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Liver cancer ranks the fourth leading cause of cancer-related deaths worldwide, with
more than 8.4 million new cases. Hepatocellular carcinoma (HCC) is the most common type of
liver cancers. In this study, the computational approach was used to develop an RNA aptamer
against the AFP protein, which is the most commonly used biomarker for HCC. Random RNA
sequences were used as a source for the study, and several rounds of mutations have been
introduced to these sequences in order to enhance binding affinity. Molecular docking, and
molecular dynamics were utilized to screen aptamers and characterize the detailed interactions
between the selected aptamer and the protein. As a result, the selected aptamer (5'-
GGAUCGGUGGCCAAGUUAGUCAAACCCCGUGUGCCGGUUUAGCAUAGCCCCGAUCC
-3') showed good binding affinity to the target AFP. The RMSF, hydrogen bonds,and RMSD
analysis showed that the aptamer-protein complex had lower flexibility, stable, and compact
during the time of the simulation. Thus, it can serve as a good candidate for the diagnosis or

treatment of liver cancer.
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INTRODUCTION

Liver cancer is the fourth leading cause of
cancer-related  death  worldwide,  with
approximately 7.8 million deaths annually® .
Hepatocellular carcinoma (HCC) is the most
common type of liver cancer’ . Alpha-
fetoprotein (AFP) is the most commonly used
biomarker for HCC® .

It is a multi-functional glycoprotein, and
belongs to an albumin protein family. It
contains (591) amino acids, encoded by a gene
located on chromosome 4° . This protein is a
single polypeptide chain of 70-kDa containing
3% to 5% carbohydrates. It shows a triplicate
domain structure formed by intramolecular
loops dictated by disulfide bridging* , and
exhibits a V-shaped form® . Inhibition of AFP
function may be an effective approach to HCC-
specific anticancer treatment® . Among various
biomolecular recognition elements (antibodies,
enzymes, etc.), aptamers are ideal tools for
biomedical molecular recognition’ . Aptamers
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are short and single-stranded RNA or DNA
molecules, approximately 20-100 bases long® .
They can bind specifically to their targets and
induce biochemical effects (e.g., activation,
inhibition, denaturation, etc.)? . Aptamers can
be obtained from random oligonucleotide
libraries using systematic evolution of ligands
by  exponential  enrichment  (SELEX)
technology  (SELEX). However, this
technology consists of multiple rounds of
selection, and is time-consuming, and
expensive’®.

Additionally, aptamers selected using this
method need to be truncated to obtain smaller
aptamers™ . Therefore, much research has been
performed to develop new methods to produce
aptamers with high efficiency, performance,
resource-saving, and a greater potential for
success™. Alternative strategies to SELEX that
have been proposed over the past 15 years
apply computational bioinformatics methods,
namely docking and molecular dynamics®™, to
facilitate the design of aptamers and investigate
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their binding affinities to their targets*. This
study aimed to select RNA aptamers targeting
AFP in silico. Random RNA sequences were
used as a source for the study. We predicted the
secondary structure of RNA from its nucleotide
sequence, and created a three-dimensional
model (tertiary structure). Later, the 3D model
was used in molecular docking to determine the
binding affinity of the selected aptamer against
AFP, and investigate poses of the RNA-protein
interaction. Finally, molecular dynamics (MD)
simulation was performed to determine the
binding stability of the complex.

MATERIALS AND METHODS

Structure Retrieval

The cryo-electron microscopy (cryo-EM)
structure of human AFP with a resolution of
2.60 A was retrieved from the RCSB Protein
Data Bank (PDB) (PDB ID: 7YIM). .

Virtual screening to select RNA aptamers

One hundred random RNA sequences of a
given length (40- 55 nucleotides), and CG
content (> 40%), were generated using the
Random Sequence Generator tool provided by
Molbiotools (https://molbiotools.com/ ).

The primary RNA sequences were further
examined using the RNAfold server
(http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi) for secondary
structures prediction, using the following
options: minimum free energy (MFE) only, and
avoid isolated base pairs (Fold algorithms and
basic options); RNA parameters, rescale energy
parameters to given temperature (37°C), and a
salt concentration of 1.021 molar (Energy
parameters). The RNAfold computes the MFE
and prints the MFE structure in bracket
notation. The RNA sequences and the dot-
bracket secondary structure notations were
input into the RNA Composer server
(https://rnacomposer.cs.put.poznan.pl/ )** *® to
build the 3D model.

The 3D structures of the random
sequences were docked with the protein (AFP)
to identify the best-bound aptamer. The
docking was performed using the HDOCK
server (http://hdock.phys.hust.edu.cn/ ), and no
binding site was identified"” %%, The top five
aptamers with the highest affinity to the target
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were determined based on the best docking
scores.

Aptamer optimization and molecular
docking

The aptamer sequence with the the best
docking score was selected, and random
mutations were introduced in its sequence to
produce new sequences, in order to enhance
binding affinity and get a more stable structure.
The last five nucleotides at both the 5' and 3'
ends of the sequence were also designed to be
complementary with each other. ENDMEMO's
tool (https://www.endmemo.com/bio/gc.php )
was used to determine the CG content and the
length of the sequences specifically.
Subsequently, the generated sequences were
docked with the target (AFP), and the mutated
sequence with the best score was selected for
additional rounds of mutation to achieve good
binding affinity and low free energy. Three
mutant sequences were generated and docked
to the AFP using different docking platforms
(HDOCK, MdockPP, and NPdock).

