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ABSTRACT: We report 17 small-molecule ligands that compete with
N6-methyladenosine (m®A) for binding to the m®A-reader domain of
YTHDEF2 (YT521-B homology domain family 2). We determined their
binding mode at high resolution by X-ray crystallography and quantified
their affinity by a fluorescence-based binding assay. 6-Cyclopropyluracil
and a pyrazolopyrimidine derivative have favorable ligand efficiencies of
0.47 and 0.38 kcal mol™' per non-hydrogen atom, respectively. They

represent useful starting points for hit optimization.

&
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n 2012, the invention of a new method to map RNA

modifications led to the birth of the epitranscriptomics
field' and, subsequently, to the definition of new protein
families, functions, and targets. There are three main classes of
epitranscriptome proteins: writer, eraser, and reader proteins.2
YTH domain-containing family protein 2 (YTHDF2)
recognizes RNA with the N6-methyladenosine (m°A)
modification.’ ™ In humans, YTHDF2 is one of the five m°A
reader proteins: YTH domain containing 1 (YTHDCI),
YTHDC2, and YTHDF1-YTHDF3.° YTHDF2 shares with
the other members of its family a structurally conserved C-
terminal YTH domain which is deputed to RNA binding and
m°A recognition.7’8

YTHDE2 takes part in several regulatory processes, from
progenitor cell specification”’ to the regulation of inflammatory
and cell stress responses,10 and seems to do so, at least
partially, through its involvement in the degradation of m°A
-containing mRNA.> YTHDF?2 exerts control on RNA decay
by both the YTH-domain and the N-terminal region of the
protein. After the YTH domain binds the methylated RNA,
multiple sites in the N-terminal region are involved in the
recruitment of the CCR4-NOT complex which mediates the
degradation of the mRNA polyadenine tail and triggers
deadenylation-dependent mRNA decay.”""

YTHDEF2 appears to be critically involved in a variety of
human cancers, including hepatocellular carcinoma, >"?
prostate cancer,”'* multiple myeloma,'® and MYC-driven
breast cancer,'” as well as leukemic stem cell development and
acute myeloid leukemia initiation and propagation.'®"”
Additionally, YTHDF2 seems to create, with the mCA writer
methyltransferase-like 3—14 (METTL3—14),”" a regulatory
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axis (renamed METTL3/YTHDF2 m°A axis*') involved in the
tumorigenesis of colorectal carcinoma,”” bladder cancer,” and
intrahepatic cholangiocarcinoma.”

The development of inhibitors toward epitranscriptomic
targets is at its dawn, and only a few papers have been
published in this regard.”* ™" Moreover, METTL3 is the only
epitranscriptomic target for which high potency and selective
inhibitors have been presented.”**>** About 60 small-
molecule ligands (micromolar affinity) of the YTHDC1 m°A
reader domain have been reported,””***° while no ligand of
the three YTHDF domains has been disclosed as of today.
Thus, the novelty of the field and the involvement of YTHDF2
in the regulation of mRNA lifetime’ and tumorigene-
sis'>'”*'7** make YTHDF?2 an exciting and promising target
for the design of chemical probes and anticancer drugs.
Additionally, its role as a downstream effector in METTL3/
YTHDF2 m°A axis-driven cancers”'~>* could make YTHDF2
a superior target to METTL3 for this subset of tumors, limiting
the chance of off-targets and side effects.

The targeting of single members of the YTH-family is
notoriously difficult due to the similarity of their binding
sites.””! Additional structural studies”*>** suggest that binding
site conservation is even higher among the YTHDF protein
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Figure 1. Crystal structures of the human YTHDF readers. (A) Structural overlap and (B—D) m®A binding site of the reader domain of YTHDF1
(slate, PDB code: 4RCJ), YTHDF2 (lime green, 7Z26), and YTHDF3 (violet, 6ZOT) in complex with m®A (orange).

