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Abstract
In humans, YTH (YT521-B homology) domain containing protein 2 (YTHDC2) plays a crucial role in the phase-shift from 
mitosis to meiosis. YTH domains bind to methylated adenosine nucleotides such as  m6A. In a phylogenic tree, the YTH 
domain of YTHDC2 (YTH2) and that of the YTH containing protein YTHDC1 (YTH1) belong to the same sub-group. 
However, the binding affinity of  m6A differs between these proteins. Here, we report 1H, 13C and 15N resonance assignment of 
YTH2 and its solution structure to examine the difference of the structural architecture and the dynamic properties of YTH1 
and YTH2. YTH2 adopts a β1–α1–β2–α2–β3–β4–β5–α3–β6–α4 topology, which was also observed in YTH1. However, 
the β4–β5 loops of YTH1 and YTH2 are distinct in length and amino acid composition. Our data revealed that, unlike in 
YTH1, the structure of  m6A-binding pocket of YTH2 formed by the β4–β5 loop is stabilized by electrostatic interaction. This 
assignment and the structural information for YTH2 will provide the insight on the further functional research of YTHDC2.
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The chemical shift assignments for the YTH domain of YTHDC2 
have been deposited in the BMRB database with the accession 
no. 36310. The atomic coordinates for the ensemble of 20 NMR 
structures of YTH2 calculated by CYANA 2.1 have been deposited 
in the Protein Data Bank (accession code 2YU6) and those with 
Amber12 refinement in the Protein Data Bank (accession code 
6LR2).
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Biological context

In human cells, YTH (YT521-B homology) domain con-
taining protein 2 (YTHDC2) binds to the mRNAs rich with 
 N6-methyladenosines  (m6A) along with the meiosis-specific 
coiled-coil domain-containing protein (MEIOC). Simultane-
ously, YTHDC2 recruits the 5ʹ–3ʹ exonuclease 1 (XRN1) 
and interact with the small ribosomal subunit to acceler-
ate the degradation of the modified mitotic mRNAs (Woj-
tas et al. 2017; Jain et al. 2018; Kretschmer et al. 2018). 
YTHDC2 is also reportedly involved in stabilization of the 
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meiosis-specific mRNAs for later use with other factors such 
as Y-box binding protein 2 MSY2 and PIWI family pro-
tein MIWI (Bailey et al. 2017). Through these interactions, 
YTHDC2 plays a crucial role in the phase-shift from mitosis 
to meiosis.

YTHDC2 has a so-called YTH domain at its C-termi-
nus, which is annotated as containing ~ 130 amino acid 
residues in the Pfam (PF07177) (http://pfam.xfam.org/), 
Prosite (PS50882) (https ://prosi te.expas y.org/) and InterPro 
(IPR007275) databases (Mulder et al. 2007). It has been 
determined that YTH domain is the specific protein module 
that recognizes  m6A in RNA molecules for the control of 
the RNA metabolism (Liao et al. 2018). In addition, some 
YTH domains could also bind to  N1-methyladeonsine  (m1A) 
(Dai et al. 2018).

In human, five YTH containing proteins, YTHDF1–3 
(YTH domain-containing family proteins 1–3) and 
YTHDC1–2 (YTH domain containing protein 1–2) have 
been identified (Supplementary Fig. 1). In a phylogenetic 
tree, the YTH domains of YTHDC1 and YTHDC2 (hereafter 
termed YTH1 and YTH2 respectively) were in the same sub-
group and those of YTHDF1–3 belonged to another group 
(Liao S et al. 2018). The primary structure conservation is 
quite high among YTH domains of YTHDF1–3, and all of 
them exhibit similar binding to both  m6A and  m1A (Dai et al. 
2018; Li et al. 2014; Zhu et al. 2014). However, comparing 
the amino acid sequences of YTH1 and YTH2, the region 
spanning residues S419–M438 in YTH1, which is necessary 
for the formation of the  m6A binding pocket, is quite differ-
ent from the corresponding region (I1352–G1264) of YTH2 
(Supplementary Fig. 1). Moreover, YTH1 exhibits strong 
affinity for  m6A and it can also bind to  m1A, but the binding 
affinity of YTH2 for  m6A is not as strong and YTH2 can not 
bind to  m1A (Liao et al. 2018; Dai et al. 2018).

