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Abstract

Lack of regulation of the elF4E/elFAG interaction is a hallmark of cancer. 4EGI-1 binds to elFAE
preventing association to elF4G via an allosteric mechanism. We use NMR spectroscopy and MD
simulations to obtain a mechanistic description of the role of correlated dynamics in this allosteric
regulation. We show that binding of 4EGI-1 perturbs native correlated motions and increases
correlated fluctuations in part of the elF4G binding site.
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Eukaryotic translation initiation factor 4F (elF4F), the complex of the cap-binding subunit
elF4E, the scaffolding protein elF4G and the RNA helicase elF4A, is required for
capdependent translation[l]. eIF4E is the least abundant component and therefore the elF4E/
elF4G interaction determines the level of elF4F[2],

The elF4E-binding proteins (4E-BPs) regulate the elF4E/elFAG interaction by binding to the
same site as elF4G using the same consensus motifl3]. 4E-BPs act as tumor suppressors!4>],
whereas loss of 4E-BP expression[®6] and its hyper-phosphorylationl’=12] are correlated
with tumorigenesis and cancer growth. Thus a promising strategy for cancer treatment is to
develop molecules that mimic 4E-BP activity. Our group has identified an inhibitor, elFAE/
elF4G interaction inhibitor 1 (4EGI-1), which is a promising drug candidate because it not
only displaces elF4G but also enhances the 4E-BP1/elF4E association[1314]. 4EGI-1 inhibits
cap-dependent translation and exhibits activity against cancer cell lines and in mouse
xenografts[15:16],

4EGI-1 binds to a pocket distal to the elF4G-binding site, between B, and a1[17]. The crystal
structure suggests two conformations of the binding site. With 0.6 occupancy, binding
triggers a structural rearrangement in the Hzg-Lgs region, unfolding a 31p-helix and forming
an additional turn (H;g-Sg») in a1, a conformation not seen previously in any elF4E
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structure. However, with 0.4 weight, the inhibitor does not cause this structural
rearrangementl17]. These findings indicate that 4EGI-1 acts on elF4E through allosteric
regulation by stabilizing conformers that disfavor elFAG binding. Recently, we showed that
4E-BP1 binds to the elF4E conformation with the short a-helix; but allows 4EGI-1 binding
as welll¥4], supporting an inhibitor-induced population shift.

While the mechanism of the allosteric process is unclear, a predominant role of dynamics is
suggested by the fact that 4EGI-1 binds to two different conformations and the elFAG
binding site is structurally unperturbed by inhibitor binding[171.

In the present work we use Nuclear Magnetic Resonance (NMR) relaxation data (°N Ry
and R, rates and heteronuclear nOe ratios at 900 MHz in Fig. S4 and CSA/DD cross-
correlated transverse cross-relaxation rates at 750 MHz in Fig. 1) in combination with
Molecular Dynamics (MD) simulations to describe the population shift occurring upon
binding and to understand how changes in dynamics drive the allosteric modulation of the
elF4E/elF4G interaction.

A single set of resonances for all assigned backbone amide peaks in elF4E is observed[17],
Thus, there is no evidence for slow conformational exchange. There is also no indication for
exchange on a pus-ms time scales because the characteristic line broadening due to
conformational dynamics occurring on these time scales (Fig. S1) is not detected.

In order to investigate the population equilibrium present in solution, we performed a series
of MD simulations. Simulation 1 comprised three 100-ns trajectories at 5 °C. Trajectory A is
calculated starting from the elFAE chain not bound to 4EGI-1 in PDB 4TPW (“free-like”
conformation). Trajectories B and C are started from conformations of elF4E extracted from
trajectory A after 50 and 100 ns, with randomly distributed atomic velocities. Similarly,
simulation 2 contains three 100-ns trajectories started from the elF4E chain bound to 4EGI-1
in PDB 4TPW (“bound-like” conformation) and from frames extracted from the former
trajectory after 50 and 100 ns. Finally, simulations 1 25C and 2_25C comprise one 100-ns
trajectory each, calculated at 25 °C and started from the two chains in PDB 4TPW (see
Experimental Procedures in SI).

Due to the lack of optimized force fields for the N7-methylated nucleotide and for 4EGI-1,
ligands were removed from the PDB structure and simulations performed using the peptide
chains only. As shown in Fig. S3, in analyzing our trajectories we exclude all residues > 180
to eliminate possible errors induced by this simplification of the system (the values
corresponding to those residues are nevertheless shown for the sake of completeness).

