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Background: Nﬁ-methyladenosine (m®A) modifications of mRNA and long non-coding RNA (IncRNAs) are known to
play a significant role in regulation of gene expression and organismal development. Besides writer and eraser
proteins of this dynamic modification, the YT521-B homology (YTH) domain can recognize the modification involved
in numerous cellular processes. The function of proteins containing YTH domain and its binding mode with N°-
methyladenosine RNA has attracted considerable attention. However, the structural and dynamic characteristics of
the YTH domain in complex with m°A RNA is still unknown.

Method: This work presents results of accelerated molecular dynamics (aMD) simulations at the timescale of
microseconds. Principal component analysis (PCA), molecular mechanics generalized Born surface area (MM/GBSA)
calculations, contact analysis and contact-based principal component analysis (conPCA) provide new insights into
structure and dynamics of the YTH-RNA complex.

Results: The aMD simulations indicate that the recognition loop has a larger movement away from the binding
pocket in the YTH-A3 RNA than that in the YTH-m®A3 RNA. In aMD trajectories of the apo YTH, there is a
significant close-open transition of the recognition loop, that is to say, the apo YTH can take both the closed and open
structure. We have found that the YTH domain binds more favorably to the methylated RNA than the non-
methylated RNA. The per-residue free energy decomposition and conPCA suggest that hydrophobic residues
including W380, L383-V385, W431-P434, M437, and M441-1.442, may play important roles in favorable binding of
the m°A RNA to the YTH domain, which is also supported by aMD simulations of a double mutated system
(L383A/MA437A).

Conclusion: The results are in good agreement with higher structural stability of the YTH-m®A RNA than that of the
YTH-A3 RNA. The addition of a methylation group on A3 can enhance its binding to the hydrophobic pocket in the
YTH domain. Our simulations support a ‘conformational selection’ mechanism between the YTH-RNA binding. This
work may aid in our understanding of the structural and dynamic characteristics of the YTH protein in complex with
the methylated RNA.

Keywords: RNA methylation; YTH-m®A3 RNA; principal component analysis (PCA); binding free energy; contact-
based PCA
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Author summary: N6—methyladenosine (m6A) modifications play an important role in the regulation of RNA decay
and gene expression at the post-transcriptional level. The YT521-B homology (YTH) domain-containing proteins can

recognize m°®A in numerous cellular processes. However, the binding mode of the YTH domain to m®A RNA is still

unknown. In this work, we present an atomic description of the YTH-m®A RNA complex using computer simulations.

The results have revealed the molecular mechanism of the RNA binding to the YTH domain. Our findings may be helpful

for understanding the structural and dynamic characteristics of the YTH-m®A RNA complex.

INTRODUCTION

RNA methylation of internal adenosine to form N°-
methyladenosine (m®A) is the most abundant epigenetic
modification of all higher eukaryotic genomes [1],
including mRNA and long non-coding RNAs (IncRNAs)
[2]. In mRNA, mPA is found to locate in the 3’-UTR and
stop codons, which suggests an important role in the
regulation of RNA decay and gene expression at the
post-transcriptional level [3—5], including affecting the
translation status [6] and modulating disease aetiology
[7]. While methyltransferase complex, such as METTL3—
METTLI14, could serve as the “writer” [8, 9] and
demethylases like FTO and ALKBHS act as the “eraser”
[10, 11] of the m®A modification, the YT521-B
homology (YTH) domain-containing proteins are named
as the “reader” that could recognize and selectively bind
N°-methyadenosines RNA, and then control RNA life in
a methylation-dependent manner [12—14].

The YTH domain [14] family known to recognize and
bind single-stranded RNA consists of five proteins
(YTHDF1-3 [4], YTHDCI1 [4] and YTHDC2 [15]) in
human cells. The first protein containing a YTH domain
is the Rattus norvegicus protein YT521-B (alternative
name YTHDCI1) [16, 17]. The structure of the YTH
domain of rat YT521-B (residues 347-502) in complex
with N6-methylated RNA (5'-UGm°ACAC-3") has been
solved by solution nuclear magnetic resonance (NMR)
spectroscopy [18]. Previous studies have shown that the
YTH domain has an obviously higher binding affinity
with the m°A RNA than the non-methylated RNA
[18-21]. The YTH domain could form a buried hydropho-
bic binding pocket that accommodates the m°A,
involving hydrogen bonds and hydrophobic contacts
[18-20,22,23]. These findings have explained
preferential recognition of UGm®ACAC sequences and
showed the binding mode between the YTH domain and
the methylated RNA. However, detailed structural and
dynamic studies are required to better understand the
mechanism of its recognition and binding characteris-
tics.

