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The eukaryotic translation initiation factor elF4E is highly elevated in human cancers including acute
myeloid leukemia (AML). A potential anticancer agent, ribavirin, targets elF4E activity in AML patients
corresponding to clinical responses. To date, ribavirin is the only direct inhibitor of eIF4E to reach clinical
trials. We showed that ribavirin acts as a competitive inhibitor of the methyl 7-guanosine (m’G) cap, the

Keywords: natural ligand of elF4E. Here we examine the conformational changes occurring in human elF4E upon
gl\élR . binding the active metabolite of ribavirin, ribavirin triphosphate (RTP). Our NMR data revealed an unex-
tbavirin . . pected concentration dependence on RTP affinity for el[F4E. We observed NMR spectra characteristic of
Methyl 7-guanosine (m’G) cap R .. . . . .
Drug design tight binding at low micromolar concentrations (2-5 uM elF4E) but much weaker affinity at more typical

NMR concentrations (50-200 ptM). Comparison of chemical shift perturbation and line broadening sug-
gest that the two elF4E-RTP complexes differ in the precise positioning of RTP within the cap binding
pocket, with the high affinity complex showing more extensive changes to the central B-sheet and dorsal
surface of elF4E, similar to m’G cap. The differences between high and low affinity complexes arise due to
concentration dependent aggregation of elF4E and RTP. Given the intracellular concentrations of elF4E
and RTP and the differential binding toward the W56A elF4E mutant the high affinity complex is the most
physiologically relevant. In summary, these findings demonstrate that RTP binds in the cap-binding site
but also suggests new features of this pocket that should be considered in drug design efforts and reveal
new insights into ligand elF4E recognition.

© 2013 Elsevier Inc. All rights reserved.

moiety [4-6]. The cap-binding pocket also includes other residues
such as W166 which contacts the m’G as well as positively charged

1. Introduction

The eukaryotic translation initiation factor elF4E is overexpres-
sed in about 30% of human cancers [1,2]. elF4E modulates the
expression of transcripts involved in proliferation and survival by
modulating their mRNA export and translation [1,2]. In both cases,
elFAE must associate with the methyl-7 guanosine (m’G) cap
structure on the 5 end of mRNAs [1-3]. NMR and X-ray crystal
structures indicate that the m’G cap intercalates between two
tryptophan residues (W56 and W102) which recognize the m’G
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residues (R157 and K162) representing the phosphate binding site.
This cap-binding activity of elF4E is required for its ability to onco-
genically transform cells [7]. In cancers with elevated elF4E, the
cells develop an oncogene addiction or dependency on elF4E
[8,9]. This provides a therapeutic window for targeting elF4E in
patients.

The activity of elF4E has been targeted in poor prognosis acute
myeloid leukemia (AML) patients with ribavirin, a competitive
inhibitor of m’G cap [9-11]. Targeting of elF4E activity in a Phase
Il clinical trial correlated with clinical responses including 1 com-
plete remission, 2 partial remissions, 2 blast responses (50+%
reduction in leukemia blast count) and 6 patients with stable dis-
ease reported in the original 11 evaluable patients [10]. For com-
parison targeting the mTOR pathway via the 4E-BP1 inhibitor,
rapamycin led to 0 out of 22 responses in a similar patient popula-
tion [10].

In cells, ribavirin antagonized the ability of elF4E to export or
translate target transcripts with an indistinguishable profile from


http://dx.doi.org/10.1016/j.bbrc.2013.03.125
mailto:katherine.borden@umontreal.ca
http://dx.doi.org/10.1016/j.bbrc.2013.03.125
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

L. Volpon et al./Biochemical and Biophysical Research Communications 434 (2013) 614-619 615

RNAi-mediated knockdown of elF4E [9,10,12]. As expected, ribavi-
rin inhibited elF4E-mediated oncogenic transformation in cell and
animal models as well as in AML patients [9,12]. The active metab-
olite in cells is ribavirin triphosphate (RTP) [13]. Multiple biophys-
ical studies showed that RTP and ribavirin directly bind to elF4E
with a similar affinity as cap [9,11]. Mutation of the cap-binding
site (W56A) reduced ribavirin binding by nearly 15-fold similar
to effects for the cap [9,10]. The elF4E-RTP complex was studied
in different solution conditions including at 0.2 uM elF4E protein
in 10 mM sodium phosphate, pH 7.5, 150 mM NaCl, or by mass
spectrometry at 20 M elF4E in 5% aqueous acetonitrile, 20 mM
ammonium acetate (pH 6.5) [11]. Complexes were not detected
in 20 mM HEPES, 0.2 mM EDTA, 100 mM KCl, pH 8.0 [11] where
substantial aggregation is observed relative to phosphate buffers.

