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ABSTRACT

N6A methylation is the most abundant RNA modifica-
tion occurring within messenger RNA. Impairment of
methylase or demethylase functions are associated
with severe phenotypes and diseases in several or-
ganisms. Beside writer and eraser enzymes of this
dynamic RNA epigenetic modification, reader pro-
teins that recognize this modification are involved in
numerous cellular processes. Although the precise
characterization of these reader proteins remains un-
known, preliminary data showed that most potential
reader proteins contained a conserved YT521-B ho-
mology (YTH) domain. Here we define the YTH do-
main of rat YT521-B as a N6-methylated adenosine
reader domain and report its solution structure in
complex with a N6-methylated RNA. The structure re-
veals a binding preference for NGANNN RNA hex-
amer and a deep hydrophobic cleft for m6A recogni-
tion. These findings establish a molecular function
for YTH domains as m6A reader domains and should
guide further studies into the biological functions of
YTH-containing proteins in m6A recognition.

INTRODUCTION

Methylation of adenine at the N6 position (m6A) is con-
sidered the most abundant messenger RNA modification
in eukaryotes besides the 5′ cap structure (1,2). Functional
impairment of methylase function leads to severe pheno-
types in a number of organisms such as cell death and de-
velopmental arrest (2,3). Genetic alterations in one known
demethylase gene (FTO) were associated in humans with
increased body mass (4) and higher propensity for cancer
(5,6). In recent years several thousand methylation sites
have been identified in eukaryotic transcriptomes by the
use of next-generation sequencing-based approaches (7–
13). Quite consistently, m6A are embedded in a consen-
sus sequence in the form 5′ R-R-m6A-C 3′ (where R are

purines). Two studies used RNA immunoprecipitation and
mass spectrometry to identify proteins binding selectively
to the m6A-containing RNA sequences (7,11). Two out
of three top confidence category proteins enriched in the
pull-downs with the methylated RNA from HepG2 cell
lysates contained one YTH domain (YTHDF2, YTHDF3)
(7). The top candidate from meiotic yeast lysates was the
YTH domain containing protein MRB1 (11). Full-length
proteins YTHDF1, which also contains a YTH domain,
YTHDF2 and YTHDF3 were later shown by gel shifts to
have increased affinities for the methylated compared to
the non-methylated form of the same RNA target sequence
(12). This suggested that YTH-containing proteins, whose
functions are generally unknown, could act as m6A readers.

The first protein containing a YTH domain, which was
functionally characterized, is the Rattus Norvegicus protein
YT521-B (alternative name YTHDC1) (Figure 1A), which
was identified in two yeast two hybrid studies aimed at iden-
tifying novel alternative splicing regulators using the SR-
like protein Tra2� as a bait (14,15). The protein was shown
to be able to influence alternative splicing but lacked a pre-
viously known RNA-binding domain. Sequence alignment
searches identified a conserved domain, which was termed
YTH domain for YT521-B homology domain (16). Subse-
quently, we have shown that the YTH domain of YT521-B
was indeed a RNA-binding domain with a very degener-
ate sequence-specificity (17). A more precisely defined bind-
ing sequence containing a triple A motif was later iden-
tified by biochemical and bioinformatics approaches for
the Schizosaccharomyces pombe YTH-containing protein
MMI1 (18,19).

Here we show that the YTH domain of YT521-B binds
sequence-specifically a GA-containing sequence with a 50-
fold affinity increase when the adenine is N6 methylated.
We determined the solution structure of the complex which
provides the structural basis of the specific m6A recognition
by the YTH domain. On the basis of the structure, we ra-
tionalize why more generally YTH domains act as reader
domains for m6A.
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Figure 1. The YTH domain has an increased affinity for m6A-containing RNA. (A) Top: schematic depiction of the domain organization of R. Norvegicus
YT521-B. Nuclear localization signals are represented as white boxes numbered 1–4. E-rich, P-rich and ER-rich stand for sequence stretches enriched
in glutamate, proline, glutamate and arginine amino acids, respectively (17). Secondary structure elements based on the presented structure are shown.
Bottom: combined chemical shift mapping of the R. Norvegicus YT521-B YTH domain 1H-15N backbone resonances upon 1:1 complex formation with
5′-UGm6ACAC-3′ plotted against the sequence of the used construct. Perturbations were calculated using the formula: �� = [(�HN)2 + (�N/6.51)2]1/2.
Proline and residues, which could not be assigned in both states, are represented with negative bars. (B) Overlay of 1H-15N HSQC spectra of the YTH
domain of YT521-B (blue), the domain in a 1:1 complex with 5′-UGACAC-3′ (red) and 5′-UGm6ACAC-3′ (green). For clarity folded arginine and lysine
side-chain resonances were omitted from the overlay. Side-chain resonances of N370 and W380 displaying large chemical-shift perturbations are labeled. (C)
Isothermal titration calorimetry data of RNA binding to the YTH domain. Left and right calorimetric titration profiles correspond to the 5′-UGm6ACAC-
3′ and 5′-UGACAC-3′ RNA being injected into the YTH protein, respectively. The upper panels show the raw calorimetric data. The bottom plots are
integrated heats as a function of the RNA/YTH molar ratio. Black dots indicate the experimental data. The best fit (depicted by a red line) was obtained
from a non-linear least-squares method using a one-site binding model. Heats of dilution have been obtained from independent titration experiments. Both
reactions are exothermic.
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MATERIALS AND METHODS

