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1 | INTRODUCTION

Chandra S. Verma'>3*

Abstract

The mRNA cap-binding oncoprotein “eIF4E” is phosphorylated at residue
S209 by Mnk kinases, and is closely associated with tumor development and
progression. Despite being well-established, mechanistic details at the molecu-
lar level of mRNA recognition by eIF4E due to phosphorylation have not been
clearly elucidated. We investigated this through molecular modeling and simu-
lations of the S209 phosphorylated derivative of eIF4E and explored the associ-
ated implication on the binding of the different variants of mRNA-cap analogs.
A key feature that emerges as a result of eIF4E phosphorylation is a salt-bridge
network between the phosphorylated S209 (pS209) and a specific pair of lysine
residues (K159 and K162) within the cap-binding interface on eIF4E. This
interaction linkage stabilizes the otherwise dynamic C-terminal region of the
protein, resulting in the attenuation of the overall plasticity and accessibility of
the binding pocket. The pS209-K159 salt-bridge also results in an energetically
less favorable environment for the bound mRNA-cap primarily due to electro-
static repulsion between the negative potentials from the phosphates in the
cap and those appearing as a result of phosphorylation of S209. These observa-
tions collectively imply that the binding of the mRNA-cap will be adversely
affected in the phosphorylated derivative of eIF4E. We propose a mechanistic
model highlighting the role of eIFAE phosphorylation as a regulatory tool in
modulating eIF4E: mRNA-cap recognition and its potential impact on transla-
tion initiation.
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as one of their substrates, a key driver of protein synthe-
sis, the eukaryotic translational initiation factor 4E

Protein phosphorylation is one of the most important
post-translational modifications that play a key role in
modulating the structural and functional properties of
protein molecules for the regulation of most cellular pro-
cesses." It is a reversible process that is mediated by
kinases.”> A well-studied example are the MAP kinase
signal-integrating kinases (Mnks)* which phosphorylates,

(eIF4E) protein.* eIF4E recognizes precursor mRNA and
the scaffold protein e[F4G which in turn recruits the heli-
case enzyme elF4A to form the tripartite eIF4F protein
complex’; this complex subsequently enables the recruit-
ment of the 40S ribosomal subunit to initiate the process
of scanning the mRNA for the start codon to initiate
translation.’ The scaffold eIF4G protein also interacts
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with Mnk kinases as part of the e[F4F complex and facili-
tates the efficient phosphorylation of eIF4E (phospho-
elF4E) by bringing the two molecules into close proximity
with each other.” The precise regulatory role of eIF4E
phosphorylation on the translation process is a matter of
debate,® although phospho-eIF4E has been shown to be
sensitive to increments in the translation efficiency of a
subset of mRNAs which encode for proteins involved in
tumor development and progression.**** Phosphorylation
is suggested to be involved in the export of mRNA from
the nucleus,'> while a growing body of evidence also
implicates phospho-eIF4E in the pathophysiology of neu-
rodevelopmental and neuropsychiatric disorders.*™*

The bulk of eukaryotic precursor mRNAs have an m’G
(7-methylguanosine) triphosphate cap-structure at the 5" end
which serves as the docking point with eIF4E.'® Structures of
elF4E proteins with a cap-analog [7-methylguanosine 5’ tri-
phosphate (m’GTP)] revealed that the mRNA cap-binding
interface of the protein is surrounded by four-loop segments
connecting the antiparallel arrangement of beta strands
(p1-p8) which form the base of the recognition pocket
(Figure 1). Three of these loop segments connecting the
respective pairs of beta strands (p1p2 loop, 3p4 loop, and
(3506 loop) have at-least one residue involved in specific inter-
molecular recognition of the cap; these include W56 (from
the p1p2 loop), W102 and E103 (from the p3p4 loop) and
R157 and K159 (from the 506 loop). These residues engage
in aromatic stacking (W56 and W102) and hydrogen-bond
(E102) interactions with the guanosine base and in salt-
bridge interactions (R157 and K159) with the phosphates of
the cap-analogs. However, the salt-bridge interaction formed
by K159 is not observed in all the structures. The loop seg-
ment connecting p7 and p8 (B7p8 loop) does not form any
such specific interaction with the cap across this set of struc-
tures. S209 has been established as the only site of phosphor-
ylation on eIF4E by Mnk kinases.*'” It lies in the loop
segment connecting 37 and 8 towards the C-terminus of the
protein, in close proximity to the bound cap molecule
(Figure 1). Experimental studies have shown that phosphor-
ylation of S209 results in a reduction in the affinity of eIF4E
for capped mRNA,"®*' underscoring the role of phosphory-
lation in modulating the recognition between eIF4E and cap
mRNA. However, there are multiple interpretations of the
underlying mechanisms; Scheper et al suggest that the recog-
nition affinity is reduced due to increase in the rate of dissoci-
ation'® while in contrast, Slepenkov et al show that the
reduction results from a decrease in the rate of association.”
The m’GTP bound structures of eIF4E suggest that S209
phosphorylation results in the formation of a salt-bridge
interaction with the closely located K159 residue (Figure 1)
and thereby clamps the mRNA in the binding pocket. Such a
clamp would be expected to stabilize the capped mRNA in
the bound state and improve its affinity by resulting in

FIGURE 1
of sixteen distinct crystal structures of human eIF4E (see Table S1

m’GTP bound eIF4E structures. Superimposition

for PDB IDs) in complex with m’GTP cap-analog. The eight beta
strands (orange color) and the four connecting loop segments
(yellow color) which form the cap-binding interface are shown in
cartoon representation and labeled. The rest of the protein is shown
in surface representation in gray color. The m’GTP cap and the
residues from eIF4E which are involved in its recognition are
shown in stick representation and labeled. Salt-bridge and
hydrogen-bond interactions are explicitly represented with dashed
lines. Residue S209 that is located in the p7p8 loop is also shown.
All the molecular graphics figures were created using Pymol
molecular visualization software (Schrodinger)

lowered rates of dissociation. Alternatively, if phosphoryla-
tion occurs prior to recognition, then this clamp would pre-
vent the entry of the mRNA into the binding pocket,
resulting in the reported decrease in affinity. There may also
be an ensemble of phosphorylated structures resulting in a
distribution of states corresponding to both scenarios. To
date, the lack of structural data of phosphorylated e[F4E has
eluded molecular level insights into S209 phosphorylation
and its effects on the binding of cap mRNA.