HDOCK

The tertiary structures derived from
RNAComposer served as ligand inputs, while
the AFP functioned as the receptor. This was
executed without the specification of a
template or binding site. Several docking
models were generated, with emphasis placed
on selecting the models exhibiting the best
docking scores for each aptamer. The top ten
scoring structures for each aptamer were
subsequently employed for calculating the Zh-
score.

Mdockpp

The initiation point was the "Start from
Structure" option. Job type parameters were set
as  "Heterodimeric,” encompassing both
Receptor and Ligand, mirroring the approach
adopted with HDOCK. The "Straight to job
submission” option was selected, while other
parameters were maintained at default settings.
The top ten scoring structures for each aptamer
were subsequently employed for calculating the
Zm-score.

NPdock
In the NPdock server, the RNA-protein
configuration was chosen. The AFP was loaded


https://www.endmemo.com/bio/gc.php

into the protein box, and the aptamer was
placed in the RNA/DNA box. No specific
Interfaces filtering was employed in this step.
The top ten scoring structures for each aptamer
were subsequently employed for calculating the
Zn-score, and the binding model with the best
score  was downloaded for subsequent
interaction analysis.

Z-score

The obtained docking scores from the
docking platforms (HDOCK, MdockPP, and
NPdock) were normalized using the following
equation: Z = (1 -T)/ SD®

I: is the docking score of each RNA-
protein complex (in a set of top ten binding
models). I: is the average of the docking scores.
SD: is the standard deviation. The most
negative Z-score in a set of top ten binding
models of an aptamer-AFP complex was
identified as the Z-score of the complex. The
total Z-score (ZT) was calculated by adding the
Z-scores of HDOCK (zh), Mdockpp (Zm), and
Npdock (Zn).

Interaction Profiling

The interaction of the three mutant RNA
sequences with the protein (AFP) was analyzed
in detail to report the nucleotides and amino
acids involved in the interactions, using the
Protein-Ligand Interaction Profiler (PLIP)
server (https://plip-tool.biotec.tu-
dresden.de/plip-web/plip/index)®. This
analysis provides valuable insights into the
molecular interactions occurring at the binding
interface, such as hydrogen bonds (H-bonds),
m-stacking, hydrophobic interactions, and ionic
interactions.

Molecular dynamics (MD) simulation

The work was taken forward to better
study the dynamics of the aptamer-protein
complex. MD simulation was performed based
on the best configuration of the aptamer- AFP
complex obtained from docking, to predict the
atomic mobility of the simulated system over
time. The CHARMM36m force field was used
for the simulation of the system. The initial
complex configuration was generated using the
Charmm-gui  Solution  Builder  feature
(https://www.charmm-gui.org)® ?* ?” based on
the provided PDB files. The simulation was
performed using NAMD v3.0b4
(https://www.ks.uiuc.edu/Research/namd )%,

The simulation system was prepared in a
rectangular periodic cubic box, hydrated with a
TIP3P water model, and neutralized by adding
0.15 M NaCl ions. The total time of MD
simulation was 32.58 nanoseconds under
periodic boundary conditions. The resulting
trajectory data from the simulation was
analyzed using VMD v 1.9.4a53%®. Key
parameters such as root-mean-square deviation
(RMSD), radius of gyration (Rg), root-mean-
square fluctuation (RMSF), and hydrogen bond
interactions (H-bonds) were calculated.

Graphical Images

All representations of pictorial structures
were  generated utilizing VMD-Visual
Molecular Dynamics v1.9.4a53 (Theoretical
and Computational Biophysics Group at the
Beckman Institute for Advanced Science and
Technology, University of lllinois, Urbana-
Champaign) and PyMOL Molecular Graphics
System v2.5.7%° (Schrodinger, LLC, New York
City, NY, USA). Additionally, UCSF Chimera
v1.17.3 (developed by the Resource for
Biocomputing, Visualization, and Informatics
at the University of California, San Francisco,
with support from NIH P41-GM103311.) was
employed in the visualization process.

RESULTS AND DISCUSSION

Results
Aptamer selection and optimization

In (Table 1), the docking scores obtained
from HDOCK docking tool are listed. Some
structures, such as seq 4 and seq 7, have
relatively high MFE suggesting structural
instability. Among the selected sequences, seq
6 with the length of 46-mer and GC content of
45.6% was the best-binding structure, and
exhibited the lowest docking score (score: -
311.39).

Since seq 6 had a relatively high free
energy of (-4.6 kcal/mol), it was optimized to
obtain a more stable structure. The last five
nucleotides at both the 5' and 3' ends of the
sequence were designed to be complementary
with each other. and random mutations were
introduced to generate ten new sequences.

As shown in (Table 2), certain structures
like seq 6-1, seq 6-5, and seq 6-8 exhibit
relatively high MFE, suggesting structural
instability. Three structures (seq 6-2, seq 6-3,
seq 6-9) showed higher binding scores and
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more stable complexes compared to the
original structure, suggesting that the minor
nucleotide variations can improve the stability
of the aptamer and its binding properties, and
this can be further evaluated by in vitro
experiments™.

