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mRNA 50-cap recognition by the eukaryotic translation initiation factor
eIF4E has been exhaustively characterized with the aid of a novel fluoro-
metric, time-synchronized titration method, and X-ray crystallography.
The association constant values of recombinant eIF4E for 20 different cap
analogues cover six orders of magnitude; with the highest affinity
observed for m7GTP (,1.1 £ 108 M21). The affinity of the cap analogues
for eIF4E correlates with their ability to inhibit in vitro translation. The
association constants yield contributions of non-covalent interactions
involving single structural elements of the cap to the free energy of bind-
ing, giving a reliable starting point to rational drug design. The free
energy of 7-methylguanine stacking and hydrogen bonding (24.9 kcal/
mol) is separate from the energies of phosphate chain interactions (23.0,
21.9, 20.9 kcal/mol for a, b, g phosphates, respectively), supporting
two-step mechanism of the binding. The negatively charged phosphate
groups of the cap act as a molecular anchor, enabling further formation
of the intermolecular contacts within the cap-binding slot. Stabilization of
the stacked Trp102/m7G/Trp56 configuration is a precondition to form
three hydrogen bonds with Glu103 and Trp102. Electrostaticly steered
eIF4E-cap association is accompanied by additional hydration of the
complex by approximately 65 water molecules, and by ionic equilibria
shift. Temperature dependence reveals the enthalpy-driven and entropy-
opposed character of the m7GTP–eIF4E binding, which results from domi-
nant charge-related interactions (DH8 ¼ 217.8 kcal/ mol, DS8 ¼ 223.6 cal/
mol K). For recruitment of synthetic eIF4GI, eIF4GII, and 4E-BP1 peptides
to eIF4E, all the association constants were ,107 M21, in decreasing order:
eIF4GI . 4E-BP1 . eIF4GII , 4E-BP1 (P-Ser65) ,4E-BP1(P-Ser65/Thr70).
Phosphorylation of 4E-BP1 at Ser65 and Thr70 is insufficient to prevent
binding to eIF4E. Enhancement of the eIF4E affinity for cap occurs after
binding to eIF4G peptides.
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Introduction
All nuclear transcribed mRNAs possess a 50-

terminal “cap”, m7GpppN, in which 7-methylgua-
nosine is linked by a 50-50-triphosphate bridge to
the first nucleoside. The cap structure is necessary
for optimal mRNA translation,1,2 participates in
the splicing of mRNA precursors,3,4 and affects
nuclear export and mRNA stability.5 The cap func-
tion in translation is mediated by the 25 kDa pro-
tein eukaryotic initiation factor 4E (eIF4E), a
phylogenetically highly conserved subunit of the
heterotrimeric eIF4F initiation complex.6 In higher
eukaryotes eIF4F consists of eIF4E, eIF4A, an RNA
helicase, and eIF4G, an adaptor protein.6 – 8 Two iso-
forms of eIF4G, namely eIF4GI (171 kDa)9 and
eIF4GII (176 kDa)10 are present in mammals. These
scaffolding molecules act as a molecular bridge
between eIF4E and eIF4A.7,10 The eIF4Gs interact
with the ribosome-bound multisubunit factor eIF3,
to recruit the 40 S ribosomal subunit. Additional
interaction of the eIF4Gs with the poly(A)-binding
protein (PABP) allows for mRNA circularization.6,8

Three-dimensional structures of murine eIF4E
and its yeast homologue, both bound to 7-methyl-
GDP, were solved by X-ray crystallography11 and
by solution NMR spectroscopy,12 respectively. The
complex is shaped like a cupped hand, with the
cap analogue located in a narrow cap-binding slot
on the concave surface of the protein. Recognition
of the 7-methylguanine moiety is mediated by
base sandwich-stacking between Trp56 and Trp102
(Figure 1(a)), formation of three Watson–Crick-
like hydrogen bonds with a side-chain carboxylate

of a conserved Glu103 and a backbone NH of
Trp102, and a van der Waals contact of the N(7)-
methyl group with Trp166. The diphosphate chain
forms salt bridges and direct or water-mediated
hydrogen bonds with the NH of Trp102 and
Trp166 indole rings, and side-chains of Arg112,
Lys162, and Arg157. A new crystallographic struc-
ture of a complex of eIF4E bound to the dinucleo-
tide cap analogue, m7GpppG, is discussed herein
(Figure 1(b)).

While the structure determinations provided
important information on the mode of cap binding,
the consistent energetic description of the cap–
eIF4E interaction was still lacking. Measurements
in solution are necessary to address the mecha-
nistic bases of complex formation and stability.
eIF4E possesses eight tryptophan residues which
are conserved both in number and location,2 and
cap binding results in quenching of the intrin-
sic protein fluorescence.13 – 20 However, previous
fluorescence measurements of the interaction
between cap analogues and eIF4E purified by
m7G-affinity chromatography yielded puzzling
data. The reported association constants,14 – 18 in
the range of 105 –106 M21, did not reflect the differ-
ing inhibitory potency of cap analogues observed
in vitro,21 and contrasted with the structural data11

showing that the binding constant for the eIF4E–
m7GDP complex should be a few orders of magni-
tude higher. These divergences prompted us to
perform systematic fluorescence quenching
measurements to determine the affinity for cap
analogues of recombinant eIF4E, purified without

Figure 1. Interatomic contacts in (a) m7GDP-eIF4E complex, determined on the basis of the crystallographic structure
(PDB accession no: 1EJ1),11 and (b) m7GpppG–eIF4E complex. Hydrogen bonds, salt bridges and van der Waals inter-
actions are indicated with dotted lines, with the lengths expressed in Å. Trapped water molecules supporting the
hydrogen-bonded network are shown as magenta spheres. The fragments of eIF4E distant from the cap by #4 Å are
shown as spheres.
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application of m7G-affinity chromatography. We
designed a fast and accurate method of time-
synchronized titration (TST) to obtain reliable
equilibrium association constant values, which are
not only relative to one another, but for the first
time have an absolute meaning, and thus can be
interpreted in terms of the free energy of binding,
leading to the mechanism of the eIF4E–mRNA 50

cap recognition. Here we focused on the asso-
ciation of recombinant untagged murine eIF4E
(residues 28–217) with a large series of mono- and
dinucleotide cap analogues (Scheme 1), in order to
(a) parse the free energy of binding into the contri-
butions of individual structural elements in the
cap-binding center, (b) find a thermodynamic
origin for the stacking-hydrogen bonding coopera-
tivity, (c) search for conformational changes and
water exchange between the complex and bulk
solution, and (d) elucidate the role of ionic equi-
libria and electrostatic interactions in cap–eIF4E
recognition.

Translation initiation is a rate-limiting step of
gene expression.22 eIF4E is the least abundant
protein initiation factor and its accessibility for the
eIF4F complex formation is suspected to regulate

ribosome recruitment.23 The accessibility of eIF4E
in mammals is regulated by interactions with
small eIF4E-binding proteins, 4E-BP1, 4E-BP2 and
4E-BP3, which prevent productive interactions
between eIF4E and eIF4G.24,25 Sequence analysis of
the 4E-BPs and eIF4Gs suggested that these other-
wise unrelated protein families have converged on
the same eIF4E binding strategy.25,26 The eIF4E
binding site shared between the 4E-BPs and the
eIF4Gs is BXXYDRXFLF, where B is a conserved
basic residue, X is variable, F is a conserved hydro-
phobic residue, and invariant residues are shown
in boldface.9,10,27,28 Crystal structures of two ternary
complexes of eIF4E with 7-methyl-GDP and
peptides encompassing the eIF4E binding sites,
derived from eIF4GII or 4E-BP1, revealed that
both peptides recognize a phylogenetically
invariant, partially hydrophobic, partially acidic
surface of the convex dorsum of eIF4E in the
vicinity of Trp73, and share a common mode of
interaction.29 After hyperphosphorylation, the
4E-BPs are no longer able to bind eIF4E, allowing
eIF4F complex formation and translation initiation
to proceed.30 The phosphorylation mechanism was
extensively investigated for 4E-BP1, where at least

Scheme 1. Structures of the 16
methylated cap-analogues. F
denotes the phenyl ring. Protons
which partially dissociate at pH
7.2, are marked with asterisk
(pKa

N(1)-H ,7.24–7.54, depending on
R2, R3, and n 48; pKa

phosph , 6.1–6.5,
depending on n 62).
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six phosphorylation sites were mapped: Thr37,
Thr46, Ser65, Thr70, Ser83 and Ser112 (numbering
for the human protein). Some of the hypo-
phosphorylated forms of 4E-BP1 bind to eIF4E,
but hyperphosphorylation abrogates the inter-
action with eIF4E and enables recruitment of
eIF4G. The ordered, hierarchical model of phos-
phate addition to endogenous 4E-BP1, in which
phosphorylation of Thr37 and Thr46 is followed
by phosphorylation of Thr70 and finally of
Ser65,30,31 is generally accepted, although some
points remain controversial.32 – 34 At issue is the
influence of the Ser65 or combined Ser65/Thr70
phosphorylation on the 4E-BP1 binding to
eIF4E.31,35 Our fluorescence affinity measurements
have been extended to include ternary complexes
which consist of eIF4E, a cap-analogue, and a
synthetic peptide corresponding to the eIF4E
recognition motif from the following mammalian
proteins: eIF4GI, eIF4GII, 4E-BP1, and 4E-BP1
monophosphorylated at Ser65 and diphosphoryl-
ated at Ser65/Thr70. Application of the precise
TST method allowed us to test in a quantitative
way the effects of phosphorylation at Ser65 and
Thr70 on regulation of 4E-BP1 binding to eIF4E,
and the putative cooperation between two binding
sites of eIF4E.36 – 38

