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N®-methyladenosine (m®A) is an abundant modification in mammalian mMRNAs and plays important regulatory
roles in gene expression, primarily mediated through specific recognition by “reader” proteins. YTH family
proteins are one major family of known m°A readers, which specifically recognize m®A-modified transcripts via
the YTH domains. Despite the significant relevance of YTH-mPA recognition in biology and diseases, few small
molecule inhibitors are available for specifically perturbing this interaction. Here we report the discovery of a
new inhibitor (“N-7") for YTH-m®A RNA recognition, from the screening of a nucleoside analogue library
against the YTH domain of the YTHDF1 protein. N-7 is characterized to be a pan-inhibitor in vitro against five
YTH domains from human YTHDF1, YTHDF2, YTHDF3, YTHDC1, and YTHDC2 proteins, with ICsp values in the
range of 30-48 pM measured using a fluorescence polarization competition assay. We demonstrated that N-7
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directly interacts with the YTH domain proteins via a thermal shift assay. N-7 expands the chemical structure
landscape of the m®A YTH domain-containing reader inhibitors and potentiates future inhibitor development
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Introduction

N°-methyladenosine (m®A) is one of the most abundant internal
chemical modifications in eukaryotic messenger RNAs
(mRNAs)"™ and it exerts important regulatory functions in
mRNA metabolism and gene expression, primarily mediated
through direct or indirect recognition by m°A “readers”.”™
The m°A “readers” refer to RNA binding proteins that bind to
mPA-modified RNAs with much greater affinity than to unmodi-
fied RNAs.""'® The YT521-B homology (YTH) family of proteins,
including YTHDF1-3, YTHDC1, and YTHDC2, are the first
reported and the most extensively studied m°A readers.®” YTH
family proteins contain a YTH domain at or close to the C-
termini of the full-length protein, which is responsible for m°®A
RNA recognition (Fig. 1A). In vitro binding studies showed that
the purified YTH domains from YTHDF1-3 and YTHDC1 bind
mPA-modified RNA oligonucleotides with micromolar binding
affinities that are 10-100 fold tighter than binding with unmo-
dified RNAs that carry the same sequences.'®'” High-resolution
structures of the recognition complexes between m°A RNA and
the YTH domains revealed that YTH domains directly recognize
m°PA through a hydrophobic binding pocket that contains two or
three tryptophan residues (Fig. 1A); additionally, the YTH
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for reader functional studies and therapeutic efforts in targeting the epitranscriptome.

domain also presents a cleft that is rich in basic residues that
present electrostatic interactions with the RNA backbone. #7723

w411 B

A c
FAM-m°A-RNA
Fon O A /\C 5"FAM-GAACCGGMPACUGUCUUA
m W4es (expected:
/Nf 21,993) FAM-A-RNA
ﬂq N/)N 25 kDa 5"FAM-GAACCGGACUGUCUUA
| —
R w470 15 kDa m*A-RNA
(R N

5"-biotin-GAACCGGmM*ACUGUCUUA

meA PDBID: 4RCJ VTR T
D E F
2004 FAM-m°A-RNA 180 200
e
160 150 )
= P
E 140 g
& 2100 e
120 w
501 K,=08%02uM 50 N=20
¢ 1009 IC,,=2.7+0.8 uyM =
K,224 M 50 M Z factor = 0.70
O T v 1 T T T ] . .
0 10 20 001 01 1 10 100 Positive Negative
Concentration of m°A-RNA (uM)

Concentration of YTHY™ 0% (uM)

Fig. 1 Screening YTHYTHPFL inhibitors by FP competition assay. (A) The
chemical structure of mPA (left) and hydrophobic binding pocket of
YTHYTHPFL (right). (B) SDS-PAGE and MS characterizations of the purified
YTHY™PF protein. The gel image of the purified protein with Coomassie
Blue staining (left) and the deconvolution mass data (right) and the
theoretical expected mass (in red) of the purified protein are shown. (C)
Sequences of three RNA oligonucleotides: FAM-m®A-RNA, FAM-A-RNA,
and m®A-RNA were used in the FP assay. (D) The FP binding data and fitted
binding curves for YTH"THP™ and FAM-m®A-RNA or FAM-A-RNA. Data are
presented as mean =+ standard deviation (SD) with n = 3 biological
replicates. (E) The displacement of FAM-m®A-RNA from YTHYTHPFL by
the non-fluorescent m®A-RNA by the FP competition assay with the fitted
ICso value. Data are presented as mean + SD with n = 3 biological
replicates. (F) The data for the determination of Z’ factor based on N =
20 repeated measurements of the FP competition assay for screening.
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Alongside the m°A recognition by the YTH domain, the rest of
the regions in the YTH family proteins are involved in sophisti-
cated protein—-protein interactions in cells and exert diverse func-
tional consequences of m®A RNA recognition by readers. For
example, Du et al. showed that the N-terminal domain of human
YTHDF2 protein directly interacts with the scaffolding subunit
CNOT1 in the CCR4-NOT deadenylase complex via co-
immunoprecipitation assays, which promotes the deadenylation-
dependent mRNA decay."® This interaction accelerates the decay of
m°A-modified mRNAs. Meanwhile, the N-terminal domain of
YTHDF2 was reported to interact with other proteins including
the heat-responsive protein 12 (HRSP12) and the upstream frame-
shift 1 (UPF1) protein.'®* Both interactions between YTHDF2 and
HRSP12 or UPF1 promote the decay of m°A-modified mRNAs
through internal cleavage or nonsense-mediated RNA decay,
respectively.'®?® Besides YTHDF2, the functions of YTH family
proteins are involved in many biological transactions, including
RNA decay,'® nuclear export,® RNA splicing,”" translation,'""
transcription,”® and the formation and functions of large ribonu-
cleoprotein complex assemblies such as stress granules and P
bodies.'®**>*

