains.Struc-
tural similarities between the RRM domain of eIF4B and
other RRM-containing proteins were assessed using the
program DALI (48, 49). The closest structural homologues
were found to be the ligand-bound forms of theDrosophila
sex-lethal RRM1 domain (sequence identity of 20%, an
RMSD of 4.1 Å over 74 equivalent CR atoms, andZ ) 6.5)
(29) and the polyadenylate binding protein (PABP) RRM-2
domain (sequence identity of 17%, RMSD of 3.8 Å over 75
residues, andZ ) 6.0) (26). Both of these proteins contain
two RRM domains joined by a small linker sequence, and
they bind extended stretches of single-stranded RNA. This
is in contrast to eIF4B, which contains a single RRM domain
and is reported to bind a bulged stem-loop structure (6).
One of the most significant differences is that helixR1 is
approximately one turn shorter in eIF4B in comparison to
these other RRM domains, but this feature, rather than being
directly involved in RNA binding, is more often implicated
in interactions with other proteins (30, 50).

Table 1: Structural Statistics

RMSD from experimental restraints
distance (Å) 0.058( 0.0035
dihedral angle (deg) 1.0244( 0.1114

RMSD from idealized covalent geometry
bonds (Å) 0.0054( 0.00029
angles (deg) 0.734( 0.0271
impropers (deg) 0.644( 0.0427

coordinate RMSD for residues 96-127 and
137-172 (Å)

all backbone atoms 0.63( 0.12
all heavy atoms 1.66( 0.14

Ramachandran plota

residues in most favored regions (%) 67.50( 1.89
residues in additionally allowed regions (%) 18.24( 2.21
residues in generously allowed regions (%) 12.60( 2.02
residues in disallowed regions (%) 1.82( 0.67

a Structural quality was evaluated using PROCHECK_NMR (64).
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Our structural and dynamic data for the eIF4B RRM
indicate that loop 3, which has frequently been implicated
as a determinant of RNA binding specificity by RRM
domains (28-30), shows a better defined conformation than
the corresponding feature in other RRM domains (21, 51-
54). Examination of the seed alignment of 90 RRM

sequences in the Pfam database (55) suggests that this loop
varies from 3 to 20 amino acids in length. In eIF4B loop 3
is 13 amino acids long but, unusually, is punctuated with
three Pro residues, a feature observed in only one other
sequence in the Pfam seed alignment, the yeast protein NSR1
for which there is no structural information. A superposition

FIGURE 2: Sequence dependence of the relaxation data and model-free analysis for the eIF4B RRM: (A)T1, (B) T2, (C) NOE, (D)S2, (E)
τs, and (F)Rex.

FIGURE 3: Superposition of a selection of loop 3 structures onto the RRM domain of eIF4B (violet). Loop 3 structures were taken from
U2B′′ [red (30)], PTB RRM3 [orange (21)], hnRNP-A1 RRM2 [yellow (27)], PABP RRM1 [green (26)], and sex-lethal RRM2 [blue (29)].
To indicate the typical disposition of an RNA ligand, the poly(A) ligand of PABP RRM1 is shown as a green worm. The figure was
prepared using Bobscript and Raster3D (66, 67).

8970 Biochemistry, Vol. 42, No. 30, 2003 Fleming et al.



of loop 3 structures from a representative variety of RRM
domains is shown in relation to the eIF4B structure in Figure
3. The domains in this superposition include U2B′′, PTB
RRM3, hnRNP-A1 RRM2, PABP RRM1, and sex-lethal
RRM2 and have loop 3 lengths of between 7 and 12 amino
acids. The disposition of loop 3 in the eIF4B RRM
distinguishes it from RRM domains in that it projects along
the right-hand flank of the body of the domain rather than
protruding out from the bottom end of theâ-sheet binding
surface where it can contact the underside of the RNA ligand.
The novel disposition of loop 3 suggests that the eIF4B RRM
may exhibit an altered mode of interaction with its RNA
target, though this needs to be confirmed by direct structural
analysis.

