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G-quadruplexes have been associated with diverse biological functions including DNA
replication, transcription, and translation. Stable G-quadruplex structures can block
transcription and/or replication and down-regulate gene expression leading to DNA
damage. RNA helicase associated with AU-rich element (RHAU) was identified to bind
and unwind the G-quadruplex structures in cells. We carried out a series of simulations
to identify the binding mechanisms of RHAU molecules with parallel and nonparallel
G-quadruplex structures. Atomistic and Martini 2.2 simulations revealed the conformational variations of the G-quadruplex loop during RHAU binding to the 50 -end side of the
G-quadruplex. In Martini 3.0 simulation we observed that RHAU can bind onto both 50 and 30 -end of the G-quadruplex. In addition, we investigated the binding mechanisms
between wild-type and mutant RHAU with nonparallel and parallel G-quadruplex, respectively using Martini 3.0 models. The results are inline with experimental findings.
Our study can pave the way to explore the binding mechanisms between RHAU and
G-quadruplex structures which possibly provides clues on unfolding processes of Gquadruplex structures by full-length protein.

6.1. Introduction
G-quadruplex structures are known to have biological roles in cellular processes including
DNA replication, transcription, and translation 24,29 . However, these structures can be detrimental for replication and gene expression. G-quadruplex structures must be unfolded for
completion of replication and transcription of the DNA employed by helicase enzymes, any
unfolded G-quadruplex blocks transcription and/or replication and down-regulate gene
expression leading to DNA damage 30 . Such a G-quadruplex barrier can be counteracted by
a set of DNA helicases, such as BLM 31 , FANCJ 32 , PIF1 33 and WRN 34 . Furthermore, RNA
helicase associated with AU-rich element (RHAU), a member of the ATP-dependent RNA
helicases, was identified to bind and unwind the G-quadruplex structures 35,36 . To date,
various specific functional roles have been assigned to RHAU. Different studies have shown
the role of RHAU in transcriptional regulation, mRNA stability and controlling gene expression 37 . Furthermore, the role of RHAU in the recognition and remodeling of G-quadruplex
structures is critical in a number of key cellular regulatory processes 38 . RHAU includes a
core DEAH (Asp-Glu-Ala-His)-box helicase domain which is flanked by N-terminal and Cterminal extensions. The conserved N-terminal domain known as the RHAU-specific motif

6

86

6. Insight on the interactions of proteins with G-quadruplex structures

(RSM) is required for interaction with G-quadruplexes, but it is insufficient for G-quadruplex
unfolding. The full-length protein is necessary for the G-quadruplex unwinding process.
Heddi and and co-workers reported the NMR solution structure of a parallel G-quadruplex
in complex with 20-amino acid peptides termed RHAU20, showing the specific recognition
of G-quadruplex by RHAU (Figure 6.1) 215 . The data revealed that RHAU20 binds to the
parallel G-quadruplex but not the nonparallel G-quadruplex (see Table 6.1). In addition, the
experimental work showed the effect of RHAU peptide mutants on parallel G-quadruplex
binding, suggesting that RHAU20M can not bind to the parallel G-quadruplex. However,
the detailed mechanisms between parallel/nonparallel G-quadruplex and different RHAU
proteins are still open questions. In this work, we applied atomistic MD simulations for
RHAU in complex with the parallel G-quadruplex reported experimentally to understand
how RHAU molecule can recognize the G-quadruplex structure. On the basis of the experimental findings, a full-length RHAU including the helicase domain, also known as DHX36,
is necessary for the G-quadruplex unfolding process. Fully atomistic MD simulations are
computationally expensive for understanding such binding interactions. A common solution is the use of CG approaches, which speed up the simulations by grouping a few
atoms into effective interaction sites. We applied Martini models to study the interaction of
the shortest peptides containing RSM motif with G-quadruplex structures which pave the
way for future work on modelling of full-length RHAU in complex with G-quadruplex. The
results provide a basis for the interpretation of the experimental findings and describe the
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interactions of RHAU molecules with two G-quadruplex topologies that might potentially
influence the G-quadruplex unfolding that occurs in a longer time scale.
Table 6.1 | Simulated systems used in this work.