Protein and RNA preparation

Residues 347–502 of the R. Norvegicus YT521-B protein
were cloned into the pTYB11 vector (New England Bio-
labs). The used cloning scheme results after intein cleavage
in a protein without any vector-derived residues. Escherichia
Coli BL21 (DE3) codon plus (RIL) cells were grown in
M9 minimal medium containing 1 g/l 15NH4Cl and 4 g/l
unlabeled glucose (15N-labeling) or 2 g/l 13C-labeled glu-
cose (13C15N labeling). Protein expression was induced at a
cell density of A600 ≈ 0.6 by addition of 1mM isopropyl-
�-D-thiogalactopyranoside. After induction the tempera-
ture was reduced from 37◦C to 18◦C. After overnight ex-
pression cells were harvested, resuspended and lysed by cell
cracking. Protein purification on chitin columns and intein-
mediated cleavage was performed according to the manu-
facturer’s instruction. For cell lysis and intein purification a
buffer containing 20 mM Na2HPO4, 0.5 M NaCl at pH 8
was used. For intermediate washing steps, a buffer contain-
ing 1 M NaCl instead of 0.5 M NaCl was used. For cleav-
age the lysis and intein purification buffer contained in ad-
dition 50 mM DTT. After the elution of the YTH domain
from the chitin column, the eluate was concentrated with 5
kDa cutoff centricons (Vivaspin) and purified with size ex-
clusion chromatography (SEC) using a Superdex 75 column
(GE Healthcare) in a buffer containing 25 mM NaH2PO4,
25 mM NaCl and 10 mM �-Mercaptoethanol at pH 7 (pH
adjusted with HCl) with the addition of 200 units of SU-
PERase In RNase inhibitor (Ambion) prior to loading of
the sample on the SEC column. Fractions containing the
YTH domain were pooled and concentrated for further ex-
periments. RNAs were deprotected according to the manu-
facturer’s instructions (Thermo Fisher), lyophilized and re-
suspended in the size exclusion buffer.

NMR measurements

Protein RNA titrations were measured with a protein con-
centration of 0.2 mM and at a temperature of 20◦C. Mea-
surements for the structure calculation of the YTH in com-
plex with 5′-UGm6ACAC-3′ were performed at a concen-
tration of 0.8 mM at 30◦C. Nuclear magnetic resonance
(NMR) measurements were carried out in size exclusion
buffer either containing 90% H2O/10% D2O or 100% D2O.
Spectra were acquired on Bruker AVIII 500 MHz, AVIII
600 MHz, AVIII 700 MHz and AVIII HD 900 MHz spec-
trometers equipped with cryoprobes. Data acquisition and
processing was carried out with Topspin3 (Bruker). NMR
data were analyzed with Sparky 3.114 (Goddard T.D. and
Kneller D.G., SPARKY 3, University of California, San
Francisco).

For protein resonance assignment the following spectra
were used: 2D 1H-15N HSQC, 2D 1H-13Caliphatic HSQC,
2D 1H-13Caromatic HSQC, 3D HNCO, 3D HNCA, 3D HN-
CACB, 3D CBCACONH, 3D 13C-15N-1H HCC(CO)NH-
TOCSY, 3D 1H-15N-1H HCC(CO)NH-TOCSY, 3D-
NOESY 1H-15N HSQC (τm = 150 ms), 3D NOESY
1H-13Caliphatic HSQC (τm = 150 ms), 3D NOESY 1H-
13Caromatic HSQC (τm = 150 ms). All were collected in
buffer containing 90% H2O/10% D2O. For observation of

slowly exchanging amide protons a 2D 1H-15N HSQC in
100% D2O was recorded. For RNA resonance assignment
the following spectra were used: 2D 1H-1H NOESY (τm =
150 ms), 2D 1H-1H TOCSY (τm = 60 ms), 2D F1-filtered
F2-filtered 1H-1H NOESY (τm = 150 ms) (20), natural
abundance 2D 1H-13Caliphatic HSQC and 2D 1H-13Caromatic
HSQC. All were recorded in buffer containing 100% D2O.
For intermolecular Nuclear Overhauser Effect (NOE) peak
assignment a 3D 13C F1-edited F3-filtered NOESY 1H-13C
HSQC (τm = 100 ms) collected in 100% D2O and a 2D
F2 filtered 1H-1H NOESY (τm = 150 ms) recorded in 90%
H2O/10% D2O were used (20).

Structure calculation and refinement

Peak picking and initial NOE assignment were carried out
with the ATNOS CANDID package (21,22). The result-
ing peak lists of cycle 7 were used as input for the NOE-
assign module of CYANA 3.95 (23). From the resulting
upper distance limits lists, distances with a quality factor
less than 0.4 were removed. Peak lists were further man-
ually refined. Structure calculations were carried out with
CYANA 3.95 using a library containing an entry for m6A.
Restraints for backbone dihedral angles based on chemi-
cal shifts were obtained using the program Talos+ (24). Hy-
drogen bond restraints were based on protected amides in
D2O and analysis of initial structures. Intra RNA and inter-
molecular NOEs were manually assigned and calibrated to
be used as input for structure calculation. The structure was
refined in the rna.ff12SB force field (25) using the sander
module of AMBER12 (26) using a protocol, in which the
structures are first minimized and then refined using a sim-
ulated annealing protocol with 30 000 steps. Of the 250
structures calculated in CYANA the 50 structures with the
lowest target function were refined in AMBER. For the fi-
nal ensemble the 20 violation energy best structures out of
the 30 structures with the lowest AMBER energy were se-
lected. Force field parameters for m6A have been obtained
from http://ozone3.chem.wayne.edu/ (27). The Ramachan-
dran plot analysis was performed by the program CYANA,
which uses the definitions of the program PROCHECK
(28).

