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ABSTRACT: We report a crystallographic analysis of small-molecule ligands of the human YTHDC1 domain that recognizes N6

methylated adenine {&) in RNA. The 30 binders are fragments (molecular weight < 300"gthadlrepresent 10 dirent
chemotypes idenéd by virtual screening. Despite the structural disorder of the binding site loop (resiid@s Azt of the

30 fragments emulate the two main interactions oNHEH; group of riA. These interactions are the hydrogen bond to the
backbone carbonyl of Ser378 and the van der Waals contacts with the tryptophasesatgehédnical groups are involved in the
conserved binding motifs. Some of the fragments show favorable tigaeg éor YTHDC1 and selectivity against oth&r m
reader domains. The structural information is useful for the design of modul&orsarfgmition by YTHDCL1.

Protein RNA interactions play an important role in throughs were enabled by target selectionseand better
regulation of gene expression and contribute to a rangmderstanding of molecular recognition of these target classes,
of events relevant to normal development as well as tghich reveal more and more binding pockets that could be
pathological conditions. Usually, the recognition of RNA byuitable for small molecule binding. Examples include RNA
the protein binders predicates on polar interactions tetructures that naturally bind small molecules (e.g., ribos-
recognize the bases and on salt bridges to attract tRtches) or proteinprotein interfaces that bind peptide chains
phosphate backbone. Therefore, proRINA interfaces in their extended conformation and feature binding pockets
usually lack hydrophobic druggable pockets that could bécognizing individual side chains.

targeted with small molecules. This sated by lack of small To date, more than 150 epitranscriptomic (i.e., posttran-
molecule therapeutics acting by disrupting interactionseriptional) modiations of RNA have been discovered and
between proteins and RNA, with only thst example, gemonstrated to play important roles in processes relevant to
H3B-8806n_10dulat|ng the interactions of spliceosome subunifte and disease. For example, the most prevalentatiodi
SF3B1, being awarded the orphan drug status in 2017 apglihyiation of position N6 in adenine (tHémadi cation),

undergoing clinical studies in leukemia. a ects the secondary and tertiary structure of the RNA chain

Recent years have Witngssed developments imding atr)ld its ability to form proteilRNA interactions and thus
methodologies and expansion of the target space tractable by

small molecule therapeutic approaches. Many pprtaiin _
interactions, ahigh hanging fruittarget class often Received: November 4, 2019
characterized byat and featureless interfaces, were successccepted: February 26, 2020
fully targeted either in high throughput screenioigseor by~ Published: February 26, 2020
biophysics- and structural-biology-driven fragment-based ap-

proaches. More recently, examples of small molecules that can

directly bind structured RNA have emetgBdese break-
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Figure 1.Aromatic/aliphatic cage foPAnrecognition. (A) Structure of the YTH domain of YTHDC1 (olive, side chains in violet) in complex
with oligoribonucleotide containingAr(orange) (PDB code 4R3l). (B) Structural overlap of YTHDC1 (blue) and YTHDF1 (green). (C)
Binding pocket of ¥A in YTHDC1 (PDB code 4R3l). (D) Binding pocket GAnn YTHDF1 (PDB code 4RCJ).

modulates the processing, translation, and stability of tran-There are ve direct readers of théAmodi cation in the
scripts. In consequence, °& is implicated in controlling human genome and each of them contains one YTH d8main.
embryonic development processes and stem cedt di The aromatic hydrophobic cage is the key to speci
entiation, regulating the mammalian circadian clock angcognition of A modication Figure ). The YTH
modulating stress response, e.g., heat shock. The malfunctosiain-containing readers YTHDF1, YTHDF2, and
of the cellular machinery regulating tP% modi cation have ~ YTHDF3 have three Trp side chains that spallyi recognize

been linked to pathologies like obesity, cancer, and neurbe partial positive charge on the methyl group through the
degeneration. Therefore, thArmodi cation machinery has cation type of interactionSifjlure D]. Some YTH domains
recently attracted broad attention from the drug discovergature a noncanonical Trp cage; e.g., one of the Trp residues
community””> Importantly, the molecular recognition and is replaced by another aromatic residue (like tyrosine in the
physicochemical properties of RNA change upon itsase of fungal homologue MRB1) or an aliphatic side chain
posttranscriptional covalent maedtions. In the case of like leucine in the case of human nuclear reader YTHDC1
m°A modi cation, the base becomes more hydrophobic.[Figure C].**

