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ABSTRACT

The eukaryotic translation initiation factor 4F (eIF4F) consists of three polypeptides (eIF4A, eIF4G, and eIF4E) and is responsible
for recruiting ribosomes to mRNA. eIF4E recognizes the mRNA 5�-cap structure (m7GpppN) and plays a pivotal role in control
of translation initiation, which is the rate-limiting step in translation. Overexpression of eIF4E has a dramatic effect on cell
growth and leads to oncogenic transformation. Therefore, an inhibitory agent to eIF4E, if any, might serve as a novel therapeutic
against malignancies that are caused by aberrant translational control. Along these lines, we developed two RNA aptamers,
aptamer 1 and aptamer 2, with high affinity for mammalian eIF4E by in vitro RNA selection-amplification. Aptamer 1 inhibits
the cap binding to eIF4E more efficiently than the cap analog m7GpppN or aptamer 2. Consistently, aptamer 1 inhibits
specifically cap-dependent in vitro translation while it does not inhibit cap-independent HCV IRES-directed translation initia-
tion. The interaction between eIF4E and eIF4E-binding protein 1 (4E-BP1), however, was not inhibited by aptamer 1. Aptamer
1 is composed of 86 nucleotides, and the high affinity to eIF4E is affected by deletions at both termini. Moreover, relatively large
areas in the aptamer 1 fold are protected by eIF4E as determined by ribonuclease footprinting. These findings indicate that
aptamers can achieve high affinity to a specific target protein via global conformational recognition. The genetic mutation and
affinity study of variant eIF4E proteins suggests that aptamer 1 binds to eIF4E adjacent to the entrance of the cap-binding slot
and blocks the cap-binding pocket, thereby inhibiting translation initiation.
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INTRODUCTION

In eukaryotes, mRNAs are modified at their 5�-ends with a
structure termed cap, m7GpppN, where N is any nucleotide
(Shatkin 1976). The cap plays a key role in facilitating the
binding of the ribosomal 40S subunit to the 5�-end of
mRNA (Shatkin 1976) through the interaction with eukary-
otic translation initiation factor 4F (eIF4F). eIF4F is com-
posed of the three subunits eIF4E, eIF4A, and eIF4G.
eIF4E recognizes the 7-methylguanosine-containing cap of
mRNA, while eIF4A is an RNA-dependent ATPase and un-
winds the secondary structure present in the 5�-untrans-
lated region of mRNAs. eIF4G serves as a scaffold protein
for binding to other eIFs including eIF3, which recruits the

ribosomal 40S subunit. eIF4E is the least abundant factor of
all eIFs (Duncan et al. 1987), and the recognition of the
mRNA cap by eIF4E is the rate-limiting step of eukaryotic
translation initiation. In fact, eIF4E is a major target for
translational control by extracellular stimuli. eIF4E is phos-
phorylated on Ser209 (Flynn and Proud 1995; Joshi et al.
1995) by the eIF4E kinase Mnk1 through a MAP kinase
signal transduction pathway (Fukunaga and Hunter 1997;
Waskiewicz et al. 1997). Upon phosphorylation, eIF4E
binds less efficiently to the capped mRNA (Scheper et al.
2002; Zuberek et al. 2003). The activity of eIF4E is also
modulated by eIF4E binding proteins (4E-BPs) (Gingras et
al. 2001), which interfere with the eIF4E–eIF4G interaction
by occupying the same binding site on eIF4E as eIF4G. On
the other hand, 4E-BP does not interfere with the eIF4E–
cap interaction (Haghighat et al. 1995; Mader et al. 1995;
Marcotrigiano et al. 1999).

The accurate control of translation initiation is important
for cell growth. Overexpression of eIF4E is known to cause
deregulated cell growth (De Benedetti and Rhoads 1990)
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and malignant transformation (Lazaris-Karatzas et al. 1990)
of rodent and human cells. In fact, eIF4E levels are a prog-
nostic indicator of clinical outcomes in a variety of human
cancers including breast cancer as well as head and neck
squamous cell carcinoma (Kerekatte et al. 1995; Nathan et
al. 1997). Hence, it is conceivable that the growth-promot-
ing and transforming properties of eIF4E are due to the
increased translatability of certain, if not all, mRNAs that
are important for growth control (for review, see Sonenberg
and Gingras 1998). eIF4E overexpression does not uni-
formly stimulate translation for all mRNAs but, rather, a
subset of transcripts is more sensitive to eIF4E levels (for
review, see Sonenberg and Gingras 1998) such as those for
c-Myc (Graff et al. 1995) and ornithine decarboxylase
(ODC) (Shantz and Pegg 1994; Rousseau et al. 1996; Shantz
et al. 1996). The recent studies have determined that de-
regulation of phosphorylation of eIF4E or 4E-BP1 in Akt
signaling leads to tumorigenesis by the activation of eIF4F
complex (Avdulov et al. 2004; Ruggero et al. 2004; Wendel
et al. 2004).

Structural studies have shown that eIF4E resembles a
cupped hand or baseball glove consisting of a single �/�
domain composed of an eight-stranded, antiparallel curved
� sheet, and backed on its convex surface by three long
�-helices (Marcotrigiano et al. 1997; Matsuo et al. 1997).
The concave basal surface contains a narrow cap-binding
slot, where the side chains of two conserved tryptophans
support the recognition of cap analog m7GDP (Marcotri-
giano et al. 1997; Matsuo et al. 1997). The dorsal surface
contains the eIF4G and 4E-BPs contact motif (YXXXXL�,
where X is any amino acid and � is an aliphatic residue),
where acidic and hydrophobic residues are phylogenetically
conserved.

To create a novel molecule that inhibits or modulates the
activity of eIF4E, we chose to generate RNA aptamers with
high affinity for eIF4E by in vitro RNA selection-amplifi-
cation. Using these RNAs, we investigated the sequence and
conformational requirements in both the RNA aptamers
and eIF4E for their high affinity interactions, and a possible
constraint by the RNA on the cap-binding activity of eIF4E
and translation initiation. Since a causal relationship be-
tween aberrant expression of initiation factors and malig-
nant transformation has been documented (Clemens and
Bommer 1999; Hershey and Miyamoto 2000; Dua et al.
2001; Avdulov et al. 2004; Ruggero et al. 2004; Wendel et al.
2004), RNA ligands that inhibit the eIF4E-dependent ini-
tiation step could serve as a molecular tool for investigating
eIF4E-activated oncogenesis.