Figures were generated using MOLMOL (29) and Py-
MOL (www.pymol.org, Schrödinger, LLC) . The electro-
static surface potential was generated with the PyMOL
APBS Tools plugin using PDB2PQR (30) and APBS (31).

Modified scaffold-independent approach

In contrast to the original scaffold-independent approach
(32) in the modified approach used here, the nucleotide with
the highest score for a position is kept constant for as-
sessment of subsequent positions. Positions of the hexanu-
cleotide were assayed in the order 4, 3, 2, 6 and 1 (Supple-
mentary Figure S1A). Titrations were performed in a buffer
containing 50 mM NaH2PO4, 50 mM NaCl and 10 mM �-
Mercaptoethanol at pH 7. Titrations were monitored with
2D 1H-15N HSQC spectra acquired at 20◦C. RNA was
titrated to the protein up to a protein:RNA concentration
ratio of 1:1.25, except for position 2, for which the ratio

http://ozone3.chem.wayne.edu/
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was 1:0.6. Combined chemical shift perturbations were cal-
culated using the formula �� = [(�HN)2 + (�N/6.51)2]1/2.
Peaks in intermediate exchange, which could not be fol-
lowed over the course of the titration, were assigned a per-
turbation value of 0.3 ppm. Perturbations for each oligonu-
cleotide assayed were summed up and for each position nor-
malized to the one with the largest perturbation sum.

Isothermal titration calorimetry measurements

Affinity measurements by isothermal titration calorimetry
(ITC) were performed at 20◦C using a VP-ITC calorimeter
(MicroCal) in identical buffer conditions as described pre-
viously for the SEC step. Thermodynamic parameters (K,
�H, �S and N) with respective errors (Supplementary Fig-
ure S1B) were determined based on � 2 minimized fit of the
experimental data to a single-site binding model as imple-
mented in the Origin software version 7 (Origin Lab) pro-
vided with the VP-ITC instrument. For the binding of 5′-
UGACAC-3′, 410 �M of RNA has been injected into 14
�M of YTH. For the interaction with 5′-UGm6ACAC-3′,
we used 125 �M and 10 �M of RNA and protein concen-
trations, respectively. The isothermal titration calorimetry
(ITC) experiments were set to deliver 45 (6 �l) injections at
300 s intervals. Stirring speed and reference power were 307
rpm and 10 �cal/s, respectively. For each control, heats of
dilution were not significant (< 0.015 kcal mol−1).

Alignment and homology models of the YTH domains

Sequences of selected YTH-containing proteins were down-
loaded from UniProt www.uniprot.org and the YTH con-
taining segments aligned using Jalview (33).

Homology modeling was carried out with the MPI bioin-
formatics toolkit (34) and its installation of Modeller (35)
using PDB entry 2YUD as a template. The experimental
structure and the homology models were aligned with the
PyMol built-in version of CEAlign (36,37).

RESULTS

The YT521-B YTH domain binds specifically GA-containing
RNA and m6A modification increases its affinity

Although the sequence determined by systematic evolu-
tion of ligands by exponential enrichment (SELEX) for
YT521-B allowed us to map the RNA-binding surface of
the YTH domain, the fact that many protein resonances
were absent in the spectra of the complex prevented us to
determine its structure (17). We therefore searched for a
better binding sequence using a variation of the scaffold-
independent analysis method for this protein–RNA com-
plex (32). Our iterative approach yielded a binding pref-
erence for the 5′-NGANNN-3′ hexamer motif (Supple-
mentary Figure S1A). Based on this motif further experi-
ments were conducted with the sequence 5′-UGACAC-3′.
NMR spectra of the YTH domain of YT521 bound to
5′-UGACAC-3′ displayed a larger number of peaks with
sharper resonance linewidth as compared to the SELEX-
derived sequence. Indeed, most of the protein resonances in
the bound form could be assigned (Figure 1A and B). Inter-
estingly, the presence of the triplet GAC in this motif was

similar to the methylation consensus G>A-m6A-C identi-
fied previously (7,10–11). This prompted us to investigate
whether the YTH domain of YT521-B could bind the same
sequence with m6A in the third position with better affinity.

The NMR titrations of the YTH domain with the hex-
anucleotide 5′-UGACAC-3′ containing m6A3 showed that
the complex formation shifted from a fast/intermediate to a
slow exchange regime clearly indicating an increase in bind-
ing affinity mediated by the m6A modification (Figure 1B
and Supplementary Figure S1C). Subsequent affinity mea-
surements by ITC revealed a 50-fold increase in affinity be-
tween the RNA containing m6A and the unmethylated ade-
nine in position 3 (Figure 1C and Supplementary Figure
S1B). Mapping of the perturbed resonances on the YTH
domain revealed that the same RNA-binding surface is used
whichever RNA is bound (17) and only the magnitude of
the chemical shift perturbations is affected by the methy-
lation. This indicates that the YTH domain binds the un-
methylated and the methylated RNA in a similar manner.