Figure 2. Binding site and loop flexibility in the 17 crystal structures of the holo m°A reader domain of YTHDF2. (A) Side chains in the m®A
binding pocket. The 17 fragments are not shown. (B) Structural overlap of the backbone colored according to crystallographic B-factors (from blue
to red). The 17 fragments are shown in different colors. The structural overlap was performed using the Ca atoms. PDB codes of the 17 structures
are listed in Table 1.
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e W432

Figure 3. Crystal structures of eight ligand-YTHDF2 complexes. (A—
H) Binding modes of compounds 1 (PDB code: 7YWB), 5 (7Z5M),
7 (7YXE), 9 (7YX6). 11 (7RSW), 13 (7RSF), 16 (7RSL), and 17
(72G4), respectively. The carbon atoms of the ligands are in orange
and those of the protein in white. The conserved water molecule (red
sphere) and the hydrogen bonds (yellow dashed lines) are
emphasized.

family members. The structures of YTHDF1*® (PDB code:
4RCJ) and YTHDF3** (PDB code: 6ZOT) in complex with
the recognition motif GG(m®A)CU oligoribonucleotide
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(oligoRNA) were published in 2015 and 2020, respectively.
The structure of YTHDF2 in complex with m°A has been
available since 2014 (ref 7; PDB code: 4RDN). In contrast, no
structure of YTHDF2 bound to oligopRNA has been reported
as of today. To allow a complete comparison of the binding
sites of the three members of the YTHDF family, we have
solved the structure of YTHDF2 in complex with GG(m°A)-
CU-RNA (PDB code: 7Z26). The overlap of the three
structures highlights the high degree of similarity among the
YTHDEF binding sites, the very similar conformation adopted
by their recognition loops™ as well as the nearly identical
position of the RNA backbone [Figure 1A]. Moreover, the
position of the solvent-exposed cytosine is characterized by
only minimal variations. Higher flexibility can be observed for
the guanosines preceding m®A in the YTHDF1 and YTHDF3
structures. This observation is consistent with the absence of
electron density in the corresponding region of RNA in the
complex with YTHDF2.

The binding mode of the methylated adenosine is confirmed
to be identical in the three structures [Figure 1B, C, D]. In
detail: the YTHDF binding site is constituted by an aromatic
tryptophan cage able to tightly accommodate m°A. Two
tryptophan residues (W491 and W432 in YTHDF2; W497 and
W438 in YTHDF3; W470 and W411 in YTHDF1) assume a
parallel orientation, with the adenine ring interacting through
m-stacking. A third tryptophan (W486 in YTHDF2; W492 in
YTHDF3; W465 in YTHDF1) is involved in CH-x
interactions with the methyl group of m°A. Additionally,
hydrogen bonds are formed between the backbone carbonyl
group of a cysteine (C433 in YTHDF2; C439 in YTHDF3;
C412 in YTHDF1) and the N6 of the adenine ring and
between the backbone NH group of a tyrosine (Y418 in
YTHDF2; Y424 in YTHDE3; Y397 in YTHDF1) and the N3
of the adenine ring. Interestingly, the Y418 side chain of
YTHDF2 can assume two different orientations [Figure 1C],
and in one of them it seems to engage the O4 of the adenosine
ribose in a lone pair—7 interaction.

Altogether, these observations confirm the very strong
conservation of the human YTHDF binding site and its RNA
binding mode, also implying the impossibility of designing
selective binders for just one of the three human YTHDF
proteins based solely on the binding pocket residues. It should
also be noted that several studies”**** have provided
evidence of functional redundancy in the YTHDF family.
According to this model, a pan-human-YTHDF inhibitor may
be more advantageous than a selective one since the inhibition
of only one of the three YTHDF proteins would be
compensated by the presence of the other two.*

Here we report 17 fragment binders of the YTHDF2 reader
[Figures 2, 3; Table 1]. A homogeneous time-resolved
fluorescence (HTRF)-based assay*® and X-ray crystallography
were used to quantify the affinity and determine the binding
mode (the descriptions of the HTRF assay and the crystal
optimization process are reported in the Supporting
Information). The 17 binders were identified from a pool of
about 30 fragments. Ligands 1—8 were identified among
previously reported”” and putative YTHDCI1 binders, while
ligands 9—17 originated from structure-based design. Com-
pounds 2—4, 7, and 8 were synthesized in-house, while the
remaining fragments were procured from Chemspace.