The corresponding reader proteins (i.e., proteins that In this paper, we dissect the chemical space of ligands that
specically recognize the modation to elicit cellular can mimic epitranscriptomi€éAmodi cation of mMRNA. Our
response to if)feature a binding pockétifure A] that is  computational screening of fragnénits has revealed 10
more hydrophobic than the interfaces that bind unetbdi diverse chemotypes to occupy the recognition sifé oita

RNA?® Thus, this pocket is likely to be more amenable to smashow that such epitranscriptomic-dependent pretsiA
molecule intervention. It should be noted that a similainteraction sites can be druggable and propose a range of
observation has been made for bromodomains, the protethemical moieties (including both aliphatic and aromatic
modules that spechally bind acetylated lysine, demonstratedchemical groups) that can be used as isosteres of this
as robust targets for small molecule bindinig.reasonable  epitranscriptomic modiation. We also describe in detail the

to assume that a pocket recognizing uneadysine would common features shared by most idehtiY TH domain

be more polar than the bromodomain pocket, and likelpinders as well as explore opportunities presented by
recalcitrant to small molecule binding. conformational changes of the protein to accommodate ligands

619 https://dx.doi.org/10.1021/acschembio.9b00894
ACS Chem. Bid?020, 15, 618625


https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.9b00894?ref=pdf

ACS Chemical Biology pubs.acs.org/acschemicalbiology

Figure 2.Binding site and loogexibility in the 30 crystal structures of the hGl mader domain of YTHDC1. The structural overlap was

carried out using the Gitoms. PDB codes of the 30 structures are listedlin1 (A) Side chains in thebinding pocket. The 30 fragments

are not shown. (B) Structural overlap of the backbone colored according to crystallographic B factors (from blue to red). Broken segments of t
loop indicate lack of electron density. The 30 fragments are showreint dblors.

[Figure 2 Finally, we propo$¢-methyl amides as particularly pyrimidine. As a result, while thdHCH; group binds the
interesting scalds to further explore molecular recognition ofaromatic cage and hydrogen-bonds to the Ser378 backbone,
the binding site. compared to fragmehtit no longer makes an interaction to
To study the molecular recognition of YTH domains, weAsn367 and the plane of its ring system is rotated by about
selected YTHDC1, a direct nuclear YTH domain-containing®. When an analogue with the second ring saturated,
reader, involved in splicing regulation and exportation. Wieagment, was tested, the aliphatic ring system was found in
used high-throughput dockind® as a primary screening the aromatic cage instead dfHCH,. Furthermore, the
methodology. More precisely, libraries of rigid fragments wengdrophobic loop, including Leu439 from the hydrophobic
docked with the program SEED’ while AutoDocK and a cage, is displaced to accommodate tKEICH; group.
function that penalizes unsais polar group$ were Finally, there is no donating hydrogen bond from the fragment
employed for exible molecules. The structure of YHTDC1 to the backbone of Ser378. Instead, tHeICH; group of
was considered rigid during docking and evaluation of bindifigggmen# interacts with the side chain of Ser378 through a
energy. Both SEED and AutoDock calculate the bindingediating water molecule.
energy by a forceeld with implicit treatment of the Fragmend has provided an example of molecule that does
electrostatics ects of the solvent. Fragment screening bynot interact with aromatic cage through the -NH@Hup.
SEED requires about 1 s per fragment. SEED is available as\#s identied further molecules binding to YTH domain of
open source code from GitLabttps://gitlab.com/ YTHDC1 that lacked this trivial®nisostere. Fragme&t
CaischLalp Docking by AutoDock requires about 1 min or comprises a similar aliphatic ring, fused to an uracil moiety.
more per molecule depending on tleibility of the ligand. Like fragmend, its aliphatic part interacts with the Trp cage,
High-throughput protein crystallography was used as thet the overall conformation of the protein is reminiscent of
primary method of experimental validatiBiyuyre 3and that binding ®A or fragmentd and 2. The uracil moiety
Table 1. It allows for unambiguous identition of weak forms a hydrogen bond with the backbone carbonyl of Ser378
binders (a nity in millimolar range) and provides important with the NH group next to the aliphatic ring, while the
structural information. The bindingnity was quanted by adjacent carbonyl is involved in water-bridged interactions
the detection system used in the homogeneous time-resolweith the side chain of Asp476. Further exploration of uracil
uorescence (HTRF) assay reported previdasly for three  derivatives yielded fragme®it8. Fragmen6 preserves the
fragments by isothermal titration calorimetry (ITC). Thekey interaction between the aliphatic ring and aromatic cage, as
guanti cation of binding anity by the HTRF assay uses a well as the hydrogen bond between uracil moiety NH and
truncated protein (only the 165-residue YTH domain of theSer378 backbone. As it is longer thanengages Asp476 as
YTHDC1 protein which consists of 727 residues) N-terminallywell as Arg404 through uracisecond CONH motif.
tagged with glutathion®@transferase. Such an approach isFragment7 features a replacement of the azacyclopentane
dictated by the fact that the rest of the protein comprises lowing with benzyl, whichs the Trp cage well and is thst
complexity sequences that do not contribute directlfAt0 m example of an aromatic moiety bound to it. The uracil moiety
binding and complicate the recombinant protein chemistrgan be replaced with &hcarbamoylcarboxyamide moiety,
work ow. Validation by biophysical measurements, ITGjielding fragmer and maintaining the binding mode and
measurements, and crystal structures of the complexasch of hydrogen bond network of the molecule.
(which are techniques orthogonal to HTRF) provide addi- We then sought to presenNHCH,; to the Trp cage by