RESULTS

In vitro selection of eIF4E aptamers

Affinity RNA selection experiments were performed using
his-tagged mouse eIF4E (composed of 217 amino acids)

and RNA pools of 40 random nucleotide positions (referred
to as N40 RNA pool). The purified eIF4E preparation was
fully active as it bound to the cap structure and 4E-BP1
(data not shown) as described previously (Altmann et al.
1988; Pause et al. 1994). In vitro selection was initiated
using an N40 pool of 5 × 1014 different RNA molecules. To
eliminate the matrix-binding sequences, the RNA pool
was preincubated with Ni-NTA agarose resin, and unbound
material was used for selection. RNA molecules bound
to eIF4E (his-tagged) were captured by affinity precipita-
tion with Ni-NTA agarose beads. The stringency of the
selection was increased by decreasing the relative ratio of
input protein to RNA. After 14 rounds of selection, 144
individual RNAs were cloned and sequenced, revealing nine
unique aptamers that did not share any common motifs
(Fig. 1A). When these RNA species were labeled with
[�-32P]CTP and examined for their ability to bind to eIF4E
in a nitrocellulose filter retention assay, only two RNAs, no.
15 and no. 34, bound efficiently to eIF4E (Fig. 1B). Thus,
RNAs no. 15 and no. 34 were referred to as aptamer 1 and
aptamer 2, respectively, and further characterized below.
Both aptamers 1 and 2 bind to human eIF4E as efficiently
as to mouse eIF4E, whose sequence only varies from the
human sequence by four amino acid positions (data not
shown). These aptamers did not bind to the other (control)
proteins tested such as bovine serum albumin, yeast Sac-
charomyces cerevisiae eIF4E, and human eIF4A (data not
shown).

Aptamer binding to eIF4E was monitored in real time
with a BIAcore 2000 instrument based on the surface plas-
mon resonance (SPR) technique. 3�-Poly(A)-tailed RNAs
were immobilized to the streptavidin sensor chip via 5�-
biotinylated oligo(dT), and the formation of eIF4E-coupled
complexes on this matrix was monitored as SPR signals. No
positive signal was observed in a blank flow cell (data not
shown). (Note that the background Resonance Units (RUs)
of RNAs and 5�-biotinylated oligo(dT) immobilized on
chips were subtracted in all the sensorgrams.) eIF4E was
injected at a flow rate of 10 µL/min for 60 sec and dissoci-
ated for 300 sec by injecting a blank solution at the same
flow rate. A set of sensorgrams for the eIF4E association
with aptamer 1 and N40 random (control) is shown in
Figure 1C, in which the eIF4E injection time was set as time
zero. As expected, SPR signals on the aptamer 1 sensor chip
appeared and increased in proportion to the 20, 40, and 100
nM eIF4E injections, while no positive signal was observed
on an N40 random sensor chip. On the other hand, no SPR
signals were observed for the aptamer 2 sensor chip (data
not shown). We suggest that aptamer 2 underwent a con-
formational change upon poly(A) addition or immobiliza-
tion to the sensor chip, leading to a loss of affinity for eIF4E.
The association and dissociation rates estimated from the
SPR profile for the eIF4E and aptamer 1 interaction are
9.36 ± 1.60 × 105 M−1 sec−1 and 1.05 ± 0.12 × 10−2 sec−1,
respectively, and the apparent Kd is 11.2 nM.
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Aptamer 1 interferes with the eIF4E–cap
analog interaction

The potential effect of RNA aptamers on the interaction of
eIF4E with the mRNA cap structure was investigated using
the cap analog m7GTP (7-methylguanosine 5�-triphos-
phate) immobilized to Sepharose in a pull-down assay.
eIF4E and m7GTP–Sepharose were incubated in the pres-
ence of RNA aptamers, N40 random RNA (negative con-
trol), or m7GTP (positive control) as competitors, and sub-
jected to precipitation followed by repeated washing. Bound
eIF4E was eluted with 10 mM m7GTP, separated by SDS-
PAGE (polyacrylamide gel electrophoresis) and stained with
Coomassie Brilliant Blue (Fig. 2A). As summarized in Fig-
ure 2B, the amount of eIF4E bound to m7GTP–Sepharose
was reduced in proportion to the amount of aptamer 1,
aptamer 2, and free m7GTP added, while unaffected in the
presence of excess N40 random RNA. These results indicate
that both aptamers inhibit the cap-binding activity of eIF4E.
It is remarkable that the inhibitory effect of aptamer 1 is
greater than those of aptamer 2 and free m7GTP cap analog.
Hence, aptamer 1 was studied in detail below.

Effect of aptamer 1 on eIF4E · 4E-BP1 binding

Next, we examined whether aptamer 1 interferes with eIF4E
binding to 4E-BP1 in a glutathione-S-transferase (GST)-
tagged 4E-BP1 coprecipitation assay using glutathione–
Sepharose resin. When eIF4E and GST–4E-BP1 were incu-
bated in the presence of excess aptamer 1, the level of eIF4E
coprecipitable with GST–4E-BP1 was unaffected (data not
shown), indicating that aptamer 1 does not interfere with
the eIF4E · 4E-BP1 interaction. No interference was ob-
served with aptamer 2 as well (data not shown). This was
interpreted to indicate that eIF4E might be able to form
a ternary complex with aptamer 1 and 4E-BP1. This was
indeed the case when the ternary complex formation was
examined by the SPR analysis. Aptamer 1 was immobilized
to the sensor chip at a density of ∼80 RUs of two flow cells.
One flow cell was injected with 0.1 µM eIF4E for 60 sec (to
form an aptamer–eIF4E complex, flow cell 2) while the
other flow was not (as a single aptamer control, flow cell 1).
Then, both flow cells were injected with 0.05, 0.25, 0.50, 1.0,
and 2.0 µM solutions of GST–4E-BP1 or GST (control) for
60 sec. The SPR signal of flow cell 1 was subtracted from