Recently, crystal structure of the YTH domain of 
YTHDC2 has been reported (Ma et al. 2019). Thus, addi-
tional solution structural information by NMR method could 
be the basis for further functional analysis for YTHDC2. 
Here we report the 1H, 13C and 15N assignment and the struc-
ture of YTH2 and also compared the dynamic properties of 
YTH1 and YTH2 based on 1H–15N relaxation data to eluci-
date the architecture of the  m6A–binding pocket of YTH2. 

This assignment and the structural information for YTH2 
will provide the insight on the further understanding of the 
YTHDC2 function.

Methods and experiments

Sample preparation

In our work, a cDNA clone with a natural variation (an 
L1409Q mutation), which was deposited as rs1132528 in the 
dbSNP database (https ://www.ncbi.nlm.nih.gov/snp/rs113 
2528) (Ota et al. 2004), was used for plasmid construction. 
We produced a soluble YTH2 domain spanning residues 
1288–1421 (Supplementary Fig. 1). The folding state of the 
protein was checked by 2D 1H–15N HSQC experiments with 
15N-labeled samples (Kigawa et al. 2004). We also prepared 
the YTH domain of YTHDC1 (YTH1) spanning residues 
355–495 for 1H–15N relaxation experiments.

 15N/13C-labeled YTH1 and YTH2 were synthesized 
using an Escherichia coli cell-free protein synthesis system 
(Kigawa et al. 2004; Matsuda et al. 2007) and were treated 
and purified as described previously (Li et al. 2008). The 
samples were expressed as N-terminally His-tag fusion pro-
teins. The fusion proteins were purified by Ni-NTA affinity 
column. The His-tag was released by TEV protease cleavage 
and the YTH domain fragments were further purified by 
Superdex 75 gel filtration chromatography (GE Healthcare). 
For structure determination, uniformly 15N/13C-labeled YTH 
samples were concentrated to nearly 1.0 mM in 20 mM Tris-
HCl (Tris-d6) buffer (pH 7.0), containing 100 mM NaCl, 
1 mM dithiothreitol, and 0.02%  NaN3 with the addition of 
2H2O to 10% v/v.

NMR spectroscopy and structure calculations

All NMR data were acquired at 293 and 298 K on Bruker 
700 MHz and Bruker 800 MHz spectrometers. All NMR 
data were processed with NMRPipe software (Delaglio et al. 
1995). Two-dimensional 1H–13C and 1H–15N HSQC spectra, 
three-dimensional HNCO, HN(CA)CO, HNCA, HN(CO)
CA, HNCACB, CBCA(CO)NH, HBHA(CO)NH, H(CCCO)
NH, (H)CC(CO)NH, HCCH-TOCSY, HCCH-COSY, CCH-
TOCSY and NOESY spectra (Clore and Gronenborn 1998) 
were used to assign all carbon, nitrogen and hydrogen atoms 
of the proteins.

NOE peaks from 15N and 13C-edited 3D NOESY spectra 
with 80 ms mixing time were converted to distance restraints 
for structure calculations for YTH2. The three-dimensional 
structures of the protein were determined by combined 
automated NOESY cross peak assignment and structure 
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calculation with torsion angle dynamics (Herrmann et al. 
2002) implemented in the program CYANA 2.1 (Güntert 
et al. 1997). Dihedral angle constraints for φ and ψ were 
obtained from the main-chain and 13Cβ chemical shift values 
using the program TALOS (Cornilescu et al. 1999) and by 
analyzing the NOESY spectra. Stereospecific assignments 
for isopropyl methyl and methylene groups were determined 
based on the patterns of the inter- and intra-residual NOE 
intensities. The structure calculations started from 200 ran-
domized conformers and used the standard CYANA simu-
lated annealing schedule, with 40,000 torsion angle dynam-
ics steps per conformer. Among them, the 20 structures with 
the lowest CYANA target function values were deposited in 
the Protein Data Bank (accession code 2YU6).

Further refinements by restrained molecular dynamics 
followed by restrained energy minimization were performed 
for the 40 conformers with the lowest final CYANA tar-
get function values, using the Amber12 program with the 
Amber 2012 force field and a generalized Born model (Case 
et al. 2005), as described previously. The 20 conformers with 
the lowest Amber energy values were selected. They were 
deposited in the Protein Data Bank (accession code 6LR2). 
For the 20 final structures, PROCHECK-NMR (Laskowski 
et al. 1996) and MOLMOL (Koradi et al. 1996) were used 
to validate and to visualize the final structures, respectively.