A sequence alignment, shown in Figure 4, reveals that the
eIF4B RRM domain is highly homologous to the RRM
domain from eIF4H, a recently discovered eIF4B-related
translation initiation factor that can stimulate initiation of
protein synthesis in vitro and appears to have an activity
similar to that of eIF4B in translation assays (56, 57).
Although the RNP1 and RNP2 motifs and core residues are
highly conserved between the two proteins (>50% identity),
loop 3 is extremely divergent and notably lacks the three
proline residues that characterize this feature in eIF4B. TheFI

G
U

R
E

4:
P

rim
ar

y
se

qu
en

ce
al

ig
nm

en
t

of
th

e
hu

m
an

eI
F

4B
R

R
M

do
m

ai
n

w
ith

se
ve

ra
lh

om
ol

og
ue

s.
T

he
se

co
nd

ar
y

st
ru

ct
ur

e
of

eI
F

4B
is

ill
us

tr
at

ed
ab

ov
e

th
e

al
ig

nm
en

t.
N

um
be

rin
g

is
co

ns
is

te
nt

w
ith

fu
ll-

le
ng

th
hu

m
an

eI
F

4B
.

C
on

se
rv

ed
re

si
du

es
ar

e
hi

gh
lig

ht
ed

,
w

ith
id

en
tic

al
re

si
du

es
in

da
rk

gr
ay

an
d

si
m

ila
r

re
si

du
es

in
lig

ht
gr

ay
.

R
ed

bo
xe

s
su

rr
ou

nd
th

e
hi

gh
ly

co
ns

er
ve

d
R

N
P

-1
an

d
R

N
P

-2
do

m
ai

ns
.

T
he

al
ig

nm
en

t
w

as
ca

rr
ie

d
ou

t
us

in
g

B
LA

S
T

(
6

8)
.

FIGURE 5: RNA binding experiments. Comparative RNA binding
of eIF4B(12-176) and eIF4B(88-176) to (A) the A2 RNA
fragment obtained by in vitro selection (6) and (B) the EMCV IRES
(43).
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marked sequence difference in loop 3 implies a different
conformation and mobility for this region and may have
important consequences for rRNA binding specificity be-
tween eIF4B and eIF4H RRMs.

RNA Interactions.RNA targets for RRM domains are
diverse in sequence and secondary structure, but one similar-
ity seems to be the presence of unpaired nucleotide bases in
the ligand (23-30, 58). An iterative in vitro genetic selection
study demonstrated that an N-terminal fragment containing
the first 250 amino acids of eIF4B (which therefore includes
the RRM) selects a similar set of RNA ligands as the full-
length protein. These RNAs are predicted to contain a
common bulged stem-loop structure (6) in which the loop
is of three to five nucleotides in length, with a G-C or C-G
pair at its base, the 5′ position of the loop occupied by A or
U (3:1 likelihood) and a G at the 3′ position. In the leading
strand of the stem, a GGAA/C motif was found in a defined
structural context, with at least one A nucleotide bulged and
at least one G paired at the base of the bulge. However, a
search for sequences predicted to adopt this type of secondary
structure in 18S rRNA yielded only sequences in promoter
or intron regions (6).

We used nitrocellulose filter binding assays to investigate
the contribution of the RRM to RNA binding. Strikingly, a
construct containing just the RRM [eIF4B(88-176)] bound
with only very low affinity to an RNA target corresponding
to one of the sequences identified using in vitro selection
by Methot et al. (6) (Figure 5A). High-affinity binding (Kd

) 0.2µM) was observed for a construct with a significantly
extended N-terminus [eIF4B(12-176)], though this was still
lower than the binding affinity reported for a construct
containing N- and C-terminal extensions to the RRM [eIF4B-
(1-250); Kd ) 0.012 µM] (6). It seems clear that these
extensions are required for proper recognition of RNA targets
by the eIF4B RRM, as has been observed for other RRM
proteins (26, 29, 59-62). Previous work has demonstrated
specific UV-cross-linking of eIF4B to picornavirus IRES
RNA in rabbit reticulocyte lysates (15-18). To examine the
interaction of our eIF4B fragments with such targets, we
performed further filter binding assays using the EMCV
IRES. In contrast to the results obtained with A2 RNA,
neither the eIF4B(88-176) nor the eIF4B(12-176) con-
structs bound to the EMCV IRES RNA with high affinity

(Figure 5B), though a positive control showed that this RNA
is tightly bound by a fragment containing the two C-terminal
RRM domains of the polypyrimidine tract binding protein
(PTB1-34) (21). This is consistent with previous UV-cross-
linking studies which have indicated that ATP-dependent
conformational changes in the IRES may be required to
expose the eIF4B binding site (17, 18).