FIGURE 1. In vitro selected RNA sequences and their affinities for eIF4E. (A) Representative RNA sequences selected from randomized N40 RNA
libraries. The sequence of the parental N40 RNA pool contains 5� and 3� constant sequences for primer annealing. After 14 rounds of selection,
144 individual clones were selected and nine nonhomologous sequences were identified. The frequency of each sequence in these selections is
shown as numbers of each clone found in 144 independent isolates. (B) Nitrocellulose filter binding assays of selected RNAs and N40 random
RNA (control) for wild-type eIF4A. Shown is the percentage of input [32P]-labeled RNA bound to the nitrocellulose filter. RNAs no. 15 and no.
34 showed efficient binding activity to eIF4E and are referred to as aptamer 1 and aptamer 2, respectively. (C) Sensorgrams of eIF4E binding to
N40 random RNA (left panel, control) and aptamer 1 (right panel). Each eIF4E sample at the indicated concentrations were injected to flow cells
immobilized with either aptamer 1 or N40.
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that of flow cell 2 to give rise to a net signal representing the
specific interaction between 4E-BP1 and the aptamer-asso-
ciated eIF4E (Fig. 3; note that GST or GST–4E-BP1 injec-
tion started at time 0 and the sharp peak that appeared at
time 60 sec was due to a change of injecting solutions,
which is referred to as an artificial “bulk effect”). The data
indicated that GST alone does not interact with either
aptamer or eIF4E (Fig. 3A), while GST–4E-BP1 is able to
interact with the aptamer-associated eF4E, giving rise to
SPR signals increased in proportion to the GST–4E-BP1
concentrations injected (Fig. 3B). These results led us to
conclude that aptamer 1 does not interfere with the
eIF4E · 4E-BP1 interaction and is capable of forming an
aptamer · eIF4E · 4E-BP1 ternary complex. This probably
means that the aptamer-binding site on eIF4E may be sepa-
rated from the dorsal surface where 4E-BPs and eIF4G bind
at the common binding motif YXXXXL� (where � means
an aliphatic residue).

Aptamer 1 inhibits cap-dependent translation in vitro

The effect of aptamer 1 on in vitro translation was exam-
ined using a 5�-capped chloramphenicol acetyltransferase
(CAT) mRNA in a rabbit reticulocyte lysate (RRL) system.
First, using the same procedure as shown in Figure 2 (i.e.,
coprecipitation of eIF4E–cap resin complex followed by
anti-eIF4E immunostaining), it was confirmed that aptamer
1 is able to compete with the binding of RRL endogenous
eIF4E to m7GTP–Sepharose (Fig. 4A). The binding and
competition efficiency appeared to be similar to that for the
recombinant eIF4E (see Fig. 2). Then, we examined the
effect of aptamer 1 on in vitro translation. A bicistronic
mRNA for which translation of the 5�-proximal CAT open
reading frame is cap-dependent, whereas translation of the
second luciferase (LUC) open reading frame is cap-inde-
pendent as it is directed by the HCV internal ribosome
entry site (IRES), was used (Fig. 4B). HCV IRES-directed
translation initiation is independent of eIF4A, eIF4B, eIF4F,
and eIF4H (Pestova et al. 1998). When translated in RRL in
the presence of [35S]methionine and increasing amounts of
N40 (control), efficient translation of both CAT and LUC
was observed (Fig. 4C). In contrast, the addition of aptamer
1 inhibited cap-dependent CAT translation in a dose-de-
pendent manner while it did not inhibit cap-independent
LUC translation (Fig. 4C). It is noteworthy that a concen-
tration of aptamer 1 in the micromolar range is sufficient to
inhibit CAT synthesis in RRL that contains ∼0.4 µM en-
dogenous eIF4E (Rau et al. 1996). Aptamer 2 also exerted a
weak but significant inhibition of cap-dependent transla-
tion (data not shown).

Structure and sequence requirements for aptamer 1

The aptamer 1 molecule used is 86 nt long and can be
represented by at least three RNA secondary structures us-
ing the MFOLD program (Zuker 1989, 2003). The one
shown in Figure 5B depicts the lowest free energy folding
and is used in this study as the model structure for further
studies. It contains five stems P1–P5 with 4-nt and 9-nt tails
at both termini. Deletion analysis revealed that the 5�-tail
(and P1 to some extent) is dispensable while P2 is essential
for binding to eIF4E, and that a short 3�-tail preceding P5
is crucial for high affinity to eIF4E (data not shown).

The apparent secondary structure of aptamer 1 and its
eIF4E-binding site were investigated by probing the suscep-
tibility of individual phosphodiester bonds with ribonucle-
ases in the presence and absence of eIF4E. RNase T1 and
RNase A selectively hydrolyze single-stranded RNA 3� to G
and U/C residues, respectively. RNase V1 hydrolyzes
double-stranded regions. First, the 5�-end 32P-labeled
aptamer 1 was partially digested by these RNases in the
absence of eIF4E, and RNA digests were separated on a
denaturing gel (Fig. 5A). As expected, single-stranded re-
gions predicted by MFOLD were hydrolyzed efficiently by

FIGURE 2. Inhibition of the m7GTP–eIF4E interaction by RNA
aptamers. (A) Pull-down assay of an eIF4E and m7GTP–Sepharose
binary complex. eIF4E and m7GTP–Sepharose were mixed and chal-
lenged by increasing amounts of the indicated competitors—free
m7GTP cap analog, aptamer 1, and aptamer 2. eIF4E remaining bound
to m7GTP–Sepharose was detected by Coomassie staining after SDS-
PAGE. (B) The intensity of eIF4E bands associated with m7GTP–
Sepharose was quantified using NIH Image J, and the data are plotted
using Kaleida Graph software as a percentage of the bound eIF4E in
the absence of competitor: m7GTP (circle), N40 (square), aptamer 1
(diamond), aptamer 2 (cross).
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RNases A and T1 (Fig. 5A, left panel; Fig. 5B, solid arrow-
heads). However, RNases A and T1 were also, at least in
part, accessible to several sites in the predicted stems. Prob-
ably, short stems P1–P4 may be occasionally unwound and
become susceptible to RNases A and T1. Unexpectedly,
RNase V1 hit nucleotides not only predicted to be in stems
but also in some loop regions (Fig. 5A, right panel; Fig. 5B,
open arrowheads). This RNase V1 sensitivity of loop re-
gions cannot be explained by any MFOLD predictions (data
not shown). These cleavage profiles suggest that aptamer 1
folds into several conformers in addition to the predicted
MFOLD structure. In the presence of eIF4E, however, the
intensity of RNase V1 cleavage in the putative loop regions
greatly decreased (Fig. 5A, right). Of five stems predicted by
MFOLD, P5 formed a relatively stable conformation that is
sensitive to RNase V1 but is resistant to RNase T1 or RNase
A (except for a few 3�-terminal nucleotides). These results
are interpreted to indicate that although the MFOLD pre-
diction may not be inconsistent with the main (or most
common) structure of aptamer 1, it probably exists in sev-
eral conformation states, and several flexible subdomains
may undergo a conformational change upon binding to
eIF4E, thereby stabilizing the predicted structure.