The structure of the YT521B YTH domain in complex with
5′-UGm6ACAC-3′ reveals a large binding interface and the
directionality of the bound RNA

We next determined the structure of the YTH domain of
YT521-B (residues 347–502 of the full-length protein, Fig-
ure 1A) in complex with 5′-UGm6ACAC-3′ RNA using so-
lution state NMR spectroscopy (Figure 2 and Table 1). Us-
ing 214 intermolecular NOE-derived distance restraints in-
cluding 30 to the N6 methyl (Supplementary Figure S2A)
a precise ensemble of conformers was obtained (Figure 2A
and Table 1). The protein adopts a typical YTH fold, very
similar to the YTH structure in its free form (PDB ID
2YUD, Supplementary Figure S2B). The core of the do-
main is composed of a six stranded �-sheet, which is sur-
rounded by three �-helices (Figure 2A). The RNA adopts
an extended conformation and is positioned over the posi-
tively charged surface of the YTH domain (Figure 2B). The
first two nucleotides U1 and G2 form a stacking interac-
tion, m6A3 is looped out with its base buried into the pro-
tein (Figure 2B), and the last three residues interact with
the protein via their phosphate backbone, with C4 and A5
stacking together (Figure 2C). G2 and m6A3 are sequence-
specifically recognized, while U1, C4, A5 and C6 are all in
contact with the YTH domain but the structure does not re-
veal any sequence-specific recognition for these four bases.
Hydrophobic contacts to the sugar and base moieties as well
as salt bridges to the phosphate oxygens of the RNA back-
bone provide favorable binding energy to the six-nucleotide
RNA (Figure 2C).

The YTH domain possesses a buried binding pocket that ac-
commodates the N6-methyl adenine

The N6-methylated adenine adopts an anti conformation
and its ribose moiety a C2′ endo conformation. The YTH-
binding pocket is specific for an adenine base making four
intermolecular hydrogen bonds: N7 to Thr 382 hydroxyl
and Asp 479 sidechain, N6 to Ser 381 carbonyl oxygen, N1
to Asn 370 side-chain amide and N3 to Asn 366 main-chain
amide (Figure 2D). The N6-methyl group of adenine 3 is

http://www.uniprot.org
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Figure 2. Structure of the YTH domain in complex with 5′-UGm6ACAC-3′. (A) Ensemble of the 20 selected structures superimposed on the structured
residues (Table 1). The YTH domain is displayed as a gray ribbon and the RNA in stick representation of the heavy atoms, carbon (yellow), nitrogen
(blue), oxygen (red) and phosphate (orange). (B) Electrostatic potential plotted on the surface of the solvent-accessible surface of the YTH domain. RNA
is colored as in (A). The surface is displayed partially transparent to visualize m6A3, which is buried in the hydrophobic core. The ±1 kT/e electrostatic
potential is shown with the respective color gradient depicted above the structure with red denoting a negative and blue a positive potential. (C) Stereo
view of a representative structure of the complex. Depiction as in (A) with the exception of protein carbon atoms shown in green and H-bonds depicted as
purple dashed lines. (D) Stereo view of the G2 and m6A3 binding pocket. Same depiction as in (A) and (C).
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Table 1. Structural statistics of the YT521-B YTH domain in complex with 5′-UGm6ACAC-3’

NMR restraints
Distance restraints 4760
Protein intramolecular 4497
intraresidual 915
sequential (|i − j | =1 ) 1008
medium range (1 < |i − j | < 5) 895
long range (|i − j | ≥ 5) 1644
hydrogen bondsa 35
RNA intramolecular 49
intraresidual 30
sequential (|i − j | =1) 19
Complex intermolecular 214
Torsion anglesb 241
Protein backbone 234
RNA sugar pucker (DELTA) 6
RNA base conformation (CHI; syn) 1

Energy statisticsc

Average distance constraint violations
0.1–0.2 Å 65.2 ± 4.7
0.2–0.3 Å 6.1 ± 2.3
0.3–0.4 Å 0.6 ± 0.7
> 0.4 Å 0.1 ± 0.3
Maximal (Å) 0.32 ± 0.06
Average angle constraint violations
< 5◦ 29.3 ± 2.7
> 5◦ 0.0 ± 0.0
Maximal (◦) 0.51 ± 0.07
Mean AMBER constraint violation energy (kcal mol−1) 53.2 ± 2.7
Distance (kcal mol−1) 52.6 ± 2.7
Torsion (kcal mol−1) 0.6 ± 0.1
Mean AMBER energy (kcal mol−1) −5040.4 ± 11.4
Mean deviation from ideal covalent geometry
Bond length (Å) 0.0036 ± 0.0000
Bond angle (◦) 1.706 ± 0.007

Ramachandran plot statisticsc,d,e

Residues in most favored regions (%) 91.2 ± 0.7
Residues in additionally allowed regions (%) 8.8 ± 0.7
Residues in generously allowed regions (%) 0.0 ± 0.0
Residues in disallowed regions (%) 0.0 ± 0.0

RMSD to mean structure statisticsc,d

Protein
Backbone atoms 0.21 ± 0.04
Heavy atoms 0.51 ± 0.05
RNA
Backbone atoms 0.59 ± 0.31
Heavy atoms 0.64 ± 0.26
All molecules
Backbone atoms 0.29 ± 0.08
Heavy atoms 0.54 ± 0.06

aH-bond constraints were identified from slow exchanging amide protons in D2O.
bProtein backbone angles determined by the program TALOS+ and sugar pucker angles based on coupling efficiency in homonuclear TOCSY.
cStatistics computed for the deposited bundle of 20 violation energy best structure selected out of 30 amber energy best.
dBased on structured residue range as defined by user: protein: 351–498, chain ID: A (sequence range: 347–502) RNA : 1–6, chain ID: B (sequence range:
1–6).
eRamachandran plot as defined by the program PROCHECK.
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accommodated in a hydrophobic binding pocket involving
the side chains of Trp 380, Trp 431 and Leu 442 (Figure
2D). In addition, the adenine base position is stabilized by
hydrophobic contacts involving Pro 434, Met 437, Met 441
and Leu 383 (Figure 2D). Not only are all the functional
groups of m6A perfectly recognized by the YTH domain
but this nucleotide is also totally buried within the protein
core rendering it inaccessible to the solvent (Figure 2B).