tional evidence of %-competitive binding. using the uracil saald. In the course of exploring the
Fragmentd and2 are analogues of methylated adenine agsommercially available derivatives, we have sélg¢tdd
they both contain a pyrimidine ring andHCH; group. trimethylamines, substituted at two methyl groups with uracilyl

Their binding mode resembles that of the adenine moiety aind another aromatic group, respectively. The comgbunds
mPA. Fragmen8 lacks one of the two nitrogen atoms of the and10 reproduced the binding mode of the uracil moiety of

620 https://dx.doi.org/10.1021/acschembio.9b00894
ACS Chem. Bid?020, 15, 618625


https://gitlab.com/CaflischLab
https://gitlab.com/CaflischLab
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.9b00894?fig=fig2&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.9b00894?ref=pdf

ACS Chemical Biology pubs.acs.org/acschemicalbiology

Figure 3.(Left) Crystal structures and (right) two-dimensional projections (Maestrdirgenra.LC, New York, NY, 2019) of the complexes
between the PA-reader domain of YTHDC1 and sub-millimolar fragments with good ligeemtye namely, compourds 26, 27, and29
(from top to bottom). The hydrogen bonds are shown by green dashed lines (left) and magenta arrows (right).

fragment$ and7, and the binding of theNHCH; group in the pocket and also forming an intraligandsandwich-like
mPA (and fragment$ and2), as shown by crystallographic stacking interaction with the uracil moiety. Interestingly, by
analysis. The second aromatic ring (pheBydir8-thienyl in replacing thé\-methyl group if® with N-cyclopropyl as in

10) has lined against the hydrophobic loimg the rest of  compoundll [Figure 3top], the van der Waals interactions

621 https://dx.doi.org/10.1021/acschembio.9b00894
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Table 1. Thirty Fragments That Bind to the®/ Reader Domain of YTHDC1 According to Protein Crystallography
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3The colors in the 2D structures indicate a hydrogen bond donor to the backbone carbonyl oxygen of Ser378 (blue), carbon atoms in the Trp cac
(red), and a moiety that displaces t&eble loop (green). The 30 compounds can be grouped in 10 chemotypes (horizontal lines). The HTRF
dose response curves corresponding to thevilues are shownFigure S2The inhibition constant is approximatively2Csince the -

containing ribonucleotide (i.e., the natural ligand employed as competitor in the HTRF assay) was used at a concentrffignvallose to its

The Kp value of fragmenis, 13, and26 is 58, 2100, and 2M, respectively (ITC data Fable S). The resolution is in A. LE = Ligand

E ciency* The IC50 value could not be measured due to assay interference and/or solubility limit.
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in the Trp cage improve, leading tgyl€ 228 M and a both the partial positive charge bearer to bind the aromatic
dissociation consta = 58 M as measured by ITEifure cage and the hydrogen bond donor to interact with the
S1. backbone of Ser378. The good ligaraiemcy of fragmed
Encouraged by the versatility of the uraciloktawe (0.41 kcal/mol per non-hydrogen atom) is quite surprising
explored further closely related bicyclic systems veitardi  considering that it does not feature any carbon atom in the Trp
substitution patterns. Fragmé@tbound with an isopropyl cage. Both compoun#$ and 25 contain a pyridine moiety
moiety in the Trp cage and not with an aliphatic ring as, e.guhose nitrogen atom is involved in water-bridged interactions
fragmentst and 5. At the same time, there is no hydrogenwith the side chains of Thr379 and Asp476.
bond to the backbone carbonyl of Ser378, which is replaced byrhe diazole-containing compounds bearinty-arethyl-
van der Waals interactions to the centtél of the isopropyl  carbamide substitution are involved in an interesting array of
group, a very unique feature among the YTHDC1 binders. Theteractions to the side chains of Asp476 and Thr379 in the
carbonyl group of fragmeb? makes hydrogen bonds to pinding pocket. Compoun®6 and 27 are two notable
Asn367 and a proximal water molecule, which positions th&amples, with an additional six-member ring either fused to or
fragment in such a way that it slightly displaces thgonnected to diazole by a single béiglire 3middle]. The
hydrophobic loop. Molecul@ features a phenyl substituent phenyl ring of compourT takes the spot of the ribose ring in
in the ring and causes a larger rearrangement of thgsa is involved in a previously unobservedation
hydrophobic loop than fragmé@t Fragment4recapitulates  jnteraction with the side chain of Arg404. Of all the
the bmc_img_mode of th_e methyl and urea groups of fragme@bmpounds reported here, fragn@itshows the highest
13, but its ring system is rotated by abo€it 50 N a nity to the protein (I, = 155 M andKg = 22 M) and
Based on the knowledge of molecular recognition of thgas fayorable van der Waals interactions with the hydrophobic

