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Molecular basis for the recognition of methylated
adenines in RNA by the eukaryotic YTH domain
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Methylation of the N6 position of selected internal adenines (m°A) in
mRNAs and noncoding RNAs is widespread in eukaryotes, and the YTH
domain in a collection of proteins recognizes this modification. We re-
port the crystal structure of the splicing factor YT521-B homology (YTH)
domain of Zygosaccharomyces rouxii MRB1 in complex with a hep-
taribonucleotide with an m®A residue in the center. The m®A mod-
ification is recognized by an aromatic cage, being sandwiched
between a Trp and Tyr residue and with the methyl group pointed
toward another Trp residue. Mutations of YTH domain residues in
the RNA binding site can abolish the formation of the complex,
confirming the structural observations. These residues are con-
served in the human YTH proteins that also bind m°A RNA, sug-
gesting a conserved mode of recognition. Overall, our structural
and biochemical studies have defined the molecular basis for how
the YTH domain functions as a reader of methylated adenines.

he methylation of the N6 position of selected internal ade-

nines (m°A) modification is widespread in eukaryotic
mRNAs and noncoding RNAs (1-3), reviewed in refs. 4-6. Re-
cent studies have linked this modification to the regulation of
alternative splicing (2), RNA processing, and mRNA degrada-
tion (7). Although the exact cellular functions of this modifica-
tion are still not completely understood, m®A has been linked to
the regulation of the circadian clock (8) and m°A levels are
highest during yeast meiosis (1). The m°A methyl group can
be removed by the dioxygenases FTO (9) and ALKBHS (10, 11),
suggesting that m°A is a reversible modification on the RNA.

A consensus sequence G(m°A)C has been identified for this
modification based on transcriptome-wide mapping (1, 2), which
is consistent with that identified from earlier biochemical studies
(4-6). Several YTH domain (12) family members, YTHDFI,
YTHDEF2, and YTHDEF3 in humans (2, 7) and methylated RNA-
binding protein 1 (MRB1) in yeast (1), have been shown to bind
RNAs with m®A modification, and the binding consensus for the
YTH domain of YTHDEF2 is also G(m°®A)C (7), consistent with
that found by transcriptome-wide mapping.

The YTH domain contains ~160 residues and is found in yeast,
plants, and animals (Fig. S1) (12, 13). The domain is located at
the C-terminal end of yeast MRB1 and human YTHDF1-3 (Fig.
1A4), and its sequence is well conserved among these proteins
(Fig. 1B and Fig. S1). The N-terminal regions of these proteins
are poorly conserved, although that of YTHDF2 mediates its
function in regulating mRNA localization and degradation (7).
Yeast MRBI regulates phosphate metabolism by destabilizing the
mRNA of a transcription factor of the pathway and, hence, it is
also known as Pho92 (14), although direct evidence of MRB1
regulating m®A-containing mRNAs in yeast cells is lacking.

The structures of the YTH domains of two related proteins,
human YTH domain containing protein 1 [YTHDCI; Protein
Data Bank (PDB) ID code 2YUD] and YTHDC2 (2YU6), have
been reported. Human YTHDCI has 29% sequence identity to
human YTHDF1 for the YTH domain (Fig. S1). YTHDC1 binds
a degenerate unmethylated RNA sequence (13), which does not
have similarity to the G(m®A)C consensus. The interaction be-
tween its YTH domain and an unmethylated RNA was studied
by chemical-shift perturbation (13), but the structure of a complex
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is not available. The molecular mechanism for how the YTH
domain recognizes the m®A modification is not known.

Results and Discussion

We have determined the crystal structure at 2.7 A resolution of the
YTH domain of Z. rouxii MRB1 (ZrMRB1), a close homolog of
Saccharomyces cerevisiae MRB1 (Fig. 1B), in complex with a 7-mer
oligoribonucleotide with the sequence AgG,zG,l(m6A)OC+1A+2U+3,
The atomic model has good agreement with the X-ray diffrac-
tion data and the expected geometric parameters (Table S1).
Roughly 96.5% of the residues are in the favored region of the
Ramachandran plot, 3.5% in the allowed region, and no residues
in the outlier region.