In addition to the intricate protein-protein interaction net-
work that YTH proteins are involved in, the YTH domains were
reported to recognize substrates beyond m°A RNA in vitro and
in cellulo, including m'A*>*® and N°-methyldeoxyadenosine
(6mA) in DNA.>” All these factors complicate the studies of
the precise functional roles of YTH family proteins and
chemical modifications in physiology and diseases. Indeed,
dysregulated expression levels of YTH proteins frequently occur
in embryonic development,'® neuronal development,”® mem-
ory formation,* multiple aspects of cancer biology,***' and
viral infections.?” The current experimental strategies to study
the biological consequences of YT'H family proteins primarily
rely on the knockdown, knockout, or overexpression of a YTH
protein of interest.**** Such perturbations will concurrently
interrupt all interactions the protein may have, making it
inconclusive to reason whether the YTH-m®A recognition is
causative for the observed biological consequence.

The development of small molecule inhibitors that specifically
perturb the YTH-m°A recognition will provide invaluable insights
to dissect the sophisticated interaction network YTH proteins
involve and reveal m°®A-causitive YTH functions. Indeed, a recent
report by Zou et al. identified a natural product salvianolic acid C
(SAC) as a selective inhibitor for m°A-RNA and YTHY™ ™" with a
20-fold higher observed inhibitory effect compared to YTH" ™ PF>
via AlphaScreen assays in vitro,® although the molecular mecha-
nism of the observed selectivity remains to be characterized. SAC
contributed to elucidating the function of YTHDF1 in the for-
mation of ribonucleoprotein condensations and translation reg-
ulation in neurons.*® Aside from SAC, only a handful of other
inhibitors have been reported for YTH and mPA recognition.***>
It remains in great demand to explore broader chemical space for
inhibitor discoveries and to carry out in-depth characterization of
inhibitor selectivity against different YTH family proteins.

Here we report the discovery of an inhibitor for m°A-YTH
recognition, resulting from the screening of a commercially
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available nucleoside analogue library against the YTH domain of
YTHDF1 protein. Very interestingly, our screening data identi-
fied lead compound structures resembling adenosine, with
modifications on the ribose moiety and the N6 position. We
chose to further characterize a representative compound N-7,
which showed a pan-inhibitory effect of m°A RNA-YTH recogni-
tion for five YTH domains of YTHDF1, YTHDF2, YTHDF3,
YTHDC1, and YTHDC2 proteins with ICs, values ranging from
30 to 48 pM. We demonstrated that the inhibitory activity results
from the direct interaction between N-7 and the YTH domain
proteins via thermal shift assay. We systematically compared the
inhibitory activity and selectivity against different YTH domains
of N-7 to four reported YTH domain inhibitors (SAC,*® m°®A
nucleoside,***” compound 6,%® and compound 26*®). The com-
parison revealed that N-7 showed competitive inhibitory activity
among the reported inhibitors and presented unique pan-
inhibitory activity against the five YTH domains.

Results and discussion

YTHDF1

Screening of inhibitors for YTH -m°A RNA recognition

Firstly, we confirmed that the prepared YIH domain of
YTHDF1 (denoted as YTH"™P™) was an m°A reader by mea-
suring the binding affinities of the protein with the synthetic
oligonucleotides via the fluorescence polarization (FP) binding
assay. We over-expressed and purified YTHY""PF! protein with
an N-terminal His tag from E. coli cells, and validated the size of
the purified protein via SDS-PAGE and mass spectrometry (MS)
(Fig. 1B and Fig. S1, ESIt). The purified YTHY ™" showed
binding to the 16-nucleotide (nt) FAM-labeled m°®A-containing
oligonucleotide (“FAM-m®A-RNA”) with K4 = 0.8 + 0.2 pM
measured using the FP binding assay (Fig. 1C and D), consis-
tent with the previously reported affinity (Kq = 1.0 £ 0.3 pM)
measured using isothermal titration calorimetry (ITC)."*
Meanwhile, we observed significantly weakened binding
(Kq = 24 uM) between the YTHY"™P*! and unmodified RNA
with the same sequence (“FAM-A-RNA”) by the FP assay (Fig. 1C
and D). During the titration of the purified YTHY™™ " up to 24
uM in the FP binding assay, the total fluorescence intensities
(i.e. the sum of the parallel and perpendicular fluorescence
intensities) produced by the FAM-labeled RNA oligonucleotides
remain stable (Fig. S2A, ESIt), suggesting the FP assay is a
suitable assay to quantify the binding between the used RNA
oligonucleotides and the YTH domain.

To identify small molecule inhibitors of YTH-domain pro-
teins, we set up an FP competition assay with the purified
YTHY™PF! for the screening. Briefly, 25 nM of FAM-m°A-RNA
was pre-incubated with 2 pM (greater than 2 times the
measured Kq) YTH'™™P*; an increasing concentration of a
non-fluorescent “m°A-RNA” (Fig. 1C) was titrated into
the pre-formed FAM-m°®A-RNA:YTHY™PF! complex, to compete
for binding. When the FAM-m°®A-RNA was competed off the
RNA-protein complex, it became free RNA with reduced
FP. As expected, we observed decreased FP upon increasing
concentrations of the non-fluorescent m°A-RNA, with an
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ICs0 = 2.7 £ 0.8 uM (Fig. 1E). Next, we used the non-fluorescent
mPA-RNA and blank binding buffer as the “positive control”
and ‘“‘negative control” competitors to perform the FP competi-
tion assay for 20 repeats and the repeated assays generated a Z’
factor = 0.7,"> demonstrating the excellent performance of the
FP competition assay for screening (Fig. 1F). Additionally, we
confirmed that the FP signal was not affected by the addition of
5% DMSO as small molecule libraries were dissolved in 100%
DMSO (Fig. S2B, ESIt).