Moreover, it is important to point out that upon binding
to eIF4E, the intensity of RNase A and T1 cleavage was
decreased throughout the molecule at positions U24, G25,
U27, C28, G34, G36–G38, C43, U46, and C49–G54. Like-
wise, the intensity of RNase V1 cleavage was also decreased
throughout at positions A14–A16, C19, C21–C28, C31–
G38, C43–C49, G51–C54, and A57–C60. Although this al-
tered footprint profile may be in part due to a conforma-
tional change of aptamer 1 itself, it is reasonable to assume
that most, if not all, of these nucleotides (i.e., U24, G25,
U27, C28, G36–G38, C43, U46, C49, G51–C54) are pro-

tected from nuclease attacks upon binding to eIF4E (Fig.
6B, enclosed bases).

Assembly of eIF4E variants

To understand the mechanism by which aptamer 1 hinders
eIF4E from cap binding, we wish to determine the amino
acids in eIF4E that are crucial for aptamer interaction. To
this end, we constructed several eIF4E variants carrying
single amino acid changes at positions that are known or
predicted to be important for its function such as for bind-
ing to cap and phosphorylation. The available three-dimen-
sional structure of eIF4E (Marcotrigiano et al. 1997;
Niedzwiecka et al. 2002) helped us to assign or evaluate
positions for site-directed mutagenesis. Trp56 and Trp102
are involved in the stacking interaction with 7-methylgua-
nosine (Marcotrigiano et al. 1997; Matsuo et al. 1997) and
their substitutions to Phe (W56F and W102F) render the
cap-binding activity <50% (Altmann et al. 1988). Glu103 is
involved in hydrogen bonding with the N1 and N2 of
7-methylguanosine, and its change to Ala (E103A) inhibits
cap-binding by 80% (Morino et al. 1996). Thus, we pre-
pared these known eIF4E variants (W56F, W102F, and
E103A). Additionally, three novel variants—R112A, K157A,
and K206A—were made since these positively charged
amino acids are known to make a hydrogen-bond network
with the three-phosphate (negative charge) chain in
m7GpppG (Niedzwiecka et al. 2002). Moreover, the phos-
phorylation site Ser209 (Flynn and Proud 1995; Joshi et al.
1995) was changed to Ala and Asp (S209A and S209D) since
these mutations have made indispensable contributions to
uncover the crucial role of Ser209 phosphorylation in regu-
lating mRNA cap binding and translation initiation
(Niedzwiecka et al. 2002; Scheper et al. 2002). Acidic S209D

FIGURE 3. Identification of the aptamer · eIF4E · 4E-BP1 ternary complex by SPR analysis. The aptamer 1 sensor chip was injected with 100 nM
eIF4E for 60 sec to a signal of 80 RUs and then challenged with the indicated amounts of (A) GST and (B) GST-4E-BP1 at time 0 for 60 sec. A
series of sensorgrams is normalized to represent the net interaction between (A) RNA and GST or (B) RNA and GST–4E-BP1. Experimental
conditions and procedures are described in Materials and Methods.
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variant is thought to mimic the putative salt bridge of phos-
phorylated Ser209 with Lys159, and the S209D variant
binding affinity for capped mRNA, but not m7GTP (free
from mRNA), is lower than wild type in SPR analysis
(Scheper et al. 2002).

Characterization of variant eIF4E proteins

Variant eIF4E proteins were purified to homogeneity and
examined for their activity to bind to the cap analog
(m7GTP-resin) and GST–4E-BP1 by a pull-down assay (Fig.
6A). The estimated efficiency relative to wild-type eIF4E is
summarized in Figure 6B. The data indicate that variant
eIF4Es were as active as wild type in binding GST–4E-BP1

(Fig. 6B, white bar). This means that the variant eIF4Es fold
into a functional conformation and the generated muta-
tions do not affect the 4E-BP1 interaction site on eIF4E. On
the other hand, cap-analog binding was hampered by the
W56F, W102F, and E103A mutations to 40%, 25%, and
20% of the wild-type level, respectively (Fig. 6B, black bar).
These results correlate well with previous results (Altmann
et al. 1988; Morino et al. 1996). The efficiency of cap bind-
ing with novel variants R112A and R157A was also reduced
to 25% and 45%, respectively, while that with K206A was
only slightly affected, if at all (Fig. 6B). We confirmed that
the two Ser209 variants, S209A and S209D, bind to the cap
analog as efficiently as the wild type (Fig. 6B), as shown
previously (Shibata et al. 1998; Scheper et al. 2002).

Specific amino acid changes in eIF4E affect
aptamer binding

The binding efficiency of variant eIF4Es to aptamer 1 was
examined by SPR analysis using the aptamer chip (Fig. 6C).
The resulting sensorgram indicated that R112A and K206A
showed either severe or complete loss of affinity to aptamer
1, respectively. Other variants did not show any appreciable
defect in binding. Considering that W56F, W102F, and
E103A are affected in cap binding (see Fig. 6B), the mode of
binding of aptamer 1 is not necessarily the same as that of
the cap analog. Nevertheless, it is evident that Arg112 and
Lys206 play a crucial role in aptamer binding. These two
basic residues are closely oriented on the eIF4E surface (Fig.
7) and interact with the third phosphate of the cap analog
(Niedzwiecka et al. 2002). Although the same phosphate of
cap also interacts with a distantly located Arg157, the R157A
variant did not show any loss of affinity to the aptamer (see
Fig. 6C). These findings suggest that aptamer 1 recognizes
the entrance of the cap-binding slot of eIF4E via electro-
static interactions with the Arg112–Lys206 network in a
manner that is similar to that of cap analog (m7GpppG)
binding, with one key difference being that the aptamer
does not require Arg157 for binding, while the cap analog
does.