There are six copies of the YTH-RNA complex in the asym-
metric unit. Interestingly, the six RNA molecules form three un-
usual, parallel dimers through extensive base-stacking, but no base-
pairing, interactions (Fig. S2). The three dimers then associate into
a hexamer, primarily through base stacking of the G_, nucleotides
of neighboring molecules. The m°A base is not involved in the
formation of this dimer or hexamer. This hexameric assembly of
the RNA molecules is, in turn, flanked by three YTH domains on
each face (Fig. S2). The YTH-RNA complex has 1:1 stoichiometry
in solution based on our gel filtration data and, therefore, the
6:6 complex is likely formed during crystallization. Nonetheless, the
unusual assembly mechanism of this dimer and hexamer could
have relevance for RNA structures in general.

The structure of the YTH domain of ZrMRBI1 has a central,
six-stranded p-sheet (Fig. 1C), although the strand at each edge of
the sheet makes only two hydrogen bonds with the neighboring
strand. There are also two smaller p-sheets, one with three strands
and the other with two. Three helices cover some of the surfaces
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Fig. 1. Crystal structure of the YTH domain of Z. rouxii MRB1 in complex with an m®A RNA. (A) Domain organization of ZrMRB1 and human YTHDF1. The
YTH domain is shown in cyan. (B) Sequence alignment of the YTH domains of Z. rouxii (Zr) and S. cerevisiae (Sc) MRB1, A. thaliana (At) YTH protein, and
human (Hs) YTHDF2. The secondary structure elements in the structure of the ZrMRB1 YTH domain are indicated. Residues that contact the m®A residue are
indicated with the red dots below the alignment, and those that contact the rest of the RNA are indicated with the black dots. Produced with ESPript (25). (C)
Two views of the structure of the YTH domain of ZrMRB1 (in cyan) in complex with a 7-mer m®A RNA (in orange). The secondary structure elements in the YTH
domain are labeled. The structure figures were produced with PyMOL (www.pymol.org).

of these p-sheets. The overall structures of the six YTH domains
in the crystal asymmetric unit are similar, with rms distance of
~0.3 A among equivalent Ca atoms of any pair of the YTH
domains (Fig. S3). Variations in the conformations of several side
chains on the surface of the structure are observed. There are also
conformational differences for several side chains in the RNA
binding site (see below). The overall structures of the six RNA
molecules are also similar to each other except for the last nu-
cleotide (Fig. S3), which has weaker electron density in some of
the molecules. Two different conformations are observed for the
5’ phosphate group of G_,, and, in fact, several of them assume
both conformations.

The closest structural homologs of ZrMRB1 are the YTH
domains of human YTHDCI1 and YTHDC2, with rms distance of
~2 A and sequence identity of ~32% among structurally equiv-
alent residues (Fig. S4). Other structural homologs, as identified
in an earlier study based on YTHDCI (13), include the DUF55
domain of human thymocyte nuclear protein 1 (15) and the EVE
domain that is found in a collection of prokaryotic proteins (16)
such as Pyrococcus horikoshii protein PH1033 (17), Agrobacterium
tumefaciens Atu2648 (16), and a Leishmania major protein (18)
(Fig. S4), with Z scores between 9 and 13 from the program
DaliLite (19) and sequence identities between 10 and 18%.
However, the functions of most of these proteins are not known.