(Table 3).
Seq 6-9 demonstrated the best

Table 1: Docking scores and free energy values for the top five aptamer sequences.
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binding affinity and 2d best MFE (score: -
358.56; MFE: -20.40 kcal/mol), so it was
optimized by introducing additional mutations,
and three new sequences were generated

Code Sequence (5'-3") Length | CG% MFE Docking
(bp) (kcal/mol) score
seq 1 CUCACGCGUGGUUUCCACUACUuUUCUUC 50 52 -4.00 -271.51
CAGUCGCACCCCUAAUAAGUCG
seq 6 GGUCAUCAAGUUAGUCAAACCAGCGAC 46 45.6 -4.60 -311.39
GACGGUGUAGCAUAGUAUU
seq 40 AUAUCCAGCCUACAACAAACCGCGCAAG 47 48.9 -3.90 -306.79
GACAUUACCUUUCCAGCUG
seq 77 GUCACGCGUGUUUCCACUACUuUUcuUCC 50 50 -1.50 -289.44
AGUCGCACCCCUAAUAACCUGA
seq 92 UACCUAAUUGUUGUCCUAAUCAAGUAC 48 41.6 -4.70 -304.43
ACGUGGACGCUGAACCUCUUU
MFE: minimum free energy.
Table 2: New Sequences generated by introducing mutations in seq-6 aptamer.
Code Sequence (5'-3) CG% (kcl\a/lllllzrlrfol) D:(fcl)(rlgg
seq 6-1 GGAUCGGUCAUCAAGUUAGUCAAACCAGCGAC 48.2 -11.10 -296.80
GACGGUGUAGCAUAGUAUUGAUCC
seq 6-2 GGAUCGGU_AUCAAGUUAGUCAAACCAGCGACG 44.6 13.80 -322.92
ACGGUUUAGCAUAGUAUUGAUCC
seq 6-3 GGAUCGGU_AUCAAGUUAGUCAAACCAGCGACG 48.2 18.40 -317.03
ACGGUUUAGCAUAGUACCGAUCC
seq 6-4 GGAUCGGUGACCAAGUUAGUCAAACCAGCGAC 49.1 -14.70 -301.82
GACGGUUUAGCAUAGUGAUUGAUCC
seq 6-5 GGAUCGGUCAUCAAGUUAGUCAAACCAGCGAC 46.4 -10.00 -301.76
GACGGUUUAGCAUAGUAUUGAUCC
seq 6-6 GGAUCGGUCAUCAACUUAGUCAAACCAGCGAC 46.4 13.10 -300.33
GACGGUUUAGCAUAGUAUUGAUCC
seq 6-7 _GGUCGGU_AUCAAGUUAGUCAAACCAGCGACG 48.2 -17.10 -300.62
ACGGUUUAGCAUAGUACCGACC _
seq 6-8 GGAU_G_UCAUCAAGUUAGUCGGAUUCCUAUU_ 40.6 -6.60 -262.05
ACGACGGUGUAGCAUAGUAUUGAUCC
seq 6-9 GGAUCGGUGGCCAAGUUAGUCAAACCAGCGAC 57.1 -20.40 -358.56
GACGGUUUAGCAUAGCCCCGAUCC
seq 6-10 GGAUCGGUGGCCAAGUUAGUGAAACCAGCGAC 59.3 -22.90 -310.93
GACGGUUGGGUAGCAUAGCCCCGAUCC
Table 3: New Sequences generated by introducing mutations in seq 6-9 aptamer.
Code Sequence length CG% MFE
Seq 6-9-1 | GGAUCGGUCAUCAAGUUAGUCAAACCAGCGACGA 56 55.3 -20.30
CGGUGUAGCAUAGUAUUGAUCC
seq 6-9-2 | GGAUCGGU_AUCAAGUUAGUCAAACCAGCGACGAC 58 58.6 -20.40
GGUUUAGCAUAGUAUUGAUCC
seq 6-9-3 | GGAUCGGUGGCCAAGUUAGUCAAACC_CCGUGUGC 56 58.9 -20.00
CGGUUUAGCAUAGCCCCGAUCC
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The generated sequences were further
examined using the RNAfold web server 2.6.3
for secondary structures prediction. The overall
topologies of the secondary structures of the
three aptamers were identical (Fig. 1 A). The
Vienna Formula,

CCCCCCEC- (G ((CCoveeeINN)) - ))IN))))) @nd
(e (((G(((Cmura ) E)))E)))
and (CCCCCCCCC- CCCCCCC :

..... MMIN--IN)))), remained consistently in
the same sequential order. The secondary

structures of the three aptamers consist of four
stems, a hairpin loop, an inner loop, two
bulging loops, Watson—Crick base pairing 31,
and wobble base pairing (guanine-uracil (G-U))
(1-2) (Fig. 1A). The high number of Watson-
Crick base pairing maintains the conformation
of the aptamer during docking®.

The secondary structures of aptamers are
due to intramolecular nucleotide base pairing,
which allows the molecule to fold in specific
conformation 13 . They are also affected by
temperature and ionic concentrations®.

The RNA sequences and the dot-bracket
secondary structure notations were input into
the RNA Composer server to build the 3D

Seq 6-9-1

€n
&1’
>
=.)
>g=:',n
& Y |
8.7 "8
) ‘
ed
)
s B
8t

Secondary
structure

&Y

° r)»
5c
]
>

g T

AnE>B00A

e
fa

438044
3

Minimum
free energy

(B)

-20.30 kcal/mol

Tertiary
Structure

)

)
>
<
Ca
o>

LY
>

-20.40 kcal/mol -20.0

model. The tertiary structures exhibited a
remarkable degree of conformity (Fig. 1C).
However, the binding properties of an aptamer
to its target are related to its structure 7. The
three-dimensional structures of the aptamers
can be attributed to the flexibility of the
phosphodiester backbones of aptamers which
confers different torsional angles, and allows
the generation of a wide range of 3D
structures®.

