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ABSTRACT: Eukaryotic translation initiation factor 4E (eIF4E) binds the m7GTP cap structure at the S’-end of mRNAs,
stimulating the translation of proteins implicated in cancer cell growth and metastasis. eIF4E is a notoriously challenging target, and
most of the reported inhibitors are negatively charged guanine analogues with negligible cell permeability. To overcome these
challenges, we envisioned a covalent targeting strategy. As there are no cysteines near the eIF4E cap binding site, we developed a
covalent docking approach focused on lysine. Taking advantage of a “make-on-demand” virtual library, we used covalent docking to
identify arylsulfonyl fluorides that target a noncatalytic lysine (Lys162) in eIF4E. Guided by cocrystal structures, we elaborated
arylsulfonyl fluoride 2 to 12, which to our knowledge is the first covalent eIF4E inhibitor with cellular activity. In addition to
providing a new tool for acutely inactivating eIF4E in cells, our computational approach may offer a general strategy for developing

selective lysine-targeted covalent ligands.

Recent studies by academic and industrial laboratories have
catalyzed renewed interest in chemical probes and drugs
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Figure 1. Covalent docking to eIF4E Lys162. (a) Arylsulfonyl
fluorides 1—7 prioritized by covalent docking. (b) eIF4E (1 uM) was
treated with compound 2 (100 M) with or without m7GTP (100
uM). At the indicated time points, eIF4E labeling by 2 was quantified
by LC—MS. (c) Docked pose of compound 2 covalently bound to
Lys162 (green) of eIF4E (docked to PDB ID 4DT6; pink side chains,
gray surface).

with a covalent mechanism of action."” Most targeted covalent
drugs act by modifying cysteine residues, which are potent
nucleophiles. Cysteines are relatively rare in the proteome, and
consequently, they are often not present in ligand binding sites.
An alternative covalent strategy involves targeting lysine.”*
Although lysine is more prevalent than cysteine, it is also much
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less nucleophilic. These attributes make lysine a challenging
target for covalent inhibitor design and raise concerns about
the selectivity of lysine-targeted probes.”® Consequently, most
lysine-targeted inhibitors were designed by starting with a
potent non-covalent inhibitor and appending an appropriately
positioned electrophile.*” A general computational screening
approach for the direct identification of lysine-targeted ligands
would enable a covalent targeting strategy for the multitude of
proteins that lack a ligandable cysteine.

Cap-dependent eukaryotic translation initiation factor 4E
(eIF4E), which binds the 5'-m7GTP cap of cellular mRNAs,
exemplifies the potential of lysine-directed covalent inhibitors.
Molecules that bind and occlude the cap binding site of eIF4E
are attractive as potential anticancer leads and tools for
studying cap-dependent translation initiation.”” Although a
small molecule has been reported to block eIF4E binding to
eIF4G,'" there are few published inhibitors that bind in the
m7GTP pocket, and most are nucleotide analogues resembling
m7GTP."""> These inhibitors bind eIF4E reversibly and are
negatively charged; removing the negative charge results in a
drastic loss in binding affinity. Not surprisingly, these inhibitors
are inactive in cells (or weakly active as prodrugs),"” likely
because of a lack of membrane permeability. With these
challenges in mind, we were motivated to pursue a covalent
inhibition strategy. Without a cysteine near the cap binding
site, proximal lysines emerged as potentially attractive
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Figure 2. Structure-guided optimization of covalent eIF4E inhibitors. (a) Secondary docking hits 8 and 9. (b) WT and K162R eIF4E were treated
with 8 and 9, followed by LC—MS analysis. (c) Cocrystal structure of 9/eIF4E (PDB ID 6U09). Electron density (2F, — F.) is shown at a contour
level of 16. (d) Overlay of compound 9/eIF4E (cyan) with the ligand from PDB ID 4DUM (yellow), which guided the design of compounds 10—
12 (e). (f) eIF4E was treated with 9—12 for 1 h at pH 8.1 (left) or 15 min at pH 7 (right), followed by LC—MS analysis. (g) Kinetic parameters for

modification of eIF4E by compounds 10—12 (pH 8.1).

nucleophiles. In particular, the paralogue-specific Lys162 in the
elF4E cap binding site (replaced by Ile in eIF4E2 and Val in
elF4E3) directly hydrogen-bonds with the pS-phosphate of
m7GTP.'"