In all our simulations we do not observe any transition between free-like and bound-like
conformations, suggesting that this interconversion occurs on timescales longer than the
rotational correlation time ¢ Thus, any observed NMR relaxation rate is given by Rpps=
XfreeRfree + (L = Xrae) Rpouna: In Which Ry is the measured relaxation rate (R, Ry, nOe or
Txy)s Rfree aNd Rpoungthe corresponding relaxation rates of the two conformers, and X, the
molar fraction of the free-like conformation. Assuming that good approximations to Rg.
and Rpgungare calculated from simulation 1 and 2, respectively, a fit to experimental data
can be used to estimate Xg.and ..
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Using this fit procedure, we obtained xg. = 0.90 £ 0.07 and t,= (17.6 + 0.5) ns. The latter
value is in agreement with the result of the TRACT procedurel]. In order to validate our
results, we applied the same procedure to 13C chemical shifts: SCS,p5= XfreeSCSfree + (1 -
Xfree) SCSpounas I Which SCS,ps is the measured secondary chemical shift for 13Ca, 13Cp
or 13C” spins, and SCSyee and SCSpuunq the corresponding quantities for the free- and
bound-like conformers. If approximations to SCSg, and SCSpyungare calculated from
simulations 1_25C and 2_25C, we find Xz, = 0.88 £ 0.02, in agreement with the relaxation-
based calculation (Fig. S5). Experimental data and MD trajectories used in the validation
step were not used in the first fit. Importantly, the values of xg,. determined at 5 and 25 °C
are not significantly different, suggesting that the equilibrium between conformations is
essentially temperature-independent over our range of temperature.

The stability of the protein sample is very limited when 4EGI-1 is added. In this case, we
were able to measure only CSA/DD cross-correlated transverse cross-relaxation rates at 750
MHz (Fig. 1B) within the sample lifetime (< 24 hours).

The comparison of the experimental data in Fig. 1 shows that 4EGI-1 increases the
flexibility of elF4E throughout its sequence, and particularly in regions adjacent to the
4EGI-1 binding site: the loop between B1 and B2, part of helix a1 and the loop between the
extended a1 and B3. Using the same fit procedure as above, we obtained t,= (17.0 £ 0.2)
ns, in agreement with the value determined from the first set of relaxation data, and Xg. =
0.42 + 0.02. Our attempts to measure accurate secondary 13C chemical shifts in the presence
of 4EGI-1 were not successful because of the presence of DMSO used to dissolve the
compound (Fig. S14). Thus, the calculated value of xg,, has to be considered a rough
estimate. Interestingly, this value is remarkably close to the occupancy in the crystal
structurel14.171,

In summary, 4EGI-1 stabilizes the bound-like conformation, increasing its population to
around 60%. Our model and the absence of Rgy contributions suggest that 4EGI-1 affects
mostly sub-t,dynamics. Thus, we can describe its allosteric effects by characterizing the
difference in dynamics between simulations 1 and 2.

We assessed the extent of correlated fluctuations by examining the magnitude of pairwise
cross-correlation coefficients ¢jjof Ca atoms. ¢jcan vary from 1 (completely correlated) to
-1 (completely anticorrelated motions)[18:19],

In simulation 1 fluctuations in the B-sheet are strongly correlated from p1 to p6 (C1-C7 in
Figures 2A and S6, B7 is in the part of the protein that is excluded from the analysis), in line
with recent work suggesting that correlation is a fundamental property of p-sheets[20]. An
additional correlation (C8) is found between B5 and the C-terminal part of a.2, next to the
elF4G binding site. The loop bearing W1g», which binds to the cap, is anticorrelated to
several B-strands (A2, A3 and A4), to the N-terminal part of a1l (A5) and, importantly, to the
binding site of elF4AG, both directly (Al) and viathe B-sheet (C8+A2).

Our results are in agreement with the allosteric pathway connecting W1 to the elF4G
binding site described by Siddiqui et af?1l.
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Correlations in the p-sheet (C1-C7) are still found in simulation 2 (Figures 2B and S6).
However, the C-terminus of a2 is now correlated with a3 (C9) and larger correlations are
also detected within the extended a1 (C10). While the W1, loop is anticorrelated only with
the 3/10 helix around 145 (A6), anticorrelations are found between the N-terminus and p2
(All1) and a1l (A10). Strong anticorrelations involve elements participating in the structural
rearrangements due to 4EGI-1: a1 and the 3/10 helix around 120 (A7); the loop between p1
and B2 and B5 (A8) and a1 (A9). One would expect these couplings to be even stronger if
4EGI-1 was included in the simulation.