MDockPP is an Online Server renowned
for providing structure predictions for diverse
complexes such as protein-protein, protein-
RNA, and protein-DNA. The docking
algorithm is grounded in Fast Fourier
Transform  (FFT), utilizing a 6-degree
rotational angle interval. It is powered by the
University of Missouri
(httr334s://zouqrouptoolkit.missouri.edu/MDockP
PI)™.
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Fig. 1: The RNA secondary structures of the RNA aptamers, (B): the corresponding minimum free

energy (MFE), (C): The tertiary structures.
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NPdock (Nucleic acid-Protein Dock) is a
server for modeling of DNA-protein and RNA-
protein complexes
(https://genesilico.pl/NPdock/ ). It combines
GRAMM for global macromolecular docking,
scoring with a statistical potential, clustering of
best-scored structures, and local refinement.
This server is maintained by the Laboratory of
Bioinformatics and Protein Engineering at the
International Institute of Molecular and Cell
Biology in Warsaw. Fig. 2. Shows the surface
view of the NPdock generated aptamer-AFP
complexes™.

Nine docking experiments were performed
to predict the most likely aptamer for emerging
as AFP aptamer. The binding affinities in the
resulting complexes were estimated using Zt
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scores (Table 4). We obtained a Z; value of -
5.38, -5.6, and -6.66 for seq 6-9-1, seq 6-9-2,
and seq 6-9-3 respectively.

Protein—aptamer interaction

The interaction of the three mutant RNA
sequences with the target (AFP) was identified
using the PLIP web server (Table 5). The
detailed report obtained from PLIP serves as a
comprehensive documentation of the molecular
interactions between the aptamer and the
protein. Such information can be used in
further optimization of the aptamer for
improved binding affinity for experimental
studies.

Table 4: Z-score values of docking AFP- RNA aptamer complexes.

Code HDOCK NPdock MDockPP Total
(Zh-score) (Zn-score) (Zm-score) (Zt-score)
Seq 6-9-1 -1.32 -1.66 -2.4 -5.38
seq 6-9-2 -1.51 -2.26 -1.83 -5.6
seq 6-9-3 -1.33 -2.82 -2.51 -6.66
Table 5: Analysis of the predicted interactions in the selected aptamer-AFP complex.
PLIP
NPdock pose MdockPP pose Hdock pose
NHI NHB NHB NSB NHI NHB NSB
Seq 6-9-1 3 24 20 8 - 24 8
Seq 6-9-2 5 38 31 10 - 17 6
Seq 6-9-3 5 36 23 5 - 21 8

NPDock

Fig. 2: Surface view of the NPdock generated aptamer-AFP complexes. The blue color represents the
target (AFP) while the brown color represents the aptamer.
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Overall, the highest number of interactions
were reported in NPdock generated aptamer-
AFP complexs, with a total of 33, 49, and 50
predicted interactions for seq 6-9-1 and seq 6-
9-2 and seq6-9-3 aptamer—protein complexes,
respectively.

Taken together, the in silico predictions
(Zr score and the predicted interactions)
suggest that the selected RNA aptamer (seq 6-
9-3) can emerge as an aptamer to the AFP.
Therefore, this aptamer was selected for further
analysis.

Aptamers recognize specific epitopes on
the protein surface to bind it 36. These are
predominantly electropositive and dominated
by polar interactions, H-bonds, and charge-
charge interactions 33. It is assumed that the
aptamer-protein interactions begin with the
formation of electrostatic interactions with a
protruded surface of the protein, thus
establishing initial contact with RNA
aptamers™.

Table S1 presented detailed information
about the amino acid-base interactions in the
NPdock generated seq 6-9-3 aptamer-AFP
complex.

Hydrogen bonding (H-bond) was the most
common surface interaction between the seq 6-
9-3 aptamer and the target AFP. H- bonds are
one of the strongest interactions, and the
affinity between the aptamer and its target is
related to the number and distance of these
bonds 7. Many hydrogen bonds (36 bonds)
were identified in the seq 6-9-3 aptamer-AFP
complex interactions. Apart from hydrogen
bonding, the hydrophobic interactions (HI) also
play an important role in keeping the aptamer
inside the binding pocket of the protein 32.
Five hydrophobic bonds were identified in the
AFP—aptamer interactions, including
445SER/49C, 487ARG/11C, 534HIS/53A,
536ASP/54U, and 5541LE/50C.

Additionally, salt bridges interaction plays
a major role in stabilizing the RNA—protein
interfaces®®. Salt bridge interactions were
identified at 9 interaction sites in seq 6-9-3
aptamer-AFP  complex.  Phosphate  and

guanidine groups of RNA were involved in the
formation of salt bridge with amino acids.
Three binding interfaces can be

recognized in the aptamer (Fig. 3). The first
binding interface (the first stem, the first bulge
loop, and the second stem) was highly involved
in hydrogen bonding with the protein with 27
hydrogen bonds, 15 of which were in the first
bulge loop. Four hydrophobic interactions and
six salt bridges were also identified in this
interface (Fig. 3A). In the second binding
interface (the internal loop), 5 hydrogen bonds,
one hydrophobic interaction, and two salt
bridges were identified (Fig. 3B). Whereas
only a few interactions were identified in the
third binding interface (the third stem, the
second bulge loop, the fourth stem, and the
hairpin loop), including four hydrogen bonds
and one salt bridge (Fig. 3C).