The 17 ligands are four derivatives of m®adenine (we do not
abbreviate m®adenine to distinguish the nucleobase from the
nucleoside m®A), four pyrazolopyrimidine derivatives, seven
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Table 1. 2D Structures and Affinity of m°A and the 17 Fragment-Like Ligands of the m°A Reader Domain of YTHDF2 [The
NH group that is involved as hydrogen bond donor to the backbone carbonyl of C433 is emphasized (blue). Data for the m°A
reader domain of YTHDCI are shown as a basis of comparison (red).]

c g 2D struct Residual signalat 1 mM Cso [uM]° PDB code
ompound nr. structure concentration? (LEC) (Resolution [A])
“NH
0
A KN/ N 100% 4RDN’ (2.10)
g o 32% 504 6ZCN¥ (1.6)
HO
., ~OH
HO
m°®adenine
derivatives
SNH
75% 7YWB (2.01)
NN
! EI S 49%
N
NTOR
“NH
NTX N 74% 7278 (1.80)
2 KI N 23% 306 7P8A (1.7)
N N
\
NH
3 N
)N\/ﬁ Y ND* 7Z7F (1.95)
SNTONTTN
H \
“NH
4 Nl)\iN\> 96% 7254 (1.82)
KN/ N 19% 294 7P8B% (1.2)
Pyrazolopyrimidine
derivatives
“NH
5 NP =N 42% 410 (0.38) 7Z5M (1.70)
o I NH 3% 39 (0.50) 7P8F% (1.5)
N
“NH
6 N 75% 7Z8W (1.90)
NZ>N=N
LT 49%
N
“NH
N7 /N\
; < NH 18% 161 (0.30) 7YXE (1.85)
N 28% 142
SNH
s NZ>N=N 59% 728P (1.97)
« J NH 31%
N
Br
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Table 1. continued

c q 2D struct Residual signalat 1 mMm ICs0 [UM]® PDB code
ompound nr. structure concentration? (LEC) (Resolution [A])
Uracil derivatives
9 SNH 62% 7YX6 (1.80)
79%
o N/J%o
H
O/
10 2 NH 73% 728X (1.96)
91%
07 N"o
H
i 12% 174 (0.47) 7R5W (1.75)
=
11 NH 2%
07 N"o
H
12 SNH 32% 491 (0.38) 724U (1.83)
61%
o I\‘l 0
N
13 Z>NH 81% 7RSF (2.00)
o N/go 0%
H
12 HaN 2 ~H 77% 7293 (1.97)
87%
0“ N0
H
H,N
- 2INZONH 83% 7292 (1.91)
o N/&O 98%
\
Others
16 NJ\I}JH 78% 7R5L (1.70)
o)\fN 89%
|
HN._NH
7 I 76% 72G4 (2.01)
NN 87%
(J

“The residual signal at 1 mM compound concentration is measured using an HTRF-based binding assay as previously reported.*® The signal
decreases (with respect to buffer-only measurement) when the fragment competes with the binding of the natural ligand, i.e., m®A-oligoRNA. Thus,
the lower the signal, the higher the affinity of the fragment. The reported values are the average of >2 biological replicates; each replicate is the
average of two technical replicates. YThe ICs value for the YTHDEF?2 reader domain was measured only for the fragments that are able to decrease

the signal by more than 50% at a concentration of 1 mM. “Ligand efficiency calculated according to LE = —— =
"HA

measured because of poor solubility.