Results and Discussion

Methodological aspects

Biophysical analysis of intermolecular inter-
actions aimed at rational design of therapeutic
agents requires reliable measurements of the pro-
tein–ligand association in solution as a necessary
counterpart to high resolution structural studies.
For eIF4E, such consistent information was lacking.
The association constants have been changing sig-
nificantly with each new publication due to several
neglected sources of errors, both experimental and
numerical. First, the lack of quantitative control of
activity of eIF4E14 – 18,20 which is highly unstable
(instability index . 4039). Second, the presence of
practically unremovable contamination of affinity-
purified eIF4E with the cap-analogue that was
used for the elution from the cap-affinity column.
Such eIF4E can be up to 60% m7GTP-bound,
even after application of ionic exchange
chromatography40 or repeated buffer exchange on
a 5 kDa NMWL filter (data not shown). Third,
dilution of a sample in the course of the titration,
“inner filter” effect, and contribution of a free
ligand to total fluorescence, were only partially
eliminated in the previous publications. Dilution
was considered in most of them,14 – 18 while the
inner filter effect and estimated emission of a free
ligand were taken into account properly in the
single paper.18 The results of studies on eIF4E
fused with GST, which molecular mass is com-
parable with that of eIF4E, were useful only for
qualitative interpretation.20

All above-mentioned experimental problems are
rigorously analysed in the current work (see
Materials and Methods for detail). Purification of
eIF4E via refolding from inclusion bodies guaran-
tees that the protein is cap-free. Since eIF4E is a
non-enzymatic protein, it is impossible to deter-
mine the specific activity of each sample from inde-
pendent experiments. We thus introduce the active
protein concentration (Pact) as a free parameter in
the numerical analysis, what requires a novel,
very precise measuring method of fluorescence
quenching. Interactions of the apo-protein with
cap analogues are studied by the TST, yielding the
goodness of fit R 2 ¼ 0.999–0.9999, what assures
the accuracy enough to extract the lacking infor-
mation on the actual protein activity from each
specific titration. For previously frozen samples of
apo-protein, the active fraction decreases down to
,70% or even to ,10%, depending on the
sample volume (12 ml to 10 ml, respectively), but
Kas of the active protein is unaffected. The
inactive fraction aggregates and precipitates, in
spite of low protein concentration of the
stored stock solution (,0.3 mg/ml), the presence
of 10% (v/v) glycerol, 0.5 mM EDTA, and flash-
freezing. This is in contrast to the cap-saturated
eIF4E, which is stabilized by the ligand
(Niedzwiecka, unpublished). The experiments
reported here are performed with freshly prepared
(not frozen) eIF4E, for which the quantity of active
protein varies from 80% to 110% (^12%) of the
concentration estimated from the absorption
spectra.

All fluorescent species in solution are explicitly
included in the numerical analysis. The complete
overlapping of the absorption spectra for eIF4E
and the cap analogues (Figure 2) makes it
impossible to excite the protein selectively. The
emission spectra are also overlapped, therefore the
contribution from the increasing concentration of
the free cap analogues to the total fluorescence in

Figure 2. Absorption (left) and fluorescence (right)
spectra of eIF4E (continuous line, 0.2 mM) and m7GTP
(broken line, 4 mM) at 20 8C. Typical eIF4E fluorescence
quenching spectra upon increasing concentration of
m7GTP (0.7 nM–4 mM). Fluorescence spectra for higher
concentrations of m7GTP exhibit an increasing emission
of free m7GTP present in solution.

618 Biophysical Studies of eIF4E Cap-binding Protein



the course of the titration must not be neglected.
Subtraction of the free cap fluorescence is ground-
less, since the equilibrium concentration of the
free ligand depends on the association constant to
be determined. The spectra overlapping leads to
erroneous attribution of the signal plateau to the
saturation state, while the apparent plateau origi-
nates from two effects that cancel each other out:
the quenching of the intrinsic protein fluorescence
and the increasing emission of the free cap
analogues. As a result, the observed maximal fluor-
escence quenching is different for various cap ana-
logues (Figure 3), and smaller than the calculated
intrinsic eIF4E fluorescence quenching (Q, see
Materials and Methods), which is the same for
different cap analogues (,65%). The association
constants determined from the titration curves
with the neglected free ligand emission would be
erroneous, especially for weakly binding and
strongly emitting ligands. Our method of data
analysis eliminates these problems. Independently,
the previous publications were based mostly on
linearised forms of the equilibrium equation14 – 18

which are not suitable for the analysis of strong
interactions.

The methodological improvements reported
herein afford possibilities for a reliable comparison
of the results for the protein from different purifi-
cation batches, previously frozen or not, from
experiments at different temperatures, ionic
strengths, and pH. The Kas values up to 108 M21,
accompanied by the systematic and self-consistent
structure–affinity relationship, provide an exact,
quantitative test for the proper fold of the
renatured protein. This assures for the first time
that the equilibrium association constants reflect
the true, intrinsic affinity of eIF4E for mRNA 50

cap.

Affinity of cap analogues for eIF4E

Kas values determined in the present studies (at
20 8C, Hepes/KOH (pH 7.2), 100 mM KCl, 1 mM
DTT, 0.5 mM EDTA) varied from 108 M21 for
specific 7-substituted cap analogues to 102 M21 for
7-unsubstituted ligands (Table 1, Scheme 1). The
substantial differences of the Kas values follow
structural modifications of cap, e.g. a 760-fold
reduction of Kas for m3

2,2,7GTP and up to a 5000-
fold drop of Kas for GTP as compared to m7GTP.
The presence of any N(7)-substituent enhances
binding, but the methyl substituent appears to be
optimal. Among several elements important for
specific eIF4E–cap binding, the negative electro-
static charge of the phosphate chain, which
depends both on phosphate number and the
presence of a second nucleotide, is of primary
importance. The decrease of Kas with single step-
wise reduction of the phosphate chain in the series
of 7-methylated mononucleotides is followed by
the same changes of Kas for the unmethylated
compounds (,five and ,25-fold for removal of
the g-phosphate and the b-phosphate, respect-
ively). Removal of the a-phosphate leads to a
drastic fall of Kas, which is 175-fold lower for m7G
than that of m7GMP.

The dinucleotide triphosphate cap analogues
also bind to eIF4E less strongly (,20-fold) than
m7GTP. The identity of the second base seems to
be of minor importance. Generally, either base of
the dinucleotide cap analogues penetrate the bind-
ing slot of eIF4E, but since the association constants
of unmethylated molecules are far lower than
those of the methylated ones, such dual binding is
negligible for asymmetrical cap analogues. By
contrast, for symmetrical molecules (m7Gpppm7G,
m7Gppppm7G and GpppG) the observed Kas must
be divided by two because of entropic effects.
Only this normalized Kas represents a true micro-
scopic association constant Kas

(micro), reflecting the
intrinsic stabilization energy of the complex. The
macroscopic Kas, however, corresponds to the
effective biological potency of the cap analogues.

Recently, the eIF4E–m7GpppG binding affinity
was fluorometrically studied in context of cell
growth suppression by the promyelocytic leu-
kemia protein.41 The association constant resulting
from these studies was 0.83(^0.14) £ 106 M21

(23 8C, pH 7.5, 300 mM KCl). The Kas value deter-
mined by us for m7GpppG is 7.39(^0.46) £
106 M21 (20 8C, pH 7.2, 100 mM KCl, Table 1) and
5.13(^0.81) £ 106 M21 at elevated temperature
(24.4 8C, pH 7.2, 100 mM KCl; Niedzwiecka,
unpublished). According to the dependences dis-
cussed below, the pH-shift and especially electro-
static screening upon elevation of KCl
concentration from 100 mM to 300 mM attenuate
the eIF4E–m7GpppG binding ,sixfold. Therefore,
we would expect Kas in the range of 0.8 to
1 £ 106 M21 under the same experimental con-
ditions as used by the Borden’s group,41 in an
agreement with their results.

Figure 3. Titration curves for m7GTP (B), m7GpppG
(A), and m3

2;2;7GTP (X) at 20 8C, and fitting residuals.
An increasing fluorescence signal at higher cap concen-
trations originates from the free-cap emission.
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Binding affinity versus inhibitory properties of
cap analogues

In the pioneering work of Carberry et al.,14 the
association constants of two fundamental cap ana-
logues, m7GTP and m7GpppG, for eIF4E from
human erythrocytes purified by cap-affinity chro-
matography were determined as 3.87 £ 105 M21

and 3.70 £ 105 M21, respectively (23 8C, pH 7.6,
without KCl). Similar Kas values in the range of
105 –106 M21 were reported for recombinant
human eIF4E purified by the same method.15 – 18 In
these studies also no essential difference in affinity
between m7GTP and m7GpppG was observed.
While the association constants reported here are
at variance with these data, they are very close to
those obtained in our earlier work on recombinant
full length human eIF4E, which was also purified
via refolding from inclusion bodies without any
prior contact with cap19 (Table 1). These Kas values
are up to 500-fold higher than those reported
previously. Furthermore, our data reveal large
affinity differences among cap analogues posses-
sing different functional groups. The affinities
represented by our Kas values correspond well to
the inhibitory properties of the cap analogues
observed in a rabbit reticulocyte lysate (Figure 4).
In a kinetic model developed for the in vitro trans-
lational system,21,42,43 the inhibition constant (KI)
was determined as the overall dissociation con-
stant of the cap analogue from the 48 S initiation
complex. Results of both approaches, biophysical

and biochemical, point out the significance of the
same structural features of the cap responsible for
specific recognition, e.g. the presence and type of
N(7)-substituent of guanine, the negative charge
density in the phosphate chain, and the N2 amino
group with at least one proton capable of forming
a hydrogen bond. Interestingly, the observed
values of KI are ,100 times greater than those of
1/Kas, for all cap analogues. This apparently larger

Table 1. Binding free energies (DG8) and equilibrium association constants (Kas) for various eIF4E–cap analogue com-
plexes, at 20 8C

Cap analogue
Murine eIF4E (28–217) Human eIF4E

DG8 (kcal/mol) Kas £ 1026 (M21) Kas £ 1026 (M21)

m7GTP 210.779 ^ 0.021 108.7 ^ 4.0 97 ^ 30a 1.17 ^ 0.12b

m7GDP 29.804 ^ 0.043 20.4 ^ 1.5
m7GMP 27.922 ^ 0.048 0.806 ^ 0.067
m7G 24.91 ^ 0.15 0.0046 ^ 0.0012

et7GTP 29.412 ^ 0.048 10.41 ^ 0.86
bz7GTP 29.718 ^ 0.014 17.59 ^ 0.43
p-Cl-bz7GTP 210.260 ^ 0.050 44.6 ^ 3.8

m2
2,7GTP 210.013 ^ 0.048 29.2 ^ 2.4

m3
2,2,7GTP 26.91 ^ 0.33 0.143 ^ 0.080

m7Gppp20OmG 29.262 ^ 0.037 8.04 ^ 0.51
m7GpppG 29.213 ^ 0.036 7.39 ^ 0.46 9.6 ^ 0.8a 0.69 ^ 0.07b

m7GpppA 28.947 ^ 0.065 4.68 ^ 0.52
m7GpppC 28.703 ^ 0.096 3.08 ^ 0.51 4.8 ^ 0.4a 0.48 ^ 0.05b

m7Gpppm7G(micro)c 28.431 ^ 0.085 1.93 ^ 0.28
m7Gpppm7G(macro)c 3.86 ^ 0.56

m7GppppG 210.746 ^ 0.025 102.8 ^ 4.4
m7Gppppm7G(micro)c 29.887 ^ 0.035 23.5 ^ 1.4
m7Gppppm7G(macro)c 47.0 ^ 2.7

GTP 25.808 ^ 0.027 0.0214 ^ 0.0010
GDP 24.950 ^ 0.059 0.0049 ^ 0.0005
GMP 23.09 ^ 0.90 0.0002 ^ 0.0003
GpppG(micro)c 24.938 ^ 0.049 0.0048 ^ 0.0004
GpppG(macro)c 0.0095 ^ 0.0007

a Values for refolded full length human eIF4E.19

b Values for m7G-affinity purified full length human eIF4E.18

c Microscopic and macroscopic association constants, see the text for details.