system, we then performed a broader screening campaigndgy, we have also tested the iodo-derivative of congsiund
identify further scalds that can replace the epitranscriptomic; o fragmer8. The halogen points in the direction of the

mPA mark in the Trp cage. Inspired by fragrBemte have v qrophobic loop, which caused its rearrangement to
docked a library of compounds containing-member  ,ccommodate this hydrophobic and large substituent. How-
(part'lally)_ saturated rings with at least one nitrogen atoM e it resulted in a slightly lowemiy and also poor

We identied a number of molecules containing 4’5'q'hydrpéolu6ility. These two compounds have shown the highest
2H-imidazole-1-yl to be recognized by the Trp cage, lncludmég nities to the protein and good ligandciencies. It is
fragmentd5 21 The aliphaticve membered ring assumesanotewOrthy that fragmer6 has similar anity to the

fa}irly conserved pose for the fragmi5ita8 and20, with the .YTHDC1 reader as the corresponding group of the natural
nitrogen atom making a hydrogen bond to the main Chalﬁ nd (MA, IC,, = 144 M andK, = 36 M, Figures S1 and
[} 0 — D~ 1l

. a

carbonyl of Ser378. To accommodate the phenyl ring preseé% . . . o

in fragment45 and18, the rearrangement of the binding site an dazng r:?)rTr?;?jrlé%aezda?é%]tg;sagésrg,&nE:Iéi;tehcat‘f,ﬁs)ls
loop is observed. This is not the case for fragmentwhich While this study has revealed Nenethyl amides as

the phenyl ring is connected directly t¥#emembered ring . ; . S
and canbe accommodated n the smalle form of e pocKYFTSES 25 0 Pt o Nhemebres o e
Fragmentl9 is similar to fragmerit8, formally with an 9 ' P y

additional closed ring. However, for geometry reasons, tﬂe molecule QOes not preclude the binding mode with another
cannot maintain the binding mode.®&nd its phenyl ring is  9rOUP recognized by the Trp cage. In a small set of analogues
seen to occupy the Trp cage, while the nitrogen atom of t 26andz7, we have |den'ec_i c_ompou_ndg. Thg NH of thg
double-ring system makes an interaction with the Ser378. THgmethyl amide group 89 mimics the interaction to the side
binding of these fragments appears also to be dependent on $H&ins of Asp476 and Thr379 seen for diaza aid27,
presence in the binding pocket of a sulfate ion which originatd&lle its indole ring is bound in the Trp caggre 3

from the crystallization ker. Similarly, in the case of bottom_]. In anqther ex.ample, the dimethyl substituted pyrrole
compound21, the combination of electronic and geometricOf the indole ring a0 is bound at the Trp cage, andNts
factors leads to accommodation of the aromatic thiopherfg€thyl amide is directed outside of the pocket, toward the
ring, rather than the aliphatic nitrogen-containing ring, in th&olvent. In both compoun28 and30, the indole NH acts as

Trp cage. However, in the case of this compound, there is f8NOr in the key hydrogen bond to the backbone carbonyl of
hydrogen bond to Ser378, which is rare for ligands o$€r378.