We conducted screening of 320 compounds from a commer-
cially available nucleoside analogue library with the FP compe-
tition assay; excitingly, we identified several compounds
showing reduced FP relative to the DMSO control when added
to the pre-formed FAM-m®A-RNA:YTHY™PF! complex at the
final compound concentration of 40 uM during the screening,
suggesting them as potential binding inhibitors (Fig. 2). Next,
we followed up with the top 13 compounds that showed at least
a 35% reduction of the FP signal relative to the DMSO control
(Fig. 2). Interestingly, the chemical structures of all 13 com-
pounds showed as analogues of adenosine with chemical
modifications at the N9 and the N6 of adenine (Fig. S3A, ESIT).
Moreover, 7 out of the 13 compounds (N-7, H-14, D-20, D-15,
B-16, H-15, N-12) shared the same bis-hydroxymethyl cyclobutyl
group at the N9 position (Fig. S3A, ESIT), which increased our
confidence in the relevance of the identified structures. We
confirmed the reproducibility of the screening results by run-
ning the FP competition assay with higher compound dosages
at 200 uM with replicates. The 13 compounds all showed a
reduction of the FP signal in a dose-response manner (Fig. S3B,
ESIt). We chose the compound “N-7”, one of the compounds
that showed the most significant inhibitory effect and did not
interfere with the total fluorescence intensity of the assay, for
further characterizations (Fig. 3A and Fig. S3B, C, ESIt). Mean-
while, we chose the compound “D-6 in the screened library as
a negative control. D-6 shares the same purine and the [1-
(hydroxymethyl)cyclobutyllmethanol structures with N-7 but
contains a 3-propan-2-yl-2-azaspiro[3.5]nonane group, rather
than the 2,7-diazaspiro[4.4]nonan-8-one group in N-7
(Fig. 3A). We performed dose-response curve measurements
to quantify the inhibitory activity (i.e. ICs,) of N-7 via the FP
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Fig. 2 Screening YTH " HP L inhibitors using the FP competition assay. The
data of the screening against 320 compounds from the nucleoside
mimetics library are shown. The concentration of each compound is
40 uM with two technical replicates. The FP values measured for the positive
("mPA-RNA") and negative controls (‘DMSQ") are shown in brown and
purple. Compounds are shown in red if they show at least a 35% reduction
of FP (cut-off indicated by the black dashed line) relative to the negative
control. These compounds are labeled with their IDs in the original library.
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Fig. 3 N-7 is a pan-YTH domain inhibitor. (A) The chemical structures of
N-7 and D-6. (B) Dose—response curves for the inhibitory activities of N-7
and D-6 against YTHYTHPFL yTHYTHDF2  yTYTHDES - yTyYTHDCL - 5ng
YTHYTHPC2 proteins, measured using the FP competition assay. Data are
presented as mean + SD (n = 3 replicates). “"ND" denotes "not detected by
FP competition assay”.

competition assay. N-7 (Fig. S4, ESIt) shows an inhibitory effect
on the YTHY™PF! and FAM-m°®A-RNA binding with an ICso
value of 39 + 3 pM, whereas D-6 shows no detectable competi-
tion (Fig. 3B).

N-7 is a pan-YTH-domain inhibitor

Next, we proceeded to examine the selectivity of N-7 against
different YTH domains. We over-expressed and purified the
YTH domains of human YTHDF2 (YTH'™"PF?), YTHDF3
(YTH™PF) YTHDC1 (YTHY™P), and YTHDC2 (YTH TP
proteins (Fig. S5-S8, ESIT). First, we confirmed the purified
YTHYTHDFZ, YTHYTHDF3’ YTHYTHDCl’ and YTHY™PC2 16 mPA read-
ers in vitro by the FP binding assay. The measured binding
affinities for all the YTH domains against the m°A-modified
RNA agree with the reported values,”'**”** and were significantly
higher relative to the binding with the unmodified RNA (Fig. S9A,
ESIt). We further benchmarked the FP competition assay for all
purified YTH domain proteins with the non-fluorescent m®A-RNA
as the positive control competitor. The results demonstrated that
the non-fluorescent m°A-RNA competes effectively with the FAM-
m°A-RNA in complex with each of the YTH proteins (Fig. S9B,
ESI). We proceeded to test the inhibitory activity for N-7 against
mPA-RNA bound with different YTH domains. Interestingly, N-7
exhibited comparable inhibitory activities against all purified YTH
domains, with ICs, = 39 + 3 pM for YTH""PF 34 4+ 5 uM for
YTHY™PF2 35 4 5 M for YTHY"°F3| 48 + 11 uM for YTHY P!
and 30 + 7 pM for YTH ™P“* measured by the FP competition
assay (Fig. 3B). The ICs, values for N-7 against multiple YTH
domains were robustly measured when altering the protein concen-
tration or the order of reagents addition applied in the FP
competition assay (Fig. S10, ESIT). In contrast, the negative control
compound D-6 did not show competition against m®A RNA binding
to all YTH-domain proteins (Fig. 3B). To further validate the
measurements by the FP competition assay, we developed the
RNA electrophoretic mobility shift assay (REMSA)* to assess

© 2024 The Author(s). Published by the Royal Society of Chemistry
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inhibitory activity of small molecule inhibitors for YTH-m°A RNA
binding. We measured the inhibitory activity of N-7 against YTH
domains of YTHDF1 and YTHDC1 using REMSA, which yielded an
IC5, value of 45 4+ 5 uM for YTHY'"* and 30 + 2 uM for
YTHY™PC! (Fig. S11, ESIt). The REMSA results agree with those
measured by the FP competition assay within error (Fig. 3B).