Figure 4. Correlation between inhibition constants KI

of the cap analogues obtained from in vitro translation
(at 30 8C; data from Cai et al.21), and their fluoro-
metrically measured equilibrium association constants
Kas (at 20 8C; macroscopic Kas values were used for the
symmetrical cap analogues, see the text). Correlation
coefficient r2 ¼ 0:795:
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amount of cap analogue required to inhibit trans-
lation in vitro than that necessary to displace eIF4E
from the mRNA cap most likely arises from the
following reasons. As opposed to HeLa cells,44 the
eIF4E concentration in reticulocyte lysate is not
limiting for translation, and the majority of eIF4E
is not engaged in this process.45 The assumption
underlying the determination of KI values, that
eIF4E concentration is negligible in comparison
with that of a competitive inhibitor,43 is not
applicable here. The concentration of eIF4E is up
to 50-fold higher than previously thought,46 so
much more than a 50-fold higher cap analogue
concentration is required to inhibit translation
due to the quadratic form of the equilibrium
equation. Besides, protein synthesis results from
a large number of catalytic reactions and
depends not only on the eIF4E activity. In the in
vitro experiments, the mRNA binding activity of
eIF4F complex is enhanced by the presence of
eIF4G.47

Parsing the free energy of binding: energetic
cost of 7-substituent alteration

A comparison of standard Gibbs free energies of
binding (DG8) rather than that of association con-
stants reflects the biophysical basis of the ligand
affinity for the protein (Table 1). Contributions to
DG8 of single structural modifications of the cap
are defined in Table 2. The presence of each type
of substituent at the N(7) position of the guanine
moiety produces a comparable effect on the eIF4E
binding enhancement, in comparison with the non-

substituted cap analogue, by DDG8 of 23.6 to
25 kcal/mol (1 cal ¼ 4.184 J). The main gain of
the stacking energy is reached irrespective of the
nature of the substituent. This indicates that the
resultant positive charge at 7-methylguanine and
not N(7)-substitution itself is of primary impor-
tance, and the enhanced cation–p stacking is
crucial for the binding. The only direct interaction
involving the 7-methyl group is a nonspecific van
der Waals contact with Trp166 in the complex
with m7GDP (3.93 Å, Figure 1(a)), which is lost in
the complex with m7GpppG (4.17 Å, Figure 1(b)).
Replacement of the methyl group for larger sub-
stituent (ethyl, benzyl) can cause steric hindrance,
and can interfere with creation of the water-
mediated hydrogen bonds stabilizing the a-phos-
phate. Thus, it is energetically unfavourable by
DDG8 of þ0.5 to þ1.4 kcal/mol.

Contributions of the phosphate groups

Data in Table 2 show a clear accordance of the
DDG8 values related to the phosphate interactions
between two series of compounds: 7-methylated
and nonmethylated guanosine phosphates.
Addition of the phosphate groups one after
another is accompanied by formation of direct or
water-mediated hydrogen bonds and salt bridges,
yielding the same free energies in the two groups
of compounds. This finding shows that there is no
influence of the positive charge resulting from
N(7)-methylation on the charge distribution at the
phosphate chain. DDG8 for each step agrees with
the number of intermolecular contacts revealed by

Table 2. Changes in the standard Gibbs free energy (DDG8) on eIF4E binding to the structurally modified cap ana-
logues, at 20 8C

Structural alteration (DDG8 (kcal/mol))

Replacement of N(7)-methyl for larger substituents: DDG8 ¼ DG8(x7GTP) 2 DG8(m7GTP)
m ! x: m ! et m ! bz m ! p-Cl-bz
x7GTP þ1.37 ^ 0.05 þ1.06 ^ 0.03 þ0.52 ^ 0.05

Methylation at N(7) for n phosphate groups: DDG8 ¼ DG8(m7Gpn(G)) 2 DG8(Gpn(G))
n: 1 2 3
Gpn ! m7Gpn 24.83 ^ 0.90 24.85 ^ 0.07 24.97 ^ 0.03
GpnGa ! m7GpnG 24.28 ^ 0.06

Addition or alteration of the second nucleoside: DDG8 ¼ DG8(m7GpnY) 2 DG8(m7GpnX)
X ! Y none ! G G ! m7Ga G ! A G ! C G ! 20OmG
m7Gp3X ! m7Gp3Y þ1.57 ^ 0.04 þ0.78 ^ 0.09 þ0.27 ^ 0.07 þ0.51 ^ 0.10 20.05 ^ 0.05
m7Gp4X ! m7Gp4Y þ0.86 ^ 0.04
Gp3X ! Gp3Y

a þ0.87 ^ 0.06

Successive addition of the 50-phosphate groups: DDG8 ¼ DG8(n þ 1) 2 DG8(n)
n ! n þ 1: 0 ! 1 1 ! 2 2 ! 3 3 ! 4
m7Gpn 23.01 ^ 0.16 21.88 ^ 0.06 20.98 ^ 0.05
Gpn 21.86 ^ 0.90 20.86 ^ 0.07
m7GpnG 21.53 ^ 0.04
m7Gpnm7Ga 21.46 ^ 0.09

Successive addition of the N2-methyl groups: DDG8 ¼ DG8(n þ 1) 2 DG8(n)
n ! n þ 1: 0 ! 1 1 ! 2
mn

2,2m7GTP þ0.77 ^ 0.05 þ3.10 ^ 0.33

a For symmetrical cap analogues DDG8 calculated from the microscopic association constant Kas
(micro), see the text for details.
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the crystallographic structures of the eIF4E–cap
complexes (Figure 1). The a-phosphate forms a
direct salt bridge with Nx2 of Arg157 as well as
three indirect hydrogen bonds with N11 of Trp102,
N11 of Trp166 and Nx2 of Arg112 via five water
molecules trapped in the cavity of the binding
centre. All water-mediated hydrogen bonds satisfy
a requirement of tetraedral geometry of the water
molecules and the Pa-oxygen anion. These five
bridging water molecules support the same
hydrogen-bonded network both in the eIF4E–
m7GDP complex11 and the eIF4E–m7GpppG
complex, and are present also in the crystallo-
graphically independent second complexes in the
asymmetric units. The total free energy of the a-
phosphate stabilization is DDG8 ¼ 23.01(^0.16) -
kcal/mol (Table 2). The b-phosphate group makes
a salt bridge with Nz of Lys162 and a hydrogen
bond with N1 of Arg157, with total
DDG8 ¼ 21.88(^0.06) kcal/mol, i.e. about
20.94 kcal/mol per one direct bond. This indicates
average DDG8 of about 20.7 kcal/mol per one
water-mediated hydrogen bond in case of the
a-phosphate. The latter value is slightly less than
the typical magnitudes of hydrogen bonds and
salt bridges in a solvent accessible region
in proteins (21.3(^0.6) kcal/mol)53,54 due to the
entropic cost of ordering the water molecules. The
g-phosphate of m7GpppG is stabilized by an
additional, bifurcated salt bridge with Nz of
Lys206 of a similar energy about 20.92 kcal/mol
(Figure 1(b)).

Extension of the phosphate chain by the
d-moiety in the dinucleotide cap analogues gives
an energetic gain of about 21.5 kcal/mol, what
cancels out the energetic cost of the second guano-
sine addition to m7GTP (Table 2). Most likely
the d-phosphate is additionally bound, and the
entropic cost due to loss of some conformational
degrees of freedom of the second nucleoside par-
tially cancels the stabilization effect. However, it is
also likely that the d-phosphate does not interact
directly with eIF4E, but the four-membered chain
secures the necessary conformational freedom for
the unbound second nucleoside, enabling the
remaining m7Gppp-part of the cap to bind more
tightly. Thus, the presence of the d-phosphate in
m7GppppG restores the affinity for the dinucleo-
tide cap analogue (DG8 ¼ 210.779(^0.021) kcal/
mol) to the same level as for m7GTP (DG8 ¼
210.746(^0.025) kcal/mol).

General separation of the binding free energy

The binding free energy of the 7-methylated ana-
logues association with eIF4E appears to be totally
separated into two groups of interactions: stacking
together with hydrogen bonding and binding
through the phosphate groups (Figure 1, Table 1).
Irrespective of the level of the cap analogue phos-
phorylation, methylation at N(7) is accompanied
by almost constant binding free energy change,
DDG8 about 24.9 kcal/mol (Table 2). Surprisingly,

the measured values of DG8 satisfy the relationship:
DG8(m7Gpn) ¼ DG8(m7G) þ DG8(Gpn), for n ¼ 1, 2
or 3. This means that the 7-methylguanosine bind-
ing is separate from binding of the phosphate
chain. The possible entropic cost arising from a
change in the degrees of freedom due to linkage
of the two moietes is either negligible or can be
partially cancelled out if the bound phosphate
groups facilitate to some extent penetration of the
cap-binding slot by m7G. The resultant effect is,
however, below the best experimental accuracy:
d(DG8(m7Gpn) 2 DG8(m7G) 2 DG8(Gpn)) ¼ ^0.16
kcal/mol. The total binding free energy of
7-methylguanosine, DG8(m7G) ¼ 24.91(^0.15) kcal/
mol (Table 1), is the same as DDG8 resulting from
methylation at N(7) (Table 2), which demonstrates
that the ribose does not contribute to the complex
stabilization. The 3D structures show only one
nonspecific van der Waals contact between the
ribose and Trp56 (Figure 1).