Simulation name

Protein

G-quadruplex

Binding

model 1

RHAU20a

parallel (PDB ID: 2N21)

p

model 2

RHAU20a

nonparallel (PDB ID: 2JSM)

£

model 3

b

RHAU20M

a

SMHPGHLKGREIGMWYAKKQ

b

SPLHLKLREILMWYAKKQGQ

parallel (PDB ID: 2N21)

£
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Figure 6.1 | NMR solution structure of the parallel G-quadruplex (bottom) in complex with RHAU20 (top).

6.2. Computational Methods
6.2.1. Starting Structures
We simulated three different models based on two different G-quadruplex topologies and
RHAU molecules (Table 6.1). The model 1 (PDB ID: 2N21) was used as a starting structure in our simulations 215 . It consists of a parallel G-quadruplex with the sequence of
50 -TTGGGTGGGTGGGTGGGT-30 in complex with RHAU20. For model 2, the structure of
nonparallel G-quadruplex was obtained from the human telomeric DNA G-quadruplex
d[TT(GGGTTA)4 ] (PDB ID: 2JSM) 150 . The RHAU20 structure was taken from the PDB
structure 2N21 215 . In the case of model 3, the coordinates for RHAU20M was constructed
based on the PDB ID 5VHE 216 and four mutations were performed, where three glycine
residues (G58, G62, G66) and one leucine (L67) were replaced with leucine and methionine,
respectively. In this model, we used the parallel structure of G-quadruplex from PDB ID
2N21 215 .

6.2.2. Atomistic MD Simulations
The MD simulations of the parallel G-quadruplex in complex with RHAU20 (model 1)
were performed using GROMACS 2018.4 package 187 . Topologies of the G-quadruplex and
RHAU20 were obtained using the Amber14sb/parmbsc1 force field 217 . Two potassium
ions were manually added between two G-quartets for the stability of the G-quadruplex,
based on the experimental data. Then, the complex was solvated with 7819 TIP3P 107 water
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molecules in a cubic box extending to 10.0 Å buffer between the molecule(s) periphery
and box edge. 12 K+ counter ions were added to the G-quadruplex-RHAU20 complex to
neutralize the systems. The solvated structures were minimized about 1000 steps using
the steepest descent algorithm. The systems were then equilibrated under NVT ensemble
at 300 K during 300 ps. This was followed by a 400 ps NPT equilibration run at 1 bar
pressure and 300 K temperature. The velocity rescaling thermostat 110,185 was used for the
temperature coupling at 300 K with a time constant 0.1 ps. The pressure was controlled
via the Parrinello–Rahman barostat 111,112 at 1 bar with a time constant 1 ps. The particle
mesh Ewald (PME) method 186 was applied to calculate long-range electrostatic interactions
and the LINCS algorithm 109 was used to constrain all bonds. A cut-off of 10.0 Å was used
for non-bonded van der Waals interactions. Finally, MD production runs were performed
for 1 µs under equivalent conditions at 1 bar and 300 K with a time step of 2 fs. Clustering
analysis was carried out using the Gromos method 136 and a cutoff of 0.25 nm to obtain the
representative structures based on the most populated cluster.