Clear electron density is observed for most of the m°A hep-
tanucleotide (Fig. 24). The RNA is positioned across the top of
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the central p-sheet of the YTH domain (Fig. 1C), and the m°A
base is inserted into a deep pocket in the structure (Fig. 2B),
providing the anchoring contacts with the protein. Residues in the
RNA binding site are highly conserved among YTHDF1-3 and the
MRBI proteins, especially those involved in m°A binding (Figs.
1B and 2C). The 6-methylamino group is recognized by an aro-
matic cage, being sandwiched between the side chains of Trp200
and Tyr260, and the methyl group is pointed toward the side chain
of Trp254 (Fig. 2 D and E). Interestingly, the Trp200 and Tyr260
side chains flank the methylated N6 rather than the adenine base
(Fig. 2F), indicating that this aromatic cage is organized to rec-
ognize the methylated base. The remaining hydrogen atom on the
N6 amino group is hydrogen bonded to the main-chain carbonyl
oxygen of Ser201, thereby precluding the binding of doubly
methylated adenine. The N1 nitrogen atom in the adenine ring is
hydrogen bonded to the side chain of His190, and the N7 atom
interacts with the side chain of Asp297 through a well-ordered
water molecule, which is present in all six copies of the complex in
the asymmetric unit. Ser185 is positioned against one face of the
adenine base, and the Ser186 side chain is near the N3 atom of the
base. Overall, the structure indicates that this YTH domain pro-
duces a well-defined pocket that recognizes the m°A base.
Interestingly, the aromatic cage observed here for the m°A
modification has similarity to that seen in chromo and tudor
domains for recognizing methylated lysine and arginine residues
(20, 21), despite the fact that the YTH domain shares no
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Fig. 2. Recognition of the m®A RNA by the YTH domain. (A) Omit F,—F. electron density for the RNA at 2.7 A resolution, contoured at 2.5c. (B) Electrostatic
surface of the ZrMRB1 YTH domain in the region of m®A RNA binding. The RNA is located in a positively charged surface patch (blue) in the protein. (C)
Sequence conservation of residues in the RNA binding site, generated based on an alignment of 50 sequences by the program ConSurf (26). Purple, conserved
residues; cyan, variable residues. (D) Detailed interactions between the mPA nucleotide and the YTH domain. Water molecules are shown as red spheres.
Hydrogen-bonding interactions are indicated by dashed lines in red. (E) Schematic drawing of the interactions between the mPA nucleotide and the YTH
domain. The interactions between the m®A modification and the aromatic cage are indicated by the dashed lines in black. (F) Trp200 and Tyr260 flank the

methylated N6 rather than the adenine base.

similarity in backbone fold with these other proteins. By manu-
ally superposing the methyl-lysine and its aromatic cage in the
structures of polycomb chromo domain (22), 53BP tudor domain
(23), and JMJD2A tudor domain (24) with the pocket in the
YTH domain, the three aromatic residues in each cage are
placed at roughly the same position (Fig. S5). This structural
similarity demonstrates the remarkable conservation in the rec-
ognition of a methylated amino group.

However, this aromatic cage is not well conserved in the other
structural homologs of the YTH domain (Fig. S4). Although the
EVE domain in PH1033 appears to have a complete aromatic

13836 | www.pnas.org/cgi/doi/10.1073/pnas.1412742111

cage, Tyr260 is replaced by a Leu residue in YTHDC1 and
YTHDC?2, and only Trp200 is conserved in most of the other
homologs. Therefore, these proteins may not be able to recog-
nize m°A with good affinity. This is supported by our mutagen-
esis studies (see below) and the fact that YTHDCI failed to
complement the function of MRBI in yeast, whereas YTHDF2
was able to complement (14).

The overall conformations of the three residues in the aro-
matic cage of MRBI are similar to the residues in YTHDC1 and
YTHDC?2 (Fig. S4), which are in the absence of any bound RNA.
This structural similarity suggests that the aromatic cage in
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Fig. 3. Interactions between the other nucleotides of the m®A RNA and the YTH domain. (A) Detailed interactions between the 5’-end of the RNA and the
YTH domain. (B) Detailed interactions between the 3’-end of the RNA and the YTH domain.

MRBI1 may be preformed and has a similar conformation in
the absence of m®A binding. Our attempts at crystallizing free
MRBI1 YTH domain have not been successful.