The stabilization energy of the GMP–eIF4E,
GDP–eIF4E and GTP–eIF4E complexes originates
only from the interactions involving the phosphate
groups, independently pointing to the minute role
of the ribose in stabilization of the complex. It is
directly seen from the comparison of the total bind-
ing energy, DG8(GMP) ¼ 23.09(^0.90) kcal/mol
(Table 1), with the contribution of the single
a-phosphate (Table 2). These findings reveal that
although unmethylated guanosine phosphates are
potentially capable of forming three Watson–Crick
like hydrogen bonds, such bonds are not created.
It is only when the guanine moiety is 7-substituted
that the hydrogen bonds are formed. As shown
above, the positive charge at m7G determines the
cap affinity for eIF4E being a cause of the stacking
enhancement. Hence, the most striking conclusion
is that the cation–p stacking enhancement is a pre-
condition for the hydrogen bond formation, and a
double role should be attributed to the presence of
the conserved tryptophan residues 56 and 102 in
the eIF4F binding site: stabilization of the 7-methyl-
guanine ring by stacking itself and enabling
7-methylguanine to form the hydrogen bonds
with the carboxylate oxygen atoms of Glu103 and
the backbone amino group of Trp102 (Figure 1).
Consequently, the system of m7G–eIF4E works
according to the “all-or-nothing” rule.

This mechanism elucidates why compounds
containing unmethylated guanine moiety, poten-
tially capable of forming three hydrogen bonds
involving O6, N(1) and N2, do not competitively
inhibit translation21 and are unable to bind eIF4E
as well as an other cap-binding protein, the
mRNA 50 cap-specific viral methyltransferase
VP39.49,50 Enhanced stacking of the methylated,
positively charged bases with two parallel aro-
matic side chains of VP39 (Tyr22 and Phe180)
plays a dominant role in the cap-recognition,49 and
hydrogen bonding is of secondary importance.51

The structural requirements for the specific cap
recognition were qualitatively examined by means
of the fluorometric titration applied to GST-fused
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eIF4E and His-tagged VP39, with the mutated cap-
binding sites.20 Although VP39 and eIF4E do not
share a common phylogenetical ancestor, they use
a similar mode of cap binding.

Energetic cost of the second nucleoside
addition and modification

All of the dinucleoside triphosphates bind to
eIF4E less strongly than m7GTP, by DDG8 of þ1.6
to þ2.4 kcal/mol, and even with lesser strength
than m7GDP (Tables 1 and 2). The decreased
affinity seems to suggest that the second nucleo-
side does not bind to eIF4E directly. Independently
from the affinity studies, the same conclusion
arises from the cocrystal structure of m7GpppG
bound to eIF4E. Figures 1(b) and 5 show the only
part of m7GpppG, which can be detected from the
crystallographic data. The three phosphate groups
are bound, while there is no defined electron
density for the second guanosine. Hence, the
m7Gppp-part of the mRNA 50 end is the crucial
structural element for recognition by eIF4E.

The presence of the unbound fragment can
destabilize the remaining intermolecular contacts
of the cap. Addition of the second guanosine to
GTP gives disadvantageous entropic effect by
DDG8 of about þ0.9 kcal/mol, while the second
guanosine attached to m7GTP results in DDG8
about þ1.6 kcal/mol (Table 2). This larger value,
together with our finding that GTP is bound only
through the phosphate groups, indicates that the
interactions of the 7-methylguanine moiety in
m7GpppG are also disturbed by the unbound
second nucleoside “hanging” on the phosphate
chain, by DDG8 of about þ0.7 kcal/mol. Compari-
son of the cocrystal structures of eIF4E bound to
m7GDP and m7GpppG shows clearly that two
hydrogen bonds with Glu103 (donor–acceptor
distances . 3 Å) and the van der Waals interaction
of the 7-methyl group with Trp166 (distance . 4 Å)
are indeed destabilized (Figure 1). Since only the
m7Gppp-part is responsible for stabilization of the
m7GpppG–eIF4E complex, ordering of the larger,
dinucleotide molecule by means of the same but
attenuated interatomic contacts as for the mono-
nucleotide is energetically less favourable. Weaker
binding of the dinucleotide, that resembles the
natural capped mRNA better than m7GTP, may
seem contraintuitive. It should be stressed how-
ever, that there are three independent, experimetal
proofs: the in vitro inhibition studies,21 the current
binding studies, and the X-ray data. These results
confirm the suggestion that “clamping” by the
putative phosphate bridge between Ser209 and
Lys159 is needed to keep the longer mRNA chain
tightly in place after 50 cap–eIF4E binding.52

Stronger affinity of the dinucleotide is by no
means the obvious requirement.

Methylation of the second guanine at N(7)
decreases the affinity of tri- and tetraphosphate
dinucleotide caps to the same extent, DDG8 about
þ0.8 kcal/mol, consistent with attenuation of the

negative charge of the phosphate chain (see
below) and, at least partially, with the entropic
cost of ordering the larger molecule. Exchange of
the second base for adenine or cytosine is ener-
getically less favourable. A minute advantageous
effect in comparison with m7GpppG appears after
methylation of the second ribose at O(20), which is
however in the range of the experimental error.

Energetic cost of methylation of the
N(2)-amino group

Large DDG8 of þ3.1 kcal/mol that accompanies
substitution of the second amino-proton for the
methyl group at N2 of guanine, points to disrup-
tion of possibly more than one hydrogen bond
between eIF4E and the cap. If one subtracts the
steric and hydrophobic costs (DDG8 of about
þ0.8 kcal/mol, as observed for the methyl substi-
tution of the first amino-proton, Table 2), the
resulting energy (about þ2.3 kcal/mol) suggests
breaking of not only the Glu103–COO· · ·HN2 –

Figure 5. Experimental electron density map for
m7GpppG bound to murine eIF4E. The second nucleo-
side could not be detected by crystallography.
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m7GTP hydrogen bond but also the second hydro-
gen bond, Glu103–COO· · ·HN(1)–m7GTP, most
likely due to steric effects of the bulk dimethyl-
amino group, which can move the acceptor group
of Glu103 away.

Electrostatic effects and osmotic stress upon
eIF4E–cap binding

The experimentally observed equilibrium
binding constant depends on the environmental
variables, i.e. ionic strength, osmolality, and the
pH value of the solution.55 – 57 In order to complete
the DG8 parsing, eIF4E–cap interaction had to be
examined regarding the salt effects.58 This has
been performed in two complementary ways:
according to (1) Davies-Stockes-Robinson electro-
static screening theory59,60 and (2) stoichiometric
Wyman linkage analysis.61

(1) At elevated KCl concentration the interaction
is strongly attenuated (Figure 6). Screening by
ionic strength (I ) of the electrostatic attraction
between eIF4E and the cap analogues of increasing
negative charges, i.e. m7GDP, m7GpppG, m7GTP
and m7GppppG, is qualitatively shown as a linear
function of I 1/2 (Figure 6, inset), on the basis of
the simple Debye–Hückel limited law (aj ¼ 0,
DN ¼ 0). The negative slope of the regression line
is approximately proportional to the charge at the
phosphate chain, assuming that the terminal phos-
phate groups in the mononucleotide cap analogues
are not fully ionized at pH 7.2 (pKa

phosph , 6.1–
6.562). Monovalent cations were reported to signifi-
cantly increase in vitro translation in rabbit
reticulocyte lysate, and Kþ appeared to have the
most suitable radius to support translation.63 As
the efficiency of eIF4E–mRNA 50-cap binding
decreases at higher Kþ concentration, the positive

effect caused by Kþ should rather be attributed to
the regulation of other translation components.

An extended analysis, including finite dimen-
sions of the interacting molecular spheres and the
hydration effects revealed by the osmotic stress,
has been performed for m7GpppG (Figure 6). The
optimal result has been obtained within Davies
approximation for the effective ionic diameter
aj ¼ 8 Å, which describes the sum of the radii of
the interacting species, i.e. three-membered phos-
phate chain of m7GpppG and the group of four
positively charged amino acid residues localised
at the entry of the eIF4E cap-binding slot
(Arg112, Arg157, Lys162 and Lys206, Figure 1).
The product of mutually attracting charges is
z1z2 ¼ 211.54 ^ 0.95 e. Previous studies show that
the resultant protein charge is only þ0.58 e, while
a dipole moment is substantial (579 D).64 Hence,
the cap recognizes directly the binding site of
eIF4E and not the protein as a whole, and the
charge localized on the guanine moiety does not
by itself play any important role in the first step of
the encounter. The negatively charged phosphate
chain serves as a molecular anchor, enabling the
cap to form further contacts within the binding
site. These data provide us with the molecular
interpretation of the free energy separation (Table
2), and the two-step mechanism observed for the
cap–eIF4E association by means of stopped-flow
spectroscopy.64 The first step can be now attributed
to the anchoring the phosphate group on the
external basic amino acid residues, and the second
step to the cooperative interactions deeply inside
the m7G-binding slot, i.e. cation–p stacking and
hydrogen bonding with Trp56, Trp102 and Glu103.
As all these residues are located at the flexible
loops,11 this second step of the complex formation
is expected to involve a conformation change. The
two-step model could be verified by mutant analy-
sis, a mirror reflected methodological approach to
the current cap analogue studies. The mutations
eliminating all phosphate interactions should
yield the equilibrium Kas for m7GTP close to that
for m7G (Table 1) and considerably decrease the
kinetic encounter rate constant kþ1. The complete
cap-slot mutations should retain only the phos-
phate binding affinity, with Kas as for GTP and
the kþ1 unchanged. However, some mutations of
crucial residues can change not only the nature of
amino acid residues, but also the internal structure
of the protein (local or even global fold), thus
obscuring the investigated effect. By contrast, the
studies based on the cap analogues, where each
chemical alteration can be individually controlled,
are free from such pitfalls.