Although the S209A and S209D substitutions may influ-
ence the phosphate bridging between Ser209–Lys159, in
fact, these variants were not affected in binding to the
aptamer (Fig. 6C), indicating that Ser209 is not involved in
the aptamer interaction. This suggests that both phosphory-
lated and unphosphorylated forms of eIF4E can be equally
recognized and inhibited by the aptamer. Furthermore, it is
noteworthy that although S209D has been shown to bind
much less efficiently to capped mRNA (Scheper et al. 2002),
we failed to observe any loss of binding of S209D to the
aptamer. This probably means that the mode of binding on
eIF4E with aptamer 1 is different from that with capped
mRNA. Taking these and other results into consideration,
we suggest that while aptamer 1 and capped mRNA may
have shared binding sites on eIF4E, the aptamer 1 binding

FIGURE 4. Inhibition of cap-dependent in vitro translation by
aptamer 1. (A) Pull-down of RRL-bearing endogenous eIF4E with
m7GTP–Sepharose in the presence of N40 random and aptamer 1
RNAs. RRL and m7GTP–Sepharose were mixed, and the indicated
amounts of N40 random RNA (control) and aptamer 1 were intro-
duced as competitors. Pulled-down eIF4E was detected by immuno-
staining after SDS-PAGE as described in Materials and Methods. (B)
Schematic diagram of capped CAT/HCV-IRES/LUC mRNA. (C)
Translation products of capped CAT/HCV-IRES/LUC mRNA in RRL.
Reaction mixtures were preincubated at 30°C for 3 min with increas-
ing amounts (0.5, 1.0, 2.5, 5.0 µM) of N40 and aptamer 1 RNAs,
followed by the addition of mRNA and [35S]methionine and further
incubation for 60 min at 30°C. To stimulate cap-dependent translation
as well as to avoid any nonspecific (inhibitory) effect of N40 (control)
RNA on the in vitro translation, the reaction mix (25 µL) contained an
increased amount (17.5 µL) of RRL, 100 mM potassium acetate, and
0.5 mM magnesium acetate. Products were analyzed by SDS-PAGE
(15%) and fluorography. [35S]methionine incorporated into CAT and
LUC is quantified using BAS-2000 PhosphorImager (Fuji Co.), and
their relative values (CAT/LUC) are shown. The CAT/LUC ratio ob-
tained in the absence of RNAs (left lane, buffer control) was set as
100%.
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probably occludes the cap-binding site, resulting in cap-
dependent translation inhibition.

DISCUSSION

In this study, two species of high-affinity aptamers, aptamer
1 and aptamer 2, were generated for mammalian initiation
factor eIF4E by in vitro RNA selection. The dissociation
constant of aptamer 1, which was best characterized here,

was 11.2 nM when determined by SPR. Aptamer 1 outcom-
petes m7GTP and aptamer 2 to bind to eIF4E, whereas it
failed to interfere with the eIF4E · 4E-BP1 interaction. Con-
sistently, aptamer 1 hinders cap-dependent in vitro trans-
lation in a RRL system, while it does not inhibit cap-inde-
pendent (HCV IRES-directed) translation. By mutational
analysis, it was determined that the 86-nt aptamer 1 can be
truncated to 82 nt but may not be truncated beyond 76 nt
(data not shown). Therefore, the overall structure and se-

FIGURE 5. The MFOLD prediction and structural probing and footprinting of aptamer 1 by RNase digestion. (A) The 5�-end 32P-labeled
aptamer 1 was digested with RNase A, T1 (left), and V1 (right) in the presence or absence of eIF4E, and the resulting digests were separated by
electrophoresis on urea-denaturing gels as described in Materials and Methods. Undigested aptamer 1 (1/10 volume) and alkaline-digested ladders
are also run (lanes ap1 and –OH, respectively). Signals generated by nuclease cleavage are assigned with nucleotide positions on both sides of the
lanes. (B) The secondary structure of aptamer 1 examined by ribonuclease sensitivity and eIF4E protection assays. Solid arrowheads indicate the
cleavage points with RNase A and T1, and open arrowheads indicate RNase V1 cleavage positions. The arrowhead size represents the degree of
cleavage. The bases enclosed in black squares indicate sites protected by the addition of eIF4E from RNase A, T1, and V1 hydrolysis.
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quence of aptamer 1 seem to be required for high affinity
binding to eIF4E. This prediction was, at least in part, con-
firmed by structural probing and footprinting of aptamer 1
with RNases T1, A, and V1 (see Fig. 5). In the native con-
formation, some of the regions predicted by MFOLD to
form loops were cleaved, to some extent, by the double-
stranded RNA specific nuclease V1 (probably because of

forming alternate structures). However, the presence of
eIF4E in the footprinting experiment reduced the amount
of cleavage either by masking the cleavage site or altering
the conformation. Therefore, we suggest that the RNA
aptamer is in a more flexible and dynamic state in the free
form than what is predicted by the MFOLD program, and
is stabilized or undergoes a substantial conformational

FIGURE 6. Characterization of variant eIF4E proteins changed at affected in functional amino acids. A set of amino acid changes was generated
in eIF4E by site-directed mutagenesis, and the resulting variant proteins were purified and examined as described in Materials and Methods. (A)
The activity of variant eIF4Es for binding to the m7GTP cap analog and GST–4E-BP1 was examined by respective pull-down assays. The same
amount of variant eIF4E proteins (top panel) was applied to each pull-down assay, and those coprecipitated with m7GTP–Sepharose (middle
panel) and GST–4E-BP1 (bottom panel) were eluted and detected by Coomassie staining after SDS-PAGE. (B) The intensity of each band derived
from both pull-downs was measured by NIH image J application and used to estimate the relative efficiency (compared to wild-type eIF4E) of
binding to m7GTP–Sepharose (closed box) and GST–4E-BP1 (open box). In the GST–BP1 pull-down, the ratio of variant eIF4E to 4E-BP1 in the
staining was compared with that of wild-type eIF4E to 4E-BP1 (to normalize the efficiency of GST-4E-BP1 precipitation). (C) Sensorgrams of the
interaction between aptamer 1 and increasing amount of variant eIF4Es.
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change upon interacting with eIF4E to fit the RNA structure
to the target protein as an “induced fit.”