To address this question, we have carried out a com-
prehensive structure modeling and molecular dynamics
(MD) simulations study to investigate the S209 phosphor-
ylated state of eIF4E and explored its implications for the
binding of the different variants of mRNA cap-analogs.
Our study demonstrates that a salt-bridge clamp between
phosphorylated S209 and lysine residues that are part of
the cap-binding interface is indeed formed, and modu-
lates the pockets in a manner that is likely to hinder the
docking of mRNA cap and also creates an energetically
unfavorable bound state configuration for the cap. This
picture provides a rationale for the apparent discrepan-
cies between different studies and also creates a coherent
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understanding of the effect of S209 phosphorylation on structures showed that the p7p8 loop (contains the S209 res-
the recognition mechanism of mRNA-cap by eIF4E. idue) is completely resolved in only three structures (PDB
IDs: 3U7X: chains A and B, and 5ZML) (Figure 2a). The
B1p2 loop segment is resolved in most structures (except for

2 | RESULTS 2W97: chain B and 3TF2: chain B) but is observed to adopt

different conformations. The backbone coordinates of the
2.1 | Phosphorylation of the cap-free other two-loop segments (B3p4 loop and B5B6 loop) are
state of eIF4E resolved in all the structures and they adopt very similar

conformations. MD simulations of “3U7X: chain A” as a
We first investigated the effect of S209 phosphorylation  representative cap-free unphosphorylated structure showed
on the cap-free state of human eIF4E. A comparative that the 7p8 loop segment has the highest degree of fluctu-
structural analysis of 11 available distinct cap-free crystal ation (Figure S1a and Movie S1) which underscores its poor
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FIGURE 2 Cap-free elF4E structure and its phosphorylated derivative. (a) Superimposition of 11 distinct crystal structures of cap-free
state of human eIF4E (see Table S1 for PDB IDs). The eight beta strands (orange color) and the four connecting loop segments (yellow color
and labeled) which form the cap-binding interface are shown in cartoon representation. The rest of the protein is shown in surface
representation in gray color. (b and c) Representative structures from MD simulations of the unphosphorylated and phosphorylated states of
cap-free eIF4E, respectively. The protein is shown in electrostatic surface representation that was created using the APBS plugin through the
Pymol molecular visualization software (Schrodinger). A color gradient from blue to red represents the range of surface potential kT/e
values from strongly positive (+1.0) to strongly negative (—1.0). Specific residues primarily from the four-loop segments (displayed in yellow-
colored cartoon backbone) are shown in stick representation and labeled. The salt-bridge tripartite network between K157-pS209-K162 is
demonstrated explicitly with dashed lines. (d) Frequency distribution of the minimum distance between heavy atoms of specific residue
pairs from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. (e) Scatter plot of the pair-wise distance
“K159 (NZ)-S209/pS209 (OG)” and “K162 (NZ)-S209/pS209 (OG)” from MD simulations of the unphosphorylated (S209) and phosphorylated
(pS209) states. (f) Frequency distribution of solvent accessible surface area (Sasa) summed over a group of residues (D90, S92, F94, R112,
L114, T116, G151, V153, N155, K162, A164, and W166) from MD simulations of unphosphorylated (S209) and phosphorylated (pS209) states
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resolution in the crystal structures. The high flexibility of the
7p8 loop has also been previously reported by Tomoo et al
in their simulation study of the cap-free eIF4E structure.*

The S209 phosphorylated (pS209) state of eIF4E was
generated from the same starting state (3U7X: chain A) and
when subject to MD simulations, it is clear that upon phos-
phorylation, the flexibility of the p7p8 loop was relatively
reduced, although it still displayed the highest fluctuations
(Figure Sla). The reduction arises because pS209 is stabi-
lized by ionic interactions with a cluster of basic residues
(R157, K159, and K162) present in and around the beta-
hairpin loop connecting 5 and $6 (Figure 2b-d, Movies S1
and S2). The interaction was particularly strong with K159
and K162, while the salt-bridge with R157 was observed less
frequently and exclusively only when it was not interacting
with either of the two lysine residues. S209 does not engage
in any such stable interactions with any of these three resi-
dues in the unphosphorylated state. It has been previously
postulated, based on crystal structures, that phosphorylation
of S209 could result in the formation of a salt-bridge with
K159%'®" (Figure 2b). Our simulation data clearly showed
that this interaction is indeed formed and additionally
PS209 can also interact simultaneously with K162, resulting
in a tripartite interaction network with the phosphate group
from pS209 inserted between the side-chain amines of these
two lysine residues (Figure 2c). A pairwise distance-based
(S209/pS209-K159 and S209/pS209-K162) clustering of the
local structural conformations in the cap-binding interface
indicated that the unphosphorylated protein occupies
diverse conformations, while upon phosphorylation, the
salt-bridge network mentioned above resulted in a more
restrained distribution, indicating that S209 phosphoryla-
tion orders the conformations (Figure 2e). A comparative
evaluation of the solvent-accessible surface area of the resi-
dues present in the base of the recognition pocket clearly
indicated that upon phosphorylation, access to the binding
pocket is significantly reduced (Figure 2f). The solvent
accessible surface reduces from 160 to 400A? (with maxi-
mum at 290A%) in the unphosphoryated state to 120 to
360A% (with maximum at 250A%) upon phosphorylation.
The data collectively indicates that phosphorylation of S209
introduces an anionic potential at the interface and also
constrains the conformation of the region, thereby reducing
accessibility of the pocket for the cap-analogs.