The 2'-OH of the m°A ribose has hydrogen-bonding interactions
with Asn230 (Fig. 2D). The 5’ phosphate group of the m °A residue
is located ~6 A from the N-terminal end of helix oB and may have
some favorable interactions with the dipole of this helix. In one of
the six complexes in the crystal, the side chain of Arg259 has ionic
interactions with this phosphate group. In the other five complexes,
this side chain or the entire residue is disordered (Fig. S3).

The base of the G_; nucleotide is recognized by bidentate
hydrogen-bonding interactions with the side chain of Arg209, con-
sistent with the consensus for a G at this position (Fig. 34). The
base is also n-stacked with the side chain of Tyr205. It is in the syn
conformation, and the 2-amino group of guanine has hydrogen-
bonding interactions with 5’ phosphate groups of the —1 and
-2 residues. However, nucleotides A_3 and G_, have little direct
contacts with the YTH domain. This conformation might be due
to the formation of the RNA dimer (Fig. S2), and these two
nucleotides might contact the protein in a 1:1 complex. The A ;3
base is also in the syn conformation.

Following the m°A residue, the base of residue C,; has n-stacking
interaction with the side chain of Arg296, although it does not ap-
pear to be recognized specifically by the YTH domain (Fig. 3B). In
addition, the base has weak electron density in several of the RNA
molecules, and the guanidinium group of Arg296 assumes different
conformations in the other YTH domains, possibly because it is also
stacked with A_; of the other monomer of the RNA dimer (Fig. S3).
The bases of the +2 and +3 nucleotides are projected away from the
YTH domain and do not have direct contacts with the protein (Fig.
1C), but their phosphodiester backbone has favorable electrostatic
interactions with the positively charged protein surface (Fig. 2B).
Specifically, the 5" phosphate group of A, interacts with the side
chain of Lys184 and the main chain amide of Ala231, and the
5" phosphate groups of both A, and U,; interact with the main
chain amide of Gly233 through a water molecule (Fig. 3B).

To assess the structural observations, we characterized the
interactions between the MRB1 YTH domain and the RNA by
electrophoretic mobility shift assay (EMSA) and isothermal
titration calorimetry (ITC). For EMSA experiments, the 7-mer
RNA with a 5" FAM fluorophore was used as the probe, at 0.4 or
2 uM concentration. Our structure showed that the 5’-end of the
RNA has few interactions with the YTH domain and, therefore,
the introduction of the FAM label is unlikely to affect binding
substantially. The experiments show that the YTH domains of
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ZrMRB1 (Fig. 44), S. cerevisiee MRB1 (ScMRB1; Fig. 4B), and
Kluyveromyces lactis MRB1 (KIMRB1; Fig. S6) have strong
affinity for the RNA. At 0.4 pM concentration for the ZrMRB1
YTH domain, almost all of the RNA (at 0.4 uM) is shifted to
the complex, indicating that the Ky of the complex is likely
below 0.4 pM. There was a minor contaminating species in the la-
beled RNA sample (Fig. 4 4 and B), but it did not interact with the
proteins and was unlikely to have affected the outcome of the
experiments.

We carried out ITC experiments with the ZrMRB1 YTH domain
to obtain a more quantitative measurement of the affinity (Fig. 4C).
The Kj of the complex was determined to be 0.20 pM, consistent
with our EMSA data. The enthalpy and entropy changes for the
formation of the complex were —21.5 kcal/mol and —41.4 cal/mol-K,
respectively. The molar ratio of the complex was 0.84, possibly
reflecting some errors in the concentrations of the protein and
the RNA.