To exploit Lys162 as a nucleophile, we built a virtual make-
on-demand library of arylsulfonyl fluorides—which are
precedented as electrophiles for lysine modification®”'*—
based on building blocks and syntheses developed at
Enamine.'”'® A variety of computational docking methods
have been reported to identify covalent ligands."”~** Our
strategy builds upon the DOCKovalent method, which targets
cysteines and serines with large libraries of electrophiles,”
adapting it to the greater conformational flexibility of lysine
residues. As in DOCKovalent, library molecules are scored by
their physical complementarity to the binding site in poses that
position an electrophile to react with the nucleophile. In
contrast to our previous study, we were faced with a flexible
lysine side chain, which is challenging to model accurately in
docking. We therefore followed initial docking geometries with
minimization of the best-ranked molecules using molecular
mechanics and then by further MM/GBSA rescoring.””** This
not only used a higher level of theory in evaluating the docked
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molecules, but better sampled and evaluated the possible lysine
conformations. Before this approach was applied to eIF4E, it
was tested for the ability to reproduce the geometries of 16
protein—ligand complexes with covalent lysine-targeted
ligands. The pose reproduction rate here was 69%, with
average root-mean-square deviations of 1.8 A when we docked
to predicted lysine rotamers (Figure S1 and Table S1),
suggesting that the method might be useful prospectively.
Accordingly, we docked 88 186 make-on-demand'® arylsul-
fonyl fluorides against the X-ray structure of the eIF4E cap
binding site. The top-ranked 219 molecules (0.24%), as
evaluated by DOCKovalent and refined by minimization and
rescoring, were inspected for interactions with key residues,
such as Trp56, Trpl02, and Glul03, and for 1nternal ligand
strain, which DOCKovalent treats only approximately.”® Seven
compounds were prioritized, purchased, and assayed for
covalent binding to eIF4E by protein mass spectrometry
(Figure 1a and Table S2). At 100 uM, two arylsulfonyl fluoride
docking hits (2 and 3) substantially labeled eIF4E after
incubation for 3 h (Table S2), with compound 2 showing the
highest labeling specificity as determined by competition with
m7GTP (Figure 1b). Modeling suggested the presence of a
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Figure 3. Covalent inactivation of eIF4E in cells. (a) Jurkat cells were treated with 9—12. After 3 h, cell lysates were prepared, and an aliquot of
each sample was analyzed by Western blotting for eIF4E and tubulin (“lysates”). Remaining lysate samples were enriched with m7GTP-agarose
beads, and the bound (“elution”) and unbound (“supernatant”) fractions were analyzed by Western blotting. (b) HEK293T cells stably
overexpressing WT or K162R FLAG-eIF4E or nontransduced cells (NT) were treated with 12 for 30 min. Cell lysates were prepared and analyzed
by Western blotting (* denotes endogenous eIF4E). (c) Stable cell lines from (b) were treated with 12 prior to transfection with a bicistronic
plasmid comprising a cap-dependent cistron (Renilla luciferase) followed by a cap-independent cistron (firefly luciferase). Cells were incubated
with 12 or DMSO for 6 h, after which the Renilla and firefly luciferase activities were measured (Figure S9). Data are means + SEM (n = 3). **, P

< 0.01; *#*% P < 0.0001.

deep lipophilic pocket adjacent to compound 2 in the cap
binding site (Figure 1c), whose occupation might improve the
potency. We targeted this pocket by designing a second virtual
library of 2239 new compounds, each of which contains a
variable hydrophobic substituent appended to the aniline of 2.
These analogues were docked and modeled into the site. Five
high-ranking compounds were synthesized and purchased
(Figure S2). Compounds 8 and 9 showed improved potency
(Figure 2a,b), labeling eIF4E to 68% and 41%, respectively,
after treatment with 30 yuM compound for 3 h. LC—MS/MS
analysis confirmed K162 as the major site of modification by
compound 9, although modification of K206 (adjacent to the
m7GTP pocket) was also detected (Figure S3).

To support further optimization, we determined the
cocrystal structure of compound 9 bound to eIF4E at 1.79 A
resolution (PDB ID 6U09; Figure 2c). This structure
confirmed the binding mode anticipated by docking, with
the isoquinolone core interacting with eIF4E in a manner
similar to the guanine of m7GTP (Figure S4). As designed, the
4-pyridylmethyl substituent of 9 fits into the hydrophobic
pocket, with the pyridine nitrogen accepting a hydrogen bond
from the hydroxyl of Ser92. Continuous electron density
between Lys162 and the sulfonyl group was observed,
consistent with covalent bond formation. A similar binding
mode for compound 8 was also confirmed by a second
cocrystal structure at 1.96 A resolution, in this case with the 4-
cyanobenzyl substituent occupying the hydrophobic pocket
(PDB ID 6U06; Figure S4).
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An overlay of the eIF4E/9 complex with a previously
reported eIF4E inhibitor that has nanomolar binding affinity
but lacks cellular activity'” suggested two further directions for
optimization. By analogy to this inhibitor (Figure 2d), we first
added a 2-Cl substituent to the pyridine to afford compound
10 (Figure 2e), which increased the potency by S0-fold relative
to compound 9 in a 1 h labeling experiment (Figure 2f, left).
Second, as suggested by the overlay (Figure 2d), we replaced
the isoquinolone core with a quinazolinone bearing an
exocyclic amine (compounds 11 and 12; Figure 2e), which
was designed to form a second hydrogen bond with Glul03
(Figure SS5). Consistent with the importance of this
interaction, the ICy, improved 157-fold and $81-fold for 11
and 12, respectively, in a 15 min labeling reaction performed at
neutral pH (Figure 2f, right). To better describe the efficiency
of covalent bond formation, we measured two kinetic
parameters, k;,,. and K;. Despite sharing the same electrophile,
kinact for 11 and 12 was improved 40- to 50-fold relative to that
for 10, whereas K, was only slightly altered (Figures 2g and
S6). These surprising results suggest that the exocyclic amine
in 11 and 12 exerts a stronger effect on the rate of covalent
bond formation than on the reversible binding affinity, perhaps
by better orienting the reversibly bound arylsulfonyl fluoride
for nucleophilic attack by Lys162. Compound 12 showed
reduced labeling of K162R eIF4E (relative to 8 and 9) and
undetectable labeling of S92H eIF4E (Figures S7 and S8),
consistent with a precise binding orientation in the eIF4E
pocket and proximity-accelerated modification of Lys162.
Because both eIF4E2 and eIF4E3 lack the equivalent of
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Ser92 and Lys162, these widely expressed eIF4E paralogues are
predicted to be resistant to compound 12.