6.2.3. CG Simulations
We carried out all the simulations using the GROMACS 2018.4 package. The Martini 2.2
force field 87,94 was used for model 1 simulation. In addition, we performed CG simulations
with Martini 3.0 force field 218 for all three models (model 1, model 2 and model 3). The

6

Martinize 2 tool was used for the Martini 3.0 model, but this is still under development. The
topologies were curated by hand which are available upon request. In order to maintain
the G-quadruplex conformation, a network of elastic bonds between side chain beads of
residues were defined. The protein was simulated without an added elastic network. The
secondary structure of the protein was assigned using DSSP 219 . Each model was solvated
in a cubic box with about 2800 water beads extending to 15.0 Å buffer in each direction.
Note that in the standard Martini water model, four water molecules are represented by a
CG bead. Na+ counter ions were added randomly in each complex to neutralize the total
charge. The solvated structures were subjected to 3000 steps of energy minimization using
the steepest descent algorithm. Then, the minimized structure was equilibrated under three
steps: 1) an NVT ensemble (300 K) with a time step of 5 fs for 1.5 ns, 2) an NPT ensemble (300
K) with a time step of 5 fs for 1.5 ns, and 3) an NPT ensemble (300 K) with a time step of 10 fs
for 3 ns. The velocity rescaling thermostat 110,185 and Parrinello-Rahman barostat 111,112 (øT
= 0.1 ps, øP = 1 ps) were used for the temperature and pressure coupling, respectively. Cut off
for van der Waals and electrostatic interactions was set to 1.1 nm. Long range interactions
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were calculated using the Reaction Field method 220 . Finally, MD production runs were
performed in the NPT ensemble for 20 µs at 1 bar and 300 K with a time step of 10 fs.

6.3. Results and Discussion
6.3.1. Atomistic MD Simulations
In this study, we used atomistic MD simulations to understand the binding interactions
between parallel G-quadruplex and RHAU20 in model 1.
To assess conformational stability of model 1 during simulation, root mean square deviation (RMSD) calculations were performed on the G-quadruplex and RHAU20 with respect
to the initial structures using G-quadruplex and RHAU20 for structure fitting, respectively.
As shown in Figure 6.2a, at the beginning, the RMSD of the G-quadruplex increases from
about 2 Å to about 4 Å and remains stable during the rest of the simulation time. In addition, we calculated the RMSDs for the G-quartets and G-quadruplex backbone, separately,
to understand which part of the G-quadruplex are most affected during the MD simulation (see Figure 6.2b). Note that the parallel G-quadruplex includes three G-quartets, i.e.
top 50 -end (DG3-DG7-DG11-DG15), middle (DG4-DG8-DG12-DG16) and bottom 30 -end
(DG5-DG9-DG13-DG17) G-quartets. The RMSD graphs reveal the largest variations for the
G-quadruplex backbone compared to the G-quartets. This observed difference implies that
backbone residues in the G-quadruplex structure are more flexible than rigid G-quartets. In
addition, inspection of the RMSD for RHAU20 indicates a jump in the period from nearly
300 to nearly 550 ns (see the black plot in Figure 6.2a), which is mainly attributed to the
reorientation of the C-terminal and N-terminal domains of RHAU20.
In order to obtain more insight into the intra-molecular interactions between RHAU20
and G-quadruplex residues, we calculated the distance matrices consisting of the minimum
distance between residue pairs defined as the smallest distance between any pair of atoms
being < 1.5 nm from each other (Figure 6.3). As it is clear, the matrices are color coded
according to the distance, from blue (lower distance) to red (higher distance). The diagonal
line is colored in blue indicating the zero distances between the residue-pairs with themselves. The color spots indicate the distances between the residue-pairs during the course
of simulation. Figure 6.3 shows close residual contacts between DT2 of the G-quadruplex
and four residues of RHAU20 (LYS26, GLY27, ARG28 and GLU29). We also observe more
residual contacts between Æ-helix of RHAU20 (GLY27, ARG28, ILE30, GLY31 and ALA35)
and top G-quartet (DG3-DG7-DG11-DG15) which is in agreement with the experimental
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findings 215 . In addition, some close contacts between C-terminal residues especially LYS37
and DG8 of the G-quadruplex are detected which can be attributed to the electrostatic
interactions between the positively charged LYS37 and negatively charged phosphate group
of DG8. Figure 6.4a shows the representative structure observed from the clustering analysis
which was superimposed onto the experimental structure. As one can see in this figure, the
first two thymine bases (DT1 and DT2) at the 50 -end undergo significant reorientation by
interaction with RHAU20 residues, confirming the results obtained from the contact map in
Figure 6.3. We also observe the deviation of C-terminal and N-terminal regions of RHAU20
during simulation (Figure 6.4a).
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Figure 6.2 | RMSDs as a function of simulation time. (a) All atoms of the G-quadruplexes and RHAU20. (b)
G-quartets and backbone of G-quadruplex.