The analysis of electrostatic screening confirms a
biological role of a putative phosphate bridge
connecting Ser209 with Lys159. It is thought to
“clamp” the previously bound mRNA chain52

when eIF4E is phosphorylated by the eIF4G-asso-
ciated Mnk1 kinase.65,66 As the phosphate chain of
the cap is electrostatically steered toward the bind-
ing site, the mechanism of a “clamping cycle”,

Figure 6. Determination of hydration number DN from
KCl-dependence of the eIF4E–m7GpppG complex for-
mation, at 20 8C. Analysis according to electrostatic
screening theory (continuous line) and stoichiometric
cation release with the cation number c ¼ 1 (broken
line). Debye–Hückel analysis for four selected cap-ana-
logues with increasing negative charges shown in the
inset.
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where the phosphorylation happens after the cap–
eIF4E binding,52 is most likely. Otherwise, if the
phosphorylation at Ser209 occurred prior to the
cap binding, it would attenuate the electrostatic
attraction between eIF4E and the cap. Therefore,
the affinity of the cap to the previously phosphoryl-
ated protein would be decreased. Recent data
showing the effect of eIF4E phosphorylation on
cap–eIF4E affinity67 support this conclusion.

Molecular crowding of the solution causes a
shortage of the free water molecules. The Kas at
elevated salt concentration decreases more than it
could be explained by electrostatic screening only,
indicating that the binding of the cap to eIF4E
requires additional hydration of the molecular sur-
faces. It should be noted that, although the activity
of water at the maximal salt-concentration in
the present study was not very far from unity
(aw , 0.97 at 0.5 M KCl), the hydration effects
appear quite distinctly, and the considerable
number of water molecules that are taken up to
the cap–eIF4E complex has been detected:
DN ¼ 68 ^ 16.

The association constant of m7GpppG extrapo-
lated to the optimal conditions, i.e. without electro-
static screening and osmotic stress, is Kas(0) ¼
1.12(^0.18) £ 109 M21. It is 150-fold greater than
Kas measured in 100 mM KCl, and is an evidence
of the strong electrostatic contribution to eIF4E–
cap binding. On the other hand, the association
constant extrapolated to the pseudostandard state
of 1 M KCl is Kas(1) ¼ 4.8(^1.9) £ 104 M21. In spite
of strong electrostatic screening, the intrinsic
thermodynamic preference of eIF4E for the methyl-
ated cap is still efficient. This completely screened
interaction of eIF4E with m7GpppG at 1 M KCl
has exactly the same association constant as m7G,
the analogue insensitive toward electrostatic inter-
actions, Kas(m

7G) ¼ 4.6(^1.2) £ 104 M21 (Table 1).
Hence, at ionic strength of 1 M all the interactions
with the phosphate groups are lost.

(2) In terms of Wyman linkage analysis, stoichio-
metrical ionic interactions are taken into account in
the same manner as excluded volume effects. In
our case, the most probable processes accompany-
ing eIF4E–cap binding are cation (Kþ) release
from the phosphate chain of the cap analogue and
a change of preferential hydration:

cap†ðcKþÞ þ eIF4E þ DNH2O Y cap†eIF4E†ðDNH2OÞ þ cKþ

where c is the number of Kþ released from the
ligand, c ¼ 0.826 ^ 0.092 (Figure 6), indicating that
possibly one Kþ is displaced from the phosphate
chain of m7GpppG upon binding to eIF4E. Cation
release (polyelectrolyte effect) was extensively
studied for the entropy-driven B-DNA interactions
with oligocations55 Large contribution of the
counterions displacement into bulk solvent was
also reported for anthracycline antibiotic binding
to DNA.8 Because the cap analogues lacked
substantial axial charge distribution, such as that
observed in the helical B-DNA polyanion, the

cation dilution effect is much less pronounced.
The contribution of the electrolyte effect to the
stability of the m7GpppG–eIF4E complex at
100 mM KCl is DG8el ¼ 21.53(^0.15) kcal/mol, in
comparison with the total free energy of
m7GpppG binding upon these conditions,
DG8 ¼ 29.213(^0.036) kcal/mol (Table 1), so the
entropic contribution to the association driving
force, resulting from the cation release, is rather
moderate. The association constant calculated
from the stoichiometrical model and extrapolated
to 1 M KCl is the same as that derived from
the approach of the continuous screening,
Kas(1) ¼ 4.45(^0.34) £ 104 M21. Relatively high
Kas , 104 of m7GpppG at 1 M KCl distinguishes
our cap–eIF4E system from the counterion
release-driven DNA–oligocation system, for
which the corresponding value was within an
order of magnitude with unity.55

The number of water molecules that have to be
taken up is DN ¼ 95 ^ 18. Keeping the constant
value of c ¼ 1 does not cause significant worsening
of the fit, according to the Snedecor’s F-test
(P ¼ 0.11), and gives DN ¼ 63.5 ^ 9.3. Both of
these values agree within the numerical accuracy
with DN derived from the complementary model
of electrostatic screening, so the two theoretical
treatments indicate the same extent of water par-
ticipation in the cap binding event. In respect of
the direct interaction with the electrolyte, the
Snedecor’s F-test determines that the screening
theory is better (R 2 ¼ 0.9967) than the cation
release approach (R 2 ¼ 0.9906 for c ¼ 1), on the
significance level of P ¼ 0.0155. Hence, the descrip-
tion in terms of continuous screening by the ionic
atmosphere of the excess salt is more relevant.
The possible stoichiometric interaction with the
counterion contributes to the screening, and
additionally provides the advantageous entropic
effect to the binding.

Significance of the electrostatic forces in kinetics
of the eIF4E–cap complex formation was also
shown by the fluorescence stopped-flow
measurements.64 The association rate constant kþ1,
measured experimentally and confirmed by
Brownian dynamics simulations, was markedly
diminished by the ionic strength, while the
dissociation rate constant k21 was slightly
increased. However, the estimated rate constants
kþ2 and k22 of the internal rearrangement of the
initial complex were also ionic strength-dependent
and this could not be explained when neglecting
the excluded volume effects. Now, in light of
the osmotic stress analysis, we can explain the
decrease of the second-step rate constant kþ2 and
the increase of k22 in terms of the conformational
change, upon which the significant number of
water molecules have to hydrate the protein
surface.

For several years increasing attention was paid
both to hydration changes and ion exchange
that can accompany ligand binding by the
proteins that show simultaneous conformational
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changes,56,68 – 70 e.g. the hydration of hemoglobin by
60–65 water molecules and the release of one
chlorine anion occur with the transition from the
deoxy T to fully oxygenated R state.57 Recently, it
was shown that DNA binding of various intercala-
tors was accompanied by the uptake of 0–30
water molecules.71 On the other hand, the entropy-
driven association of lac repressor to lac operator
DNA is accompanied by the release of ,200
water molecules.72 In our cap–eIF4E system, the
additional hydration is similar to that for the
hemoglobin oxygenation. The number of water
molecules (,65) taken up from the bulk solvent is
much greater than that inside the cap-binding
centre, found by crystallography (9 and 16, in the
complex with m7GDP11 and m7GpppG, respec-
tively), and refers to changes in the first-layer
hydration shell of the molecular surfaces.73 Such
extensive hydration of eIF4E would respond to
exposure of additional ,450 Å2 of the molecular
surface area to contact with water.57,69 It is con-
sistent with other evidences of a substantial confor-
mational change of eIF4E, i.e. the rearrangement of
the encounter complex,64 the profound (,65%)
quenching of the intrinsic fluorescence of eIF4E
upon cap binding, significantly different fluor-
escence quenching patterns when comparing
interactions of apo-eIF4E and cap-saturated eIF4E
with the 4E-BP1 and eIF4G peptides (see below,
Figure 9, Table 3), and deaggregation of eIF4E (resi-
dues 33–217) forced by the cap analogues binding
(Dynamic Light Scattering data; Niedzwiecka,
unpublished).

Ionic equilibria in eIF4E–cap complex

7-Methylguanosine is a mixture of positively
charged and zwitterionic forms due to dissociation
of N(1)–H (pKa, ,7.24–7.5448). The pKa drop by
,2 units upon 7-substitution of guanosine was
suspected to have a biological significance, and
the zwitterionic form was initially postulated to be
responsible for interaction with eIF4E.14,74 In con-
trast, structural data indicated that the cationic
form of m7GDP binds to eIF4E, because of the
spatial distances suitable for a hydrogen bond
between Glu103 and N(1)–H (PDB accession no:
1EJ1, 1AP8).11,12,29 However, the N(1)–H proton
was not directly observed during the NMR
experiment,12 so the issue is still not entirely
resolved.

In the present study, the affinity of eIF4E for
m7GTP as a function of pH (Figure 7(a)) has the
optimum at pH 7.24 ^ 0.13, close to the physio-
logical pH of 7.4, and lower than pH 7.6 reported
for the full length eIF4E purified by m7G-affinity
chromatography.14 The pH-dependence of Kas is
rather flat, providing a wide pH-range of efficient
cap–eIF4E binding. From the Wyman model,61

two effective acidic dissociation constants have
been determined: pKL ¼ 7.99 ^ 0.14 for N(1)–H of
the cap in the presence of eIF4E, and pKp ¼
6.49 ^ 0.13 for the hydroxyl group of Glu103 in

the presence of the cap (the errors are numerical;
the real accuracy is closer to 1 pK unit due to sim-
plicity of the model). The elevated effective pKL

shows that m7G exists in a cationic form in the
eIF4E-bound state and donates N(1)–H proton for
the hydrogen bond with the deprotonated carboxyl
group of Glu103, what is consistent with the
structural data. Hence, the decrease of pKL upon
7-methylation is partially cancelled by the protein
microenvironment. The entirely different affinity
of the 7-methylated nucleotides versus their
unmethylated counterparts results from different
stacking ability (see above), and does not arise
from different acidic/basic properties as was
suggested previously.14,74

Thermodynamics

The temperature dependence of association con-
stant for m7GTP (Figure 7(b)) provides the thermo-
dynamic parameters of the binding. The strong
specific interaction between eIF4E and m7GTP is
unambiguously connected with a high enthalpy of
association, DH8 ¼ 217.76(^0.86) kcal/mol. The
binding is entropy-opposed with the resultant
DS8 ¼ 223.6(^2.9) cal/mol K, in spite of the
conducive entropic contribution resulting from

Figure 7. (a) Binding of m7GTP to eIF4E as a function
of pH, at 20 8C. (b) van’t Hoff plot for eIF4E–m7GTP
complex formation, at pH 7.2. The dashed lines indicate
95% confidence interval of the regression line.
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displacement of one Kþ from the three-membered
phosphate chain. Such contribution for m7GTP is
expected to be not less than that for m7GpppG,
DS8el ¼ þ5.22(^0.51) cal/mol K, due to the
presence of an additional possible Kþ-binding site
at the unblocked edge of the mononucleotide cap
analogue. Examination of the van’t Hoff plots for
interactions between eIF4E and other mono- and

dinucleotide cap-analogues shows that they are
also mainly enthalpy-driven in the range of
studied temperatures (Niedzwiecka, unpublished
results).