The binding site of aptamer 1 on eIF4E was estimated in
part by introducing mutational changes for amino acids
that are known or predicted to be important for cap binding
or phosphorylation. Trp56, Trp102, and Glu103 were
shown to interact directly with 7-methylguanosine residues
in the crystal structure (Marcotrigiano et al. 1997), and,
indeed, we confirmed here that these mutations affect cap
analog binding. To our surprise, however, these variants
interact as efficiently as wild-type eIF4E with aptamer 1. On

the other hand, eIF4E variants changed at Arg112 or Lys206
were severely or completely inhibited in binding to aptamer
1, respectively. These residues, closely located on the eIF4E
surface, interact with the cap phosphate chain via water
solvent (Fig. 7B). The recent crystallographic study of
eIF4E · m7GpppA complex has shown that the adenosine
residue interacts with the Thr205–Lys206–Ser207 sequence
pocket of the C-terminal flexible loop region, suggesting
that the functional significance of this loop is to serve as the
binding site for the second nucleoside of the cap structure
(Tomoo et al. 2003). These findings are interpreted to in-
dicate that aptamer 1 binds to eIF4E not by interacting with
those residues that are directly involved in the 7-methyl-
guanosine recognition, but, rather, those that are adjacent
to the cap-binding site and are involved in the recognition
of the downstream nucleoside(s) in the capped mRNA. Pre-
vious mutational and SPR analysis suggests that Ser209 is
not directly involved in cap recognition but is responsible
for mRNA capturing (Scheper et al. 2002). However, the
Ser209 variants of eIF4E are not affected in the affinity to
aptamer 1, suggesting that the aptamer binds to eIF4E in a
way that may be in part similar to but mostly different from
that with capped mRNA. Taking these results into consid-
eration, we conclude that aptamer 1 binds to eIF4E around
the entrance of the cap-binding slot, thereby blocking the
cap-binding pocket.

Aptamer 1 does not affect the dorsal surface of eIF4E and
is able to make a ternary complex with eIF4E and 4E-BP1
(probably with eIF4G as well). This feature might be useful
as a specific inhibitor to knock out eIF4E in the complex
without interrupting the association of dorsal-site-binding
proteins. Aptamer 1 inhibits in vitro translation of the
capped CAT mRNA at micromolar levels in the RRL trans-
lation system (see Fig. 4). This dose may be of one or two
orders of magnitude higher than what is expected from the
intracellular level of eIF4E, which should be the least abun-
dant factor of all eIFs and the rate-limiting factor for eu-
karyotic translation initiation (Duncan et al. 1987). This
apparent conflict can be explained in part by the fact that
unlike in HeLa cell extracts (Duncan et al. 1987), eIF4E is
highly phosphorylated and is not the limiting factor for
translation in RRL (Rau et al. 1996). Furthermore, one can
speculate that eIF4E is associated with other eIFs such as
eIF4G in the RRL, which might affect susceptibility of eIF4E
to aptamer 1. Therefore, translation inhibition would need
much higher concentrations of inhibitors to inactivate ei-
ther the initiation complex eIF4F or the 43S preinitiation
ribosomal complex than that to inactivate a free eIF4E. In
fact, the inhibition constant of the cap analogs obtained
from in vitro translation in RRL was >100 times greater
than its Kd (Cai et al. 1999). Although the efficacy of
aptamer 1 is much greater than the cap analog, the observed
similar increase in the inhibition effect compared with the
Kd suggests that aptamer 1 interacts with both unbound and
bound forms of eIF4E in the initiation complex (see Fig. 3).

FIGURE 7. Structure of the mouse eIF4E (amino acids 28–217) and
m7GTP complex (Protein Data Bank accession code 1L8B)
(Niedzwiecka et al. 2002). Structure modeling is performed by Swiss
PDB Viewer application and rendered by POV-Ray (ver. 3.6). (A)
Mutation sites are shown on the ribbon model of the eIF4E–m7GTP
complex structure. Amino acids altered in this study are indicated as
space-filling presentations showing (green) stacking, (red) acidic,
(blue) basic, and (orange) phosphorylation residues. m7GTP is dis-
played as color-coded space filling—(white) carbon, (red) oxygen,
(sky blue) nitrogen, (yellow) phosphorus—and located in the cap-
binding slot in the cocrystal. (B) Surface electrostatic potential of the
eIF4E–m7GTP complex structure. (Blue) positive (basic amino acid)
and (red) negative (acidic amino acid) charges are shown. Arg 112 and
Lys 206 residues required for aptamer 1 binding are yellow. Arg 157
that is not involved in aptamer 1 binding is green. m7GTP is shown as
in A. The potentials were calculated with the program DELPHI.
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It is noteworthy that while aptamer 1 needs to be >76 nt
long, another RNA aptamer generated in this laboratory to
human eIF4A helicase is 58 nt long, and truncated versions
lose the high affinity binding to eIF4A (Oguro et al. 2003).
In fact, NMR analysis shows that this 58-nt aptamer and its
target protein eIF4A interact with each other at multiple
sites that are widespread on the surfaces of both molecules
(T. Sakamoto, G. Kawai, A. Oguro, T. Ohtsu, and Y. Na-
kamura, in prep.). Additionally, other RNA aptamers gen-
erated for eIF4G and eIF1A also require a relatively large
mass (75 and 73 nt) for high affinity binding to their target
proteins (S. Miyakawa, A. Oguro, T. Ohtsu, N. Sonenberg,
J. Hershey, and Y. Nakamura, in prep.). Therefore, it might
be argued that RNA aptamers to proteins without RNA
recognition motifs or strong affinity to RNA (such as eIF4E,
eIF4A, eIF4G, eIF1A, and others) can achieve specific high
affinity to the target protein by capturing its global confor-
mation. This is completely different from the pinpoint (i.e.,
epitope <10 amino acids) recognition of target protein by
antibody. Previous, present, and ongoing studies (in this
laboratory) of RNA aptamers to mammalian initiation fac-
tors contribute to strengthening the concept of conforma-
tional recognition of target proteins by RNA aptamer. For
this reason, the RNA aptamer has promising potential to
substitute for or complement the antibody as a new diag-
nostic or therapeutic tool that we refer to as “RNA anti-
body.” In view of the increasing awareness of relationships
between aberrant expression of initiation factors and ma-
lignant transformation of mammalian cells, translation ini-
tiation might be a good target for anticancer therapeutics
and diagnosis. RNA aptamers to these initiation factors
might therefore serve in medical applications in the future.