Furthermore, the per-atom root mean square fluctuations (RMSFs) were calculated
for the G-quadruplex and RHAU20 to understand the structural fluctuations during MD
simulations. As depicted in Figure 6.5, the RMSF values of RHAU20 are higher than those of
the G-quadruplex. In the RHAU20 structure, the largest fluctuations occur in SER1 involved
in the N-terminal region and residues LYS18, LYS19 and GLN20 of the C-terminal domain
indicating that these residues are highly mobile during MD simulation. In the G-quadruplex
structure, the RMSFs for the first two residues (DT1 and DT2) are higher than the other
residues, thereby facilitating the conformational variations of the G-quadruplex loop (Figure
6.4a). It is also evident that the RMSFs for three single-residue loops (DT6, DT10 and DT14)
of the G-quadruplex are larger than those of G-quartets, which can be attributed to the fact
that the G-quadruplex loop can freely move during MD simulation.
In order to investigate the binding interactions of RHAU20 with G-quadruplex, hydrogen
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G-quadruplex residues

RHAU residues

Model1-AA
RHAU residues
G-quadruplex residues

Figure 6.3 | The residue–residue contact maps between parallel G-quadruplex and RHAU20 residues in model 1
during the atomistic simulation.

bonds between G-quadruplex and RHAU20 were analyzed over 1 µs simulation. To define a
hydrogen bond, cutoff distance (donor-acceptor) and angle (hydrogen-donor-acceptor) of
3.5 Å and 30° have been used, respectively. As can be seen in Table 6.2, two hydrogen bonds
between RHAU20 and G-quadruplex are present during > 62% of the simulation time. It is
clear in Figure 6.4b that the G-quadruplex loop at the 50 -end are oriented in such a way that
two hydrogen bonds with the RHAU20 structure are formed; 1) O2...H-N,the NH group of
the GLU11 formed a hydrogen bond with the O2 atom of DT2. 2) O...H3-N3, the formation
of the hydrogen bond between NH group of DT2 and the oxygen atom of LYS8.
Table 6.2 | Hydrogen bonds data during 1 µs MD simulation between RHAU20 and G-quadruplex over 40.0% of the
simulation time. Error bars were obtained from block averaging method.

Hydrogen-donor

Hydrogen-acceptor

Occupancy (%)

11GLU(H)N

2 DT (O2)

2 DT(H3)N3

8 LYS (O)

62.5 ± 12.1

63.3 ± 12.7

In sum, it is clear that RHAU20 binds to the 50 -end G-quartet of the parallel G-quadruplex
over the entire simulation which is consistent with the experimental NMR structure. In
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(b)
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Figure 6.4 | (a) Superimposed structures of the representative structure obtained via clustering analysis (red) onto
the experimental structure (cyan) and (b) Hydrogen bonds between GLU11 and LYS8 residues of RHAU20 and DT2
residue of G-quadruplex during MD simulations.
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Figure 6.5 | The per-atom RMSFs of G-quadruplex and RHAU20 during MD simulations.