Given that N-7 is a pan-inhibitor for YTH domains, we
investigate its inhibition selectivity against other m°®A RNA
recognition proteins that do not contain a YTH domain. We
chose to test FTO, one of the eraser proteins that recognize m°A
RNA and catalyze the removal of the methylation of m°A in the
presence of co-factors Fe>* and o-ketoglutarate.*® We expressed
and purified the FTO protein and confirmed binding between
the purified FTO protein and FAM-m°A-RNA with the FP assay
in the absence of catalytic co-factors (Fig. S12A-D, ESIf). We
benchmarked the FP competition assay by measuring the
inhibitory activity of a reported FTO inhibitor FB23,*” which
shows ICs;, of 0.6 + 0.2 uM (Fig. S12E, ESIt). In contrast, N-7 did
not show any detectable inhibition against FTO binding with
mC®A-RNA (Fig. S12F, ESIf). This suggests that N-7 shows
selective binding to YTH domain proteins over FTO.

Together, these findings show that N-7 is a pan-inhibitor
for the recognition between YTH domains and m°A RNA, and
presents selective inhibition against YTH domains over a non-
YTH m°A recognition protein FTO.

N-7 directly interacts with YTH-domain proteins

To probe the inhibitory mechanism, we assessed interactions
between N-7 and FAM-m®A-RNA or the YTH domain proteins
separately. On the one hand, we observed no apparent binding
between N-7 and FAM-mP®A-RNA by directly titrating N-7 into a
constant concentration of FAM-m°A-RNA via the FP binding
assay (Fig. 4A). On the other hand, we investigated the inter-
action between N-7 and YTH domain proteins via the thermal
shift assay.*® As a positive control, we measured the thermal
stabilization effect of the YTHY™™PF! protein upon binding to
mC°A-RNA; incubation of 2 uM or 16 uM m°A-RNA significantly
elevated the melting temperature of YTHY™™*! by 1.4 °C or
13.3 °C, respectively (Fig. S13, ESIt). Next, we characterized the
effects of N-7 incubated with the five YTH domains. N-7
exhibited thermal stabilizations of all five YTH domain pro-
teins; when 6 uM N-7 was incubated, the melting temperatures
of the YTH domain proteins increased by 0.4-0.8 °C relative to
the DMSO control (Fig. 4B and Fig. S14, ESI). The stabilization
effect became more prominent when an increasing amount of
N-7 (50 uM) was added (Fig. 4B and Fig. S14, ESIt). In contrast,
the negative control compound D-6 did not induce significant
changes in the melting temperatures of the YTH domain
proteins (Fig. S15, ESI).

The thermal shift assay results suggested that N-7 inhibited
the YTH and m°®A RNA recognition likely through directly
interacting with the YTH-domain proteins, rather than the
RNA. The magnitude of melting temperature elevation caused
by N-7 is significantly lower than that caused by the m°A-RNA
binding; this is consistent with less favorable binding ener-
getics between N-7 and the YTH domains compared to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 N-7 directly interacts with YTH-domain proteins. (A) The FP bind-
ing data between N-7 and the FAM-m®A-RNA. Data are presented as
mean + SD with n = 3 biological replicates and no binding was observed.
(B) The results of the thermal shift assay performed on YTHYTHPFL
YTHYTHDF2 yTHYTHDFS yTHYTHDCL o yTHYTHPCZ proteins in the presence
of compound N-7 with varying concentrations. Data are presented as
mean + SD with n = 3 biological replicates. The two-tailed t-test was used
to assess the statistical significance of the difference between two sam-
ples, with the p-value indicated as "ns” for p > 0.05, "*" for p < 0.05,
"**" for p < 0.01, or "***” for p < 0.001.

modified RNA. We reason that this change in energetics can
result from weakened hydrogen bonding, van der Waals,
charge-charge interactions, and/or a less favored hydrophobic
effect for small molecule binding to the protein relative to the
RNA.™

To gain further perspectives into potential structure-activity
relationships (SAR), we performed an enrichment analysis of
structure motifs in N-7, regarding the occurrence frequency of
each motif in the overall library (320 compounds) versus that in
the identified hits (13 compounds shown in Fig. S16, ESIT).
Motif 1 (i.e. the purine) appears in 53% of compounds in the
overall library and 100% of the screening hits with ~2-fold
enrichment. This suggests that purine is an important fragment
for the inhibitor structure, compared to pyrimidine-derived
structures within the library. Despite the importance of purine,
we found no inhibitory activity for the 6-methylamino purine
(Fig. S16A, ESIT). This suggests the purine structure alone is not
sufficient for presenting potency. Motif 2 (i.e. purine with the
[1-(hydroxymethyl)cyclobutylmethanol group) occurs in 10% of
the overall library, of which the occurrence gets significantly
enriched by > 5-fold within the screening hits, where 54% (7 out
of 13) of the hit compounds contain the Motif 2 structure. This
suggests that Motif 2 can be critical for the binding with YTH
domains. Only one compound (i.e. N-7) contains Motif 3 (i.e.
purine with 2,7-diazaspiro[4,4Jnonan-8-one) in the overall library
(Fig. S16C, ESIY). It is difficult to assess any enrichment of this
motif. Among the 13 hit structures, Motif 3-equivalent positions
showed greater variability than Motif 2, suggesting a certain
tolerance of chemical diversity for the substitutes at the C6 of the
purine (Fig. S3A, ESIt).

Lastly, we conducted molecular docking of N-7 onto the
reported high-resolution structure of the YTH domain of
YTHDF1 protein (PDBID: 4RCJ) to speculate the potential
binding mode.’* The best docking pose revealed that N-7
occupies the m°A binding pocket; the [1-(hydroxymethyl)cyclo-
butylJmethanol group of N-7 adopts the same orientation as the
6-methyl group of m®A (Fig. S17, ESIf). The docking result
suggests potential polar contacts between two hydroxyl groups
of N-7 with the backbone NH and C=O0 groups of C412, and the

RSC Chem. Biol., 2024, 5, 914-923 | 917
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side chain of D401 (Fig. S17, ESIt). The suggested binding pose
indicates the critical role of Motif 2 for the compound binding
to the YTH domain. Motif 3 orients outwards relative to the
binding pocket, which is consistent with the chemical diversity
we observed among the hit structures (Fig. S3A, ESIT).