MATERIALS AND METHODS

Protein expression and purification

Plasmids encoding wild-type or S209D mouse eIF4E and 4E-BP1
have been described previously (Morino et al. 2000). eIF4E vari-
ants were generated by the QuickChange Site-Directed Mutagen-
esis kit (Stratagene) according to the manufacturer’s instruction
using site-directed sequence primers:

W56F, 5�-AAAAATGATAAAAGCAAAACTTTTCAAGCAAACCT
TCGATTGATC-3�;

W102F, 5�-CGGGATTGAGCCTATGTTTGAAGATGAGAAAAA
CA-3�;

E103A, 5�-GATTGAGCCTATGTGGGCAGATGAGAAAAACAA
AC-3�;

R112A, 5�-AAACAAACGAGGAGGAGCATGGCTGATCACAC
TGA-3�;

R157A, 5�-AGCTGTTGTTAATGTTGCAGCTAAAGGCGATAA
GA-3�;

K206A, 5�-AGACACAGCTACAGCAAGCGGCTCCACCA-3�;
and
S209A, 5�-AGCTACAAAGAGCGGCGCAACCACTAAAAATAG

GT-3�.

Recombinant his-tagged eIF4E was expressed in Escherichia coli
BL21 (DE3), and the crude E. coli extract from 1 L of culture was
applied to 0.5 mL of Ni-NTA agarose (QIAGEN) column equili-
brated with buffer A (20 mM Tris-HCl at pH 7.6, 150 mM NaCl,
0.1 mM EDTA). After washing with buffer A + 20 mM imidazole,
the protein was eluted with buffer A + 250 mM imidazole and
dialyzed against buffer B (20 mM Tris-HCl at pH 7.6, 80 mM
potassium acetate, 50% glycerol). The sample was then applied to
a Resource S (Amersham Biosciences) column equilibrated with
buffer C (20 mM Tris-HCl at pH 7.6, 80 mM potassium acetate,
2.5 mM magnesium acetate, 5% glycerol), and eluted by a 0%–
100% buffer D gradient (20 mM Tris-HCl at pH 7.6, 1 M potas-
sium acetate, 5% glycerol) by HPLC. Recombinant GST–4E-BP1
was expressed in E. coli BL21 (DE3), and the supernatants of cell
extracts were applied to glutathione–Sepharose 4B (Amersham
Biosciences) with buffer A + 40 mM reduced glutathione, dialyzed
with buffer B, and purified on a Resource Q (Amersham Biosci-
ences) column by a 0%–100% buffer D gradient elution. These
proteins were dialyzed against buffer B, and stored at −20°C.

Selection-amplification of eIF4E aptamers

Preparation of random N40 RNAs and affinity RNA selection-
amplification was carried out essentially as described previously
(Oguro et al. 2003). Briefly, the initial selection pool involved 1014

different RNA molecules. RNAs were preincubated with 5 µL of
Ni-NTA agarose resin in 100 µL of binding buffer (20 mM Tris-
HCl at pH 7.6, 80 mM potassium acetate, 2.5 mM magnesium
acetate, 1 mM dithiothreitol, 5% glycerol) for 30 min at room
temperature. Unbound RNAs were then incubated with eIF4E for
30 min at room temperature, washed with 200 µL of binding
buffer three times, and eluted with 50 µL of binding buffer + 250
mM imidazole. Selected RNAs were extracted by phenol/chloro-
form treatment, purified with Microcon YM-30 (Millipore), and
reverse-transcribed using AMV reverse transcriptase (TaKaRa
Co.). Reverse transcripts were then amplified by PCR using the
appropriate primer and exTaq polymerase (TaKaRa Co.). The in-
put RNA was in three molar excess to protein (i.e., 9 µM RNA to
3 µM protein) in the first round of selection, and gradually in-
creased up to 60 molar excess to protein (12 µM RNA to 0.2 µM
protein) by the 14th round of selection to increase the stringency
of selection.

Filter retention assay

Filter binding assays were carried out as described previously
(Oguro et al. 2003). After rounds 9 and 14, selected RNAs were
labeled in an in vitro transcription reaction using [�-32P]GTP
(800 Ci/mmol; Amersham Biosciences). The labeled RNA was in-
cubated with eIF4E in 50 µL of binding buffer containing 10
µg/mL tRNA for 30 min at room temperature. The solution was
filtered through a presoaked nitrocellulose membrane (0.45 µm
pore size, type HA; Millipore) and washed three times with 1 mL
of binding buffer, and the retained radioactivity was quantitated
by scintillation counting. The data set was plotted using Kaleida
Graph software (Synergy Software).

Surface plasmon resonance assay

The SPR assays were performed according to the same coupling
method as described previously (Wood 1993; Van Ryk and Ven-

Mochizuki et al.