To date, little structural and dynamic information on
YTH domain in complex with the m°A RNA is known
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since it is not visible from a single static structure.
Molecular dynamic (MD) simulations have been used to
examine the molecular recognition mechanism between
the reader domain of YTHDCI1 from Homo sapiens and
m®A-containing RNA, and the results show that the m°A
contributes to the stable binding through its interactions
with residues involving an aromatic cage [24].
YTHDF1-3 proteins have also been investigated by
atomistic simulations. The recognition loop containing
aromatic residues of m®A binding pocket has pronoun-
ced flexibility, which can take different conformations
and facilitate the binding [25].

In this study, we focus on the YTH domain of YT521-B
in complex with the m’A RNA (5'-UGm°ACAC-3"). By
utilizing accelerated MD (aMD) simulations and post-
processing analysis, the structural and dynamic
characteristics and molecular mechanism of the YTH
domain in complex with m®A RNA are revealed.

RESULTS

Structural properties of m°A recognition by the
YTH domain

To obtain statistically meaningful results, for each
system (the apo YTH, the YTH-m°A3 RNA and the
YTH-A3 RNA), three independent 1-us aMD simula-
tions were performed. From each simulation, a trajec-
tory containing 1000 conformations extracted every 1 ns
were used for analysis. Root mean square deviations
(RMSD) of conformations in aMD trajectories to the
starting structure can indicate overall conformational
changes of the system (Fig.1A). The average RMSD and
standard deviations of each system were calculated over
the three independent trajectories, using C, atoms of the
protein. RMSD values of the YTH-m°A3 RNA are
essentially stabilized at around 2.8 A (Fig. 1A, blue).
However, during the aMD simulation of the YTH-A3
RNA, the average RMSD values are generally larger
than those in the YTH-m°A3 RNA (Fig. 1A, red). In one
of the three aMD simulations, the recognition loop is
open that makes the binding pocket exposed, and thus
the A3 is release (a representative structure is shown in
Fig. 1B). In the other two aMD simulations of the
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Figure 1. Conformational changes of the YTH

domain in complex with the m®A3/A3 RNA, and the
apo form. (A) Time evolution of RMSD in the YTH-
mPA3 RNA (blue), the YTH-A3 RNA (red), and the apo
YTH (green). The RMSD values were computed using
Ca atoms of the protein, with respect to the starting
structure. For each system, the average RMSD values
and their standard deviations were calculated over the
three independent aMD simulations. (B) Comparison
between the initial structure of YTH-A3 RNA and a
representative structure in the aMD simulations. For
the initial structure, the protein is colored by sliver and
the RNA is colored by orange. For the representative
structure, the protein is colored by red and the RNA is
colored by cyan. The A3 is displayed in ball-and-stick.
(C) Comparison between the initial structure of the apo
YTH and a representative structure in the aMD
simulations. The initial structure is colored the same as
that in (B). For the representative structure, the protein
is colored by green.

YTH-A3 RNA, the complex is relatively stable. The
average RMSD values and their fluctuation of the apo
YTH (Fig. 1A, green) can be even larger than those of
the YTH-A3 RNA. In the two aMD simulations of the
apo YTH, the recognition loop is widely open (a
representative structure is shown in Fig. 1C), whereas
the loop keeps closed in one aMD simulation. The
results suggest that the close/open of the recognition
loop may determine the binding/release of the m®A3 or
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A3. In the initial protein structure (Fig. 1B and C, gray),
the recognition loop covers the binding pocket, and the
ligand is deeply inserted in the pocket. When the loop
uncovers, the ligand would release.