2.2 | Phosphorylation of m’GTP bound
state of eIF4E

m’GTP is the most commonly used chemical analog to
study the structure and mechanism of mRNA 5 cap
binding to eIF4E. A comparative structural analysis of
the available 16 distinct m’GTP bound structures

indicated that the p7p8 loop is completely resolved in
only 6 structures (Figures 1 and S2a). In three of these
structures (PDB IDs: 2W97: chain A, 4TPW: chain A, and
4TQB: chain A), the loop is partly stabilized by interac-
tions between the “*°°SGS®*®” residues of the region and
the y phosphate of the cap. However, in the other three
structures (PDB IDs: 4TPW: chain B, 4TQB: chain B, and
3AM?7), the p7p8 loop is resolved without any observed
interactions with the cap. The conformation of the loop is
similar in structures within the two groups, but is differ-
ent between the groups (Figure S2a). In addition, there
are 10 other structures where this loop is not completely
resolved. Together this indicates that the S209 containing
loop is dynamic and can adopt alternate conformational
states even when the m’GTP is bound. This is also cor-
roborated from MD simulations of two representative
m’GTP bound structures (PDB ID: 4TPW: chains A and
B) initiated from different conformational states of the
B7p8 loop, where it is clear that the degree of fluctuations
is very distinct between the two states (Figure S1b,c). In
the “4TPW: chain A” simulation (loop oriented towards
the cap), the PB7p8 loop exhibited low fluctuations,
whereas in the simulation of “4TPW: chain B” structure
(loop oriented away from the cap), the (748 loop is
observed to be the most flexible region in the protein.
Structural models with the phosphorylated state of
S209 were generated from the same two different starting
states mentioned above and simulated (Movies S3 and
S4). Phosphorylation resulted in pS209-K159 salt-bridge
interactions which configured the f7p8 loop into a stable
state, irrespective of the starting state conformation of
the loop (Figures 3a-c, S1b,c, and S3a-c); therefore, the
analysis from simulation trajectories of “4TPW: chain A”
structure are discussed in detail. The ensemble of struc-
tures generated from the simulations was clustered as a
function of two distance reaction coordinates (S209-K159
and W56-W102). Each of these residues belonged to the
four different loop segments that surround the cap-
binding interface. Clustering the data revealed that the
unphosphorylated protein has relatively dispersed confor-
mational states whereas phosphorylation resulted in a
more concentrated population distribution of the struc-
tures (Figure 3d,e). The variation in the conformational
distribution originates primarily from the difference
in the pS209-K159 reaction coordinate between the two
systems. The binding energy of the m’GTP cap with
elFAE was then computed and mapped on to this
distance-based clustered population of the structures
(Figure 3d,e). It was interesting to observe a distinct
energy landscape between the two systems especially in
conformations where p5p6 and P7p8 loops are close to
each other (S209/pS209-K159 distance <8A). The clus-
tered structures in this population exhibited favorable
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FIGURE 3 m’GTP bound eIF4E structure and its phosphorylated derivative. Representative structures from MD simulations (initiated
from 4TPW: chain A) of the (a) unphosphorylated and (b) phosphorylated states of m’GTP bound eIF4E. The salt-bridge between
K159-pS209 is demonstrated explicitly with dashed lines. (c) Frequency distribution of the minimum distance between heavy atoms of
“K159-S209/pS209” residue pairs from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. (d and e)
Contour plot of the m’GTP binding energy with eIF4E as a function of the pairwise distance reaction coordinates between “W56-W102”
(distance between center of mass of the indole rings) and “K159 (NZ)-S209/pS209 (OG)” from MD simulations of the unphosphorylated and
phosphorylated states respectively. (f) Binding energy of m’GTP cap with eIF4E and its decomposition into individual components from MD
simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. Tot, total binding energy; vdw, van der walls; ele,
electrostatics; pol, polar solvation; npol, nonpolar solvation energy terms. The actual “ele” (—923 kcal/mol and — 541 kcal/mol) and “pol”
(911 kcal/mol and 556 kcal/mol) energy values are divided by a factor of six for efficient comparison with other energy terms. (g) Frequency
distribution of the minimum distance between heavy atoms of the m’GTP cap and residue S209/pS209 from MD simulations of the

unphosphorylated (S209) and phosphorylated (pS209) states

binding energies (—70 to —30 kcal/mol) for the cap in the
unphosphorylated state of S209, which shifted towards sig-
nificantly less favorable binding energies (—30 to —10 kcal/
mol) in the phosphorylated state. Subsets of the population
showed very unfavorable binding energies (—10 to 10 kcal/
mol) for the cap in phosphorylated eIF4E. Further analysis
of the individual binding energy components showed that
the major difference is observed for the electrostatics and
polar solvation terms, while the van der Waals and nonpo-
lar solvation remained similar for both the systems
(Figure 3f). The desolvation penalty for complex formation
is lower for the phosphorylated state, but the weakening in
the electrostatic component of binding by almost 50% upon