We also tested the binding affinity of a 5-mer RNA, missing
one nucleotide from each end of the 7-mer RNA. The 5-mer
RNA competed weakly with the labeled 7-mer RNA for binding
to the ZtMRB1 YTH domain, and could not completely disrupt
the 7-mer RNA complex even at 120 pM concentration (Fig. 4D),
indicating that the Ky of this complex could be ~60 pM. This is
consistent with the structural observations that the 3’-end of the
7-mer RNA has favorable interactions with the YTH domain
(Figs. 2B and 3B). The nucleotide at the —2 position probably
makes little contribution to the increased affinity of the 7-mer
RNA. As a control, the unlabeled 7-mer RNA competed with the
labeled 7-mer RNA for binding at roughly the same concentra-
tion (Fig. S6), also confirming that the 5 FAM label did not
substantially affect binding.

We next introduced mutations in the RNA binding site of
ZrMRB1 YTH domain based on the structural information and
determined their effects on complex formation. The mutants
were purified by following the same protocol as the wild-type
protein (Fig. S6) and produced similar profiles on a gel filtration
column. The K184A (Fig. 3B), W254A (Fig. 2D), and R296A
(Fig. 3B) mutations completely blocked RNA binding (Fig. 4F),
whereas the S186A (Fig. 2D), H190A (Fig. 2D), and R209A (Fig.
3A4) mutations substantially reduced the interaction. In contrast,
the N230A (Fig. 2D) mutation had only a small effect on the
binding. Overall, the mutagenesis data confirm the structural
observations and demonstrate the importance of the aromatic
cage and other residues in binding the methylated RNA.
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Fig. 4. Characterization of the interactions between the YTH domain and the m®A RNA. (A) A titration experiment assessing the affinity between the
ZrMRB1 YTH domain and the 7-mer m®A RNA with a 5" FAM fluorophore. The asterisk indicates a minor contaminating species in the RNA sample that does
not interact with the YTH domain. (B) A titration experiment for the SCMRB1 YTH domain. (C) ITC data for the interaction between ZrMRB1 YTH domain and
the labeled 7-mer RNA. Inset shows the heat release from the titration into buffer alone. (D) A competition binding assay testing the affinity of an unlabeled
5-mer m®A RNA for the ZrMRB1 YTH domain. (E) Effects of YTH domain mutations in the RNA interface on the formation of the complex. The FAM-labeled
RNA is at 2 pM concentration, and the protein samples are at 4 pM concentration.

We also assessed the interaction between the ZrMRB1 YTH
domain and an RNA of the same sequence but without the m°A
modification. The EMSA produced a smear of bands, and much
higher concentrations of the protein were needed to shift most of
the RNA molecule (Fig. S6) suggesting that the affinity of the
YTH domain for this RNA is substantially lower Mutations in
the YTH domain that disrupt binding to the m°A RNA (Fig. 4E)
also interfere with the binding to this unmethylated RNA, with
the interesting exception of the W254A mutation in the aromatic
cage (Fig. S6). These observations indicate that the unmethylated

13838 | www.pnas.org/cgi/doi/10.1073/pnas.1412742111

RNA likely assumes a similar binding mode in the YTH domain,
although the aromatic cage is not crucial for this interaction.
Therefore, the YTH domain in MRB1 and YTHDF1-3 may also
bind unmethylated RNAs, with lower affinity, consistent with the
observation that some targets of YTHDF2 do not appear to contain

mPA sites (7).

ZrMRBI1 residues in the RNA interface are highly con-
served among MRB1 and YTHDF1-3 proteins (Fig. S1). Es-
pecially, the aromatic cage of YTHDF1-3 contains three Trp
residues, with Tyr260 of ZrMRBI1 replaced by a Trp residue.
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Therefore, our observations with ZrMRB1 should be directly
relevant to how these other YTH domains bind the m°A RNA.
Overall, our structural and biochemical studies have defined
the molecular basis for the recognition of methylated adenines
by the YTH domain.

Materials and Methods
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S. cerevisiae, and Kluyveromyces lactis were overexpressed in Escherichia
coli and purified by nickel agarose and gel filtration chromatography. The
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of the YTH domain in complex with the m6A RNA were obtained by the
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