The structural changes induced in elF4E by RTP binding are un-
known. A better understanding of how RTP binds is necessary for
future drug design efforts. Here, we demonstrate that RTP and
m’GTP induce changes in eIF4E upon binding while GTP does not
have these effects, as observed by circular dichroism (CD). Chemi-
cal shift mapping of 'H-'>N HSQC NMR experiments were used to
monitor e[F4E-RTP complexes as a function of el[F4E concentrations
ranging from 2 to 200 M. These NMR data showed that increasing
elF4E concentrations led to weaker affinities for RTP. This affinity
dependence was concomitant with aggregation of elF4E and RTP.
Chemical shift mapping of the amide NMR resonances in the high
and low affinity el[F4E-RTP complexes show similar but, impor-
tantly, different perturbations at or surrounding the cap-binding
site suggesting that the precise molecular contacts underlying
the high and low affinity el[F4E-RTP complexes are distinct.

2. Materials and methods

Human elF4E was purified as described previously [6]. The ab-
sence of any cap was verified as described in the Supplementary
methods and Supplementary Fig. 1A. "H-N HSQC spectra were
collected in 10 mM sodium phosphate, 150 mM NaCl, pH 7.5 and
20°C on a 600 MHz Varian Inova spectrometer equipped with a
HCN coldprobe. Other materials and methods are given in the Sup-
plementary data.

3. Results

3.1. RTP, but not GTP, induces changes in the secondary structure of
elF4E

Far ultraviolet (UV) circular dichroism (CD) has shown that
elF4E undergoes a detectable change in its peptide backbone con-
formation upon m’GTP binding [7,14,15]. We therefore monitored
the changes in molar ellipticity by far UV CD of elF4E upon addition
of RTP, GTP and m’GTP. In contrast to RTP or m’GTP where changes
are observed upon addition of ~20:1 molar ratio, GTP induced no
changes in molar ellipticity (Fig. 1). The extent of conformational
change observed is consistent with previous observations [14,15].
Thus elF4E binds both m’GTP and RTP, but not GTP. These data cor-
relate with our previous cap chromatography experiments show-
ing that GTP did not compete for elF4E bound to a cap column
while RTP and m’GTP did [11].

3.2. NMR studies of the eI[F4E-RTP complex

To understand the molecular basis of RTP binding to eIlF4E we
used NMR chemical shift mapping studies. Spectral changes in-
duced by RTP addition as a function of concentration for human
elF4E (2-200 uM) were monitored using 'H-'>N HSQC experi-
ments. Experiments within 2-5 uM elF4E, where 2 uM was our
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Fig. 1. Analysis of RTP binding and protein samples. (A) The chemical structures of
GTP, m’GTP and RTP. « denotes proton that partially dissociate at pH 7.2 and #x
denotes where protonation would cause a positive charge on the free triazole. (B)
Circular dichroism spectra in the far ultraviolet upon addition of GTP, m’GTP or RTP
to human elF4E.

lowest limit of detection, were chosen based on our CD and previ-
ous biophysical studies. Given the 6-10 days required for acquisi-
tion of the HSQC at low elF4E concentration, the integrity of apo-
elF4E was checked before and after acquisition by SDS-PAGE with
no detectable degradation over this time period.

3.3. elF4E exhibits a concentration dependent affinity for RTP

Example 'H-'°N HSQC spectra recorded for eIF4E in the absence
and presence of RTP at low elF4E concentrations (2-5 pM) and
high elF4E concentrations (50-200 uM) are shown in Figs. 2A
and 3A, respectively. These data reveal two complexes in different
exchange regimes on the NMR timescale, signifying different affin-
ities for RTP. At high elF4E concentrations we observed peaks in
fast exchange consistent with a weak affinity for RTP. In contrast,
the low concentration elF4E sample (2 uM) exhibited loss of peaks
and in some cases, appearance of new peaks upon addition of RTP
at ~20-fold excess. These spectra indicate the low concentration
elF4E-RTP complex is in intermediate to slow exchange, consistent
with affinities detected for this complex from previous biophysical
studies (Kq of 0.13 uM [9]). For the low concentration complex
with 40 uM RTP, it is important to note this concentration is read-
ily achievable in patients with no toxicity [10,16]. Importantly,
many regions of the protein did not undergo detectable changes
in either complex indicating the effects of RTP are specific.