phosphorylation results in a net reduction in the total bind-
ing energy (—43 to —19 kcal/mol) (Figure 3f). Evaluation of
the binding energy contribution from residues involved in
cap recognition showed that only S209 exhibited contrasting
energetics between the unphosphorylated (favorable) and
phosphorylated (unfavorable) states (Figure S4a). The nega-
tively charged phosphates from pS209 and m’GTP cap are
configured in close proximity (average ~4A) (Figure 3g) due
to the pS209-K159 salt-bridge in phosphorylated eIF4E
which is a primary factor for the observed variation and
decrease in the electrostatic potential in this system. Similar
observations are made from the simulations of the “4TPW:
chain B” structure (Figures S3 and S4B).
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In summary, phosphorylation of S209 promoted the for- reduced negative charges. For this, we considered the di
mation of the salt-bridge with K159 as was previously pos-  (m’GDP) and mono (m’GMP) phosphate derivatives of
tulated.®>'®'® However, the general notion that this would  the cap-analog.
favorably clamp and stabilize the cap-analog in the binding
pocket is not supported by our data. On the contrary, it sug-

gests that the bound state energetics in-fact become less 2.4 | m’GDP
favorable due to electrostatic repulsion between the phos-
phate moieties of the cap and phosphoserine. MD simulations of an m’GDP bound structure (PDB ID:

4TQC: chain A) with a modeled 78 loop (based on
4TPW: chain A conformation; Figure S2b) and its S209
2.3 | Phosphorylation of m’GDP and phosphorylated derivative showed that the inherent flexi-
m’GMP bound states of eIF4E bility of the p7p8 loop region in the unphosphorylated
protein is stabilized upon phosphorylation of S209 by a
We next investigated the influence of S209 phosphoryla- PS209-K159 salt-bridge (Figures S1d, 4a-c, Movies S5 and
tion on the binding energetics of cap-analogs with  S6). Consequently, the conformational distributions of
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FIGURE 4 m’GDP bound eIF4E structure and its phosphorylated derivative. Representative structures from MD simulations of the

(a) unphosphorylated and (b) phosphorylated states of m’GDP bound eIF4E. The salt-bridge between K159-pS209 is demonstrated explicitly with
dashed lines. (c) Frequency distribution of the minimum distance between heavy atoms of “K159-S209/pS209” residue pairs from MD simulations
of the unphosphorylated (S209) and phosphorylated (pS209) states. (d and e) Contour plot of the m’GDP binding energy with eIF4E as a function
of the pairwise distance reaction coordinates between “W56-W102” (distance between center of mass of the indole rings) and “K159 (NZ)-S209/
pS209 (OG)” from MD simulations of the unphosphorylated and phosphorylated states respectively. (f) Binding energy of m’GDP cap with e[FAE
and its decomposition into individual components from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. Tot,
Total binding energy; vdw, van der walls; ele, electrostatics; pol, polar solvation; npol, nonpolar solvation energy terms. The actual “ele”

(—682 kcal/mol and —363 kcal/mol) and “pol” (672 kcal/mol and 381 kcal/mol) energy values are divided by a factor of six for efficient
comparison with other energy terms. (g) Frequency distribution of the minimum distance between heavy atoms of the m’GDP cap and residue
S209/pS209 from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states
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the clustered structural populations between the two states
(broad: S209 and restricted: pS209) of the protein
(Figure 4d,e) were observed to be similar to that seen in
the m’GTP bound complex. The binding energy of
m’GDP cap computed and mapped onto the clustered
populations of structures also shows different energy pro-
files between the two states of eIF4E (Figure 4d,e). When
the two loops enclose the cap (S209/pS209-K159
distance <8 A), the energy is considerably less favorable
(=30 to 10 kcal/mol) for phosphorylated eIF4E as com-
pared to the unphosphorylated protein (—70 to —30 kcal/
mol) (Figure 4d,e). Decomposition of the binding
energy showed that the desolvation cost is lower in
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phosphorylated eIF4E, but the electrostatic component of
binding is reduced significantly (~50%) (Figure 4f) due to
the repulsive potential created by the close proximity
(average ~4A) of the phosphates from pS209 and m’GDP
(Figure 4g). This is also reflected in the contrasting bind-
ing energy contributions from S209 between the systems (-
Figure S4c). The electrostatic potential contributes to the
overall decrease in the binding energetics by almost half
(=39 to —17 kcal/mol) for the cap-analog when eIF4E is
phosphorylated (Figure 4f). Thus, despite the reduction in
the negative charge of the cap-analog, the pS209-K159
salt-bridge clamp still created an energetically unfavorable
bound state for m’GDP.
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FIGURE 5 m’GMP bound eIF4E structure and its phosphorylated derivative. Representative structures from MD simulations of the
(a) unphosphorylated and (b) phosphorylated states of m’GMP bound eIF4E. The salt-bridge tripartite network between K157-pS209-K162 is
demonstrated explicitly with dashed lines. (c) Frequency distribution of the minimum distance between heavy atoms of “K159-S209/pS209”
and “K162-S209/pS209” residue pairs from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. (d and €)
Contour plot of the m’GMP binding energy with eIF4E as a function of the pairwise distance reaction coordinates between “W56-W102”
(distance between center of mass of the indole rings) and “K159 (NZ)-S209/pS209 (OG)” from MD simulations of the unphosphorylated and
phosphorylated states respectively. (f) Binding energy of m’GMP cap with eIF4E and its decomposition into individual components from
MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. Tot, Total binding energy; vdw, van der walls; ele,
electrostatics; pol, polar solvation; npol, nonpolar solvation energy terms. The actual “ele” (—337 kcal/mol and —249 kcal/mol) and “pol”
(339 kcal/mol and 254 kcal/mol) energy values are divided by a factor of three for efficient comparison with other energy terms.