contrast, we found that the C-terminal residues of RHAU are oriented away from the Gquadruplex, while the N-terminal is located close to the G-quadruplex groove. In addition,
our results show that the total shape of parallel G-quadruplex is conserved through the
stacking of G-quartets, but the TT loop at the 50 -end are oriented away from the original
location and positioned close to RHAU20, leading the binding interactions with RHAU20.
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6.3.2. CG Simulations
The Martini 2.2 and Martini 3.0 models were used for CG simulations of the model 1. In order
to investigate the binding interactions between nonparallel G-quadruplex and RHAU20, as
well as parallel G-quadruplex and RHAU20M, we carried CG simulations using Martini 3.0.
Simulations of parallel G-quadruplex with wild-type RHAU20 using Martini 2.2 and
Martini 3.0 force fields Figure 6.6 shows distance matrices including the smallest distance
between the residue-pairs of the model 1 during martini 2.2 and 3.0 simulations. As shown
in Figure 6.6a, there are some close contacts between HIS24/LEU25/LYS26 residues of
RHAU and DT1/DT2/DG3/DG4 of the G-quadruplex, indicating conformational variations
of the TT loop at the 50 -end which is similar to the atomistic simulation. However, in
Martini 2.2 simulation, strong close contacts between Æ-helix (residue 28-32) of RHAU
and top G-quartet (DG3-DG7-DG11-DG15) are not detected which is mainly attributed to
the conformational deviation of RHAU with respect to the initial reference structure. In
contrast, simulation performed with Martini 3.0 shows a different contact map compared
to that obtained from Martini 2.2 and atomistic simulations. As one can see in Figure
6.6b, some close residual contacts were observed between LYS26/GLY27/ARG28 of RHAU20
and DG4-DG5/DG8-DG9/DG12-DG13/DG16-DG17 of G-quadruplex being involved in
the middle and 30 -end bottom G-quartets. Also, we observe similar contacts between
LYS36/LYS37 of RHAU20 and the same residues of the G-quadruplex. Note that there are
some week interactions between RHAU20 and top 50 -end G-quartet (DG3-DG7-DG11DG15), indicating that RHAU20 faces both 50 - and 30 -end sites of the G-quadruplex, which
is not in agreement with atomistic and Martini 2.2 simulations.
After inspection of MD trajectories, we observed that in Martini 2.2 simulation, RHAU20
binds to the 50 -end G-quartet during the entire simulation time which is consistent with
the atomistic simulation and experimental findings. In contrast, in Martini 3.0 simulation,
inspection of MD trajectories shows that at around 5 µs simulation, RHAU20 moves to align
near bottom 30 -end G-quartet till the simulation end, supporting the results obtained from
the contact maps. We also calculated the average distance between the center of mass of
50 -end G-quartet and RHAU20 as a function of time in Martini 3.0 simulation (see Figure
6.8). It is clear that after around 5 µs, the distance between RHAU20 and 50 -end G-quartet
increases to ª 15 Å, indicating RHAU20 movement from 50 - to 30 -end.

Furthermore, clustering analysis was performed over the simulation time to provide

insight into the conformational dynamics of the system. Figure 6.7a shows the representative structure of G-quadruplex and RHAU20 in Martini 2.2 simulation. It is evident that
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(b)

(a)
G-quadruplex residues

Model1-Martini2

G-quadruplex residues

RHAU residues

RHAU residues

Model1-Martini3
RHAU residues

RHAU residues

G-quadruplex residues

G-quadruplex residues

Figure 6.6 | The residue–residue contact maps between parallel G-quadruplex and RHAU20 residues in model 1
during (a) Martini 2.2 and (b) Martini 3.0 simulations.

RHAU20 is located close to the top G-quartet. However, the conformational variation of
RHAU20 from the experimental structure was detected during the course of simulation.

6

In addition, we observed that the TT loop at the 50 -end is oriented away from the original
location and positioned close to RHAU20, confirming the contact map results, which is
similar to the atomistic simulation. In RHAU20, both N-terminal (blue color residue) and
C-terminal (green color residue) domains are oriented close to the G-quadruplex structure.
In contrast, the results from Martini 3.0 simulation illustrate various clusters with similar
populations indicating the conformational fluctuations of the structures over the entire
simulation. This is because the RHAU20 explores both 50 - and 30 -end G-quartets during
the simulation. However, the clustering analysis from 5 µs to 20 µs shows that in the most
populated cluster, RHAU is located at the 30 -end G-quartet, as shown in Figure 6.7b. It is
worth to mention that based on the experimental works, binding affinity for 30 -end site is
lower compared to 50 -end site, but can occur under a high concentration of RHAU20 215 . It
means that RHAU can recognize the parallel G-quadruplex on its accessibility at both 50 and 30 -end sites.