Measurements for 1H–15N dynamics parameters

In order to perform the dynamics experiment for YTH1, 
the 1H–15N assignment of YTH1 was referred to the 
BMRB data base with accession no. 25188 (Theler et al. 
2014). For both of YTH1 and YTH2, measurements of 
nitrogen relaxation times, T1 and T2, and proton–nitrogen 
heteronuclear NOEs were performed on a 600 MHz spec-
trometer with a cryo-probe (Bruker AV 600) at 25 °C. 
Eight different relaxation delays were recorded for the 
15N T1 (T1 delays = 5, 65, 145, 246, 366, 527, 757, and 
1148 ms) and 15N T2 (T2 delays = 32, 48, 64, 80, 96, 112, 
128, and 144 ms) relaxation experiments. The 15N T1 and 
15N T2 values were extracted using a curve-fitting sub-
routine included in the Sparky program (T. D. Goddard 
and D. G. Kneller, SPARKY 3, University of California, 
San Francisco). For the steady-state 1H–15N NOE meas-
urement, a relaxation delay of 3 s and a 1H presaturation 
time of 3 s were used in the NOE experiment, and a 6 s 
relaxation delay was used in the reference experiment. 
NMR peak heights determined by Sparky were used 
for the program ‘sparky2rate’ (http://ursul a.chem.yale.
edu/~loria lab/softw are.php). The proton–nitrogen hetero-
nuclear NOE values were calculated as the ratio between 
the cross-peak intensities with (I) and without(I0) 1H 

Fig. 1  1H–15N HSQC spectra of 
YTHDC2 on Bruker 800 MHz 
spectrometer. Each signal is 
labeled with the assignment

http://ursula.chem.yale.edu/~lorialab/software.php
http://ursula.chem.yale.edu/~lorialab/software.php
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saturation (I/I0). The errors were estimated from the root 
mean square of the baseline noise in the two spectra (Far-
row et al. 1994).

Extent of assignment and data deposition

Resonance assignments and NMR structure 
determination

The assigned 1H–15N HSQC spectrum of YTH2 has been 
depicted in Fig. 1. For YTH2, the backbone and side chain 
resonance assignments are almost complete, except for the 
amide protons of Ser1296, Leu1298, Ser1311, Ser1315, 
Gly1338, Gln1358, Ser1362, Ala1363, Gly1364, and 
Gln1382,  Cδ,  Cε, and  Cζ of Phe1345, Hβ of Arg1318 and 
Hα of Gly1338. All side chain  NH2 resonances of Asn/Gln 
residues were assigned and all X-Pro peptide bonds were 
confirmed to be in the trans conformation. 

The quality of the NOESY spectrum of YTH2 is appro-
priate for the straight-forward structural calculation. In 
the 15N- and 13C-edited 3D NOESY, 3171 non-redundant 
distance restraints, including 1252 long-range distance 
restraints were identified, and the backbone torsion angle 
restraints calculated by the TALOS program (Cornilescu 
et al. 1999) were also used for structure calculations with 
the program CYANA 2.1 (Herrmann et al. 2002; Güntert 
et al. 1997; Güntert 2004) and Amber12 (Case et al. 2005). 

The precision of the bundle of 20 conformers that represent 
the solution structure of the YTH2 domain is character-
ized by RMSD values to the mean coordinates for residues 
1288–1295, 1341–1352, 1360–1392, and 1395–1421 (corre-
sponding to the secondary elements and excluding the seven 
amino acid tag-region at the N-terminus) of 0.35 Å for the 
backbone atoms and 0.96 Å for all heavy atoms (Supple-
mentary Fig. 1 and Fig. 2a and b). The structural quality is 
also reflected by the fact that 90.6% of the (φ,ψ) backbone 
torsion angle pairs are in the most favored and addition-
ally allowed regions of the Ramachandran plot, according 
to the program PROCHECK-NMR (Laskowski et al. 1996). 
Statistics regarding the quality and precision of the final 20 
best conformers that represent the solution structures of the 
YTH2 domain are given in Supplementary Table 1.