(g) Frequency distribution of the minimum distance between heavy atoms of the m’GMP cap and residue S209/pS209 from MD simulations

of the unphosphorylated (S209) and phosphorylated (pS209) states
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FIGURE 6 m’GpppA bound eIF4E structure and its phosphorylated derivative. Representative structures from MD simulations of the
(a) unphosphorylated and (b and c) phosphorylated states of m’GpppA bound eIF4E. The salt-bridge between K159-pS209 is demonstrated
explicitly with dashed lines. (d) Frequency distribution of the minimum distance between the heavy atoms of “K159-S209/pS209” residue pairs
from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states. (e and f) Contour plot of the m’GpppA binding energy
with eIF4E as a function of the pairwise distance reaction coordinates between “W56-W102” (distance between center of mass of the indole rings)
and “K159 (NZ)-S209/pS209 (OG)” from MD simulations of the unphosphorylated and phosphorylated states respectively. (g and h) Binding
energies of m’GpppA cap with eIF4E and its decomposition into individual components from MD simulations of the unphosphorylated (S209)
and phosphorylated (pS209) states. Tot, Total binding energy; vdw, van der walls; ele, electrostatics; pol, polar solvation; npol, nonpolar solvation
energy terms. The actual “ele” (—563/—585 kcal/mol and —550/—415 kcal/mol) and “pol” (570/589 kcal/mol and 540/416 kcal/mol) energy values
are divided by a factor of six for efficient comparison with other energy terms. (i) Frequency distributions of the minimum distances between the
heavy atoms of the m’GMP cap and S209/pS209 from MD simulations of the unphosphorylated (S209) and phosphorylated (pS209) states
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network is similar to that observed in the case of the cap-free
state of eIF4E wherein the phosphate of pS209 was inserted

MD simulations of an m’GMP bound eIF4E (PDB ID: 5ZK7:
chain A) with a modeled 37§38 loop (based on the conforma-
tion of 4TPW: chain A structure; Figure S2c) and its S209
phosphorylated derivative showed that the B788 loop has the
highest degree of fluctuation in the unphosphorylated pro-
tein which was stabilized in its phosphorylated state
(Figure Sle). The stabilization occurs through a tripartite
salt-bridge linkage between pS209, K159, and K162
(Figure 5a-c, Movies S7 and S8). The local interaction

between the amines of the two lysine residues (Figure 5b).
The nature of the conformational distribution for the clus-
tered ensemble of structures between the two states of the
protein is similar to that observed in the di- and tri-phosphate
derivatives (Figure 5d,e). Significantly, the energy landscape,
unlike in the case of the other two cap-analogs, is found to
be comparable (—50 to —10 kcal/mol) between the phosphor-
ylated and unphosphorylated eIF4E (Figure 5d,e) and the
overall binding energy of m’GMP cap remains similar (—26
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and — 24 kcal/mol) (Figure 5f). The individual energy terms
including desolvation and the electrostatic components of
binding were found to be relatively less affected by phosphor-
ylation (Figure 5f). There was also negligible binding energy
contribution from S209 in both the systems (Figure S4d).
This energetic profile could primarily result because the neg-
atively charged phosphates from the cap and pS209 were spa-
tially more distant in this complex (average ~10 A)
(Figure 5g) as compared to the previous two cap-analogs
(average ~4 A) (Figures 3g and 4g). The data collectively
suggested that the pS209-K159/K162 salt-bridge clamp that
emerges upon phosphorylation did not adversely affect the
bound state energetics of m’GMP.

2.6 | Phosphorylation of m’GpppA
bound state of eIF4E

The “m’GpppX (X is the second nucleoside)” derivative
has also been frequently used as a chemical analog to

Dephosphorylation
uoneLioydsoyg

cap binding

Normal cap release

i

study mRNA-cap: elF4E interactions. Crystal structures
of m’GpppA in complex with human eIF4E protein (PDB
IDs: IWKW and 1IPB) showed that the adenine nucleo-
side interacted with the B7p8 loop and the segment was
completely resolved in these structures (Figure S2d). MD
simulations initiated from a representative complex
structure (1WKW) indicated that the adenine nucleoside
largely remained in contact with the P78 loop as
observed in the crystal structure; but there were addi-
tional conformations of the nucleoside where it was
either exposed to the solvent or interacted with other
regions of the binding interface (Movie S9). The disrup-
tion of the crystallographically observed interaction of
the adenine nucleoside with the protein was also
reported by Tomoo et al in their simulation of the
m’GpppA: elF4E complex.”* The dynamic nature of the
nucleoside meant that it did not entirely stabilize the
B7p8 loop and consequently, it was observed to have the
highest degree of fluctuation in the protein (Figure S1f).
Interestingly, phosphorylation of S209 residue did not

(b)

FIGURE 7 Molecular model for the phosphorylated regulation of eIF4E: mRNA-cap interaction. Representative structural state of

(a) cap-free, (b) m’GTP bound, (c) S209 phosphorylated m’GTP bound and (d) S209 phosphorylated cap-free eIF4E. The salt-bridge between
K159-pS209 and K162-pS209 is demonstrated explicitly with dashed lines. The arrows indicate the transition between different states,
binding and release of the m’GTP cap accompanying the phosphorylation/dephosphorylation events, which are accordingly labeled.