Some nucleotides formed more than one
bond, such as U54 with 3 hydrogen bonds with
535 LYS, 536 ASP, and 589 GLU, a
hydrophobic bond with 536 ASP, and two salt
bridges with 534 HIS and 535 LYS; C50 with 6
hydrogen bonds with 444 SER, 445 SER, 452
ARG, 550 GLN, and two with 551 GLN, and a
hydrophobic bond with 554 ILE; C49 with 4
hydrogen bonds with 444 SER, 445 SER, 447
LEU and 448 MET, and a hydrophobic bond
with 445 SER; A53 with a hydrogen bond with
532 ILE, a hydrophobic bond with 534 HIS,
and a salt bridge with 534 HIS; U8 with three
hydrogen bonds, two with 525 ALA and one
with 527 SER; G10 with two hydrogen bonds
with 443 THR and 487 ARG, and a salt bridge
with 446 GLU and 11 C with three hydrogen
bonds with 493 VAL, 487 ARG, and 491 THR,
a hydrophobic bond with 487 ARG, and a salt
bridge with 487 ARG. Fig. 4. shows the amino
acid—base interactions in the NPdock generated
aptamer (seq 6-9-3) -AFP complex.
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Fig. 3: Three binding interfaces in the seq 6-9-3 aptamer. Hydrogen bonds (green stars), hydrophobic
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Fig. 4. 3D view shows the amino acid-base interactions in the NPdock generated aptamer (seq 6-9-3) -
AFP complex, including hydrogen bonds (green line), salt bridges (yellow dash-dot line),
and hydrophobic interactions (red dash-dot line.)
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Some amino acids also formed more than
one bond, such as 444 SER formed 3 hydrogen
bonds: one each with 9 G, 49 C, and 50 C.
Furthermore, 445 SER formed 3 hydrogen
bonds with 48 C, 49 C, and 50 C , along with a
hydrophobic bond with 49 C. Amino acid 487
ARG engaged in two hydrogen bonds with 10
G and 11 C, a hydrophobic bond with 11 C,
and a salt bridge with 11 C. 534 HIS formed a
hydrophobic bond with 53 A and two salt
bridges with 53 A and 54 U. Lastly, 535 LYS
formed a hydrogen bond with 54 U and two
salt bridges with 54 U and 55 C.

The interacting residues identified in our
study were analyzed for consistency with the
literature. The binding interface of the AFP
protein with different molecules was predicted
in previous reports via molecular docking.
Molecular docking of AFP with caspase-3
revealed that AFP protein could interact with
caspase-3 through specific amino acids (Ser-
135, Lys-161, Arg-168, Arg-214, Ser-445, Arg-
452, Lys-558)*". The individual residues (Asp-
529, Met-490, Lys-107, Ser-135, Leu-105, Glu-
106) were shown to be involved in the binding
interface of AFP and phosphatase and tensin

homolog (PTEN)®. The residues (Ser-445,
Met-448, Arg-452, Met-548, and Glu-551, Leu-
138) were shown to be involved in the binding
interface of AFP and diethylstilbestrol (DES)*
The interacting residues that were identified in
our study and are in agreement with the
literature are shown in Fig. 5.

Molecular Dynamic simulation

MD simulation is an imperious part of
computational analyses. It offers detailed
information about the interaction between
ligand and protein, with a dynamic
perspective®. Therefore, ntending to achieve
molecular insights into the self-conformational
perturbations that the protein brings to achieve
stability and flexibility with the selected
aptamer, we allowed the best protein-aptamer
complex to undergo MD simulation for a time
period of 32.5 ns. The RMSD, H-bonds, RMSF
and Rg were determined to have deeper
knowledge about the stability, flexibility of the
residues and the compactness of seq9-3
aptamer/AFP complex.

Fig. 5: The interacting residues identified in the AFP protein according to the literature (highlighted in
blue). The residues identified in our study that agreed with the literature are highlighted in

red.
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Root Mean Square Deviation (RMSD)

The conformational stability of the seq9-3
aptamer/AFP complex was analyzed by
plotting RMSD. RMSD determines the average
change in displacement of specific atoms for a
specific frame with respect to a reference
frame*. Low levels of RMSD, with consistent
fluctuations throughout the entire simulation
indicate stability of the system. The highly
deviated RMSD values can also indicate major
conformational transitions that have occurred
in the protein to get stable conformation with
the ligand®.

Fig. 6 displays the RMSD value of the
seq9-3 aptamer/AFP complex with respect to
time. The highest RMSD value was 7.97 A,
and the average RMSD was 6.19+1.21 A. The
RMSD graph of seq9-3 aptamer/AFP complex
showed an upward trend from 1.23 to 7.97 A
throughout the first 9.82 ns. After 13 ns, the
RMSD pattern showed a fluctuating trend but
was slightly stable as compared to the first 10
ns of the simulated trajectory. The complex
reached a short-term steady state from 18.54 to
20.42 ns in the simulation, with an average of
6.05 A, and then suddenly increased to 7.48 A
at 22.14 ns.