Recognition of guanine 2

Guanine 2 adopts a syn conformation which is stabilized by
contacts of its H1′ and H8 with Leu 383 and Met 441 (Fig-
ure 2D). Furthermore, the O6 carbonyl of G2 is hydrogen-
bonded with the amide proton of Val 385 (Figure 2D).
These contacts are sufficient to discriminate a guanine over
any of the four nucleotides in this position. This is consis-
tent with the preference for a guanine in position 2 during
our optimization of the best binding sequence (Supplemen-
tary Figure S1A).

A possible common mode of binding for all YTH domains

Sequence alignment of the YTH domain of different pro-
teins from different organisms (from human to yeast) re-
veals that most of the residues interacting with the RNA
are conserved (Figure 3A and Supplementary Figure S3).
For example, Trp 380 and Trp 431 that interact with the
methyl group of m6A are strictly conserved and Thr 382
that interacts with A3 N7 is either a Thr or a Ser. Moreover,
two of the four positive side-chains (R or K) that interact
with the phosphate oxygens are strictly conserved among
YTH domains (Lys 364 and Arg 478) suggesting that most
YTH domains could recognize specifically m6A-containing
RNA and bind in a very similar manner as YT521-B. Based
on our structure, we built homology models of the hu-
man YTHDF1 YTH domain and the Saccharomyces cere-
visiae MRB1 YTH domain which were previously shown to
bind m6A-containing RNA (11,12). The methylated RNA
can be accommodated perfectly into these models (Figure
3B). Quite interestingly, those models revealed that the hy-
drophobic contacts between m6A3 and Leu 442 of YT512-
B are conserved although Leu 442 is substituted by a Trp
(YTHDF1), which is conserved in YTHDF2 and 3 (Fig-
ure 3A and Supplementary Figure S3), or a Tyr (MRB1)
residue. In these YTH domains, the methyl group of m6A
could therefore be encaged by three aromatic side chains
(Figure 3B).

DISCUSSION

Our structure of YT521-B YTH domain in complex with
RNA confirms previous predictions (16) that the YTH do-
main is a single-stranded RNA-binding domain that ac-
commodates six nucleotides. Unlike the previously reported
SELEX motif of YT521-B (17), the structure reveals a weak
sequence-specificity for the sequence NGANNN. More im-
portantly, we demonstrate that N6 methylation of the ade-
nine 3 increases the binding of YT521 YTH to the RNA by
a factor of 50 (dissociation constants of 5 �M and 0.1 �M
for the unmethylated and methylated RNAs, respectively)

(Figure 1C). This finding is consistent with an increase in
binding affinity observed for other YTH-containing pro-
tein such as YTHDF1 (20-fold), YTHDF2 (16-fold) and
YTHDF3 (5-fold) (12). Our structure reveals how such a
dramatic increase in affinity is achieved: the YTH domain
of YT521-B contains a preformed binding pocket for the
methyl group consisting of two tryptophan side-chains and
one leucine. One difference between the free and the com-
plex structure is that the loop region containing Pro 434
and Met 437 is positioned closer to the methylated adenine-
binding pocket in the bound state (Supplementary Fig-
ure S2C). Based on homology models, we can predict that
for the homologous proteins YTHDF1–3 and MRB1, the
methyl pocket would consist of a cage of three aromatic
side chains (Figure 3B). During the preparation of this
manuscript a crystal structure of the YTH domain of the
Zygosaccharomyces rouxii MRB1 protein was published,
which revealed a very similar mode of recognition of m6A
(38). This study speculates that a number of YTH domains
(where one aromatic residue is substituted by a leucine) like
the one presented here would not bind m6A. The data pre-
sented here show that the affinities measured by ITC for
these domains for m6A containing RNA are nearly iden-
tical (0.1 �M YT521-B YTH domain and 0.2 �M MRB1
YTH domain (38)) demonstrating that the substitution of
the aromatic residue by a leucine does not lead to a signifi-
cant affinity change. A manuscript was published during the
peer review process of this manuscript presenting the struc-
ture of the YTH domain of a homologous human protein in
complex with m6A containing RNA, which reports similar
findings (39)

The involvement of aromatic cages for the recognition
of buried methyl groups with a cavity insertion mode has
been a current theme in structural studies of methylated nu-
cleotides (40) but also of methylated amino acids like in his-
tone tails by their respective reader domains (41). Recogni-
tion by the YTH reader domain of m6A are not exception to
this theme despite the fact that the m6A modification does
not create a positive charge unlike m7G for example (40).

It was quite unexpected to find that the YTH domain
of YT521-B has a sequence-specificity for GA-containing
RNA (even without adenine methylation). Although this
affinity is modest (Kd = 5 �M), this finding could have a ma-
jor biological implication. It was recently found that YTH
domain-containing proteins are found in the multi-subunit
protein complexes responsible for m6A RNA modification
(42). The specificity for GA could imply that the YTH do-
mains found in these complexes might have a role in find-
ing the RNA target since most m6A sites contain a GA se-
quence.