In general, RNA ligands bind to theâ-sheet surface of
RRM domains. Seven out of nine of the basic Arg or Lys
residues in the eIF4B RRM are clustered on or adjacent to
the â-sheet RNA binding surface. Arg128, Arg135, and
Lys137 are all located within loop 3, and three Arg residues
are clustered within the164RRIR167 motif in strandâ4 on
one side of the binding surface. The remaining Arg on this
face of the domain (Arg125) projects from strandâ2.
Together, these basic residues surround the conserved triad
of aromatic residues (Phe99, Phe139, Tyr141), which are
likely to be involved in base-stacking interactions with the
RNA ligand. Calculation of the electrostatic potential as-
sociated with theâ-sheet RNA binding surface of the eIF4B
RRM domain (Figure 1D) reveals a positively charged area
at an angle of approximately 45° to the direction of the
â-strands which would be able to make favorable interactions
with complementary charges on RNA. Indeed, many RRM
domains bind with their ligand at an angle of approximately
45° to theâ-strands, and it seems likely that the eIF4B RRM
would bind to its target RNA in a similar configuration.

To directly probe the RNA binding site in the eIF4B RRM,
we performed an NMR chemical shift mapping experiment
with A2 RNA. Analysis of amide line widths and chemical
shifts for eIF4B RRM in the presence of the RNA was
carried out as described previously (63). A comparison of a
region from the1H-15N HSQC spectra without and with
RNA is shown in Figure 6. A number of clustered amide
resonances move or broaden upon addition of RNA, signify-
ing a likely contact with the ligand, while the majority of
the spectrum remains unchanged. Furthermore, a general
increase in line widths for unaffected amide resonances is
observed, which is consistent with the slower molecular
tumbling expected for a 35 kDa eIF4B-RNA complex.
Severe resonance broadening that is specific to the affected
amides suggests an exchange rate between free and bound
states on an NMR intermediate time scale (see Figure 6A).

FIGURE 6: Identification of the binding site for the A2 RNA fragment in the RRM of eIF4B. (A) Region of the1H-15N HSQC NMR
spectrum for the13C,15N-labeled eIF4B RRM domain with the identical region of the spectrum for the eIF4B RRM domain with equimolar
amounts of the A2 RNA fragment overlaid (red). Arrows indicate key perturbed amides. (B) Ribbon representation for the structure of the
eIF4B RRM domain. Residues shown in red, orange, and yellow experience large, medium, and small1H/15N chemical shift perturbations,
respectively (see Table 2).
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Although line broadening prohibits complete tracking of peak
movements throughout the titration, the dissociation constant
was estimated to be∼50 µM, which is consistent with the
weak binding observed in the filter binding assays (Kd > 10
µM). Interestingly, the three largest clusters of shifts occur
in RNP2, RNP1, and the164RRIR167 motif in strandâ4 (see
Figure 6 and Table 2). As expected, most of the affected
residues fall primarily on theâ-sheet RNA binding surface.
However, there are additional residues experiencing chemical
shifts in loop 3, supporting the proposed role of loop 3 in
RNA recognition. Included among these is Lys137, which
is located at the loop 3/RNP1 boundary and was shown by
mutagenesis to be involved in RNA binding (6). A shift is
observed for Y99 (F99 in WT) which is exposed on the RNA
binding surface and confirms that the conserved mutation
does not prevent RNA binding. Moreover, a number of
perturbed residues occur followingâ4, within the unstruc-
tured C-terminus (Figure 6 and Table 2), which suggest that
they may contact the RNA and emphasize the contribution
of the C-terminal extension to the RRM domain to RNA
recognition.

In conclusion, the RRM from eIF4B adopts the classical
âRââRâ topology. Though very similar to other RRM
domains in overall structure, loop 3 exhibits some restricted
motion and is clearly implicated in RNA recognition.
Nevertheless, the core RRM domain provides only a
relatively weak interaction with RNA targets and requires
extensions at both the N- and C-termini for high-affinity
binding. Further work is now in progress to examine the
structural basis of the interactions of the extended RRM with
RNA ligands.
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