(e) Stick representation of the m’GTP cap-analog
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promote the stability of the loop region as was observed
in the case of the other cap-analogs (Figure S1f). The
principal reason for this difference was the absence of a
salt-bridge between pS209 and K159 in a substantial pop-
ulation (~35%) in the ensemble of MD simulated struc-
tures because the second nucleoside interacted and
displaced the p7p8 loop away from the binding interface
(Figure 6a-d, Movies S9 and S10). However, the salt-
bridge clamp was still formed in the remaining popula-
tion (~65%) of structures when the nucleoside was not in
contact with the p7p8 loop (Figure 6b,d). Tomoo et al did
not observe any direct salt-bridge formation in their sim-
ulation of the phosphorylated derivative of this complex
despite the shortening of the pS209-K159 distance proba-
bly due to the shorter time scale of their simulation.**

The dynamic nature of the adenosine nucleoside col-
lectively produced a broad conformational distribution of
the clustered structures in both the phosphorylated and
unphosphorylated states of S209 (Figure 6e,f). Interest-
ingly, the binding energy of the cap-analog plotted onto
these conformations showed a distinct pattern between
the two systems. In conformations where the 378 loop is
displaced by the second nucleoside (pS209/S209-K159
distance >8A), the binding energy was largely similar in
both the states (—70 to —30 kcal/mol); whereas in confor-
mations where the pocket is constricted (pS209/
$209-K159 distance <8A), the binding energy of the cap
in the unphosphorylated state was relatively more favor-
able (—70 to —30 kcal/mol) as compared to the phosphor-
ylated state (—50 to —30 kcal/mol). The average binding
energy and its decomposition clearly showed that the
energy values were similar (Figures 6g and S4e) when the
negatively charged phosphates of pS209 and the cap-
analog were apart (populations with distances >12A) and
no pS209-K159 salt-bridge was formed (Figure 6i). How-
ever, when these charged phosphate moieties are brought
into closer proximity (populations with average distance
of 8 A) (Figure 6i) through the formation of the salt-
bridge, the desolvation penalty along with the electro-
static interaction energy for complexation is decreased in
the phosphorylated system (Figure 6h). The residue-wise
binding energy contribution from pS209 in this configura-
tion is also observed to be unfavorable (Figure S4f), unlike
in structures without the salt-bridge where it has negligible
contribution to the binding energetics (Figure S4e). Collec-
tively, these analyses further strengthen the observation
that the spatial configuration of the phosphates can contrib-
ute to the reduction in the binding energy of the cap-analog.
In summary, the formation of the clamp between the 3788
loop and the 586 loop via the pS209-K159 salt-bridge inter-
actions created an energetically less favorable bound state
for the m’GpppA cap-analog, despite the presence of the
second nucleoside.

3 | DISCUSSION
We have explored molecular details of eIF4E phosphory-
lation at S209 and its effects on the structure and interac-
tions with mRNA-cap using MD simulations. The
findings support the postulate made from an examination
of the eIF4E crystal structures that salt-bridge interac-
tions between phosphorylated S209 and K159 are an inte-
gral feature that emerges as a consequence of the
phosphorylation event.>'®'® The intra-molecular interac-
tions between residues located at different spatial regions
in the cap-binding pocket of the protein results in the
conformational restriction of the otherwise highly flexible
loop segment connecting strands p7 and 8 in eIF4E. The
plasticity of the loop is also captured in the only reported
solution-state structure of apo eIF4E (PDB ID: 2GPQ)
(Figure S5a,b) which highlights the large scale motion
required to form the interactions with the p5p6 loop. It
was interesting to observe that phosphorylation of S209
could indeed drive this movement (distances >30A) of
the loop towards the cluster of basic residues eventually
resulting in the formation of the salt-bridge network with
K159 and K162 (Figure S5c-e). Long-range electrostatic
forces are one of the major determinants which direct the
cap towards its recognition interface on eIF4E.**** A pos-
tulated two-step mechanism of binding involves initial
docking between the negatively charged phosphates in
the cap and the positively charged residues (R157, K159,
and K162) present in the pocket followed by the forma-
tion of stacking interactions between the guanosine base
and the aromatic residues (W56 and W102).>* The pres-
ence of the negative potential due to phosphorylation of
S209 is thus generally considered as a primary factor that
could affect mRNA cap binding due to electrostatic repul-
sion between the phosphorylated S209 and the negatively
charged phosphates of the cap. Our data suggest that
phosphorylation of S209 could also alter the physical
nature of the binding interface through the formation of
an interaction network with K159 and K162. It thereby
reduces the accessibility of the binding cavity and this in
principle should result in a less favorable environment
for the cap-analog to efficiently dock into the binding
interface. The association kinetics of mRNA cap-analogs
with recombinant eIF4E protein have been shown to be
reduced by phosphorylation,® which could be rational-
ized by this structural state of the protein.
Phosphorylation and the subsequent formation of the
salt-bridge have also been postulated to clamp and stabi-
lize the mRNA cap in the binding pocket,*'®*® which is
however at odds with the observed increase in their rates
of dissociation from phosphorylated eIF4E.' The dis-
crepancy can be explained by the observation that the
bound-state energy of the mRNA cap is found to be
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significantly compromised in the phosphorylated state of
elF4E because the salt-bridge structures the negative
charges from the phosphates of pS209 and the cap in a
confined spatial environment. The impact of this local
structural configuration is also highlighted by the fact
that when the phosphate groups are separated (m’GMP
or in a subpopulation of m’GpppA), the binding energy
of the cap is unaffected by phosphorylation. In order to
further examine this aspect, a monoanionic charge state
of pS209 and m’GTP cap (net charge of “-1e” and “-2¢”,
respectively) was modeled into the complex. Simulation
of this system showed that the pS209-K159 salt-bridge
formed is comparatively weaker as compared to the for-
mation of this salt-bridge in the dianionic state of pho-
sphoserine (Figure S6a-c). It is also remarkable to find
that the binding energetics of the cap in the clustered
population of structures is significantly better (mean of
—37 kcal/mol for monoanionic phosphoserine and
—19 kcal/mol for dianionic phosphoserine) with the
reduced negative charges on the phosphates (Figure Séd,
e). The favorable energy state in the monanionic version,
despite having a similar structural organization of the
phosphates as in the dianionic state (Figure S6f), arises
because the concentrated negative potential in this chem-
ical environment is markedly neutralized by the attached
protons. It captures the essence of the electrostatic forces
in the process and although the simulations do not
explicitly witness the actual release of the cap from the
interface, the energetics undoubtedly highlights the
weakening of the protein: cap association. Zuberek et al
have shown through generation of mutant and phosphor-
ylated derivatives of eIF4E that electrostatic repulsion
between negatively charged phosphate groups has a defi-
nite detrimental influence on the interaction of phos-
phorylated eIFAE and mRNA capped analogs.'®*! Thus,
the observed reduction of bound state energy in our sim-
ulations should in principle be an event that precedes
dissociation which underscores the revelation that the salt-
bridge does not act as a clamp, instead it potentially leads to
destabilization of the cap from the binding pocket.