The motif enrichment analysis of the screening results and
molecular docking suggested Motif 2 can be a critical motif for
binding to the YTH domain, whereas the spiro group of N-7 can
be more tolerating of diverse chemical groups. Future efforts in
resolving the atomic-resolution structures of the N-7/YTH
domain protein complexes and synthesizing N-7 fragments
and analogue compounds are critical for providing insights
into the mechanism of inhibition and elucidating the struc-
ture-activity relationship.

Comparison of N-7 with reported YTH domain inhibitors

Next, we compared the inhibitory activity and selectivity of N-7
with four reported YTH domain inhibitors that are commer-
cially available, including the natural product “SAC”,*® the

“m°A nucleoside’’,**’

a pyrazolopyrimidine derivative com-
pound “6”,*® and an indazole derivative compound “26”.>%
These compounds were reported to inhibit YTH-m®A recogni-
tion against a single or subset of YTH domains in the literature,
and the inhibitory activities (i.e. ICso) were measured using
different assays including AlphaScreen®® and the homogeneous

time-resolved fluorescence (HTRF) assay.*®>® As the ICs, values
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are difficult to compare when measured using different assay
conditions, we systematically measured the inhibitory activities
of four reported inhibitors with the same FP competition assay
against five YTH domains (Table 1 and Fig. S18, ESIY).

Based on our FP competition assay results, SAC exhibited
inhibitory activity with an ICs, of 3.1 + 2.5 pM against
YTHY™PF1 " consistent with the reported ICs, value of 1.4 +
0.2 puM within error measured by the AlphaScreen Assay
(Table 1 and Fig. S18A, ESIt).*> Our data suggest a weak
selectivity of SAC against YTHY""'°"? which showed two times
higher ICs5, compared to YTHY ™", Interestingly, we observed
strong selectivity of SAC against YTHY"™™P™3 yTHY™PC! and
YTHY™P with ICs, values ranging from 29 to 160 uM (Table 1
and Fig. S18A, ESIt). Unlike N-7 being a pan-inhibitor, SAC
presents selectivity among different YTH domains.>® This
immediately suggests different binding modes of SAC with
YTH domains from those of N-7; high-resolution structural
and biochemical characterizations would be critical to elabo-
rate the differences in molecular recognition.

The m®A nucleoside, compound 6, and compound 26 were
identified and validated as binding fragments to YTH" "°F?
and YTHY™PC! by high-throughput X-ray crystallography to aid
structure-based inhibitor design for YTH domain proteins.’*3*
These fragments show relatively weak inhibitory activities with
the IC5q values reported within the sub-millimolar to millimo-
lar range as measured using the HTRF assay>® (Table 1). Our

Tablel Comparison of N-7 with reported YTH inhibitors based on the FP competition assay. Data are presented as mean + SD with n = 2 or 3 biological

replicates
ICs0 (1M)
Compound name Structure YTHYHPFL yHYTHPF2 y Y THDES ypyYTHDC! ypyYTHDC2
2-9-[3,3-Bis(hydroxymethyl) cyclobutyl]purin-6-yl]-2,7- Oy-nn 39 £ 3 34+5 35+5 48+ 11 30+ 7
diazaspiro[4,4]nonan-8-one (N-7) ;
=l
o\x“:/N --(NJ'N
’\OH
(2R)-3-(3,4-Dihydroxyphenyl)-2-[(E)-3-[2-(3,4-dihydroxyphenyl)-7-hydroxy- = §" 31+£25 6.0+35 106 +41 29+4 160 =+ 42
1-benzofuran-4-yl]prop-2-enoyljoxypropanoic acid (SAC)*® \© 1.4 + 0.2% 29.6 + 3.7%
“ o
J OH
o]
OH
Vo
OH
(2R,3S,4R,5R)-2-(Hydroxymethyl)-5-[6-(methylamino)-9H-purin-9-yl|ox- oH ND* 295 £ 84 ND 2342 + 896 ND
olane-2,3-diol (m®A nucleoside)***’ ”O"Eg, 504? 144"
HO™ N
XN
HN_
N,3-Dimethyl-2H-pyrazolo[4,3-d]pyrimidin-7-amine (6)*° SN ND ND ND 2000+ ND
NN 1452
N 410° >1000°  39°
N-Methyl-1H-indazole-3-carboxamide (26)** NP ND ND ND 3980 + ND
1376
HN. 3007 133¢ 4434 1557

@ Reported IC5, value of SAC measured by the AlphaScreen assay in ref. 35. ” Reported ICs, value of m®A nucleoside measured by the HTRF assay in
ref. 36 and 37. ° Reported ICs, value of compound 6 measured by the HTRF assay in ref. 36 and 37. ¢ Reported ICs, value of compound 26
measured by the HTRF assay in ref. 38. ° ND, not detected by FP competition assay.
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measurements showed very weak inhibitory activities of the
m°A nucleoside, 6 and 26 against all five YTH domains (ICs, >
2 mM or not detectable), except that the m°A nucleoside shows
an ICs, of 295 + 84 uM against YTH""™°F (Fig. S18B, ESIY).
Given the discrepancies in the IC5, values determined from the
FP assay results and HTRF for compounds 6 and 26 against
YTHY™PC! we performed orthogonal competition REMSA to
confirm the minimal inhibitory activity for compounds 6 and
26 (Fig. S19, ESI{). While these fragments (6 and 26) can fit into
the binding pocket in the crystal structures,*®*® the molecules
alone do not appear to have high inhibitory activities, which
suggests additional interactions are required to compete with
mPA RNA binding.