6.3. Results and Discussion
(a)
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(b)

Figure 6.7 | Representative structures for model1 obtained via clustering analysis using (a) Martini 2.2, (b) Martini
3.0. G-quadruplex structure and RHAU20 are depicted in cyan and red color, respectively. The 50 and 30 thymine
residues of the G-quadruplex are shown in yellow and purple color, respectively. In the RHAU20 structure, the
N-terminal and C-terminal are shown in blue and green color, respectively.

6

( s)
Figure 6.8 | Averaged distance between the center of mass of 50 -end G-quartet and RHAU as a function of simulation
time.

Simulations of nonparallel G-quadruplex with wild-type RHAU20 using Martini 3.0
force field Figure 6.9 shows distance matrices including the smallest distance between
the residue-pairs of the model 2 during the course of simulation. It is clear that a few
close residual contacts are observed between Æ-helix (residue 31-33) or C-terminal region
(residues 36-37 and 41-42) of RHAU20 and nonparallel G-quadruplex, confirming some
weak interactions between RHAU20 and nonparallel G-quadruplex. Furthermore, clustering
analysis results illustrate various clusters with similar populations indicating the confor-
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mational fluctuations of the structures during the simulation. The four most populated
clusters are presented in Figure 6.10. Inspection of trajectories confirms the movement
of RHAU20 around the nonparallel G-quadruplex suggesting that there is not a preferred
G-quadruplex recognition site for RHAU20 during 10 µs simulation which is in agreement
with experimental observations.
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Figure 6.9 | The residue–residue contact maps between nonparallel G-quadruplex and RHAU20 residues in model
2 simulation.

Simulations of parallel G-quadruplex with mutant RHAU20M using Martini 3.0 force
field In order to obtain insight into the structural changes of the RHAU20M in the system, we
calculated the contact map indicating the intra-molecular interactions between RHAU20M
and parallel G-quadruplex residues (see Figure 6.11). The contact map reveals that some
close residual contacts are observed specially between 6 residues (residues HIS22, LEU23,
LYS24, LEU25, ARG26 and GLU27) of the N-terminal region of RHAU20M and parallel
G-quadruplex. In addition, there is no close contact between the last three residues of
the C-terminal region and G-quadruplex indicating that the C-terminal region is oriented
away from the G-quadruplex structure. It is noteworthy to recall that experimental works
suggested that the mutated RHAU (RHAU20M) can not bind to the parallel G-quadruplex,
but there might be some electrostatic interactions between positively charged residues
of RHAU20M such as LYS or ARG and G-quadruplex structure 215 . Our simulations also
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(a)

(c)
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(d)

6

Figure 6.10 | Four most populated conformations of model 2 from CG simulation via clustering analysis (a) cluster
1, (b) cluster 2, (3) cluster 3 and (4) cluster 4. The nonparallel G-quadruplex and RHAU20 are depicted in cyan
and red color, respectively. The 50 - and 30 -end residues of the G-quadruplex are shown in yellow and purple
color, respectively. In the RHAU20 structure, the N-terminal and C-terminal are shown in blue and green color,
respectively.

suggested some close contacts between LYS24 and ARG26 and G-quadruplex residues,
indicating the electrostatic interactions between these positively charged residues and the
phosphate backbone of the G-quadruplex which is in agreement with experimental findings.
Similar to model 1, the clustering analysis shows various clusters with similar populations
indicating the conformational dynamics of the system during the simulation. Figure 6.12
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illustrates the four most populated clusters obtained during the simulation. Inspection of
MD trajectories indicates that the dynamic behavior of this mutated RHAU20M around the
G-quadruplex is similar to the wild-type RHAU20 in model 1 simulation using Martini 3.0,
indicating RHAU faces both 50 - and 30 -end sites of the G-quadruplex.
G-quadruplex residues

RHAU residues

RHAU residues
G-quadruplex residues

6

Figure 6.11 | The residue–residue contact maps between parallel G-quadruplex and RHAU20M residues in model
3 simulation.