In conclusion the work presented here describes the
first structure of a mammalian YTH domain bound to
RNA and explains at the molecular level how this do-
main specifically recognizes m6A using a hydrophobic
pocket composed of two to three conserved aromatic side
chains. These structural data strongly support the proposal
that the YTH domain functions as a reader domain for
N6-methylated adenine. The high affinity and sequence-
specificity of this reader domain for G-m6A-containing
RNA further strengthen the notion that besides sequence
and secondary structure, RNA modification can have a
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Residue Number        359                       385  431        442  472     480
YT521-B HUMAN      -Xn-RFFLIKSNNHENVSLAKAKGVWSTLPV-Xn-WVLPAGMSAKML-Xn-KPVKIGRDG-Xn-
YT521-B LOUSE      -Xn-RFFVIKSNNLENVVLSKAKGVWSTLPQ-Xn-WVLPPGLSAKAL-Xn-KPVKIGRDG-Xn-
YT521-B ANOPHELES  -Xn-RFFLIKSNNHDNVSLSKAKGVWSTLPP-Xn-WVLPPGMSAKAL-Xn-KPVKIGRDG-Xn-
YT521-B DROSOPHILA -Xn-RFFLIKSNNSDNVQLSKNKSVWATLPQ-Xn-WVLPPSISPKAL-Xn-KPVKIGRDG-Xn-
YT521-B RICINUS    -Xn-RYFIIKSLNHHNIQLSVEKGIWATQVM-Xn-WSQGCSK-NNPW-Xn-KPVKISRDC-Xn-
YT521-B COW        -Xn-KCFMIKSNNMMNIYFSICYGIWATGIN-Xn-WGSFQ----SRL-Xn-LPLKKSRDG-Xn-
YT521-B MAIZE      -Xn-KFFVIKSIGEADVHKSIKYGVWSSSSN-Xn-WCQD------KW-Xn-KPVTHSRDT-Xn-
MRB1    CEREVISIAE -Xn-RFFVIKSSSLKHVKRSFYNGIWSSTHF-Xn-WEDEQ-----KY-Xn-KPITHSRDT-Xn-
YTHDF2  HYDRA      -Xn-RFFIIKSYSEDDIFRSIKYSSWTSTEH-Xn-WVQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  HUMAN      -Xn-RVFIIKSYSEDDIHRSIKYNIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF1  HUMAN      -Xn-RVFIIKSYSEDDIHRSIKYSIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  CHICKEN    -Xn-RVFIIKSYSEDDIHRSIKYNIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  TURTLE     -Xn-RVFIIKSYSEDDIHRSIKYNIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  GUINEA PIG -Xn-RVFIIKSYSEDDIHRSIKYNIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  CATFISH    -Xn-RVFIIKSYSEDDIHRSIKYNVWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF3  HUMAN      -Xn-RVFIIKSYSEDDIHRSIKYSIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-
YTHDF2  XENOPUS    -Xn-RVFIVKSYSEDDIHRSIKYNIWCSTEH-Xn-WSQD------KW-Xn-KPVTNSRDT-Xn-

β1 β2α2 v-loop1 v-loop2

N6-Methyladenine Pocket

A

B

Figure 3. Alignment of YTH domains and homology models. (A) Clipped sequence alignment of a representative selection of YTH domain containing
proteins. Regions shown include amino acids involved in RNA binding. Hydrophobic residues are colored gray, aromatic residues (F,Y,H,W) yellow, blue,
green and red, respectively. Top: secondary structure representation of selected regions; first �-strand (�1), second �-helix (�2), second �-strand (�2) and
the two variable loops (v-loop1 and v-loop2). Position of selected residues involved in m6A recognition are marked with arrows. (B) Homology models of
the YTH domains of Homo sapiens YTHDF1 and S. cerevisiae MRB1 binding m6A. The corresponding perspective from the presented structure is shown
for comparison. Representation as in (Figure 2A and C), except that the protein ribbon of YTHDF1 is in purple and the one of MRB1 in blue.

decisive influence on post-transcriptional gene regulation
events.
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Structural coordinates were deposited in the PDB database
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bmrb.wisc.edu) with accession number 25188.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENT

We would like to thank Denis Berger, Fred Damberger,
Christophe Maris, Mario Schubert, Thea Stahel and Ger-

hard Wider for NMR support. S. Stamm and Z. Zhang are
acknowledged for initial discussion on YTH521-B.

FUNDING

Swiss National Science Foundation (SNF) NCCRs Struc-
tural Biology and RNA & Disease and grant 31003A-
149921 to F.A.; ETH Zurich. Funding for open access
charge: ETH Zurich.
Conflict of interest statement. None declared.

REFERENCES
1. Bokar,J.A. (2005) In: Grosjean,H. (ed.), Fine-Tuning of RNA

Functions by Modification and Editing. Springer, Berlin.
2. Fu,Y., Dominissini,D., Rechavi,G. and He,C. (2014) Gene expression

regulation mediated through reversible m6A RNA methylation. Nat.
Rev. Genet., 15, 293–306.

http://www.pdb.org
http://www.bmrb.wisc.edu
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1116/-/DC1


Nucleic Acids Research, 2014, Vol. 42, No. 22 13919

3. Meyer,K.D. and Jaffrey,S.R. (2014) The dynamic epitranscriptome:
N6-methyladenosine and gene expression control. Nat. Rev. Mol.
Cell. Biol., 15, 313–326.