Conformational sampling of the YTH domain

To identify collective motions of the recognition loop,
we performed principal component analysis (PCA) [26]
on the apo YTH. The three aMD trajectories were
combined, and thus PCA was conducted on 3000
conformations using all the C, atoms. Generally, a few
PCA modes with the largest amplitude (called the
essential PCA modes) describe collective motions in the
protein that may be functionally relevant [27]. The first
PCA mode (PC1) of the apo YTH contributes about
26.2% to the total fluctuation, whereas the second mode
(PC2) has a contribution of about 15.3%.

Projecting trajectories onto the subspace spanned by
the essential PCA modes is a good way to visualize
sampled conformational space and reveal major motions
in a simulation. The aMD trajectories of the apo YTH
were projected onto a 2D subspace defined by the PC1
and the PC2 (Fig. 2A, green). For each mode, we took
conformations with the most negative and the most
positive projection values, superimposed them, and drew
arrows between the corresponding atoms. Along the
PC1, the recognition loop shows a significant close-open
motion (Fig. 2B), whereas along the PC2, the loop also
has a twist motion (Fig. 2C). It can be seen that the apo
YTH samples a large conformational space (Fig. 2A,
green). The recognition loop may take different
conformations, which can be widely open or even closer
than the initial structure (Fig. 2A, up-triangle).

We then project of the aMD trajectories of the YTH-
m®A3 RNA and the YTH-A3 RNA onto the same
essential subspace. The YTH-m°A3 RNA only samples
a limited region (Fig. 2A, blue) and the conformations
are relatively stable with the closed recognition loop.
For the YTH-A3 RNA, although many conformations
cover the same region as the YTH-m®A3 RNA, there are
some conformations sampled along the PC1, with the
opening recognition loop (Fig. 2A, red). It should be
noted that, both the YTH-m°A3 RNA and the YTH-A3
RNA do not sample the twist motion of the recognition
loop along the PC2 of the apo YTH. The conformational
sampling on the essential subspace indicates that, the
un-methylated adenosine could weaken the binding
between the YTH domain and RNA by promoting the
opening of the recognition loop. Furthermore, our
results support a “conformational selection” mechanism
upon the binding of RNA to the YTH domain.

© The Author(s) 2022. Published by Higher Education Press
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Figure 2.

Conformational sampling of the YTH
systems. (A) Projection of the different aMD
trajectories onto the first two PCA modes (PC1 and
PC2) defied by the apo YTH. Blue: the YTH-m®A3
RNA, red: the YTH-A3 RNA, and green: the apo YTH.
The up-triangle indicates the location of the initial
structure. (B) Collective motion along the PC1 of the
apo YTH. The conformations with the most negative
and the most positive projection values on PC1 were
superimposed, and then arrows were drawn between
the corresponding C, of the two conformations. One
conformation was hidden. (C) Collective motion along
the PC2 of the apo YTH.

Molecular mechanism of the RNA binding to the
YTH domain

The MM/GBSA (molecular mechanics generalized Born
surface area) method [28] was used to estimate binding
free energy between the protein and the RNA using the
aMD trajectories. The average binding free energy
between the m®A3 RNA and the YTH is —137.5+
21.3 kcal mol_l, and the value between the A3 RNA and
the YTH is —111.0+18.2 kcal mol™". That is to say, the
m®A3 RNA can bind with the YTH more favorably than
the A3 RNA.

We have also computed per-residue decomposition of
the binding free energy. In the YTH domain, there are
some groups of residues contributing to the binding free
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energy, which are residues 362-366, 380-386, 407,
431442, and 469479 (Fig. 3A). These residues with
positive charge, such as K364, R407 and R478, were
reported to interact with the phosphate oxygens in the
RNA [18]. They do not belong to the recognition loop
and has no contacts with the methylation group in the
m®A3 (Fig. 3B). The other two groups of residues
(380386 and 431-442) contain quite some hydrophobic
residues including W380, L383, P384, V385, W431,
V432, 1433, P434, M437, M441 and L442. They form a
hydrophobic pocket that binds favorably to the m°A3.
The residues 431442 are located in the recognition loop
that cover the pocket, and the residues 380—386 are at
the bottom of the pocket. In the RNA molecule, the
mP®A3 does have the largest contribution to the binding
free energy (Fig. 3A).