3.4. Chemical shift mapping reveals distinct complexes at high and low
elF4E concentrations

Mapping of the spectral changes onto the elF4E structure indi-
cates that a similar set of residues are perturbed in both complexes
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Fig. 2. NMR analysis of the low micromolar elF4E-RTP complex is characterized by intermediate and slow exchange. (A) Regions highlighting specific residues of 'H-'°N
HSQC spectra of apo elF4E (red) with ~20-fold molar excess of RTP (blue). Representative result is shown that was repeated independently three times. Spectra were
normalized to W73 indole (middle left panel). (B) Line broadening was mapped as the width of the tube onto the structure of the cap bound eIF4E [28] (pdb code: 3AM7)
where gold indicates a RTP induced shift relative to apo, white is no shift and black is unknown due to spectral overlap. Two views are shown, the cap (left panel) binding site

and the helical dorsal surface (right panel).

(Figs. 2B, 3B and Supplementary Fig. 2C and D). These residues (col-
ored cyan in Fig. 4A) are centered around the cap binding pocket,
including the B-strands at the bottom of the cap-binding pocket
(e.g. B-strands 1 and 4-6), the phosphate binding region (R157
and K162) as well as the surface loops important for m’G cap bind-
ing. A substantial number of resonances, however, are perturbed
differentially indicating the high and low affinity complexes have
distinct binding modes (dark blue and green in Fig. 4A). For in-
stance, while the N50 and T205 (Fig. 3) are among the most af-
fected residues in the low affinity complex, these are not altered
in the high affinity complex (Fig. 2). One of the most striking
changes in the high affinity complex involves F48 (adjacent to
W56 in the elF4E structure, Fig. 2B), which undergoes broadening
with a new peak found at almost the exact position of the F48 cross
peak corresponding to the m’GTP bound form of elF4E (see the ar-
row in Fig. 2A). In the low affinity complex the F48 peak is only

minimally perturbed relative to apo-elF4E. Similarly, many peaks
that disappear in the high affinity complex are not affected in the
low affinity complex, e.g. [115, T167, K52 among others (compare
Figs. 2A and 3A).

Mutation of W56 to alanine substantially abrogates elF4E affin-
ity for both RTP and m’GTP [7,9]. The 'H-'>N HSQC of apo W56A
elF4E induces a large shift to F48, and only a minimal perturbation
to N50 compared to wild-type elF4E. Thus these residues, which
may be considered as ‘reporters’ of high and low affinity complexes
respectively, although close in sequence, can be differentially af-
fected by both mutation and ligand binding.

Binding of RTP (at a 60-fold excess) to W56A elF4E at high
(50 uM) and low (2-5 pM) concentrations by NMR revealed differ-
ent results. No significant changes compared to the wildtype spec-
tra were evident from the high concentration titration (see
Supplementary Fig. 2B, e.g. peaks N50 and T205 were similarly al-
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Fig. 3. NMR analysis of the high micromolar elF4E-RTP complex is characterized by fast exchange. (A) "H-'>N HSQC spectra of 50 uM elF4E (red) as a function of increasing
concentration of RTP (up to 1:50; blue). The same regions as in Fig. 2A are shown. (B) 'H-'>N HSQC chemical shift perturbations are mapped onto the eIF4E structure upon
addition of RTP. Residues are color-coded according to the extent of chemical shift perturbation from white (no variation) to red (large variation). The same views as in Fig. 2B

are shown.

tered in mutant and wildtype spectra). In contrast, at low elF4E
concentrations, RTP no longer bound eIF4E (Supplementary
Fig. 2A). Thus W56 is only important for binding in the low concen-
tration complexes, strongly supporting the notion that there are
fundamental differences between the high and low concentration
complexes. Significantly, the low concentration NMR complex
has similar characteristics to the elF4E-RTP complexes studied
previously biophysically and in cells, such as high affinity and sen-
sitivity to W56A, strongly suggesting this is the complex important
for cellular function.