Given its high ky,/K; value (033 yuM™' min™'), we
prioritized compound 12 for cellular efficacy experiments.
After treatment of Jurkat cells with increasing concentrations of
12 (and 9-11 at 10 uM), cell lysates were prepared, and
endogenous eIF4E was enriched using m7GTP-agarose beads.
Encouragingly, Western blot analysis of cell lysates prior to
affinity enrichment with m7GTP-agarose revealed a dose-
dependent shift of eIF4E (25 kDa) to a form with a higher
molecular weight (MW), likely due to covalent modification by
compound 12 (Figure 3a, “lysates”). Consistent with this
interpretation, analysis of the m7GTP pulldown samples
(Figure 3a, “elution”) revealed a dose-dependent decrease in
bound eIF4E, with the higher-MW form detected solely in the
supernatant. Notably, compounds 9 and 10 were less active
toward eIF4E in cells versus compound 12, consistent with
their reduced potency against the purified protein (Figure 3a).

To further characterize the cellular effects of compound 12,
we generated stable HEK293T cell lines overexpressing FLAG-
tagged wild-type (WT) and KI62R eIF4E. As expected,
treatment of these cells with compound 12 (1.25 and 5 uM)
induced a MW shift for WT eIF4E but not K162R eIF4E,
providing additional support for covalent modification of
Lys162 (Figure 3b). Parallel experiments in cells transfected
with a bicistronic dual-luciferase reporter’® revealed inhibition
of cap-dependent but not cap-independent translation, as
shown by a decrease in the Renilla/firefly luciferase activity
ratio (Figures 3c and S9). Consistent with an on-target
mechanism of action (despite the possibility of covalent off-
target reactions), compound 12 inhibited cap-dependent
translation in nontransduced cells and cells overexpressing
WT eIF4E but not in cells overexpressing the K162R mutant.
Thus, overexpression of an eIF4E mutant lacking Lys162
confers resistance to compound 12 in the cap-dependent
translation assay, providing genetic evidence that covalent
modification of eIF4E underlies its inhibitory effects. We note
that after a longer incubation period (24 h), the extent of
elF4E modification by 12 was slightly reduced (Figure S10),
likely reflecting decomposition of the arylsulfonyl fluoride®”
and resynthesis of unmodified eIF4E. We assessed the
chemical stability of compound 12 under various buffer
conditions at 37 °C and observed both hydrolysis and
glutathione-mediated reduction (t;,, = 3—30 min; Figure
S11), potentially explaining why 12 did not modify 100% of
endogenous or overexpressed eIF4E in HEK293T cells.
Nevertheless, compound 12 represents the first example of a
lysine-targeted eIF4E inhibitor with cellular activity. Its high
kin.oi/K; compensates for its instability, enabling rapid
modification of intracellular eIF4E before its depletion from
the culture medium.

Three features of this study merit emphasis. First, the
docking strategy for covalent lysine inhibitors may find wide
application to other challenging protein targets, especially
those lacking a ligandable cysteine. Second, there is much
interest in a recent 100- to 1000-fold increase in accessible
chemical space via make-on-demand libraries."” This study
suggests that this space may be expanded substantially by
identifying new chemotypes (e.g., arylsulfonyl fluorides) that fit
within the reaction schemes and building blocks underlying the
make-on-demand approach.”®*’ Finally, compound 12 togeth-
er with the resistant mutant allele (K162R) provides a new
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chemical biology toolkit for acute inactivation of eIF4E and
elucidation of its complex cellular roles in translation control.
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