In summary, among the compared compounds, SAC and N-7
are the most promising inhibitor structures. SAC contains more
aromatic structures and presents a higher number of H-bond
donors and acceptor groups than N-7, which can account for
the selectivity among different YTH domains for SAC whereas
N-7 is shown to be a pan-inhibitor. The N-7 structure may
contain a robust motif that is important for binding to the
highly similar pockets of all YTH domains.'* At the current
stage, both SAC and N-7 compounds showed in vitro inhibitory
activities in the micromolar range and will benefit from further
structure optimization efforts for improving potency.

Conclusions

This current work reports the discovery of a new nucleoside
analogue structure N-7 that functions as a pan-inhibitor for
YTH domains recognition of mPA-RNA, with ICs, values in the
range of 30-48 uM. N-7 exhibits a stabilizing effect of the YTH
domains of human YTHDF1, YTHDF2, YTHDF3, YTHDC1, and
YTHDC2 proteins as determined using a thermal shift assay,
and no direct interaction was observed between N-7 and RNA.
This suggests that the inhibitory mechanism primarily arose from
the affinities between the compound and the YTH domain proteins.
We envision that the development of new small molecule inhibitors
will largely facilitate research into uncovering precise functions of
mPA modification in physiology and diseases, and potentiate future
therapeutic efforts by targeting the epitranscriptome.

Experimental procedures

RNA oligonucleotides

RNA oligonucleotides including FAM-m®A-RNA, FAM-A-RNA,
and m°A-RNA (Fig. 1C) were gifts from the He lab at the
University of Chicago, which were originally produced in-house
using an Expedite DNA synthesizer as previously reported.*® We
dissolved oligonucleotides into water (Fisher Science, BP561-1)
for usage in in vitro assays.

Protein expression and purification

Genes of the YTH domain of YTHDF1 (amino acids 375-552),
YTHDF2 (amino acids 383-553), YTHDF3 (amino acids 391-585),
YTHDC1 (amino acids 345-509), and YTHDC2 (amino acids 1285~

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1424) were cloned into a pET28a vector with an N-terminal His-tag
for protein over-expression in E. coli, respectively (Fig. S1 and S5-S8,
ESIf). We followed previously reported methods*”** to over-
express and purify the YTH domain proteins from E. coli BL21(DE3)
cells. A 5 mL overnight cell culture was used for inoculating 1 L of
LB medium with 30 ug mL ™" kanamycin. The cells were cultured at
37 °C with shaking at 250 rpm until the ODggo reached 0.6-0.8,
which typically took around 3 hours. Subsequently, 0.5 mM
Isopropyl B-p-1-thiogalactopyranoside (IPTG) was added into the
cell culture to induce over-expression. Cells were then incubated in
the shaker at 37 °C for 3 hours and then harvested by centrifugation
at 2500 rpm for 20 minutes at 4 °C.

We prepared the lysis buffers for different YTH domain
proteins based on the published protocols: 20 mM HEPES,
pH 7.5, 200 mM NaCl, and 1 mM dithiothreitol (DTT) for
YTHY™PF! and YTHY™PF? proteins® and 100 mM Tris-HCl,
pH 8.0, 500 mM NaCl and 1 mM DTT for YTH""™P"3 protein®”
and 20 mM Tris-HCI, pH 7.5, 400 mM NaCl and 1 mM DTT for
YTHY™PC! and YTHY™P® proteins.*** The cell pellets were
resuspended and lysed in the corresponding lysis buffer by
sonication for each protein. Clear cell lysates were obtained by
taking the supernatant after centrifugation at 11000 rpm for
15 minutes at 4 °C. We then added 1% (w/v) streptomycin sulfate
(Acros Organics) to the supernatant to precipitate genomic DNA,
performed centrifugation at 11 000 rpm for 15 minutes at 4 °C,
and recovered the supernatant afterward. The collected super-
natant was subsequently incubated with pre-equilibrated His60
Ni Superflow Resin (Takara Bio) at 4 °C for 1 hour and then
loaded onto an empty column; resins (bound with protein) were
washed extensively using >20 mL of 10 mM imidazole solutions
in the lysis buffer, and proteins were eluted under a gradient of
imidazole concentrations (25 mM, 50 mM, 100 mM, 150 mM,
250 mM, and 500 mM) in the lysis buffer, and fractions of eluted
proteins were collected into 2 mL tubes. All collected fractions
were examined through 12% SDS-PAGE and those that contained
predominantly the targeted protein were pooled together (Fig. S1
and S5-S8, ESIT), and concentrated using a concentrator (Sigma-
Aldrich) down to around 3 mL. The concentrated protein was
then desalted and exchanged into the storage buffer (25 mM
HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 0.04% Triton X-100,
and 1 mM DTT) using a PD-10 desalting column (GE Healthcare).
The desalted proteins were concentrated to around 5 mg mL ™",
aliquoted, flash-frozen by liquid nitrogen, and stored at —80 °C.
Protein concentrations were measured via absorbance at 280 nm
with 1 absorbance unit approximated to 1 mg mL™" protein using
a Nanodrop spectrophotometer (Thermo Scientific).

The FTO protein was overexpressed and purified from E. coli
BL21 (DE3) cells following previously reported methods.>?
Briefly, one liter of cell culture was grown at 37 °C for 3 hours
in LB medium with 30 pg mL™! kanamycin until the ODggq
reached 0.6-0.8. Overexpression was induced by 0.5 mM IPTG
and cells were incubated at 18 °C for 14-16 hours. Cells were
lysed in 40 mL lysis buffer (20 mM Tris-HCl, 300 mM NaCl) by
sonication, in the presence of a protease inhibitor and further
purified with His60 Ni Superflow Resin. Proteins were eluted
with 20 mM to 250 mM imidazole gradient in the context of the
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lysis buffer followed by the desalting column and finally
kept in a storage buffer composed of 50 mM Tris-HCI pH 7.5,
150 mM KCl, 5% glycerol, and 0.04% Triton-X-100 at -80 °C
(Fig. S12, ESI¥).