A%Y

RMSD (

RMSD
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After 24.06 ns, the RMSD pattern
stabilized with an average of 6.5 A until the
end of the simulation. These findings indicate
that the aptamer remained sufficiently bound to
the AFP throughout the simulation, and the
complex obtained a stable conformation.

Root Mean Square Fluctuation (RMSF)

The RMSF parameter is effective for
assessing the local flexibility in a protein
structure and detecting the rigid and flexible
regions*. RMSF analyzes a particular segment
of a protein that deviates from its mean
structure, which usually occurs upon ligand
interaction. Residues that display higher RMSF
values indicate increased flexibility, whereas
lower RMSF values indicate lesser flexibility
% and have a relatively more number of H-
bonds for stability®.

The RMSF of the seq 6-9-3 aptamer/AFP
simulated complex was analyzed (Fig. 7). The
RMSF graph represented the residues on the x-
axis, and the fluctuation values on the y-axis.
The highest and lowest RMSF values were
10.22 A and 0.67 A, respectively, and the
average RMSF was 1.52+0.96 A.

0
001t 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3 32 33

TIME (ns)

Fig. 6: RMSD plot of the seq9-3 aptamer/AFP complex during the MD simulation.
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Fig. 7: RMSF plot of the seq6-9-3 aptamer/AFP complex. RMSF was calculated for Ca atoms of the

protein.

It can be observed from the RMSF plot
that some residues display large changes,
particularly the residues in the range of 77 to
85 (RMSF values between 5-10.22 A), which
are located in the protein’s loop region, and the
residue 18 SER (RMSF: 4.94 A) which is
located in the protein’s terminal region. These
significant fluctuations of RMSF values were
observed for the residues of amino acids not
bound to the aptamer. However, a- helices and
R-strands are often more rigid than the
unstructured portion of a protein, and more
stable than loop regions™. It is also predictable
that RMSF values in the terminal part of a

( /
L GLNA
¥
EN T
THRS02
PHE-230

-

ARG-487 ) ER-445

B

SER-18  GLy-g3

SER-G4
SER-83

GLN-82

protein structure will be higher than those in
the in-between part since these sites fluctuate
more than other sites™.

To investigate whether the complex is
stable, we observed the RMSF plot at specific
residues of the AFP protein where interaction
occurs. The RMSF profile showed that the
residues of amino acids bound to the aptamer
did not show significant fluctuations during the
MD simulation, and had lower RMSF than 2.58
A, except for the Lys535 (RMSF:2.89 A),
indicating stable and low flexibility of the
complex.

| GLN#99
G
THR=502

Fig. 8: 3D cryo-EM structure of human AFP. H represents the alpha helices, and L represents the
loops. (A, B): Interacting residues in the seq 6-9-3 aptamer/AFP complex (highlighted in
green), C: non-interacting residues that exhibit high RMSF values.
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The radius of gyration (Rg)

Rg parameter is effective to assess the
compactness and structural integrity of the
studied system®. It determines the mass
distribution around the center of mass of the
protein, and offers insight into the
conformational changes of the protein over
time. By quantifying the Rg parameter at
different time points through a simulation, the
contraction or expansion of the protein
structure, and the fluctuations in its shape can
be assessed”.

Fig. 9 displays the Rg plot of the seq 6-9-
3 aptamer/ AFP complex. Rg-time fluctuations
were maintained between 27.08 A and 28.34 A
throughout 32.58 ns with an average value of
27.62+0.20 A. This result provides a clear
evidence of minimal changes in the
conformational state of the protein, and showed
that the protein structure was condensed
throughout the 32.58 ns run.

Hydrogen bonds (H-bond) analysis

To gain further insights into the binding of
the selected aptamer to the target AFP during
simulation, the H-bond were also monitored.
H-bond is polar bond formed by the interaction
of a hydrogen atom that is covalently bonded to
an electronegative atom (donor) with another
electronegative atom (acceptor). The study of
the intermolecular interaction by hydrogen
bonds offers information about the amino acids
involved in stabilizing of protein structure 32.
The number of H-bonds can be used as an
indicator to determine the stability of aptamer-
protein interaction’’. The total number of H-
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bonds that appeared in the MD simulation
trajectories for the seq9-3 aptamer/AFP
complex is shown in (Fig. 10).

The complex had an average of 8.52+4.10
hydrogen bonds, with the highest number of 35
bonds at the start of the simulation and the
lowest number of 1 H-bond in the trajectory. At
32.58 ns, the final number of hydrogen bonds
between the AFP protein and seq9-3 aptamer
was 6. In the last frame of the MD simulation
for the complex, hydrogen bonds appeared in
535LYS/53A, 230 PHE/25C, 348ASN/ 27C,
535LYS/52G,  529ASP/6G,  530LYS/7G,
532ILE/9G and salt bridges appeared in
530LYS/8U, 530LYS/9G (Fig. 11). The H-
bonds formation between the protein and the
aptamer showed that they had a stable and
strong binding. Table S2. presents detailed data
about the interactions and occupancy
percentages of hydrogen bonds for the seq9-3
aptamer/AFP complex during the simulation.
ARG487 and LYS530, which are polar and
positively charged residues, were the most
important amino acids because their side chains
could form hydrogen bonds with the aptamer,
with  high occupancy rates, such as
(LYS530/G9:22.39%, LYS530/G7:22.02%,
LYS530/G7:19.45%, LYS530/G9:16.81%,
LYS530/G9:14.48%, LYS530/G7:11.29%,
LYS530/G9:10.80%, ARG487/C11:34.05%,
ARG487/C12: 27.06%, ARG487/C12:18.71%).
In addition, they could form H-bonds with
other nucleotides of the aptamer with moderate
or low occupancy rates.