3.5. Comparison of conformational changes in the RTP- and m’GTP-
elF4E complexes

Several crystal and NMR studies indicate that the m’G cap
intercalates between W56 and W102 with additional contacts

made by E103, W166, and for the phosphates, K162 and R157
[4]. Consistent with binding at the cap site, all these residues are
perturbed upon addition of RTP to elF4E. Chemical shift perturba-
tions of eIF4E upon binding of m’GTP and RTP (at 2 uM elF4E) are
highlighted in Fig. 4B. Clearly a number of residues are similarly
perturbed (colored in yellow), including F48 which undergoes
among the largest shifts in both m’GTP and RTP complexes. How-
ever, important differences are observed upon RTP binding. Nota-
bly, perturbations to the indole peaks of W56/102 were not as
extensive which likely reflects the substantial differences in both
size and charge between m’GTP and RTP. Indeed there is substan-
tial structural plasticity in the cap binding pocket as evidenced by
high affinity binding of significantly bulkier ligands [17,18] and
high B-factors for the W56/102 loops even when cap bound
[5,19,20]. Thus, the lack of significant movement of the W56 and
W102 indoles (note the W102 backbone amide is substantially af-
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Fig. 4. Comparison of the residues affected in the RTP and m’GTP elF4E complexes. (A) Comparison of high and low affinity RTP complexes (low and high micromolar elF4E
samples, respectively). Results of spectral perturbations were mapped onto elF4E cap bound structure. Color coding is as indicated: dark blue, change in high affinity complex
relative to apo exclusively; light blue, change in both complexes relative to apo; green, change only in the low affinity complex relative to apo upon RTP binding; white, no
change in either complex relative to apo; dark gray, unknown due to spectra overlap. (B) Comparison of high affinity RTP and m’GTP complex, color-coding as above except
for changes in both complexes relative to apo (yellow) and changes only in the m’GTP complex relative to apo (red).

fected) upon RTP binding might reflect one or many of these mech-
anisms. It is possible that RTP binds deeper in the elF4E pocket (gi-
ven the effects on F48 and other nearby residues) and its smaller
size allows the motions that are present in the apo elF4E to persist,
and of course, RTP could adopt multiple conformations in this
pocket. Thus, for both cap binding and likely more so for RTP bind-
ing, there is likely substantial motion within the complexes.

Similar to m’GTP binding to eIF4E, RTP induces substantial
changes at the dorsal surface of elF4E (Supplementary Fig. 3).
These changes (which are important for increasing affinity for reg-
ulatory proteins [6,21-23]) are not identical to m’GTP but are
likely mediated via a similar allosteric path previously identified
for elF4E, e.g. via B-strands 5-6 to W130 on the internal face of he-
lix 2 and adjacent residues lying on the dorsal surface, and in par-
ticular for a cluster comprising the residues H37, E40, V69 and D71.
Notably we do not see any movement for W73 suggesting no
involvement of the dorsal surface.

3.6. elF4E concentration considerations

Our observations with RTP binding led us to examine whether
the affinity of elF4E for m’GTP was similarly dependent on elF4E
concentration. Using ITC, we observe a steep concentration depen-
dence with an affinity reduction of 8-fold in the range of 1.6-
12.4 uM with stronger binding at low elF4E concentrations (Sup-
plementary Fig. 4B).

We hypothesized that reduced binding of eIF4E at higher con-
centration was due to aggregates. Consistently, we detected a con-
centration dependent aggregation of elF4E using a variety of
methods, including size exclusion chromatography (SEC), NMR
self-diffusion and AUC (see Supplementary materials and Supple-
mentary Fig. 4A and C). The results of the SEC showed only mono-
mer at 0.5 uM elF4E, with increasing amounts of aggregate (6%,
11% and 25%) at 2, 22 and 60 UM elF4E, respectively. The aggregate
eluted in the void volume, indicating a minimum molecular weight
of 200 kDa. AUC data for 20 pM elIF4E estimated a molecular
weight centered around 700 kDa with a very broad distribution
indicating substantial heterogeneity (data not shown). Using SEC,
we also observed time-dependent effect aggregation for the more
concentrated elF4E samples (60 pM) increasing from 25% to 50%
aggregates after 3 days. In contrast, the low concentration samples
(2-5 uM) showed no additional aggregation during even longer
timeframes (data not shown). Thus, the concentration dependence

on ligand affinity is not specific to RTP but appears related to the
propensity of elF4E to form very large aggregates.

Adding complexity to the system, guanosine analogs, which in-
clude ribavirin, are known to self-stack and in certain conditions
can even form gels [24]. Using hydrophilic chromatography and
mass spectrometry we detected an equimolar amount of dimer
and monomer at 100 uM RTP and predominantly dimer (>98%) at
5 and 9 mM RTP.