AG InIC 1.
—RT—=, * indicates not

HA

uracil derivatives, and two derivatives of triazine and
pyrimidine, respectively [Table 1 and Figure 3]. The overlap
of the 17 structures gives a flavor of the flexibility of the
binding site residues as well as of the diversity of the fragments
and the extent of the tridimensional exploration of the
YTHDEF2 binding site [Figure 2A,B]. It should be noted
that, differently from what was previously observed for
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YTHDC1,* the 17 binders shown in this study are rather
planar. This is a direct consequence of the narrowness of the
YTHDF binding site. Accordingly, the YTHDF2 binding site
and binding loop show limited plasticity, and only Y418 and
W491 display side-chain flexibility. A smaller and more rigid
binding pocket is one of the features that makes the YTHDF2
reader, as well as YTHDF1 and YTHDF3, more difficult
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Figure 4. Orientations of the ethyl and cyclopropyl groups of
compounds 9 and 11 (carbon atoms in orange in panels A—C) in the
tryptophan cage of the YTHDF2 reader domain (carbon atoms in
gray). Compound 9 in complex with (A) chain A and (B) chain B of
YTHDF2. (C) Compound 11 in complex with YTHDF2. (D)
Structural overlap of the two binding modes of compound 9 (carbon
atoms in magenta and yellow, respectively) and compound 11 (cyan).

targets than the YTHDCI reader, for which 58 ligands have
already been disclosed.”****

At the beginning of our search for YTHDF2 ligands, we
decided to neglect selectivity against other YT'H readers. Thus,
we started from the hypothesis that m®adenine derivatives and
heteroaromatics with similar spatial arrangements of polar
groups would bind to the tryptophan cage of the YTHDF m°A-
RNA readers. We first evaluated small sets of derivatives of
mCadenine and of the m®adenine-isosteric pyrazolopyrimidine
scaffold which we had previously identified as a binder of the
YTHDCI1 reader domain.”’ As expected, m®adenine (com-
pound 1) shows the same position, orientation, and hydrogen-
bonding pattern [Figure 3A] as the nucleobase of m°A-RNA
[Figure S2]. There is a hydrogen bond between the N7 in the
adenine ring and a structural water molecule that is involved as
a hydrogen bond acceptor and donor with the side chains of
‘W432 and D528, respectively. The conserved water and water-
bridged polar interactions are present in all the available
YTHDEF2 structures. The position and the interactions of the
conserved water molecule are identical in YTHDF1 and
YTHDEF3 (PDB codes: 4RCJ and 6ZOT).

Compounds 2 and 3 are N9-methyl derivatives of m®adenine
(compound 1) while compound 4 has a cyclopropyl at N9. In
all these fragments the alkyl group is in a favorable position to
interact with the side chain of Y418 through a s—alkyl
interaction. Nonetheless, the Y418 side chain seems to assume
a favorable orientation only for ligand 3 and in the chain B of
the structure of YTHDF2 in complex with ligand 4.
Compound 3 is also characterized by a secondary amine in
position C2. The amino group acts as a hydrogen bond donor
toward the side chain of D422. Unfortunately, the effect of this
additional interaction on the potency of 3 could not be
evaluated because of the poor solubility of the compound.
Overall, the four derivatives of mC®adenine (group 1) are
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characterized by low potency. At 1 mM fragment concen-
tration, the residual signal ranges from 74% to almost 100%
with respect to DMSO buffer solution [Table 1]. This reflects
the very scarce potency shown by m®A, which is not able to
reduce the emitted signal even at high concentrations [Table
1]. These observations point toward the necessity of moving
on from an m°A-derived warhead to explore other scaffolds.