Cooperativity in ternary peptide–eIF4E–
cap complexes

Binding of the eIF4GI, eIF4GII or 4E-BP1 pep-
tides to the convex dorsal surface of eIF4E leads to
quenching of the protein intrinsic fluorescence,
primarily due to interaction between Trp73 of
eIF4E and three amino acid side chains of the
peptides.29 To check whether cap-binding and
4E-BP/eIF4G-binding are cooperative, we have
performed cross-titration experiments with each
peptide (Figure 8). Irrespective of the succession
of the cap and the peptide added, the total final
quenching after saturation of both eIF4E-binding
sites is always identical. However, the partial
quenching (Q ) of the total initial fluorescence
signal, which corresponds to saturation of one of
the eIF4E binding sites, with and without the
prior saturation of the other, is different (Figure 9,
Table 3). The fluorescence quenching upon titration
with m7GTP of the peptide-saturated eIF4E is
,60%, while the apo-protein reveals ,65% of
quenching. The quenching resulting from the
peptide binding is ,12% for m7GTP-saturated
eIF4E and ,19% for the apo-protein. The differ-
ences between Q(apo) and Q(sat) are ,3% for the
unphosphorylated 4E-BP1 peptide, ,9% for the
phosphorylated 4E-BP1 peptides and ,7% for
eIF4G peptides. This succession- and structure-
dependent behaviour of the quenching patterns
supports our previous conclusions pointing to the
conformational change of eIF4E upon cap binding,
and a possible conformational change upon the
peptide binding.

The fluorometrically determined values of the
association constants have been used to address
the cooperativity problem by a direct quantitative
comparison. All the eIF4E–peptide Kas are in the
order of 107 M21 (Table 3). The Kas values for bind-
ing of cap-saturated eIF4E to eIF4GI and eIF4GII

Figure 8. A typical time-course of fluorescence inten-
sity for cross-titration experiment. Ternary cap–eIF4E–
peptide complexes were formed via TST of apo-eIF4E (i)
with the peptide and next with the cap (A; 0–5 minutes,
initial baseline; 6–38 minutes, titration with eIF4GI pep-
tide; 39 minutes, intermediate baseline; 40–71 minutes,
titration with m7GTP; 72–76 minutes, final baseline),
and (ii) in the reverse sequence, with the cap and next
with the peptide (B; 0–5 minutes, initial baseline; 6–37
minutes, titration with m7GTP; 38 minutes, intermediate
baseline; 39–71 minutes, titration with eIF4GI peptide;
72–76 minutes, final baseline). Measurements were
performed in Hepes/KOH (pH 7.2), 100 mM KCl, 1 mM
DTT, 0.5 mM EDTA, at 20 8C. Aliquots (1 ml) of increas-
ing concentrations (1 mM to 5 mM) of the ligands were
added to 1400 ml of eIF4E solution. Quenching was
monitored at 355 nm, for the excitation wavelength of
290 nm, what ensured elimination of tyrosine fluor-
escence. The fluorescence intensity was corrected for the
dilution and the inner filter effect. The corresponding
titration curves (concentration dependences) are shown
in Figure 9.

Table 3. Equilibrium association constants (Kas) and partial quenching (Q ) of total initial fluorescence upon formation
of the binary complexes of the apo-form of eIF4E with the eIF4GI, eIF4GII and 4E-BP1 peptides, and the ternary
complexes (m7GTP–eIF4E–peptide) of previously m7GTP- or peptide-saturated eIF4E, at 20 8C. For reference the
association constant of m7GTP to eIF4E Kas ¼ 108.7(^4.0) £ 106 M21 (see Table 1), Q , 65%

eIF4GI eIF4GII 4E-BP1 4E-BP1 (P-Ser65) 4E-BP1 (P-Ser65/Thr70)

Kas £ 1026 (M21) for the peptides
eIF4E(m7GTP-saturated) 21.43 ^ 2.15 5.35 ^ 0.20 9.47 ^ 0.39a 4.77 ^ 0.40a 5.72 ^ 0.35a

eIF4E(apo) 13.65 ^ 0.86 6.51 ^ 0.19 10.59 ^ 0.84 5.91 ^ 0.44 5.74 ^ 0.34
Kas £ 1026 (M21) for m7GTP

eIF4E(peptide-saturated) 120.5 ^ 7.2 137.9 ^ 15.8 101.6 ^ 7.3 107.4 ^ 5.2 101.0 ^ 8.6
Fluorescence quenching Q (% of total initial fluorescence)

eIF4E(m7GTP-saturated) 12.1 ^ 0.9 13.6 ^ 2.1 15.1 ^ 3.6 10.2 ^ 5.5 11.3 ^ 4.6
eIF4E(apo) 18.3 ^ 1.2 20.6 ^ 2.5 18.2 ^ 9.5 18.8 ^ 9.0 20.2 ^ 1.4

a Data from Gingras et al.31

Biophysical Studies of eIF4E Cap-binding Protein 627



peptides (21.43 £ 106 M21 and 5.35 £ 106 M21,
respectively) are close to those derived by iso-
thermal titration calorimetry (ITC) (37 £ 106 M21

and 6.7 £ 106 M21, respectively).29 The peptide
which bound the tightest to eIF4E is eIF4GI and
its interaction is few but unambigously influenced
by the apo- or cap-saturated state of eIF4E (Table
3), i.e. an 1.6-fold increase of Kas has been observed
for the eIF4GI peptide binding to cap-saturated
eIF4E. A similar effect, albeit to a lesser extent,
appears also for the eIF4GII peptide. Reversely,
a slight enhancement of the m7GTP-affinity (only
up to 1.3-fold, but quantitatively beyond experi-
mental error) has been noted after previous satu-
ration of eIF4E with eIF4GI or eIF4GII peptides
(Table 3).

The eIF4G protein strongly enhanced the cross-
linking effectivity of eIF4E to the mRNA 50-cap
structure.47 On the other hand, our preliminary
fluorescence study suggested no significant
changes of the association constant for binding of
eIF4E with the cap analogue in the presence of a
17-amino acid mammalian eIF4GII peptide.75

Comparison of the crystallography-determined
structures of binary and ternary complexes
revealed also no important structural differences
directly in the eIF4E-cap binding slot in the
absence or presence of either the eIF4GII or
4E-BP1 peptide.11,29 However, among nine crystal-
lographically independent structures of the
m7GDP–eIF4E binary11 and ternary29 complexes,

and the m7GpppG complex, there are two cases
where the C-terminal loop (206–213) located in
the vicinity of the cap-binding site has fully
ordered backbone, and the N terminus (28–35)
close to the eIF4G/4E-BP binding site is con-
currently ordered. In remaining cases both the
loop and the N tail are unordered. These could
indirectly suggest a possibility of cooperation
between the two distant binding sites. Recently, it
was shown by the gel-shift experiments and
m7GTP–Sepharose binding that a 17-mer fragment
of yeast eIF4GI exerted a negligible influence on
the eIF4E–cap interaction, but complete eIF4GI
and larger fragments produced enhancement of
the eIF4E–cap binding.38 Finally, the quantitative
results reported herein confirm that the putative
cooperativity is possible (Table 3) but the minimal
eIF4E-binding motif of eIF4G alone can be insuf-
ficient to induce changes evident in the crystal
structure of the cap-binding site.29

In the case of 4E-BP1 peptides, the affinity for the
apo-protein is the same as that for the cap-
saturated eIF4E31. The Kas values for the unphos-
phorylated 17-mer peptide 4E-BP1 (9.47 £
106 M21,31 and l0.59 £ 106 M21, present study)
agree well with Kas calculated from ITC
(20 £ 106 M21).29 ITC for the full length 4E-BP1
yielded higher Kas (67 £ 106 M21). In terms of the
binding free energy, however, this difference
between DG8 for the full length protein
(210.50 kcal/mol) and the peptide (29.36 kcal/

Figure 9. Comparison of the titration curves for formation or eIF4E binary and ternary complexes with m7GTP and
various BXXYDRXFLF oligopeptides. Titration of (a) apo-eIF4E with m7GTP (A), and eIF4E–eIF4GI peptide complex
with m7GTP (B); (b) apo-eIF4E with eIF4GI peptide (K), and eIF4E-m7GTP complex with eIF4GI peptide (O); (c) apo-
eIF4E with eIF4GII peptide (L), and eIF4E–m7GTP complex with eIF4GII peptide (P); (d) apo-eIF4E with 4E-BP1 pep-
tide (W), and eIF4E–m7GTP complex with 4E-BP1 peptide (X); (e) apo-eIF4E with 4E-BP1(P-Ser65) peptide (W), and
eIF4E–m7GTP complex with 4E-BP1(P-Ser65) peptide (X); (f) apo-eIF4E with 4E-BP1(P-Ser65/Thr70) peptide (W), and
eIF4E–m7GTP complex with 4E-BP1(P-Ser65/Thr70) peptide (X).
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mol) is small, what indicates that majority of the
intermolecular contacts required for stabilization
of the 4E-BP1–eIF4E complex are accomplished in
the model system with participation of the short
peptide.