Taken together, this strongly suggests that the active concentra-
tions of both ligand and protein are lower than anticipated and ac-
count for some of the differences in affinity we observe as a
function of elF4E concentration. At very high concentrations of
RTP, which would be typically used in NMR, the majority of RTP
is dimer. We cannot rule out the presence of even higher aggre-
gates that likely have poorer ionization efficiency than monomers
and so the extent of aggregation for RTP reported here could well
be an underestimate.

3.7. Ribavirin binds elF4E in human cells

Ultimately, it is important to demonstrate that RTP interacts
with elF4E in human cells. RTP is not cell permeable and thus riba-
virin, which is converted into RTP intracellularly [1] is used for
these studies. From the clinical perspective, 20-40 uM ribavirin
levels were routinely observed in AML patient plasma in the riba-
virin monotherapy and ongoing ribavirin combination trials, and
thus this concentration was used here [10,16] (see Supplementary
methods). We observe a 6-fold enrichment of 3H ribavirin in the
elF4E immunoprecipitations relative to controls indicating a strong
interaction between elF4E and RTP in cells consistent with the high
affinity complexes we observe (Supplementary Fig. 5).

4. Discussion

Our NMR studies demonstrate that there are at least two modes
for elF4E binding to RTP dependent on concentration and likely dri-
ven by concentration dependent aggregation. Physically, both
complexes utilize residues at or near to the cap-binding site, but
the molecular contacts, relative binding affinity and sensitivity to
the W56A mutation are distinct. The low concentration (2-5 puM)
elF4E-RTP complex exhibits similar high affinity binding and sensi-
tivity to the W56A mutant as seen in previous biophysical stud-
ies[6,9,11]. Similar to m’GTP binding, the low affinity RTP
complex induced changes in the NMR spectrum at the dorsal sur-
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face via an allosteric mechanism. However, we observe no changes
to W73 consistent with previous studies showing mutation of W73
to alanine had no effect on RTP affinity for elF4E [9]. The observa-
tion of a concentration dependent aggregation of elF4E and con-
centration dependent affinity of elF4E for RTP suggests these
phenomena may be linked. A possible model for the observed
binding is that aggregation at higher concentration obscures RTP
from entering the cap binding pocket, and RTP-elF4E association
occurs at the surface loops, consistent with the large changes ob-
served for N50, R167, T203 and T205; whereas at lower concentra-
tions elF4E is predominantly monomeric facilitating deeper access
within the binding pocket.

The molecular details driving binding of RTP likely differ from
m’GTP. The cap-binding site is adjustable allowing for binding of
cap-analogs with bulky substitutions, such as benzene in place of
the methyl group on the guanosine ring where this actually in-
creases affinity to elF4E [18,25,26]. Similarly, elF4E from nema-
todes binds both the mono- and trimethyl cap with similar
affinity but mutation of E103 only impairs binding to monomethy-
lated cap [26]. Taken together, these findings suggest that ligands
can use different features to interact in elF4E’s cap-binding pocket.
This is likely the case for RTP and m’GTP. Further, given that RTP is
much smaller than the cap, its precise position in the cap binding
pocket may be more prone to “sliding” suggesting that there could
be exchange within bound forms that could also contribute to the
line broadening observed.

Our studies suggest that the high affinity/low concentration
complex is the most physiologically relevant. For instance elF4E
is estimated to be present in the submicromolar range in cell lines
[27], and ribavirin and thus RTP levels in patients are not typically
more than 40 uM or so and certainly do not reach the millimolar
level. The necessity of capturing the high affinity complex at low
protein concentrations coupled with intermediate exchange phe-
nomena, will make its structure determination particularly chal-
lenging. Given our biophysical studies at 0.2 uM elF4E yield Ky's
in the 0.17 uM range for RTP, it is likely that lowering concentra-
tions in the NMR would lead to even tighter binding, but the tech-
nical limitations of collecting data on such dilute samples preclude
such experiments. Notwithstanding, the clear differences in the
binding site albeit within the cap-binding pocket, strongly suggest
that these sorts of issues need to be considered for elF4E drug de-
sign initiatives and also more generally as these phenomena are
unlikely restricted to elF4E. Further, a deeper understanding of
multiple binding modes of elF4E will be important in future drug
design efforts.
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