Solution structures of the YTH domain of YTHDC2

The YTH2 domain adopts a β1–α1–β2–α2–β3–β4–β5–α3– 
β6–α4 topology (β1:R1289–S1295, α1:R1299–K1307, 
β2:G1308–W1310, α2:N1316–E1326, β3:V1330–V1336, 
β4:H1341–S1349, β5:V1368–L1379, α3:F1381–H1385, 
β6:G1403–L1406, and α4:P1408–L1421) (Supplemen-
tary Fig. 1 and Fig. 2a and b). The six β-strands form a 
cleaved β-barrel structure with order β6–β1–β3–β4–β5–β2. 
The α1 and α2 helices are located at the top and bottom of 
the β-barrel structure, respectively. The α3 helix and the 
following region, which contains a small β-hairpin struc-
ture (β5′–β5″, β5′:L1387–N1389, β5″: K1395–V1397), 

Fig. 2  Solution structure of the YTH domain of YTHDC2. a   Best-
fit superposition of the backbone atoms from the 20 lowest energy 
structures of YTH2, calculated by CYANA2.1 and Amber12. b Rib-
bon presentation of the lowest energy structure of YTH2. The heli-
ces, β-strands, and loop regions are shown in red/yellow, cyan, and 
gray, respectively. The side-chains of the amino-acid residues that 

form the  m6A binding pocket (W1310, W1360 and L1365), the first 
positively charged patch (R1289, R1318, K1319 and R1322) and the 
second positively charged patch (R1294, K1395, R1396 and R1401) 
are colored magenta, sky-blue, and blue, respectively. c  Electrostatic 
surface presentation of YTH2. Blue and red represent positive and 
negative electrostatic surface potentials, respectively
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associates with helix α4 and partially covers the side surface 
of the β-barrel structure corresponding to the area on strands 
β6–β1–β3–β4 (Fig. 2a and b). These structural features are 
common with the previously-solved structures of the YTH 
domains of YTHDC1 and YTHDF2 (Li et al. 2014; Zhu 
et al. 2014; Theler et al. 2014; Xu et al. 2015). 

In the YTH2 domain, two positively charged patches are 
formed on the surface. One is formed by residues R1289 
(β1), R1318 (α2), K1319 (α2) and K1322 (α2) (Supple-
mentary Fig. 1 and Fig. 2b and c). The second is formed 
by residues K1294 (β1), K1395, K1396, and R1401 (just 
before β6) (Supplementary Fig. 1 and Fig. 2b and c). Nota-
bly, the positively charged amino acid residues in the second 
patch (K1294 and R1401) are well-conserved among the 
YTH domains that use the modified nucleotide recognition 
pocket described below. However, the YTH domain of yeast 

YTH-containing protein, Mmi1 (Wang et al. 2016), which 
recognizes the target RNA without the pocket, lacks both 
of these positively charged residues. Thus, these two amino 
acid residues are considered to be important for the use of 
the deep pocket structure for RNA recognition.

Among the five YTH domains derived from YTHDC1–2 
and YTHDF1–3, the long loops between the strands β4 and 
β5 (the β4–β5 loop) are considered to be involved in the 
formation of the  m6A (and  m1A) binding pocket along with 
amino acids located on the α2 helix and the β2 strand (Li 
et al. 2014; Zhu et al. 2014; Theler et al. 2014; Xu et al. 
2015). Reportedly, in YTH1, W377 (β2), W428 (β4–β5 
loop) and L439 (β4–β5 loop) constitute the characteristic 
pocket structure (Fig. 3a and b) (Theler et al. 2014; Xu et al. 
2015). The spatial positions corresponding to W377, W428 
and L439 in YTH1 were occupied in YTH2 by W1310 in 
β2 and W1360 and L1365 in the β4–β5 loop, respectively to 
form the  m6A-binding pocket (Fig. 3c). However, the β4–β5 
loops of YTH1 and YTH2 are diverse in length and amino 
acid composition (Supplementary Fig.  1), even though 
YTH1 and YTH2 belong to the same branch in a phylo-
genic tree of YTH domains. To elucidate the architecture 
of the β4–β5 loops, we analyzed the backbone dynamics by 
measuring backbone 1H–15N heteronuclear NOEs and T1/T2 
values and compared the dynamic properties of the β4–β5 
loops of YTH1 and YTH2. 