MS analysis of intact proteins

Purified proteins were analyzed using an Agilent 1260 Infinity
HPLC coupled with the 6230 ESI time-of-flight (ESI-TOF) mass
spectrometer (MS). The protein samples were subjected onto a
C8 column (100 x 4.5 mm Phenomenex Aeris 3.6-um Widepore
XB-C8) and run through the column under an increasing
gradient (5-95%) of non-polar buffer B in the aqueous buffer
A (Buffer A: 95% water, 5% acetonitrile, 0.1% formic acid;
Buffer B: 5% water, 95% acetonitrile, 0.1% formic acid). The
eluted protein was injected into the MS and analyzed under the
positive-ion mode. Total protein masses for the purified YTH
domains and FTO were calculated through deconvolution using
MagTran (Amgen).

FP binding assay for measuring binding affinities

Fluorescence polarization (FP) experiments were performed
following the previously reported FP assay conditions for
FAM-labeled RNA and YTH domains.’”>* Briefly, experiments
were conducted in the binding buffer containing 25 mM Tris-
HCI, pH 7.5, and 150 mM NaClL.>° The same binding buffer was
used in this study unless otherwise specified. RNA samples
were diluted to 50 nM from the stock solutions by the binding
buffer. YTH domain proteins were thawed, buffer exchanged
into the binding buffer at 4 °C using the 10 kDa-cutoff con-
centrators (Sigma-Aldrich), and adjusted to 2x the highest
concentration used in the binding assay. 1 pL RNase inhibitor
(SUPERaseln, Invitrogen) was added. 40 L protein solutions
with various concentrations were prepared by serial dilution
using the binding buffer. Subsequently, we added 40 pL diluted
RNA into each 40 pL protein solution, mixed, and incubated at
room temperature for 30 minutes. The final concentration of
FAM-m°A-RNA or FAM-A-RNA was constant at 25 nM, and the
YTH-domain protein concentrations varied from 10 nM to
24 pM. We performed three biological replicates for each
binding measurement using the same protein purified from
different batches. After incubation, samples were transferred to
a black polypropylene 384-well round-bottom plate (Cellvis) and
FP was measured on a Synergy' ™ Neo2 Multimode Microplate
Reader at the wavelength of 485/20 nm for excitation and 528/
20 nm for emission at 25 °C.

We used the following equation to calculate the FP signal,*?

IH—GXIL

Fp— "7 *
IHJ'_GXIL

where I and I, refer to the parallel or perpendicular polarized
light intensity, respectively, and we used 0.75 for the G-factor
(G) calibrated based on the instrument guidance for the plate
reader. The measured FP values at varying protein concentra-
tions (x) were then fitted to the quadratic equation below
describing single-site specific binding using the Levenberg-
Marquardt non-linear curve fitting algorithm implemented in
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the Origin 2022 software:

FP=B+C x (D+Kd+x—\/(D+Kd+x)2_4Dx)

where D is the constant concentrations of FAM-m°A-RNA or
FAM-A-RNA (D = 25 nM), B and C relate to the FP for free RNA
and bound RNA, and Kj is the dissociation constant.

Binding between FTO and FAM-m°A-RNA was performed as
described above in the 50 mM borate binding buffer (pH 7.5).

To evaluate the binding affinity between FAM-m°A-RNA and
N-7, we prepared eight N-7 compound solutions in the same
binding buffer with 5% DMSO with 0 to 400 uM concentrations
via serial dilution. 20 pL of 50 nM of FAM-m°®A-RNA was added
to 20 puL compound solution. The final concentration for the
FAM-m°A-RNA was 25 nM and that for N-7 ranged between 0 to
200 pM. Samples were incubated and FP was measured and
analyzed as described above.

FP competition assays for dose-response measurements and
screening

To set up the FP competition assay, we first used the non-
fluorescent “m®A-RNA” (Fig. 1C) as a positive control inhibitor.
We incubated 40 nM to 25 uM m°A-RNA with 2 uM YTHYTHPF!
and 25 nM FAM-m°A-RNA in the binding buffer with added
RNase inhibitor at room temperature for 30 minutes. Samples
were transferred onto the 384-well plate and measured on the
plate reader as described above. We obtained the dose-
response curves by plotting the FP values against concentra-
tions of inhibitors. The inhibitory curves and ICs, values were
obtained using the “dose-response inhibition” model in
GraphPad Prism 6.0™. The same assay condition was used
for benchmarking the competition assay for other YTH
domains (Fig. S9B, ESIf), except that 10 pM YTH " ™P? was
used instead of 2 uM due to the weaker binding affinity (or
increased Ky) for YTH™P°> to m°A-RNA compared to other
YTH domains (Fig. S9A, ESIt).

To assess the performance of the FP competition assay for
screening, we performed the assay with positive and negative
control inhibitors 20 times each, where we used 20 uM non-
fluorescent m°A-RNA and blank binding buffer as the positive
and negative control, respectively. We calculated the Z’ factor
using the following equation®® based on the measured FP of the
positive and negative controls,

3 X (SDpos + SDneg)

Z=1-
| Mpos — Mucy|

where SD and M represent the standard deviations and means
of the 20 repeated measurements.