4. Loos,R.J. and Bouchard,C. (2008) FTO: the first gene contributing
to common forms of human obesity. Obes. Rev., 9, 246–250.

5. Iles,M.M., Law,M.H., Stacey,S.N., Han,J., Fang,S., Pfeiffer,R.,
Harland,M., Macgregor,S., Taylor,J.C., Aben,K.K. et al. (2013) A
variant in FTO shows association with melanoma risk not due to
BMI. Nat. Genet., 45, 428–432, 432e1.

6. Garcia-Closas,M., Couch,F.J., Lindstrom,S., Michailidou,K.,
Schmidt,M.K., Brook,M.N., Orr,N., Rhie,S.K., Riboli,E.,
Feigelson,H.S. et al. (2013) Genome-wide association studies identify
four ER negative-specific breast cancer risk loci. Nat. Genet., 45,
392–398, 398e391–392.

7. Dominissini,D., Moshitch-Moshkovitz,S., Schwartz,S.,
Salmon-Divon,M., Ungar,L., Osenberg,S., Cesarkas,K.,
Jacob-Hirsch,J., Amariglio,N., Kupiec,M. et al. (2012) Topology of
the human and mouse m6A RNA methylomes revealed by m6A-seq.
Nature, 485, 201–206.

8. Fustin,J.M., Doi,M., Yamaguchi,Y., Hida,H., Nishimura,S.,
Yoshida,M., Isagawa,T., Morioka,M.S., Kakeya,H., Manabe,I.
et al. (2013) RNA-methylation-dependent RNA processing controls
the speed of the circadian clock. Cell, 155, 793–806.

9. Liu,J., Yue,Y., Han,D., Wang,X., Fu,Y., Zhang,L., Jia,G., Yu,M.,
Lu,Z., Deng,X. et al. (2014) A METTL3-METTL14 complex
mediates mammalian nuclear RNA N6-adenosine methylation. Nat.
Chem. Biol., 10, 93–95.

10. Meyer,K.D., Saletore,Y., Zumbo,P., Elemento,O., Mason,C.E. and
Jaffrey,S.R. (2012) Comprehensive analysis of mRNA methylation
reveals enrichment in 3′ UTRs and near stop codons. Cell, 149,
1635–1646.

11. Schwartz,S., Agarwala,S.D., Mumbach,M.R., Jovanovic,M.,
Mertins,P., Shishkin,A., Tabach,Y., Mikkelsen,T.S., Satija,R.,
Ruvkun,G. et al. (2013) High-resolution mapping reveals a
conserved, widespread, dynamic mRNA methylation program in
yeast meiosis. Cell, 155, 1409–1421.

12. Wang,X., Lu,Z., Gomez,A., Hon,G.C., Yue,Y., Han,D., Fu,Y.,
Parisien,M., Dai,Q., Jia,G. et al. (2014)
N6-methyladenosine-dependent regulation of messenger RNA
stability. Nature, 505, 117–120.

13. Wang,Y., Li,Y., Toth,J.I., Petroski,M.D., Zhang,Z. and Zhao,J.C.
(2014) N(6)-methyladenosine modification destabilizes
developmental regulators in embryonic stem cells. Nat. Cell Biol., 16,
191–198.

14. Hartmann,A.M., Nayler,O., Schwaiger,F.W., Obermeier,A. and
Stamm,S. (1999) The interaction and colocalization of Sam68 with
the splicing-associated factor YT521-B in nuclear dots is regulated
by the Src family kinase p59(fyn). Mol. Biol. Cell, 10, 3909–3926.

15. Imai,Y., Matsuo,N., Ogawa,S., Tohyama,M. and Takagi,T. (1998)
Cloning of a gene, YT521, for a novel RNA splicing-related protein
induced by hypoxia/reoxygenation. Brain Res. Mol. Brain Res., 53,
33–40.

16. Stoilov,P., Rafalska,I. and Stamm,S. (2002) YTH: a new domain in
nuclear proteins. Trends Biochem. Sci., 27, 495–497.

17. Zhang,Z., Theler,D., Kaminska,K.H., Hiller,M., de la Grange,P.,
Pudimat,R., Rafalska,I., Heinrich,B., Bujnicki,J.M., Allain,F.H.
et al. (2010) The YTH domain is a novel RNA binding domain. J.
Biol. Chem., 285, 14701–14710.

18. Yamashita,A., Shichino,Y., Tanaka,H., Hiriart,E.,
Touat-Todeschini,L., Vavasseur,A., Ding,D.Q., Hiraoka,Y.,
Verdel,A. and Yamamoto,M. (2012) Hexanucleotide motifs mediate
recruitment of the RNA elimination machinery to silent meiotic
genes. Open Biol., 2, 120014.

19. Chen,H.M., Futcher,B. and Leatherwood,J. (2011) The fission yeast
RNA binding protein Mmi1 regulates meiotic genes by controlling
intron specific splicing and polyadenylation coupled RNA turnover.
PLoS One, 6, e26804.

20. Zwahlen,C., Legault,P., Vincent,S.J.F., Greenblatt,J., Konrat,R. and
Kay,L.E. (1997) Methods for measurement of intermolecular NOEs
by multinuclear NMR spectroscopy: Application to a bacteriophage
lambda N-peptide/boxB RNA complex. J. Am. Chem. Soc., 119,
6711–6721.