Furthermore, the average contact number between
each nucleotide and the YTH domain was computed for
the YTH-m°A3 RNA and the YTH-A3 RNA (Fig. 3C).
A contact is defined when the distance between a heavy
atom in a protein residue and another heavy atom in a
nucleotide is within 6.0 A. In the YTH-m®A3 RNA, the
nucleotides m6A3, A5, and C6 have more contacts with
the YTH domain (Fig. 3C, blue) than those in the YTH-
A3 RNA (Fig. 3C, red). Among them, m®A3 forms the
largest number of contacts with the protein. The results
suggest that m°A3 makes the biggest contribution to the
binding between the YTH domain and m°A3 RNA.
Interestingly, the two neighbors of m°A3, G2 and C4,
show decreased number of contacts compared to their
correspondences in the YTH-A3 RNA.

The aforementioned results indicate that those
hydrophobic residues play an important role in favorable
binding to the m°A3 RNA. As a test, we have mutated
two residues (L383A and M437A) in the YTH-m°A3
RNA, and conducted three independent 1-ps aMD
simulations. The average binding free energy of the
mutY TH-m°A3 RNA is about —110. 2420.5 keal mol .
Comparing to the binding free energy of —137.5+
21.3 keal mol™ in the YTH-m®A3 RNA, the interactions
between the mutated YTH and the m°A3 RNA may
become weaker. The average RMSD values and their
standard deviations of the mutant (Fig. 4A, black) are
generally larger than those in the YTH-m®A3 RNA
(Fig. 4A, blue), but smaller than those in the YTH-A3
RNA (Fig. 4A, red). By projecting trajectories of the
mutant onto the essential subspace, we can see a small
number of conformations moving to the left along the
PC1 that means they become open (Fig. 4B, black). The
aMD simulations of the mutant support that, the contacts
between the hydrophobic residues and m°A3 play an
important role in stability of the YTH-m°A3 RNA.
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Figure 3. Interactions between the YTH domain and the m®A3/A3 RNA. (A) Per-residue free energy decomposition of the

YTH-RNA complexes. Blue: the YTH-m®A3 RNA, and red: the YTH-A3 RNA. (B) The m®A3 and some residues contributing to
the binding are displayed in the initial structure of the YTH-m®A3 RNA. The m6A3, K364, L383, R407, M437, R478 are shown in
ball-and-stick and colored by orange, purple, violet, magenta, green, and pink, respectively. The other hydrophobic residues
within 380-385 are colored by violet as L383, and those within 431-442 are colored by green as M437. (C) Average contact
numbers between the YTH domain and the m®A3 RNA (blue), and the A3 RNA (red), during the aMD simulations.
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Figure 4. Conformational changes of the YTH domain induced by mutations. (A) Time evolution of RMSD in the mutYTH-
mPA3 RNA (black). The RMSD values of the YTH-m®A3 RNA (blue) and the YTH-A3 RNA (red) are also shown for comparison.
(B) Projection of the mutYTH-m®A3 RNA trajectories (black) onto the essential subspace defined by the apo YTH. The projection

of the YTH-m®A3 RNA (blue) and the YTH-A3 RNA (red) trajectories are also shown for comparison.

Contact-based PCA (conPCA) of the YTH-RNA
complexes

ConPCA [29] was performed on the aMD trajectories of
the YTH-m°A3 RNA, using twenty contacts between
m®A3 and the YTH domain. Figure 5A shows the
eigenvector components of the PC1 in a descending
order of the absolute values, which indicate the weights
of these contacts to the conformational changes of the
complex. Since the recognition loop remains closed in
the YTH-m°A3 RNA, only the contact between M437
and m®A3 has a large weight (Fig. 5A). Representative
structures discriminated by the PC1 (Fig. 5B) show that
M437 is in a transition between a “in” and an “out”
conformation. R478 also has a large weight, but it is not
in the recognition loop. From conPCA results of the
YTH-A3 RNA, the first six contacts with the largest
weights are all formed between the hydrophobic
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residues (W431, P434, 1433, V432, M437, and L442)
and the A3 (Fig. 5C). Their eigenvector components of
PC1 are all negative which mean they form or break
simultaneously during the simulation. When looking at
the representative structures along the PC1 (Fig. 5D),
the hydrophobic residues interact with the A3 initially.
During the aMD simulation, the contacts are all broken,
so the recognition loop uncovers the binding pocket and
the A3 is exposed. The results again support that
hydrophobic interactions play a critical role in the
binding between the YTH domain and the RNA. These
hydrophobic residues in the recognition loop bind less
favorably to the A3 than to the m®A3.