We purchased the Nucleoside Mimetics library from Enam-
ine which contains 320 compounds dissolved in DMSO at
10 mM. All stock solutions of small molecules were prepared
in 100% DMSO unless otherwise specified. To perform screen-
ing compounds, we first prepared RNA-protein solutions on
the 384-well plate with 33.6 pL per well. We added 1.4 pL 1 mM
compound into the RNA-protein solutions in each well, with
the final concentrations of the YTHY™ P FAM-m®A-RNA, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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each compound at 2 uM, 25 nM, and 40 pM, respectively. Each
compound was screened in technical duplicates (Fig. 2). Mean-
while, DMSO and the non-fluorescent m°A-RNA were used as
the negative and positive controls for the inhibitory activity on
the same plate. The plate was incubated at room temperature
for 30 minutes and subjected to the plate reader for FP
measurements.

To perform dose-response measurements, we ordered
40 mg of N-7 (Z2760966931) from Enamine. We examined the
quality of purchased N-7 through LC-MS and '"H NMR spectro-
scopy (Fig. S4, ESIt). The dose-response FP competition assay
was set up similarly to that described for the non-fluorescent
m°A-RNA. Instead of the m°A-RNA, 1.5-200 uM N-7 were
incubated with 2 uM YTH domain proteins and 25 nM FAM-
mP®A-RNA in the binding buffer.

As ICs, values may be subjected to changes under varying
assay conditions, we performed several control conditions for
the FP competition assay. Specifically, we adjusted the concen-
trations of the YTH domain proteins from 2 puM to the concen-
tration around the Ky for each protein binding m°A-RNA
(Fig. 1D and Fig. S10A, ESIT). Secondly, we tested the reported
FP competition protocol which first incubated the compound
with YTH domains, followed by adding the FAM-m°A-RNA*
(Fig. S10B, ESIt). Under these conditions, the measured ICs,
values showed no significant changes (Fig. S10C, ESIf).

Reported inhibitors, compound 6 and compound 26,
were ordered from Chemspace (CSMB00010870727 and
CSSS00000159915). The mP®A nucleoside was ordered from
AmBeed. Salvianolic acid C was ordered from MedChemEx-
press (HY-N0319). 6-(methylamino)purine was purchased from
Fisher Scientific. The inhibitory activities of these compounds
were examined using the same dose-response FP competition
assay as for N-7.

RNA electrophoretic mobility shift assay (REMSA)

Competitive REMSA was performed by incubating 20 nM
YTHY™PF! or YTHY™PC! with various concentrations of N-7
(1-200 puM) and 25 nM FAM-m®A-RNA in a buffer containing
10 mM HEPES, 50 mM KCl, 1 mM EDTA, 0.05% Triton-X-100,
5% glycerol and RNase inhibitor, in a final volume of 20 pL.
The reaction mixture was incubated at room temperature for
20 minutes, and then loaded onto an 8% polyacrylamide gel
containing 0.2% glycerol. Electrophoresis was performed in
0.5x TBE buffer at 90 V and 4 °C for 60 minutes. FAM-m°A-
RNA was detected using the ChemiDoc™ MP imaging system
(BIO-RAD) with the fluorescence blotting module.

Thermal shift assay

Thermal shift assays were set up according to the reported
assay conditions using the SYPRO orange dye, which exhibited
enhanced fluorescence in a more hydrophobic environment
typically during protein unfolding.*® For the positive control,
we incubated 2 uM or 16 uM m°A-RNA with 4 pM YTH""PF! in
the binding buffer with added RNase inhibitor and 5x SYPRO
orange dye (Invitrogen) at room temperature for 15 minutes.
After incubation, the thermal shift assay was performed in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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QuantStudio™ 3 Real-Time PCR System (Thermo Fisher). Each
sample was heated from 25 °C to 75 °C ramping by 0.2 °C s %;
meanwhile, fluorescence intensities were recorded every 0.3 °C
with the excitation and emission wavelengths at 470 nm and
570 nm, respectively. Data were first normalized by setting the
highest and lowest fluorescence intensities in each melting run to
100% and 0%, respectively. Data were then fitted to obtain the
melting temperatures (7,,) using the Boltzmann Sigmoid
equation®® within GraphPad Prism 6.0™. As the YTHY'"PF!
protein specifically bound with m®A-RNA with Ky = 0.8 £ 0.2 pM
through the FP binding assay (Fig. 1D), we expected the presence
of m®A-RNA would promote the thermal stability of the protein. As
expected, we observed that the addition of m°A-RNA showed
significant stabilization of the YTH" ™" (Fig. $13, ESI}).

To assess whether N-7 interacted with the YTH domain
proteins, we used the thermal shift assay to examine if there were
any stabilization effects of the YTH domains by adding N-7. We
incubated 6 UM or 50 pM N-7 with 4 pM YTHY™HPF yTHY™PF2)
YTHYTHPES yTHYTHPC! o YTHYTMPC2 yunder the same conditions
without the RNase inhibitor as above. As a negative control, we
added an equal volume of DMSO rather than N-7 into each
protein. The thermal shift assay measurements and analyses were
performed in the same manner as described for the positive
control. For each YTH domain protein, three biological replicates
were performed to quantify the errors of the assay. The thermal
stabilizations of the YTH domain proteins were analyzed by the
change in the T, (AT.,) as the difference between the T,
measured on the protein with N-7 or DMSO, and the T, of
protein-only control (Fig. 4B and Fig. S14, ESIt). The interactions
between D-6 and YTH domain proteins were assessed using the
same method as for N-7 (Fig. S15, ESI).

Molecular docking with AutoDock

The crystal structure of the YTHDF1 in complex with GGm®ACU
(PDBID: 4RC]) was chosen for molecular docking modeling.™*
The structure was prepared for docking by removing water
molecules and the bound RNA oligonucleotide GGm°ACU.
The structure of N-7 was prepared for docking by generating
conformers and optimizing geometry by AutoDock4.”® During
molecular docking, the binding pocket of YTHDF1 was defined
as 10 A around the m°®A binding site. The N-7 ligand was docked
against the defined pocket of the YTHY™™PF! protein via Auto-
Dock. The resulting binding pose of N-7 with the most favor-
able docking score was reported and analyzed.
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