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

TIME (ns)

Fig. 9: Rg plot of the seq6-9-3 aptamer/AFP complex during the MD simulation.
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Fig. 11: Visualization of the H-bonds formed by the the seq9-3 aptamer and AFP protein in the last
frame of MD simulation. The aptamer is colored in red, the AFP protein is colored in blue,
H-bonds shown by green lines and salt bridges shown by yellow.

Discussion

In this study, one hundred random RNA
sequences were generated. Their 3D structures
were docked with the AFP. The aptamer
sequence with the best docking score was
selected, and random mutations were
introduced in its sequence to get a more stable
structure with high affinity. After multiple
rounds of mutations, the three selected mutant

sequences (seq 6-9-1, seq 6-9-2, seq 6-9-3)
were examined using the RNAfold server for
secondary structures prediction. The secondary
structures of the three aptamers consist of four
stems, a hairpin loop, an inner loop, two
bulging loops, Watson—Crick base pairing, and
wobble base pairing (guanine-uracil (G-U)) (1-
2) (Fig. 1A). The high number of Watson-
Crick base pairing maintains the conformation
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of the aptamer during docking®*. The
secondary structures of aptamers are due to
intramolecular nucleotide base pairing, which
allows the molecule to fold in specific
conformation®®. They are also affected by
temperature and ionic concentrations®.

The tertiary structures of the mutant
sequences were docked to the AFP using
different  docking platforms (HDOCK,
MdockPP, and NPdock). Three different
docking servers have been used to verify the
binding affinity of the aptamer-protein
complex, and to actually be able to choose the
aptamer with the highest binding affinity

HDOCK is a web server for protein-
protein and protein-DNA/RNA docking, based
on a hybrid algorithm that combines template-
based modeling and ab initio-free docking. It
plays an important role in facilitating the
exploration of molecular interactions between
proteins and nucleic acids. HDOCK was
developed by Huang Laboratory.

MDockPP is an Online Server renowned
for providing structure predictions for diverse
complexes such as protein-protein, protein-
RNA, and protein-DNA. The docking
algorithm is grounded in Fast Fourier
Transform  (FFT), utilizing a 6-degree
rotational angle interval. It is powered by the

University of Missouri
(https://zougrouptoolkit.missouri.edu/MDockP
P_/ )34.

NPdock (Nucleic acid-Protein Dock) is a
server for modeling of DNA-protein and RNA-
protein complexes
(https://genesilico.pl/NPdock/ ). It combines
GRAMM for global macromolecular docking,
scoring with a statistical potential, clustering of
best-scored structures, and local refinement.
This server is maintained by the Laboratory of
Bioinformatics and Protein Engineering at the
International Institute of Molecular and Cell
Biology in Warsaw. Fig. 1 B. Shows the
surface view of the NPdock generated aptamer-
AFP complexes®.

Based on Z; score and the predicted
interactions, the RNA aptamer (seq 6-9-3) was
selected as a potential aptamer to the AFP. It
showed the highest humber of interactions with
the protein. Aptamers recognize specific
epitopes on the protein surface to bind it*.
These are predominantly electropositive and
dominated by polar interactions, H-bonds, and
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charge-charge interactions®. It is assumed that
the aptamer-protein interactions begin with the
formation of electrostatic interactions with a
protruded surface of the protein, thus
establishing initial contact with RNA
aptamers™.

Hydrogen bonding (H-bond) was the most
common surface interaction between the seq 6-
9-3 aptamer and the target AFP. H- bonds are
one of the strongest interactions, and the
affinity between the aptamer and its target is
related to the number and distance of these
bonds’.  Many hydrogen bonds (36 bonds)
were identified in the seq 6-9-3 aptamer-AFP
complex interactions. Apart from hydrogen
bonding, the hydrophobic interactions (HI) also
play an important role in keeping the aptamer
inside the binding pocket of the protein®. Five
hydrophobic bonds were identified in the AFP—
aptamer interactions, including 445SER/49C,
487ARG/11C, 534HIS/53A, 536ASP/54U, and
5541LE/50C.

Additionally, salt bridges interaction plays
a major role in stabilizing the RNA—protein
interfaces®. Salt bridge (SB) interactions were
identified at 9 interaction sites in seq 6-9-3
aptamer-AFP  complex.  Phosphate  and
guanidine groups of RNA were involved in the
formation of salt bridge with amino acids.

The interacting residues identified in our
study were analyzed for consistency with the
literature. The binding interface of the AFP
protein with different molecules was predicted
in previous reports via molecular docking.
Molecular docking of AFP with caspase-3
revealed that AFP protein could interact with
caspase-3 through specific amino acids (Ser-
135, Lys-161, Arg-168, Arg-214, Ser-445, Arg-
452, Lys-558)%*". The individual residues (Asp-
529, Met-490, Lys-107, Ser-135, Leu-105, Glu-
106) were shown to be involved in the binding
interface of AFP and phosphatase and tensin
homolog (PTEN)®. The residues (Ser-445,
Met-448, Arg-452, Met-548, and Glu-551, Leu-
138) were shown to be involved in the binding
interface of AFP and diethylstilbestrol (DES)*

MD simulation is an imperious part of
computational analyses. It offers detailed
information about the interaction between
ligand and protein, with a dynamic
perspective®. To achieve molecular insights
into the self-conformational perturbations that
the protein brings to achieve stability and



flexibility with the selected aptamer, we
allowed the best protein-aptamer complex to
undergo MD simulation for a time period of
32.5 ns. The RMSD, H-bonds, RMSF and Rg
were determined to have deeper knowledge
about the stability, flexibility of the residues
and the compactness of seq9-3 aptamer/AFP
complex.