DISCUSSION

To the best of our knowledge, detailed structural and
dynamic information of the YTH-RNA complex is still

© The Author(s) 2022. Published by Higher Education Press
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B

Dynamically important contacts identified by conPCA. (A) Eigenvector components of the PC1 obtained from

conPCA of the YTH-mPA3 RNA. (B) Representative structures of the YTH-m®A3 RNA discriminated by the PC1. (C) Eigenvector
components of the PC1 obtained from conPCA of the YTH-A3 RNA. (D) Representative structures of the YTH-A3 RNA
discriminated by the PC1. In (B) and (D), those important contacts are highlighted and the corresponding residues and méA3/A3

are drawn in ball-and-stick.

lacking. In this work, we present an atomic description
of the YTH-m®A3/A3 complexes using aMD simula-
tions. The results are in reasonable a6greement with the
experimental data [18]. The YTH-m’A3 RNA is more
stable than the YTH-A3 RNA. The recognition loop
remains closed and covers the binding pocket in the
methylated complex. However, in the non-methylated
complex, the loop has a large movement that makes the
binding pocket exposed, and thus the A3 can be
released.

The binding mechanism between the protein and the
RNA can be described by either “conformational
selection” [30] or “induced fit” [31]. A solution struc-
ture of the apo YTH from Homo sapiens, which has a
sequence identity of 86% with the YTH studied in this
work, adopts a closed conformation (PDB code: 2YUD).
This seems to support a “induced fit” mechanism for
RNA binding. To address this issue, aMD simulations of

© The Author(s) 2022. Published by Higher Education Press

the apo YTH were performed. The apo YTH can sample
a large conformational space with diverse conforma-
tions, and there is an intrinsic close-open transition of
the recognition loop in the aMD trajectories. Upon
ligand binding (m6A3 RNA or A3 RNA), the YTH
domain can only sample a limited region. The conforma-
tions of the YTH-m°A3 RNA are relatively stable and
keep closed, whereas the YTH-A3 RNA can get access
to the open conformation. Our findings suggest a
“conformational selection” mechanism between YTH
and RNA.

By free energy decomposition using the MM/GBSA
method, it has been found that two regions of
hydrophobic residues in the YTH domain contribute to
the favorable binding of the m®A3 RNA. We have
mutated two residues (L383A and M437A), and the
aMD simulations indicate that the mutY TH-m®A3 RNA
becomes a little open with less favorable binding than
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the YTH-m°A3 RNA. Additional virtual mutations can
be done in the future. For example, conPCA on the
YTH-A3 RNA indicates that contacts between W431
and A3 has the largest contribution. Li et al. also
mentioned an “aromatic cage” formed by Trp [24].

Our findings may be helpful to interpret the binding
mechanism of the YTH domain as a m°A reader. The
observation of “conformational selection” of the YTH-
RNA binding has raised some more questions. We have
sampled a close-open transition of the recognition loop
during the aMD simulations. By following the standard
reweighting procedure of aMD, the free energy
difference between the closed and the open state shown
on the PCA essential subspace (Supplementary Fig. S1)
is about —6.0 kcal mol™' in the apo YTH and the energy
barrier of the transition state is about 12.3 kcal mol™. In
the YTH-A3 RNA, the free energy difference between
the two states is about —12.1 kcal mol™', and the energy
barrier is about 14.8 kcal mol ™. However, it should be
noted that there is still a sampling issue although we
have conducted three independent 1-pus aMD simula-
tions. Future work would be calculating the free energy
difference more accurately using other advanced
techniques [32].