The pyrazolopyrimidine derivatives 5—8 maintain all the
interactions already observed for m®adenine. In addition, N*>-H
acts as a hydrogen bond donor toward the side chain of D528
[Figure 3B]. The C3-methyl derivative S is the simplest
compound of this series and shows ICs, = 410 yM for the
YTHDF2 reader [Figure SA] and weak affinity for YTHDF1
and YTHDF3 [Table S1]. The substitution of the methyl with
a cyclopropyl has a detrimental effect on the potency of ligand
6 which is lower than the one observed for its parent
compound § [Table 1]. The crystal structure of YTHDF2 in
complex with ligand 6 (PDB code: 7Z8W) shows two radically
different poses. The poorer affinity of ligand 6 is consistent
with the two binding modes which indicate lower enthalpic
stabilization. In chain B, ligand 6 shows a binding mode
comparable to the one observed for § with the cyclopropyl
inside the aromatic cage [Figure S3A]. In chain A, ligand 6 is
oriented with the cyclopropyl ring pointing outside toward the
side chain of Y418 while the methyl group is in the cage
[Figure S3B]. This binding pose, along with what was
previously observed for compounds 2—4 encouraged the
exploration of groups able to interact more strongly with the
Y418 side chain. It should be noted that the residue Y418 is
present in YTHDF1, YTHDF2, and YTHDEF3, whereas the
corresponding residue is an asparagine (N363) in YTHDC1.”
The phenyl substituent at C3 in compound 7 [Scheme S1]
interacts through 77— stacking with the side chain of Y418
[Figure 3C]. Its ICs, value of 161 yM for YTHDF2 [Figure
SA] is 2.5 times more favorable than the one of § [Table 1],
and it shows modest selectivity against YTHDF1 and
YTHDF3 [Table S1]. We also measured the affinity of
compound 8 [Scheme S1] which features a bromine on its C3.
The presence of the Br atom in 8 does not show additional
interactions nor any improvement in potency with respect to
the methyl of § [Table 1].

In parallel to the characterization of the m®adenine and
pyrazolopyrimidine derivatives, we noticed that the N1 and
ethyl substituent of compound 9 can mimic the interactions of
N® and the methyl group of m®adenine, respectively [Figure
3A, D]. Thus, we designed manually 15 compounds and used
molecular dynamics simulations (see Methods in the
Supporting Information) to assess the structural stability of
the manually docked binding poses [Figure S4]. Nine of the 15
compounds were stable during the simulations and were
evaluated in vitro. The methoxy of 6-methoxyuracil (10) does
not provide higher affinity [Table 1]. In contrast, a closer look
at the two different orientations of the ethyl tail of compound
9 in chains A and B of the crystal structure [Figure 4A,B],
suggested to improve the interactions with the bottom of the
aromatic cage by replacing the ethyl group with a cyclopropyl.
Gratifyingly, the crystal structure of compound 11 (6-
cyclopropyluracil) confirmed our design [Figures 3E and
4C]. Compound 11 shows IC, = 174 uM [Figure SA] and has
a very favorable ligand efficiency of 0.47 kcal mol™" per non-
hydrogen atom, which makes it a good fragment-like hit.”” The
hit 11 binds also to the reader domains of YTHDFI and

https://doi.org/10.1021/acsmedchemlett.2c00303
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Figure S. (A) HTRF dose—response curves for YTHDF2. Only the compounds with a residual signal at 1 mM lower than 50% were measured. (B)
Dose—response curves of compound 11 for YTHDFI (left) and YTHDEF3 (right). The data points are the average of >2 biological replicates, each

replicate is the average of two technical replicates.

YTHDF3 (ICy, = 379 and 218 uM, respectively [Figure SB]),
whereas it is selective against YTHDC1 (ICg, > 1 mM).

Although compound 11 displays a poorer H-bonding
pattern than 13 (three vs four hydrogen bonds) the affinity
of 11 for YTHDF?2 is substantially higher [Table 1]. Thus, the
potency of 11 is likely due to the favorable interactions of the
cyclopropyl group with the tryptophan residues of the cage.
The comparison with compound 9 (ethyl in the cage) provides
further evidence of the favorable contribution of the cyclo-
propyl of 11 [Figure 4D]. Concerning potential substituents at
N3 of the uracil ring, methylation at N3 results in a poorer ICs,
value (491 uM for compound 12 vs 174 uM for 11). The
methyl group of 12 points toward the carbonyl oxygen of
K416, which results in a less favorable interaction with respect
to the NH of compound 11.