Based on these observations, we propose a model for
the phosphorylated regulation of eIF4E: mRNA-cap
interaction (Figure 7). Unphosphorylated eIF4E has been
shown to initiate translation,?>?® which indicates that
this post-translational modification is not critical for the
normal biological activity of the protein (Figure 7a,b,e).
One of the crucial aspects about the process of eIF4E
phosphorylation that currently remains uncertain is
whether the protein is phosphorylated before or after
mRNA binding. If phosphorylation does occur after its
interaction with the mRNA, the unfavorable electrostatic
forces in the pocket suggest that the mRNA will dissoci-
ate at a faster rate from the protein (Figure 7c,e). On the
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other hand, if phosphorylation occurs prior to mRNA
binding, the physical nature of the cap recognition pocket is
modulated such that it is not optimum for mRNA-cap dock-
ing (Figure 7d). This coupled with the presence of the nega-
tive potential at the pocket interface would suggest a
reduction in the association rate of the mRNA-cap with the
protein. The mRNA released from the phosphorylated
elF4E can potentially be recognized by unphosphorylated
or dephosphorylated eIF4E to reinitiate the process of trans-
lation (Figure 7a,d). Thus, the model collectively indicates
that eIF4AE phosphorylation can regulate the frequency of
mRNA translation based on the period of occurrence of the
modification. The selective enhancement in the synthesis of
oncogenic proteins is generally correlated with eIF4E
phosphorylation.” ! The increased rate of mRNA dissociation
and translation re-initiation due to phosphorylation could be
a primary aspect in this biological process. Thus phosphoryla-
tion as a regulatory model has an incremental effect on cap-
dependent translation but this is achieved through a counter-
intuitive process which involves a decrease in the binding
affinity of the mRNA-cap with elF4E.

4 | MATERIALS AND METHODS

4.1 | Structural data

The atomic coordinates of the crystallographically resolved
structures of human eIF4E were obtained from the protein
data bank (PDB). A total of 37 structures (including multi-
ple chains in some unit cells) were available (as of July
1, 2019) which were classified into different groups based
on the presence/absence of cap-analogs and also on the dif-
ferent variants of the analogs (Table S1). These included
11 structures that are cap-free, 16 structures with m’GTP
bound, two structures each with m’GDP, m’GMP, and
m’GpppA bound cap-analogs.

4.2 | Initial structures for modeling and
MD simulations

The selection of the initial structures for modeling and MD
simulations of the phosphorylated and unphoshorylated
states of eIF4E was mainly guided by the structural infor-
mation available for the p7p8 loop which contains the S209
residue. 3U7X (chain A) was used as a representative struc-
ture for simulation of cap-free eIF4E because it was one of
the only three structures in which the backbone coordinates
of p7p8 loop were completely resolved and the conforma-
tion of the loop was similar across all of them (Figure 2a).
Simulations of m’GTP bound state were initiated from
two starting structures (PDB ID: 4TPW: chains A and
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B) which only differed in the backbone conformation
of the f7p8 loop (Figure S2a). Chain A from 4TQC and
5ZKA were respectively selected for the m’GDP and
m’GMP bound states (Figure S2b,c); the unresolved
regions of the p7p8 loop in both these structures were
modeled using the m’GTP bound representative struc-
ture (4TPW: chain A) as a template. The backbone con-
formation of p7p8 loop was similar in both the m’GpppA
structures (Figure S2d) and 1WKW was selected as a
starting state model. The respective S209 phosphorylated
state simulations (pS209) for each of the five different sys-
tems were initiated from the same starting conformations
as the selected representative structures. This information is
also summarized in Table S1.