MATERIALS AND METHODS
Simulated systems

The Rattus norvegicus protein YT521-B ( YTHDCI)
contains a YTH domain (residues 347-502) [16]. A
complex structure of the YTH domain with a N
methylated RNA (5’—UGm6ACAC—3’) was solved by
solution nuclear magnetic resonance (NMR) [18]. In this
work, we used the first model of this NMR structure
(PDB entry 2MTV) as the starting structure of
simulations, and the system is denoted as YTH-m®A3
RNA. We then changed m®A3 to a non-methylated
adenine, and built a system called YTH-A3 RNA. By
removing RNA from YTH-m®A3 RNA, we built the apo
YTH. After mutating L383 and M437 to ALA in the
YTH-m°A3 RNA, the mutYTH-m°A3 RNA was
obtained.

Conventional molecular dynamics (cMD)
simulations

cMD simulations were carried out by the Amberl4
package [33]. Each system was built in the tleap module
[34] using the ff14SB force field [35] for protein and
bscOyOL3 force field for RNA [36, 37]. Parameters for
the m®A3 were from [38]. The structure was immersed
into a truncated octahedral box that extended 10 A away
from the solute border, using the TIP3P water model [39]
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and periodic boundary conditions. One CI~ was added in
the box to neutralize the system. Therefore, the total
number of atoms was 22,552 in the YTH-m°A3 RNA,
22,555 in the YTH-A3 RNA, 19,702 in the apo YTH,
and 22,455 in the mutY TH-m°A3 RNA. The waters and
ions were initially minimized for 2000 steps using the
steepest descent method for the first 1000 steps and then
the conjugate gradient algorithm for the last 1000 steps,
with the position of protein and RNA fixed (force
constant was 500 kcal mol™ A™). In the second energy
minimization stage, the restraints on the protein and
RNA were removed. This stage was conducted for 2500
steps, using the steepest descent method in the first 1000
steps and then the conjugate gradient algorithm for the
last 1500 steps. After that, a heat-up MD was run at a
constant volume. The system was heated from 0 to 300 K
for 100 ps with a weak restraint of 10 kcal mol”' A~
on the solute. Then, free MD simulations were carried
out under the NPT condition. Temperature was
regulated using the Langevin dynamics [40, 41] with a
collision frequency of 1.0 ps™'. Pressure was controlled
with isotropic position scaling at 1 bar with a relaxation
time of 2.0 ps. All of the bonds involving hydrogen
atoms were constrained using the SHAKE algorithm
[42]. A 2 fs integration step was used. The long-range
electrostatic interactions were calculated using PME
method [43] with a 10 A cutoff for the range-limited
non-bonded interactions. Three independent 100-ns
c¢MD simulations were performed for each system.

Accelerated molecular dynamics (aMD)
simulations

aMD simulations enhance conformational sampling of a
biomolecule by adding a boost potential AV, to the
original potential V,,, when the Ilatter is below a
threshold energy E [44].

Vo=V Vi > E, W
Viy =V +AVy Vi, <E.
In the simplest form, the boost potential is given by
E-(V,))
av,, = EZV0) @)
a+E - V(r)

which can flat the energy potential surface and induce
the conformational transition between the low-energy
states when the acceleration factor o decreases.

Boosting potentials are often applied to both the total
potential and the dihedral energy terms. Here, we used
100 ns cMD trajectories to estimate the aMD input
parameters. For YTH-m°A3 RNA with 156 residues and
6 nucleotides, the average total potential energy is

© The Author(s) 2022. Published by Higher Education Press
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—68,357 kcal mol ™" and the average dihedral energy is
2016 kcal mol™". The following parameters were set
based on the above 1nformat10n

E, = 68,357 kcal mol™' + (0.16 kcal mol " atom ™' x
22,552 atoms) ~—64,749 kcal mol ™!

o, = (0.2 kcal moll atom™ x 22,552 atoms) =
4510 kcal mol !