6.4. Conclusions
In summary, we performed atomistic and CG simulations using different force fields to investigate the binding interactions between two different RHAU molecules and G-quadruplex
structures. The atomistic simulation performed with model 1, i.e. experimental NMR structure, caused the important conformational variations in the G-quadruplex structure, with
the TT loop at the 50 -end region adopting different conformations. Moreover, the N-terminal
tail of RHAU20 is facing the 50 -end residues, while the C-terminal tail is facing away from the
G-quadruplex indicating the flexibility of the N-terminal and C-terminal domains during
the simulation. In parallel, the Martini 2.2 simulation of this model showed the conformational variation of the G-quadruplex loop at the 50 -end, which is consistent with the
atomistic simulation results. However, both N-terminal and C-terminal domains of RHAU

6.4. Conclusions
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Figure 6.12 | Four most populated conformations of model 3 from CG simulation via clustering analysis. (a)
cluster 1, (b) cluster 2, (3) cluster 3 and (4) cluster 4. The parallel G-quadruplex and RHAU20M are depicted in
cyan and red color, respectively. The 50 and 30 -end residues of the G-quadruplex are shown in yellow and purple
color, respectively. In the RHAU20M structure, the N-terminal and C-terminal are shown in blue and green color,
respectively.

are oriented close to the G-quadruplex. In contrast, the Martini 3.0 model produces more
dynamic structures compared to the simulations performed with Martini 2.2. Therefore,
the RHAU20 structure is able to bind onto both 50 - and 30 -end sides of the G-quadruplex.
This finding is inline with the experimental observations in which binding at 30 -end site
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of G-quadruplex can occur under a high concentration of RHAU20. We observed that how
the dynamic model of Martini 3.0 provides such bindings onto both sites of G-quadruplex.
It should be mentioned that further optimization of the force fields is needed to make
accurate conclusions.
The simulation of model 2 with Martini 3.0 showed the flexible movement of RHAU20
around the nonparallel G-quadruplex suggesting that there is not preferred G-quadruplex
recognition site for RHAU20 during the simulation which is in agreement with the experimental finding, in which the RHAU20 can not bind to the nonparallel G-quadruplex. In
fact, the presence of one double chain-reversal and two edgewise loops in the nonparallel
G-quadruplex structure would sterically hinder the RHAU20 binding.
Performing the Martini 3.0 simulation of model 3 including the mutated RHAU
(RHAU20M) and parallel G-quadruplex revealed some close residual contacts between
N-terminal residues of RHAU20M such as LYS24 or ARG26 and G-quadruplex. Our findings
are consistent with the experimental works in which G-quadruplex binding is still observed
because of the presence of the positively charged residues such as LYS and ARG which can
stabilize G-quadruplex structure by electrostatic interactions.
Taken together, our theoretical findings provide atomistic insights into G-quadruplexRHAU20 complex reported experimentally and thus helping to understand the binding
process of the parallel G-quadruplex by RHAU20. It should be noted that Martini simulations allow a proper sampling on the conformational space during very long simulations.
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However, further optimization of the Martini models is needed to make accurate predictions
for our systems. For example, further studies should focus on finding good elastic-network
models for maintaining the G-quadruplex structures and higher-order structure of RHAU
proteins, being comparable with atomistic simulation or experimental data. In addition, in
order to gain detailed structural insights into the binding interactions, backmapping from
CG models to all-atom structures is needed. It would be very important to comprehensively
explore the binding mechanisms between RHAU and G-quadruplex structures which are
possibly provide clues on unfolding processes of G-quadruplex structures by full-length
protein and work in this direction is still in progress.