86 RNA, Vol. 11, No. 1



katesan 1999) using a BIAcore 2000 instrument (BIAcore AB). The
aptamer templates were amplified and tagged at the 3�-end with
dA16 by PCR using 5�-template primer (5�-CCGAAGCTTA
ATACGACTCACTATAGGGAGACAAGAATAAACGCTCAA-3�)
and dA16-tagging 3�-template primer (5�-TTTTTTTTTTTTTTTT
GCCTGTTGTGAGCCTCCTGTCGAA-3�). 5�-Biotinylated dT16
oligomer was bound to the surface of the streptavidin sensor chip
(BIAcore AB) of flow cells 1 and 2. Then 20 µg/mL 3�-A16-tagged
RNA was immobilized to 150 RUs in flow cell 2 by complementary
hybridization to the 5�-biotinylated dT16 oligomer in binding
buffer at a flow rate of 20 µL/min at 25°C for 1 min by the
NINJECT program (BIAcore AB). Unbound RNAs were washed in
binding buffer at the same flow rate for 2 min. Purified eIF4E in
binding buffer was passed through flow cells 1 and 2 of the sensor
chip for 1 min at the KINJECT program (BIAcore AB), and bound
proteins were gradually dissociated for 5 min. The data are ob-
tained by subtracting the signals for 5�-biotinylated dT16 fixed on
the sensor chip (flow cell 1) from the signal for RNA aptamer
(flow cell 2), thereby showing the net interaction between RNA
and protein (Figs. 1C, 6C).

To test the formation of the aptamer · eIF4E · 4E-BP1 complex,
aptamer 1 was immobilized to both flow cells 1 and 2 of the sensor
chip to ∼150 RUs, and 100 nM eIF4E was injected only to flow cell
2 for 60 sec at 20 µL/min by NINJECT. Then, 0.05, 0.25, 0.50, 1.0,
and 2.0 µM solutions of GST–4E-BP1 or GST (control) were in-
jected to flow cells 1 and 2 for 60 sec at the same flow rate by
KINJECT. The SPR signal of flow cell 1 was subtracted from that
of flow cell 2 to eliminate the nonspecific interaction of aptamer
with GST or with GST–4E-BP1 in the absence of eIF4E.

To regenerate the sensor chip, bound materials were completely
removed by injecting 20 µL of 2 M urea at a flow rate of 20
µL/min. Close-fitting curves to the sensorgrams were calculated by
global fitting curves (1:1 Langmuir binding) generated using
BIAevaluation 3.0 software (BIAcore AB).

m7GTP–Sepharose pull-down assay

The indicated amount of RNA aptamers, 1 µM eIF4E, and 1 µL of
m7GTP–Sepharose were incubated at 25°C for 30 min in 50 µL of
binding buffer containing 10 µg/mL tRNA. The resin complex was
washed three times with 200 µL of binding buffer, and the bound
proteins were eluted with 20 µL of binding buffer containing 10
mM m7GTP (Sigma) after incubation for 60 min at room tem-
perature. After centrifugation, 10 µL of the supernatant was ap-
plied to a 12% SDS-PAGE, and the intensity of eIF4E bands was
quantified by Image J 1.30v (NIH) after staining with Coomassie
Brilliant Blue G-250. For m7GTP–Sepharose pull-down of endog-
enous eIF4E from RRL, 15 µL of RRL, and 1 µL of m7GTP–
Sepharose were mixed and incubated at 25°C for 30 min in 37.5 µL
of solution of 100 mM potassium acetate and 5.0 mM magnesium
acetate solution. The bound eIF4E was recovered, separated by
12% SDS-PAGE, and transferred to the polyvinylidene difluoride
(PVDF) membrane. The membrane was soaked with blocking
buffer (5% non-fat dry milk, 10 mM Tris-HCl at pH 7.5, 100 mM
NaCl, 0.1% Tween-20) for 30 min at room temperature, and in-
cubated with anti-eIF4E mouse polyclonal antibody (BD Biosci-
ences) in buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM
NaCl, and 0.05% Tween-20 for 1 h at room temperature. After
repeated washing, the membrane was incubated with anti-mouse
IgG sheep secondary antibody HRP conjugate (Amersham Biosci-

ences) for 1 h at room temperature. The signal was detected by
ECL reagent (Amersham Biosciences) according to the manufac-
turer’s instruction and analyzed by LAS-1000 (Fujifilm). The lin-
earity of detection was confirmed in each assay with an appropri-
ate standard curve using recombinant eIF4E.

In vitro translation

In vitro translation was performed as described previously using
RRL (Oguro et al. 2003). Capped-CAT/HCV-IRES/LUC mRNA
was transcribed by using RiboMAX in vitro transcription systems
(Promega). The in vitro translation mix was incubated at 30°C,
and aliquots were withdrawn at the indicated time intervals and
mixed with the SDS-PAGE sample buffer at 4°C.

RNA probing

The labeled RNA (∼0.01 µM) was heated at 85°C, then slowly
cooled to room temperature in binding buffer, and incubated with
increasing amounts of RNase T1 or RNase A for 3 min at room
temperature. The resulting digests were applied to a 9% PAGE in
the presence of 7 M urea. Aptamer 1 was first dephosphorylated
with 1 U of alkaline phosphatase (E. coli A19; TaKaRa Co.) at 37°C
for 60 min. Then, the 5�-end was labeled with [�-32P]ATP by T4
polynucleotide kinase (TaKaRa Co.). The resulting 32P-labeled
aptamer 1 was subjected to 9%-acrylamide/7 M-urea gel electro-
phoresis, and the full-length aptamer 1 was purified by overnight
elution from gel slices in 400 µL of elution buffer containing 0.5 M
ammonium acetate, 1 mM EDTA (pH 8.0), and 0.1% (w/v) SDS.
After ethanol precipitation, aptamer 1 was resuspended in binding
buffer to ∼30,000 cpm/µL. Alkaline digestion (for the control lad-
der) was performed in 10 µL of 50 mM sodium carbonate (pH
9.0), 1 mM EDTA for 3 min at 90°C. The labeled RNA was heated
at 85°C and slowly cooled to room temperature in binding buffer,
and incubated with RNase T1 (0.2 U; Sigma) and RNase A
(4 × 10−5 mg/mL; Sigma) for 3 min at 37°C in the presence or
absence of 15 µM eIF4E. RNase V1 partial digestion was con-
ducted using 10−4 U of enzyme with 1.0 or 2.0 µM eIF4E, followed
by incubation for 10 min. The resulting digests were subjected to
a 9% PAGE in the presence of 7 M urea.
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