YHTDCL1. It should be noted that the close anaR@binds To evaluate selectivity against other hunfan remder
with aliphatic ring in the Trp cage. domains, 24 of the 30 fragments were tested for binding to one

We have also idered a series of substituted amides asor more of the YTHDF1, YTHDF2, and YTHDF3 readers by
versatile isosteres diAmimodi cation. Compound2 and23 the HTRF assay. Sigrant binding at a concentration of 1
both bound with their N-aliphatic moieties in the Trp bindingmMM was observed only for fragm2ét(Table Sy The
pocket and have an amide nitrogen making a hydrogen bofieise response measurements show that fragzehtis
to the main chain of Ser378. The orientation of the oxygesimilar anity for YTHDC1 and YTHDF2 (about 1501)
atoms in the amid22 and sulfonamid23 di ered, with the ~ and slightly worse aity for YTHDF1 and YTHDF3gure
latter pointing in the direction of the hydrophobic loop andS3. Interestingly, fragme@8 which diers from26 by a
making van der Waals interactions. Comppdifehtures an  single iodine atom does not show measurable binding to the
N-acetylamide moiety, with the acetyl moiety being recogniz&d HDF1/2/3 reader domains at a concentration of 1 mM
by the Trp cage and the amide NH group making a hydrogemhich indicates that functionalization of frag@tenil result
bond to the carbonyl of Ser378. The thioamide com@aund in selectivity for YTHDCL1. Thus, most fragments are selective
has its sulfur atom next to the side chain biHAsn367  for the reader of YTHDC1 and against YTHDF1/2/3. Binding
engaging in a weak polar contact. Its amide nitrogen serves@a¥ THDC2 was not tested.
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Figure 4.Solvent accessible surface area (SASA) diAtignming pocket in the reader domain of YTHDC1. (Left) Time series of SASA along

two MD runs of 1 s each. The black and red lines denote the raw values and running average, respectively. (Middle) Distribution of SASA of the
binding pocket from the 2 of MD simulations (solid line) and values of the 30 crystal structures of holo YTHDC1 (circles with green halo) and
apo YTHDCL1 (square with pink halo). (Right) Potential of mean force (PMF) along the SASA of the binding pocket. The PMF is calculated as

SkgT In % wherekg is the Boltzmann factdF,is the temperature (300 K),is the population in bin(bin width of 10 A, andp, is the
probability of the most populated bin.

The nfA recognition pocket and in particular the bindingpromiscuous as originally described and able to also bind other
site loop (residues 42839) exhibit signcant plasticity = small molecules in the cells or transcripts beariegerti
[Figure 2 Two methionine side chains (Met434 and Met438) modi cations. Of note, there have been preliminary reports
are disorderedF[gure } and as mentioned above Leu439 that YTH readers may also recogniz& modi cations:’
changes orientation upon binding of some of the ligands (e.gvith more than 100 low-abundance nuadions present in
fragmen#). These residues are involved in favorable van deke transcriptome, further discoveries of spewdlecular
Waals interactions with drent ligands in the pocket. recognition events are contingent upon improvement in
Furthermore, the more distal side chain of Arg404 can assuf&ection methodologies. It should be noted that bromodo-
di erent orientations. In contrast, the side chains of Trp37iains, readers of lysine acetylation watitins, have been
and Trp428 are rigid. Molecular dynamics simulations providgown recently to also recognize other matibns, e.g.,
evidence that spontaneougtuations of the loop in the crotonylatiori® It cannot be excluded that higher promiscuity

microsecond time scale result irediint apertures of the \j| he observed for epitranscriptomic readers in the near
binding siteffigure 4. It is interesting to note that the values f,tre.

of the solvent accessible surface area (SASA) of the binding
site in the 30 holo structures span a similar range as the one
sampled during the simulatioriSgiire 4 middle]. This ASSOCIATED CONTENT
overlap suggests a good coverage of conformational spac& oBupporting Information
the binding pocket by the herein described chemical matterrthe Supporting Information is available free of charge at
Our study provides evidence that protein-RNA interactionsttps://pubs.acs.org/doi/10.1021/acschembio.9b00894
dependent upon epitranscriptomic nmation A can be ] .
disrupted with small molecules. While interaction of the ligand ~ Experimental methods, computational methods for
with the Trp cage as well as the hydrogen bond to the adjacent ~Molecular dynamics and binding pocket analysis, ITC
Ser378 seem to be the key for molecular recogitipme curves and thermodynqmlc parameters, HTRF dose
3], they can be achieved using a number odretit response curves and single-dose measurements, X-ray
chemotypes, including both aliphatic and aromatic partially ~ data collection and reement statistics for the 30 crystal
positively charged moieti@ble 1. The series df-methyl structures, electron density maps of fragments, binding
amides has shown particularly good bindiniies and high mode of the 30 fragments as observed in the crystal
ligand e ciencies, which gives promise for future development ~ StructuresRDR
of chemical probes or blockers that can be used in cellular or in
vivo studies. In the recently disclosed context of involvement
of other YTH domains in cancer, or possible applications of AUTHOR INFORMATION
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