The crystal structure of the YTHDF2 complex with 11
[Figure 3E] shows that the CS of 6-cyclopropyluracil is at a
distance of 3.2 A from one of the two oxygen atoms in the side
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chain of D422. Thus, we expected a higher affinity of the S-
aminouracil derivatives 13—15. The additional —NH, group at
position CS of the uracil ring does not improve the affinity
despite the favorable polar interactions with the side chain of
D422 [Figure 3F]. One possible explanation is that, upon
binding, the unfavorable desolvation of the —NH, group of the
ligand and carboxyl group of D422 is not fully compensated by
the polar interactions.

The triazine derivative 16 interacts through hydrogen bonds
with the backbone carbonyl of C433, the amide NH of Y418,
and the conserved water [Figure 3G]. An interesting feature of
this structure is the position of the side chain of W491 which
interacts with the triazine ring assuming an orientation that is
almost perpendicular to the one normally observed. This
conformation is indeed more similar to the “close”
conformation that can be observed for YTHDF2 in the
unbound state (PDB code: 4RDO).” A comparable con-
formation of the W491 side chain can only be observed in
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chain A of the structure with compound 15. Considering the
conformational flip observed upon m®A binding,” the flexibility
of this side chain is not surprising. Nonetheless, it is the first
time that this conformation is reported for YTHDF proteins in
the bound state.

In compound 17 the pyrimidine scaffold is functionalized
with a methylamidine group on C2. The latter group is
positively charged (pK, = 8.5, as calculated with MarvinSketch
21.20.0, ChemAxon, (http://www.chemaxon.com)) and is
involved in electrostatic interactions with the side chain of
D422 and the backbone carbonyl of C433 as well as cation—z
interactions with W486 and W432 [Figure 3H]. Moreover, the
pyrimidine ring is involved in a stacking interaction with
W491. A residual signal higher than 70% implies that neither
compound 16 nor 17 shows significant binding, even at a
concentration of 1 mM. Nonetheless, the investigation of these
two scaffolds increases the extent of the presented chemical
space exploration.

In conclusion, we have identified and characterized by
protein crystallography the first (to the best of our knowledge)
small-molecule ligands of the m®A-reader domain of YTHDF2.
Furthermore, we present the first structure of YTHDF2 in
complex with an RNA oligonucleotide which provides further
evidence of the similar m®A recognition mechanism of the
three human YTHDF readers [Figure 1]. Some of the ligands
interact with the side chains of D528 [Figure 3B, C] and D422
[Figure 3F] which are not directly involved in the binding of
the natural ligand. We also identified the side chain of Y418, at
the entrance of the aromatic cage, as a potential target for
improving the potency [Figure 3C]. The most ligand-efficient
compound, 6-cyclopropyluracil (11), has ICy, = 174 uM
[Figure SA] and a ligand efficiency of 0.47 kcal mol™ per non-
hydrogen atom. Thus, it is an interesting fragment-like hit for
further optimization of the potency for the YTHDF2 reader or
for the three human YTHDF readers as they share an almost
identical m®A recognition site.

The 17 crystal structures presented in this work are at high
resolution [Figure SS5] and thus provide useful information for
hit optimization. Compound 11 could be functionalized at C$S
with an —NH, group, permitting a hydrogen bond formation
with D422 as observed for compound 13 [Figure 3F]. The
phenyl of compound 7 could be replaced by heteroaromatic
rings. Furthermore, as the phenyl ring points toward the
entrance of the mA recognition pocket [Figure 3C],
decorations of the ring could be explored to catch polar
interactions with the solvent-exposed residues.
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