4.3 | Simulation parameters for cap-
analogs and phosphoserine

The phosphate groups in the different cap derivatives were
considered to be in the dianionic states and so the net charge
of m’GTP, m’GDP, m’GMP, and m’GpppA analogs were
“-3e”, “-2e”, “-1e”, and “-2e”, respectively. RESP (restricted
electrostatic potential) based atomic charges were derived
using a combination of the building block fragments from F-
90 REDD.B database’’ and the RE.D. server”® by
employing the RESP-A1A (HF/6-31G*) charge model and
the Guassian_2009_C.01 quantum_mechanics program.
The RESP atomic charges for the second adenosine nucle-
oside in m’GpppA analog were obtained from the RNA
library of AMBER16.?° All other force field parameters for
the cap-analogs were derived from GAFF2 database®®*'
available through the Antechamber®® module in
AMBER16.*° The phosphate group in phosphorylated
serine was also considered to be in the dianionic state
with a net charge of “-2e”. The amber library files for pho-
sphoserine were downloaded from http://research.bmh.
manchester.ac.uk/bryce/amber wherein the force field
parameters for the modified amino acid were derived
from the work by Craft and Legge.**

44 | Simulation details

The N-terminal region of eIF4E is not completely
resolved in any of these structures and so the effective
length of the protein considered for the study is from K36
to V217 (Uniprot ID: P06730). The N-terminus was
capped with ACE (acetyl) functional group while the C-
terminus was uncapped, and hence terminated with the
COO™ carboxyl group. A cuboid box was used for simula-
tions whose dimensions were fixed by placing the struc-
tures in the center and maintaining a minimum distance

of 10 A between any protein atom and the box bound-
aries, ensuring reasonable solvation layers around the
structures; solvation was carried out with the TIP3P
water model.*®> The net charge of each system was neu-
tralized by adding an appropriate number of counter ions
(Na™ or CI7). MD simulations were carried out using the
PMEMD module through the AMBER16 suite of programs.
All-atom ff14SB force field parameters* were used for the
protein and GAFF2 parameters from AMBER16* with
RESP derived charges were employed for the cap-analogs.
The simulation protocol involved energy minimization
(steepest descent followed by conjugate gradient), followed
by heating to 300 K over 30 ps under NVT ensemble, equili-
bration for 500 ps and finally production dynamics, the lat-
ter two carried out under NPT conditions. All the systems
were simulated in triplicates for 100 ns each with different
initial velocities during equilibration, totaling 3.6 ps of sim-
ulated trajectories (Table S1). Langevin dynamics® was
used to maintain the temperature at 300 K (collision fre-
quency: 1.0 ps™*) while the pressure was maintained at
1 atm using weak-coupling®® (relaxation time: 1 ps). Peri-
odic boundary conditions were appropriately applied and
the long-range electrostatic interactions were computed
using the Particle Mesh Ewald (PME) method.”” All the
bonds involving hydrogen atoms were constrained using
the SHAKE algorithm®® which enabled an integration time
step of 2 fs for solving the equations of motion.

4.5 | Binding energy calculations

Binding energies were estimated using the MM/GBSA
(molecular mechanics/generalized born surface area)
method® in which the free energy of a state is calculated
according to the following equation:

G = Epon + Evaw + Eele + Gpol + anol -TS

where Ey,, comprises of three bonded (bond, angle, and
dihedral) energy components, Eyq, and Ee. together
represent the nonbonded interactions. These energies are
calculated from the standard molecular mechanics
(MM) force field terms used in the MD simulations. G
and Gy are the polar and nonpolar solvation energies
which are respectively obtained by solving the general-
ized born (GB) solvation model and an empirical linear
relationship (y*SASA), where “y” is the surface-tension
and “SASA” is the solvent accessible surface area. “T” is
the absolute temperature and “S” is the entropy which is
computed using normal mode analysis on the structures
generated from simulations.

An estimate of the binding free energy for eIF4E: Cap
complex formation was obtained from:
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AGBinding = [G] complex — [G]protein - [G]cap

Single trajectory protocol (STP) approach was employed
in which the complex state simulations were used to gener-
ate the ensembles of structures for the corresponding free
states of the protein and cap. This approach leads to the
cancelation of the bonded (Eyo,) energy terms. Entropy was
also not included in the calculations because of the large
size of the systems, which resulted in the effective free
energy of binding composed of the following energy terms:

AGBinding = AGyaw + AGele + AGsq) + Aanol

Three thousand structures covering the entire simula-
tion period of the concatenated trajectories were extracted
at equal intervals and the explicit solvent molecules used in
the complex simulations were removed from each of these
snapshots. An implicit GB model (IGB = 2) was subse-
quently used to represent the continuum solvent environ-
ment. The internal dielectric constant for the protein was
set to one while that for solvent water was set to
80, y = 0.0072 kcal/mol/A? and the salt-concentration were
set to 150 mM, assumed to represent the physiological con-
centration. The MMPBSA.py script*® available through the
AMBER16 suite of programs was used to carry out the
binding energy calculations and its decomposition.

4.6 | Binding energy landscape

A total of 3,000 sampled structures were extracted at equal
intervals of time over the entire range of the concatenated
(300 ns) simulation trajectories. They were then clustered
by using two distance reaction coordinates (S209/
pS209-K159 and W56-W102). Each of these residues
belonged to the four different loop segments (B142 loop,
B3p4 loop, B5p6 loop, and B7p8 loop) that are involved in
the recognition of the mRNA-cap. The binding energy of
the cap-analogs with eIF4E was computed (as described
under Section 4.5) for the structures and mapped on to the
distance-based cluster. They were segregated into four dif-
ferent energy groups and color coded differently to define
the energy landscape of the cap-bound state with eIF4E as
a function of the two distance reaction coordinates.

4.7 | Clustering of simulated structures

The ensemble of structures generated from the MD simula-
tions was clustered into distinct sets based on the conforma-
tion of residues W56, W102, S029/pS209, and K159. A total
of 3,000 structures sampled were extracted at equal intervals
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of time over the entire range of the concatenated (300 ns)
simulation trajectories. Only the heavy atoms of these resi-
dues were considered for the analysis. Clustering was per-
formed using the average-linkage algorithm*' and root mean
square deviation (RMSD) was used as a distance matrix.
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