21. Herrmann,T., Guntert,P. and Wuthrich,K. (2002) Protein NMR
structure determination with automated NOE assignment using the

new software CANDID and the torsion angle dynamics algorithm
DYANA. J. Mol. Biol., 319, 209–227.

22. Herrmann,T., Guntert,P. and Wuthrich,K. (2002) Protein NMR
structure determination with automated NOE-identification in the
NOESY spectra using the new software ATNOS. J. Biomol. NMR,
24, 171–189.

23. Guntert,P. (2004) Automated NMR structure calculation with
CYANA. Methods Mol. Biol., 278, 353–378.

24. Shen,Y., Delaglio,F., Cornilescu,G. and Bax,A. (2009) TALOS plus :
a hybrid method for predicting protein backbone torsion angles from
NMR chemical shifts. J. Biomol. NMR, 44, 213–223.

25. Lindorff-Larsen,K., Piana,S., Palmo,K., Maragakis,P., Klepeis,J.L.,
Dror,R.O. and Shaw,D.E. (2010) Improved side-chain torsion
potentials for the Amber ff99SB protein force field. Proteins, 78,
1950–1958.

26. Pearlman,D.A., Case,D.A., Caldwell,J.W., Ross,W.S.,
Cheatham,T.E., Debolt,S., Ferguson,D., Seibel,G. and Kollman,P.
(1995) Amber, a package of computer-programs for applying
molecular mechanics, normal-mode analysis, molecular-dynamics
and free-energy calculations to simulate the structural and energetic
properties of molecules. Comput. Phys. Commun., 91, 1–41.

27. Aduri,R., Psciuk,B.T., Saro,P., Taniga,H., Schlegel,H.B. and
SantaLucia,J. (2007) AMBER force field parameters for the naturally
occurring modified nucleosides in RNA. J. Chem. Theory Comput.,
3, 1464–1475.

28. Laskowski,R.A., Rullmannn,J.A., MacArthur,M.W., Kaptein,R.
and Thornton,J.M. (1996) AQUA and PROCHECK-NMR:
programs for checking the quality of protein structures solved by
NMR. J. Biomol. NMR, 8, 477–486.

29. Koradi,R., Billeter,M. and Wuthrich,K. (1996) MOLMOL: A
program for display and analysis of macromolecular structures. J.
Mol. Graphics, 14, 51 –55 .

30. Dolinsky,T.J., Nielsen,J.E., McCammon,J.A. and Baker,N.A. (2004)
PDB2PQR: an automated pipeline for the setup of
Poisson–Boltzmann electrostatics calculations. Nucleic Acids Res.,
32, W665–W667.

31. Baker,N.A., Sept,D., Joseph,S., Holst,M.J. and McCammon,J.A.
(2001) Electrostatics of nanosystems: application to microtubules
and the ribosome. Proc. Natl. Acad. Sci. USA, 98, 10037–10041.

32. Beuth,B., Garcia-Mayoral,M.F., Taylor,I.A. and Ramos,A. (2007)
Scaffold-independent analysis of RNA–protein interactions: the
Nova-1 KH3-RNA complex. J. Am. Chem. Soc., 129, 10205–10210.

33. Waterhouse,A.M., Procter,J.B., Martin,D.M., Clamp,M. and
Barton,G.J. (2009) Jalview Version 2–a multiple sequence alignment
editor and analysis workbench. Bioinformatics, 25, 1189–1191.

34. Biegert,A., Mayer,C., Remmert,M., Soding,J. and Lupas,A.N.
(2006) The MPI Bioinformatics Toolkit for protein sequence
analysis. Nucleic Acids Res., 34, W335–W339.

35. Sali,A., Potterton,L., Yuan,F., van Vlijmen,H. and Karplus,M.
(1995) Evaluation of comparative protein modeling by
MODELLER. Proteins, 23, 318–326.

36. Jia,Y., Dewey,T.G., Shindyalov,I.N. and Bourne,P.E. (2004) A new
scoring function and associated statistical significance for structure
alignment by CE. J. Comput. Biol., 11, 787–799.

37. Shindyalov,I.N. and Bourne,P.E. (1998) Protein structure alignment
by incremental combinatorial extension (CE) of the optimal path.
Protein Eng., 11, 739–747.

38. Luo,S. and Tong,L. (2014) Molecular basis for the recognition of
methylated adenines in RNA by the eukaryotic YTH domain. Proc.
Natl. Acad. Sci. U.S.A., 111, 13834–13839.

39. Xu,C., Wang,X., Liu,K., Roundtree,I.A., Tempel,W., Li,Y., Lu,Z.,
He,C and Min,J. (2014) Structural basis for selective binding of
m(6)A RNA by the YTHDC1 YTH domain. Nat. Chem.
Biol., 10, 927–929.

40. Monecke,T., Buschmann,J., Neumann,P., Wahle,E. and Ficner,R.
(2014) Crystal structures of the novel cytosolic 5′-nucleotidase IIIB
explain its preference for m7GMP. PLoS One, 9, e90915.

41. Patel,D.J. and Wang,Z. (2013) Readout of epigenetic modifications.
Annu. Rev. Biochem., 82, 81–118.

42. Schwartz,S., Mumbach,M.R., Jovanovic,M., Wang,T., Maciag,K.,
Bushkin,G.G., Mertins,P., Ter-Ovanesyan,D., Habib,N.,
Cacchiarelli,D. et al. (2014) Perturbation of m6A writers reveals two
distinct classes of mRNA methylation at internal and 5′ sites. Cell
Rep., 8, 284–296.