Egy = 2016 keal mol ' + (3.5 kcal mol ' residue ' x
162 residues) ~ 2583 kcal mol !
Oy, = 0.2 % (3 5 keal mol ' residues™' x 162 residues) ~

113 keal mol™*

For the YTH-A3 RNA, the average total potential
energy is —66,609 kcal mol™' and the average dihedral
energy was 1949 kcal mol™'. The aMD parameters were
set as follow.

E,, = —66,609 kcal mol ™' + (0.16 kcal mol™
22,555 atoms) ~ 63,001 kcal mol ™!

o = (0.2 kcal mol "atom™ x 22,555 atoms) =
4511 keal mol™

Eg, = 1949 keal mol ™' + (3.5 keal mol™
162 residues) ~ 2516 kcal mol !

Oy, = 0.2 % (3 5 keal mol ' residues
113 keal mol™

For the apo YTH, the average total potential energy is
~59,185 kcal mol ™' and the average dihedral energy was
1933 kcal mol™'. The aMD parameters were set as
follow

Uatom™ x

Co 1
residue x

1 x 162 residues) =

E, = 59,185 kcal mol ' + (0.16 kcal mol ' atom™'
19702 atoms) ~56,033 kcal mol '
o = (0.2 kcal mol™' atom™ x 19,702 atoms) =
3940 keal mol ™
Egy = 1933 keal mol™' + (3.5 keal mol '
156 residues) = 2479 kal mol !
Oy, = 0.2 % (3 5 keal mol ' residues
109 keal mol™
For the mutYTH-m°A3 RNA, the average total
potential energy is —68,088 kcal mol ™" and the average
dihedral energy was 2042 kcal mol™. The aMD
parameters were set as follow
E, = —68,087 kcal mol ™" + (0.16 kcal mol”
22,455 atoms) ~ —64,494 kcal mol ™
o~ (0.2 kcal mol1 atom ' x 22,455 atoms) =
4491 keal mol ™

c ]
residue X

1% 156 residues) =

Datom™ x

Egy, = 2042 keal mol™' + (3.5 kcal mol ™ residue™ x
162 residues) =~ 2609 kcal mol !
Oy, = 0.2 % (3 5 keal mol ' residues ™' x 162 residues) =

113 keal mol™

All the other parameters were the same as those in the
c¢MD simulations. The aMD simulations were performed
starting from the final structure of the heat-up proce-
dure, that is to say, the initial conformations of aMD and
c¢MD are the same. To obtain statistically more meaning-
ful results, three independent 1-ps aMD simulation were
run for each system.

© The Author(s) 2022. Published by Higher Education Press

Molecular mechanics generalized Born surface
area (MM/GBSA)

MM/GBSA [28] was used to estimate binding free
energies between the protein and the RNA, and per-
residue free energy decomposition [45, 46], from the
aMD trajectories. The script MMPBSA.py.MPI was
used.

Principal component analysis (PCA)

In PCA, the correlated internal motion with N degrees of
freedom can be described by a covariance matrix [26],

T = <(r771_<rm>)(rn_<rn>)>7 (3)

where r,,..,ry mean the Cartesian coordinates and (---)
represents the ensemble average. Diagonalization of this
covariance matrix can obtain 3N—6 eigenvectors (called
PCA modes) with non-zero eigenvalues that represent
fluctuations of corresponding modes. The PCA modes
with the largest eigenvalues (denoted as essential
modes) usually describe functionally relevant collective
motions of the system.

For each system, the combined aMD trajectories
contain 3,000 conformations. The C, atoms in the
protein were used to construct the covariance matrix.
Projection of a trajectory on the essential PCA modes
can be used to visualize conformational sampling during
the simulation.

Contact-based principal component analysis
(ConPCA)

Interactions in the native structure are likely to play an
important role in structural dynamics. Flrst we
determined the native contacts between the m®A3 and
the YTH domain from the NMR structure. A contact is
defined when the heavy-atom distance between a
residue i and a nucleotide j is less than 6.0 A. Then, we
calculated the contact distance D, for each conformation
in a trajectory using the g mindist program in the
Gromacs-4.5.5 package [47]. The data of distances were
used as input of ConPCA [29]. Employing the definition
of Eq. (6), we construct the following covariance matrix.

0 ={(D;=(D))(D;—=(D;))). 4
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