Binding of full length 4E-BP1 and 4E-BP2 to
eIF4E was reported to enhance the cap–eIF4E
association, as suggested from m7GTP-affinity
chromatography and surface plasmon resonance
(SPR).36 The reversed cooperativity, i.e. an increase
of the 4E-BP2 affinity for the cap-saturated eIF4E
in comparison with apo-eIF4E was also found
using SPR.76 The differences in the fluorescence
quenching patterns upon formation of the ternary
complexes (Figure 9, Table 3), and arguments dis-
cussed above for the eIF4G peptides, point to a
putative cooperation between the two binding
sites. However, the binary 4E-BP1 peptide–eIF4E
and cap–eIF4E interactions do not affect the asso-
ciation constants values for the further formation
of the ternary peptide–eIF4E–cap complexes,
within experimental errors (Table 3). No measur-
able affinity changes for the 17-mer and 25-mer
fragments of 4E-BP1 could reflect the inability of
the peptides to completely mimick the influence of
full length 4E-BP1 on eIF4E.

Regulation of 4E-BP1 activity
by phosphorylation

Phosphorylation of specific serine and threonine
residues of 4E-binding proteins modulates their
affinity for eIF4E.52 A two-step mechanism of
4E-BP1 phosphorylation was proposed, involving
phosphorylation on Thr37 and Thr46 as a priming
event for subsequent phosphorylation of Ser65
and Thr70.30 Recently Gingras et al.31 showed via
phosphopeptide mapping and fluorescence
measurements of cap-saturated eIF4E, that both of
these phosphorylation events were insufficient to
disrupt the 4E-BP1 binding with eIF4E, and
thoroughly discussed the possible sources of
disagreement with the previous publications.32 – 34

The present fluorescence quenching experiments
for cap-free eIF4E confirm the results for the cap-
saturated protein30,31 (Table 3). The monophos-
phorylation of the 4E-BP1 peptide at Ser65 causes
only ,2-fold decrease in the affinity for eIF4E
(DDG8 less than þ0.4 kcal/mol), and diphosphoryl-
ation at both Ser65/Thr70 does not reduce the
affinity further. Mono- and diphosphorylated
4E-BP1 peptides still retain the high ability to inter-
act with eIF4E, with Kas about 5 £ 106 M21 and DG8
about 29.0 kcal/mol. Thus, phosphorylation of
both Ser65 and Thr70 is insufficient to abolish the
eIF4E binding.

However, several authors reported substantial
reduction of the eIF4E association with 4E-BP1
phosphorylated at Ser65 in vitro.32 – 34 A nearly two
orders of magnitude decrease of Kas was observed
by means of SPR due to phosphorylation at Ser65
of the full length 4E-BP1 mutant in which alanine
had been substituted at four Thr/Ser-P sites, leav-

ing Ser65 susceptible to phosphorylation.33 A
value of Kas for the unphosphorylated mutant was
determined as 278 £ 106 M21. ITC yielded a lower
Kas value of 67 £ 106 M21 for the full length
4E-BP1,29 but at this level of the equilibrium con-
stants (corresponding to DG8 about 211 kcal/mol)
the 4-fold difference between Kas is not very signifi-
cant (DDG8 about 0.8 kcal/mol). Even taking into
account the 75-fold drop of the association constant
to 3.7 £ 106 M21 upon phosphorylation at Ser65
according to the SPR results,33 the corresponding
energy difference DDG8 would be about
þ2.5 kcal/mol, which is not much in comparison
with the remaining binding free energy of
the monophosphorylated protein (DG8 about
28.8 kcal/mol). Although the peptides seem not
to be the perfect mimetic models for all properties
of the full length protein, in light of the previous
studies demonstrating that full-length 4E-BP1
monophosphorylated on Ser65 could bind to
eIF4E efficiently, while no binding could be
detected for 4E-BP1 deleted in the eIF4E-binding
site,31 the peptides are good models for investi-
gations how single phosphorylation modulates the
intermolecular interactions. The main conclusion
which could be drawn from SPR33 is the same as
those from our fluorescence binding studies and
phosphopeptide mapping,31 that 4E-BP1 mono-
phosphorylated at Ser65 still possesses the high,
submicromolar affinity for eIF4E. Thus, phos-
phorylation of additional residues, most likely the
priming sites Thr37 and Thr46, is required to
release 4E-BP1 from eIF4E.30

Conclusions

Application of the exact quantitative approach to
study eIF4E–cap interactions enabled us to explain
hitherto unresolved issues. Parsing the binding
free energy into the contributions of various
structural elements of the cap points out their
individual role in the two-step process of eIF4E–
cap recognition. The 50-phosphate chain is the
primary anchor to eIF4E. The eIF4E–cap binding
is accomplished by the specific contacts of three
phosphate groups and m7G moiety but not of the
second nucleoside. The biological importance of
methylation of guanosine at N(7) has been eluci-
dated by showing that the thermodynamic origin
of the strong discrimination between 7-methylated
and unmethylated counterparts (5000-fold dif-
ference in Kas) consists in absolute cooperativity of
cation–p stacking and hydrogen bonding, i.e. the
enhanced stacking between the cationic m7G
and the aromatic Trp side-chains is necessary to
stabilize effectively the base moiety, what is a pre-
condition for formation of three hydrogen bonds
inside the cap-binding slot. eIF4E selects precisely
between the 7-monomethylguanine and 2,2,7-tri-
methylguanine analogues (760-fold difference in
Kas). The temperature-dependence of Kas reveals
enthalpic character of the binding and together
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with the ionic strength-dependence emphasizes
significance of electrostatic interactions for cap–
eIF4E recognition. We have also checked possi-
bilities of cation release and water exchange that
can accompany the binding. The estimated water
uptake to the hydration shell is relevant to confor-
mational rearrangement of entire eIF4E upon the
cap binding.

Comparison of the eIF4E-binding affinity of
natural versus structurally modified cap analogues,
together with the structures of the eIF4E–cap com-
plexes, makes a solid foundation to rational design
of new cap analogues with better inhibitory
properties than those synthesized hitherto. This is
a subject of pharmacological importance because
of evidence implicating eIF4E and its regulatory
4E-BP proteins in malignancy and apoptosis.22

Experiments with use of the short peptides suggest
that cooperativity between cap and eIF4G/4E-BP-
binding sites is possible. Phosphorylation of both
Ser65 and Thr70 of 4E-BP1 has been proved insuf-
ficient to abrogate 4E-BP1 binding with apo-
eIF4E, similarly as with cap-saturated eIF4E,31 so
additional phosphorylation of the priming sites
Thr37 and Thr46 is necessary. Taken together,
these results provide more profound insights into
how eIF4E interacts with other components of
the cytoplasmic machinery responsible for cap-
dependent translation initiation.

Materials and Methods

Chemical syntheses and sample preparations

Syntheses and purification of the cap analogues were
performed as described previously.77 – 81 The cap ana-
logue concentrations were obtained from weighted
amounts (^5%). The cap analogues in solution at
elevated pH (.8) undergo opening of the five-
membered ring of 7-substituted guanine, followed by
hydrolysis of the glycosidic bond.82 As checked by NMR
(Stolarski, unpublished) the cap was very stable at pH
7.2, and stable enough to perform fast experiments at
higher pH.

Murine eukaryotic initiation factor eIF4E (residues
28–217) was expressed in Escherichia coli.83 The protein
was purified from inclusion bodies pellet and refolded
by one step dialysis from 6 M guanidinum hydro-
chloride, followed by cation-exchange chromatography
on a MonoS column, with a final yield up to 30 mg from
1 l of culture. The main goal of using refolded eIF4E
was to avoid contact with cap analogues at any stage of
purification, first of all the elution of the soluble fraction
protein from the cap-affinity column by a cap analogue.
Immediately before the spectroscopic measurements
the protein sample was filtered through Millipore
Ultrafree–0.5 ml Biomax 100 kDa NMWL. Total concen-
tration of eIF4E was determined from absorption
(1280 ¼ 53,900 cm21M21).

Peptides corresponding to residues 569–580 of
mammalian eIF4GI: KKRYDREFLLGF,9 residues 621–
637 of mammalian eIF4GII: KKQYDREFLLDFQFMPA,10

and residues 51–67 of mammalian 4E-BP1: RIIYDRKFL-
MECRNSPV27 were synthesized by Boc protocols for
solid phase peptide synthesis and cleaved using a

standard HF procedure.84 Syntheses of a mammalian
phosphopeptide P-Ser65 51–67 4E-BP1 and a diphospho-
peptide P-Ser65/Thr70 51–75 4E-BP1 RIIYDRKFLME-
CRNSpPVTKTpPPKDL27 was performed manually on a
Wang resin (Novabiochem) using Fmoc protocols for
solid phase phosphopeptide synthesis. Phosphoserine
and phosphothreonine were directly incorporated
during the synthesis as the corresponding preformed
mono-protected N-a-Fmoc-O-benzyl phosphoaminoacid
derivatives, purchased from Novabiochem.85 The
phosphopeptides were cleaved using trifluoroacetic
acid/triisopropylsilane/water mixture (TFA/TIS/H2O,
95:2.5:2.5). After cleavage, crude peptides were purified
to homogeneity by semi-preparative HPLC, and charac-
terized by amino acid analysis (see below) and MALDI-
TOF or ESI spectrometry (569–580 eIF4GI peptide, pre-
dicted mass 1697.0 Da, measured mass 1698.0 Da; 621–
637 eIF4GII peptide, predicted mass 2177.8 Da, measured
mass 2178.0 Da; 51–67 4E-BPl peptide, predicted mass
2141.8 measured mass 2141; phosphopeptide, P-Ser65
51–67 4E-BP1, predicted mass 2220.1, measured mass
2221.0; diphosphopeptide, P-Ser65/Thr70 51–75 4E-BPI,
predicted mass 3180.55, measured mass 3181.0). Concen-
trations of the peptides were determined after acid gas-
phase hydrolysis and three independent amino acid
analysis repeats. The amino acid residues were con-
verted to phenylthiocarbamyl derivatives and separated
on PicoTag 3.9 £ 150 mm column (Waters, Millipore Co.,
U.S.A.) using Waters HPLC system, according to
standard protocols. Solutions of 4E-BPI peptides were
strictly controlled for lack of disulfide dimer formation.
Dimers occured in the stock solution unless it was incu-
bated at very high concentration of the reducing agent
(13 mM DTT) at pH 7.5 for several days. This secured
satisfactory monomerization, as rigorously checked on
HPLC and MS. Then, the affinity measurements could
be performed properly with use of more dilute peptide
solution at 1 mM DTT. The problem concerned the
phosphorylated 4E-BP1 peptides to lesser extent, since
the presence of the negatively charged phosphate groups
at Ser65 in the vincinity of Cys62 prevents the
dimerization.