The conformational stability of the seq9-3
aptamer/AFP complex was analyzed by
plotting RMSD. RMSD determines the average
change in displacement of specific atoms for a
specific frame with respect to a reference
frame*’. Low levels of RMSD, with consistent
fluctuations throughout the entire simulation
indicate stability of the system. The highly
deviated RMSD values can also indicate major
conformational transitions that have occurred
in the protein to get stable conformation with
the ligand®.

The RMSD pattern stabilized with an
average of 6.5 A, which indicates that the
aptamer remained sufficiently bound to the
AFP throughout the simulation, and the
complex obtained a stable conformation.

The RMSF parameter is effective for
assessing the local flexibility in a protein
structure and detecting the rigid and flexible
regions*. RMSF analyzes a particular segment
of a protein that deviates from its mean
structure, which usually occurs upon ligand
interaction. Residues that display higher RMSF
values indicate increased flexibility, whereas
lower RMSF values indicate lesser flexibility™,
and have a relatively more number of H-bonds
for stability®.

It can be observed from the RMSF plot of
the seq 6-9-3 aptamer/AFP that some residues
display large changes, particularly the residues
in the range of 77 to 85 (RMSF values between
5-10.22 A), which are located in the protein’s
loop region, and the residue 18 SER (RMSF:
4.94 A) which is located in the protein’s
terminal region (Fig. 5). These significant
fluctuations of RMSF values were observed for
the residues of amino acids not bound to the
aptamer. However, a- helices and [3-strands are
often more rigid than the unstructured portion
of a protein, and more stable than loop
regions*. It is also predictable that RMSF
values in the terminal part of a protein structure
will be higher than those in the in-between part

since these sites fluctuate more than other
sites®.

To investigate whether the complex is
stable, we observed the RMSF plot at residues
of the AFP protein where interaction occurs.
The RMSF profile showed that the residues of
amino acids bound to the aptamer did not show
significant  fluctuations during the MD
simulation, and had lower RMSF than 2.58 A,
except for the Lys535 (RMSF:2.89 A),
indicating stable and low flexibility of the
complex.

Rg parameter is effective to assess the
compactness and structural integrity of the
studied system®. It determines the mass
distribution around the center of mass of the
protein, and offers insight into the
conformational changes of the protein over
time. By quantifying the Rg parameter at
different time points through a simulation, the
contraction or expansion of the protein
structure, and the fluctuations in its shape can
be assessed”.

The Rg plot of the seq 6-9-3 aptamer/ AFP
complex provides a clear evidence of minimal
changes in the conformational state of the
protein, and showed that the protein structure
was condensed throughout the 32.58 ns run.

To gain further insights into the binding of
the selected aptamer to the target AFP during
simulation, the H-bond were also monitored.
H-bond is polar bond formed by the interaction
of a hydrogen atom that is covalently bonded to
an electronegative atom (donor) with another
electronegative atom (acceptor). The study of
the intermolecular interaction by hydrogen
bonds offers information about the amino acids
involved in stabilizing of protein structure®.
The number of H-bonds can be used as an
indicator to determine the stability of aptamer-
protein interaction®’.

The H-bonds formation in the seq9-3
aptamer/AFP complex showed that they had a
stable and strong binding. ARG487 and
LYS530, which are polar and positively
charged residues, were the most important
amino acids because their side chains could
form hydrogen bonds with the aptamer, with
high occupancy rates, such as
(LYS530/G9:22.39%, LYS530/G7:22.02%,
LYS530/G7:19.45%, LYS530/G9:16.81%,
LYS530/G9:14.48%, LYS530/G7:11.29%,
LYS530/G9:10.80%, ARG487/C11:34.05%,
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ARG487/C12: 27.06%, ARG487/C12:18.71%).
In addition, they could form H-bonds with
other nucleotides of the aptamer with moderate
or low occupancy rates.
Conclusions

In the current study, an RNA aptamer was
selected and optimized through a non-SELEX
in silico method, which is simple and cost-
effective method that does not require
sophisticated instruments. The selected seq 6-
9-3 aptamer showed a relatively stable
structure and good binding affinity to the target
AFP. Therefore, this aptamer could serve as a
good candidate for the diagnosis and treatment
of HCC. However, further in vitro and in vivo
studies are needed before a final conclusion
can be reached.
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Abbreviations

AFP: Alpha-fetoprotein

Cryo-EM: cryo-electron microscopy
H-bonds: hydrogen bond

HCC: Hepatocellular carcinoma

HI: hydrophobic interactions

MD: Molecular dynamics

MFE: minimum free energy

PDB: RCSB Protein Data Bank

PLIP: Protein-Ligand Interaction Profiler
RMSD: root-mean-square deviation
RMSF: root-mean-square fluctuation

Rg: radius of gyration

SB: salt bridge

SELEX: Systematic evolution of ligands by
exponential enrichment.
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