In summary, the native network of correlations is fundamentally altered in the bound-like
conformation. Couplings of the elF4G binding site with the cap-binding site are dissolved,
whereas new correlations involving a1 (but not a2) emerge. We explored the effect of these
correlated motions in a Principal Component Analysis (PCA) of the fluctuations of the
cartesian coordinates of Ca atoms. 4 and 6 eigenmodes were retained for simulations 1 and
2 respectively on the basis of the scree plot in Fig. S7.

The 4 modes of simulation 1 involve mostly the loops of the cap-binding site (Fig. S8),
residues between a1 and B3, including the 3/10 helix, and in the B4-a.2 loop (Fig. S10). al
and a2 participate to a much smaller extent. The modes involve a similar set of residues as
the A1-5 anticorrelations, but the role of helices and B-strands is much more evident in
DCCMs, which are normalized by the fluctuation amplitude.

Similar to the NMR data in Fig. 1, Figures S9 and S11 show that the fluctuations are spread
across the sequence in simulation 2. Interestingly, dynamics is found for those residues
whose side chains were shown to be affected by 4EGI-1 binding[17]. The N-terminal part of
a3 as well as the p5-B6 loop are involved in motions. Most of the residues contributing to
the correlated dynamics in Fig. 2, particularly C9-10 and A6-11, contribute also to the
modes in Fig. S11.

A close look at mode 1 (Fig. 3A-B) shows the role of a 1. In fact, similar to A7, A9 and A10
above, the N-terminus and the p1-B2 and p4-a.2 loops are anticorrelated with its C-terminal
end. The loop bearing W1, also contributes to this mode. Crucially, these motions are
transferred to the binding site by correlations within a1 (C10). In fact, fluctuations in a1 are
larger in simulation 2 (Fig. 3C) than 1 (Fig. S8), mostly in the C-terminal end, but
significantly also for W3 and F7,. On the other hand, Fig 3D confirms that motions in the
flexible N-terminal end of a.2 are hardly transferred to the binding site, which remains rigid.

The projection of simulations 1 25C and 2_25C onto the PC space (Fig. S12-S13) is very
similar to that of 1 and 2, suggesting that the results of our analysis do not depend on
temperature in physiologically-relevant ranges.

Concluding, similar to other proteins[?2], structure-encoded dynamics underlie the binding
of elF4E to its partners. 4EGI-1 triggers structural rearrangements that increase the
flexibility in a1, coupling its fluctuations to the cap- and 4EGI-1 binding sites and the N-
terminus. De facto, this modulates the distance between the two parts of the elF4G-binding
site on a1l and a.2, which might result in the inhibitory effect, without affecting the structure
of the elF4G binding site.
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This new paradigm for the activity of 4EGI-1, developed using NMR relaxation data and
MD simulations and compatible with experimental evidence accumulated over the
years[13.14.17.21.23] might inspire alternative routes to the inhibition of the elF4E/elF4G
interaction. While our work is focused on backbone dynamics, experimental and
computational studies on side-chains might be a powerful way of elucidating the details of
the mechanism. The pervasive role of the f3-p4 loop in all collective motions might indicate
a potential effect of 4EGI-1 on the binding to the cap, a hypothesis that deserves further
investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
CSA/DD cross-correlated cross-relaxation transverse rates (nyy). Experimental values (grey

bars) for the GB1-elF4E construct before (panel A) and after (panel B) adding 4EGI-1 (200
UM, corresponding to 2x the protein concentration) are reproduced by linear combinations
of the values derived from simulations 1 and 2 as described in the text. Pearson correlation
coefficient and p-value are 0.80 and 3.44-1021, and 0.89 and 9.02-1074° for panel A and B,
respectively. Only data on the el4E chain are shown.
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Figure 2.
Dynamical Cross-Correlation Matrix (DCCM) of Ca atoms of residues 35-180 in

simulation 1 (A) and 33-180 in simulation 2 (B). We identify 7 correlations between
structural elements, marked in white, that are conserved in the two simulations. Other
correlations (cyan label) and anticorrelations (green) are found only in one simulation.
Cartoon representations of the correlations are given in Fig. S6.
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Figure 3.
(A-B) First PC in simulation 2. The part of the protein not included in the analysis is

colored in grey. (C-D) Square fluctuations in a1l (C) and a2 (D) due to the first six modes in
simulation 2.
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