Spectroscopic measurements

The titration experiments were performed in a stan-
dard buffer: 50 mM Hepes/KOH (pH 7.20), 100 mM
KCl, 1 mM dithiothreitol (DTT) and 0.5 mM disodium
ethylenediaminetetraacetate (EDTA), except for the
experiments at variable pH and ionic strength. pH
(^0.01 unit) was measured independently at each tem-
perature and ionic strength (Beckman F300 pH-meter,
Germany). Absorption and fluorescence spectra were
recorded on Lambda 20 UV/Vis and LS-50B instruments
(Perkin–Elmer Co., Norwalk, CT, USA), in a quartz
semi-micro cuvette (Hellma, Germany) with optical
lengths 4 mm and 10 mm for absorption and emission,
respectively. The sample was thermostated and the tem-
perature was controlled with a thermocouple inside the
cuvette (^0.2 8C). For eIF4E–cap association, the
excitation wavelength of 280 nm (slit 2.5 nm, auto cut-
off filter), and the emission wavelength of 335, 336 or
337 nm (slit 2.5–4 nm, 290 nm cut-off filter) were
applied, with a correction for the photomultiplier
sensitivity. For eIF4E–peptide binding, the excitation
wavelength of 290 nm and the emission wavelength of
350 or 355 nm were used. These conditions ensured
observation of the protein tryptophan residue emission,
only. The fluorescence intensity was monitored during

630 Biophysical Studies of eIF4E Cap-binding Protein



continous TST at a single wavelength, with the
integration time of 30 seconds and the gap of 30 seconds
for adding the ligand, with slow but sufficient magnetic
stirring to ensure mixing and keeping the temperature
constant in the whole volume. During the gap the UV
xenon flash lamp was switched off, to avoid photo-
bleaching the sample. The cuvette has not been touched
during the whole TST experiment to ensure constant
geometry for the optical measurements. Titrations were
performed at several eIF4E concentrations (0.05 mM–
1 mM), in steady-state conditions provided by preincu-
bation in the buffer of the appropriate pH and ionic
strength. Aliquots (1 ml) of increasing concentrations
(1 mM to 5 mM) of a ligand were added to 1400 ml of
eIF4E solution. Suitable data correction was applied
when the final dilution was $2% (but always #3.2%).
Each titration consisted of 28–45 data points with a suit-
able number within the range, at which the total ligand
concentration ([L]) was close to the concentration of
eIF4E ([Pact]) (Figure 3). The curvature of the fitted
function in this range mostly influences the accuracy of
Kas to be determined.

Numerical data analysis

Theoretical curve for the fluorescence intensity (F ) as a
function of [L] was fitted to the experimental data points
according to equation:

F ¼ Fð0Þ2 ½cx�ðDfþ flig-freeÞ þ ½L�flig-free

where the equilibrium concentration of the cap–eIF4E
complex [cx] is given by:

½cx� ¼
½L� þ ½Pact�

2

þ
1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKasð½L�2 ½Pact�Þ þ 1Þ2 þ 4Kas½Pact�

p
2Kas

The parameters to be extracted from the fit were as fol-
lows: Kas, the association constant; [Pact], the concen-
tration of the active protein; Df ¼ fP-act-free 2 fcx,
difference between the fluorescence efficiencies of the
apo-protein and the complex; flig-free, the fluorescence
efficiency of the free cap analogue in the solution; F(0),
the initial fluorescence intensity. The latter two para-
meters were independently verified experimentally.
Total quenching was calculated as: Q ¼ Fð0Þ2 Fð1Þ ¼
½Pact�Df: For the peptides, flig-free was fixed as zero,
since the tyrosine fluorescence was eliminated. The
fluorescence intensities (F ) were corrected for the inner
filter effect.86 Its influence was negligible for the specific
cap analogues but could change Kas values ,twofold
for the weakly interacting and strongly absorbing cap
analogues. The final Kas were calculated as a weighted
average of 3–12 independent titration series, except for
m7GTP, for which more than 30 titration experiments
were performed, in order to make statistical analysis of
the method and as control for each protein batch. The
control results were consistent within 10%. Eadie–
Hofstee representation was not used, for its basic
assumption of a great excess of the ligand in relation to
the protein is not satisfied for molecular systems of a
higher affinity (when Kas , 10 £ 106 M21, saturation of
,40% occures already for [L] # [Pact], at typical
[Pact] , 0.1 mM). This makes the data nonlinear, even
after corrections for dilution, inner filter effect, and free
ligand emission.

Regressions were performed by means of non-linear,
least-squares method, using ORIGIN 6.0 from Microcal
Software Inc., USA. Statistical analysis were done on the
basis of runs test and goodness of fit (R 2), not less than
0.999 for cap analogues and 0.99 for peptides. Discrimi-
nation between investigated models was based of the
Snedecor’s F-test, with the significance level assumed as
P , 0.05.87 All errors were calculated according to the
propagation rules88 on the basis of the numerical uncer-
tainty resulting from the fitting.

The Gibbs free energy of binding (DG8 ¼ 2RT ln Kas)
was calculated either from the binding constants Kas, or
from Kas

(micro) in case of the symmetrical cap analogues.

Interaction of eIF4E–cap in presence of electrolyte

Increase of the KCl concentration is accompanied by
an increasing osmolality (2w[KCl]) and decrease of the
activity coefficient of water (aw):

logðawÞ ¼ 2
2w½KCl�

ln 10V

where w¼0.91 ^ 0.01 is an approximately constant
osmotic coefficient of KCl (0–0.5 M), and V is the
number of moles of free solvent water in 1 kg of the
solution. The latter is not assumed to be constant, but
the presence of other buffer components of the molecular
masses mi at the concentrations ci, and the hydration
number of KCl (v < 5),89 are taken into account:

V ¼
1000 2 mKCl½KCl�2

P
mici

mH2O
2 v½KCl�

Keeping constant V ¼ 255.5 yields overestimation of the
hydration effects (DN ) by ,18%.

(1) Davies-Stockes-Robinson electrostatic screening
approach.59,60 Binding of two ions of opposite charges
(protein z1, and ligand z2) is screened by the ionic atmos-
phere of the excess salt and other ionized components of
the solution. The influence of ionic strength and osmotic
stress on the activity coefficients of the interacting
species leads to the expression:

logðKasÞ ¼ logðKasð0ÞÞ þ
2Az1z2

ffiffi
I

p

1 þ ajB
ffiffi
I

p þ DN logðawÞ

where ionic strength I ¼ [KCl] þ
P

cizi
2, zi is a charge of

the ith species, aj is a sum of radii of interacting species,
and DN is a number of water molecules taken up to the
macromolecular surfaces upon complex formation.
The temperature-dependent coefficients at 20 8C are:
A ¼ 0.50585, B ¼ 0.32789.59

(2) In terms of Wyman linkage analysis,61 hydration
effects and ionic interactions are considered stoichio-
metrically:

logðKasÞ ¼ logðK0
asÞ2 c logðaKClÞ þ DN logðawÞ

Thermodynamic activity of potassium cations (aKCl) is
used. Assuming aKCl ¼ [KCl] leads to underestimation
of the Kas value extrapolated to 1 M KCl by , twofold.
Kas

0 corresponds to the value of Kas, when the thermo-
dynamic effects of cation release (log([KCl]) ¼ 0 at 1 M
KCl) and of the hydration (log(aw) ¼ 0 at 0 M KCl) cancel
each other out. Kas

0 occurs at the KCl concentration of
approximately 0.3 M. The contribution of the electrolyte
effect (DG8el) to the stability of the cap–eIF4E complex
can be calculated as:

DG8el ¼ 2SKasRT ln½KCl�
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from the derivative:55

SKas ¼
› log Kas

› log½KCl�

� �
T;p

¼ 2c 2 DN
2f½KCl�

V

and the entropy of the electrolyte effect was calculated
as:

DS8el ¼ 2
DG8el

T

Ionic equilibria in eIF4E–cap complex

From Wyman analysis:

logðKasÞ ¼ logðKpH–ind
as Þ2 logð1 þ 10pH–pKL Þ

2 logð1 þ 10pKP2pHÞ

the intrinsic, pH-independent association constant for
the cationic ligand and the protein with anionic Glu103
ðK

pH–ind
as Þ, the effective acidic dissociation constant for

the ligand in the presence of the protein (pKL) and for
Glu103 in the presence of the cap (pKP), and pH optimal
for binding (pHopt ¼ (pKL þ pKP)/2) were obtained.

Thermodynamics of eIF4E binding to m7GTP

The temperature dependence of Kas for m7GTP was
analysed according to the van’t Hoff isobaric equation,
assuming the entropy change DS8 and the enthalpy
change DH8 as constants parameters over the whole
range of temperatures:

ln Kas ¼
1

R
DS8 2

DH8

T

� �

Crystallography

Murine eIF4E (residues 28–217) was expressed in
E. coli, purified from inclusion bodies by affinity chroma-
tography using 7-methyl-GpppG during the elution, and
crystallized as reported previously.11 Diffraction data
were collected from a single crystal at the Cornell High
Energy Synchrotron Source using the A1 beamline and
processed using DENZO and SCALEPACK,90 yielding a
97.8% complete, sevenfold redundant data set from
20.0–1.8 Å resolution with an overall Rsym(I ) ¼ 10.3%.
The crystals were isomorphous with our 7-methyl-
GDP–eIF4E cocrystals11. Difference electron density
maps revealed unambiguous density for the 7-methyl-
guanosine and three phosphate groups (Figure 5). The
structure was refined using CNS yeilding a final crystal-
lographic R factor of 22.4% and free R factor of 25.2%,
with RMSDs on bond lengths and angles of 0.006 Å and
1.248, respectively. The current refined model consists of
eIF4E residues 36–206 and 212–217 plus 7-methyl-
Gppp (complex 1), eIF4E residues 28–217 plus
7-methyl-Gppp (complex 2), and 186 water molecules.
Atomic coordinates have been submitted to the PDB,
accession no. 1L8B.
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