Dynamic properties of the YTH1 and YTH2 domains

In the cases for YTH1 and YTH2, 1H–15N NOE values 
of the amino acid residues in α helices and β-strands are 
~ 0.80, which are the normal 1H–15N NOE values for the 
amino acid residues in the rigid structural regions. In 
the case of YTH1, within the β4–β5 loop (S417–G442) 
(Supplementary Fig. 2a), the NOE values are below 0.8. 
Especially, those for the G423–I426 and A432–M438 
segments are ~ 0.60, indicating fast internal motions of 
these regions. However, the NOE values spanning residues 
H427–L430, which is sandwiched by the above segments, 
get nearly back to ~ 0.73, suggesting the fluctuation of the 
short segment is suppressed. In the case of YTH2, 1H–15N 
resonances originating from the E1355–K1356 gave a 
lower NOE intensity (~ 0.60) and the resonances of the 
S1362–G1364 segments were missing, suggesting a short 
proton T2 value caused by chemical exchange. However, 
the NOE values of S1357, D1359 and G1361 get back to 
nearly ~ 0.69 (Supplementary Fig. 2b). In both cases, a cru-
cial Trp residues (W428 in YTH1 and W1360 in YTH2) 
were located in the region with a little bit recovered NOE 
values, thus it is deduced that the mobility for these Trp 
residues were suppressed. Supplementary Table II com-
pares the 1H–15N heteronuclear NOE values for the  NHε1 
of the corresponding Trp residues between YTH1 and 

(a)

(b)

α1

α2

M434 P431

L439 W377

W428

I426 L370

α1

α2

M434

P431

L439

W377

W428I426

L370

α1

α2

W1310

W1360
E1355

R1299
D1359

K1307

L1365

K1370

(c)

(d) α1

α2

L1365
W1310W1360

E1355

R1299

D1359

K1307

K1370

I1303

I1303

Fig. 3  Comparison of the putative m6A binding pockets between 
YTH1 and YTH2. Expanded presentation of the formation of the 
 m6A binding pocket of YTH1 with  m6A (PDBID:4R3I) (a, b) and 
of the formation of the putative  m6A binding pocket of YTH2 (c, 
d) from two directions. In a, c the  m6A nucleotide is shown by the 
ball and stick representation. The m6A nucleotide in (c) was deduced 
based on the  m6A nucleotide in the structure of YTH1. Within the 
β4–β5 loop main chain (colored light yellow), the segments that 
exhibit high NOE values are colored brown. The amino acid residues 
that form the  m6A-binding pocket, those that sustain the crucial Trp 
residue in the loop, positively charged amino acid residues, and acidic 
residues are colored magenta, dark orange, blue and red, respectively
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YTH2. Actually, the above-mentioned W428 (YTH1) and 
W1360 (YTH2) exhibit the similar NOE values (~ 0.7), 
indicating that they showed a little bit restricted mobility 
although they are not in the rigid structure. The structural 
factors that stabilize the segment containing the crucial 
Trp residues were distinct between the two proteins. Even 
though YTH1 has a longer β4–β5 loop than YTH2, the 
structure of the H427–L430 segment of YTH1 is fixed 
more rigidly than the D1359–G1361 segment of YTH2.

In the complex structure of YTH1 with  m6A (Theler 
et al. 2014; Xu et al. 2015), I426 (β4–β5 loop) and L370 
(α1) interacted with each other and fixed the aromatic ring 
of W428, and the side chains of P431 and M434 interacted 
with L439 and were also involved in the formation of the 
deep  m6A binding pocket (Fig. 3a). YTH1 is considered 
to exhibit higher binding affinity for  m6A than YTH2 with 
many hydrophobic amino acid residues.

In YTH2, the β4–β5 loop did not contain such bulky 
amino acid residues as in YTH1 (Supplementary Fig. 1 
and Fig. 3c and d) and the position corresponding to I426 
of YTH1 was occupied by D1359. Based on the present 
YTH2 structure, R1299 and K1307 on the α1-helix could 
interact with YTH2-specific D1359 occurring just before 
the crucial Trp residue (W1360) (Supplementary Fig. 1 
and Fig. 3d). In addition, K1370 (β5) and YTH2-specific 
E1355 could form another electrostatic interaction. Thus, 
in YTH2, the interaction between the α1 helix and the 
β4–β5 loop is mediated by electrostatic interactions, 
instead of the hydrophobic interaction observed in YTH1. 
We suggest that the YTH2-specific electrostatic interac-
tions stabilize the loop structure for formation of a shallow 
 m6A-binding pocket, which could enable fast exchange 
of the substrate and be suitable for the enzymatic role of 
YTH2.
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