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Abstract  

The increasing prevalence of pathogenic Escherichia coli (E. coli) in water and food sources poses a significant threat to 
public health, necessitating the development of rapid and accurate biosensor detection methods such as aptamer-
based biosensors due to their high specificity and sensitivity. Aptamers are nucleic acids that can bind with high 
affinity and specificity to a range of target molecules. In this study, 1,000 shuffled variants of a known aptamer 
(PDB ID: 2AU4) were generated and evaluated for stability using RNAfold and RNALfoldz based on minimum 
free energy (MFE). The five most stable sequences were selected and analyzed for their secondary and tertiary 
structures using RNAComposer. The target protein, Shiga toxin (Stx, PDB ID: 1C48), was modeled with 
AlphaFold 3 and validated through Ramachandran plot analysis. Molecular docking using the HDOCK server 
revealed aptamer-protein binding interactions, offering insights into the structural features that influence binding 
specificity and stability. In conclusion, this research bridges theory for future applications, thereby establishing a 
theoretical framework to support the future development of aptamer-based biosensors targeting E. coli O157:H7.  
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1.0 Introduction 
Escherichia coli (E. coli) is a diverse group of bacteria found in the environment, foods, and intestines 
of humans and animals [1]. Enterohemorrhagic E. coli (EHEC), including the notorious O157:H7 strain 
can cause severe foodborne disease, leading to bloody diarrhea and potentially life-threatening 
conditions such as hemolytic uremic syndrome (HUS) [2,3]. Thus, the increasing prevalence of 
pathogenic E. coli in water and food sources poses a significant threat to public health, necessitating 
the development of rapid and accurate detection methods. Aptamer-based biosensors have emerged as 
a promising tool for pathogen detection due to their high specificity, sensitivity, and stability [4]. 
However, a comprehensive understanding of the structural dynamics underlying aptamer-target 
interactions remains limited. This study helps bridge that gap by using computational biophysical 
simulations to find stable aptamer candidates and predict how well they bind to E. coli Shiga toxin, 
bringing us a step closer to developing more effective next-generation biosensors. 

 
This study will employ docking simulation to elucidate the interaction dynamics between specific 

aptamers and their target molecules which in this case is protein E. coli [5]. Docking simulations are 
very popular approaches able to assess the capacity of a given ligand to interact with a target. The goal 
of ligand-protein docking is to predict how a protein interacts with ligands of known three-dimensional 
structure [6]. There are three docking methods that can be classified: protein-small molecule docking, 
protein-nucleic acid docking, and protein-protein docking [7]. To evaluate a good docking process, a 
docking score will be calculated and analysed. Docking score is an algorithm designed to compute the 
binding affinity of a protein-ligand complex [8]. By simulating the binding processes at an atomic level,  
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we will gain insights into the conformational changes and binding affinities of the aptamer that govern 
the selectivity and sensitivity of these biosensors [9].  

 
Aptamer binding often indu Aptamer binding often induces conformational changes in both the 

aptamer and the target protein [10]. Aptamers are single-stranded oligonucleotides that fold into defined 
architectures and bind to targets such as proteins with high affinity and specificity [11]. Aptamer is built 
with three structures: primary, secondary and tertiary structures. Primary structures are built with a long 
sequence of nucleotides (A, T/U, C, G). The primary structures are fundamental for the secondary and 
tertiary structures. Secondary structures, generally a two-dimensional structure can form various 
secondary structures like hairpins, loops, bulges, and G-quadruplexes, which contribute to their overall 
3D shape and binding capabilities. The evaluation stability of these structures is according to their 
molecular free energy (MFE) value. The lowest MFE value (negative MFE) determines the stability of 
that aptamer structure [12]. Tertiary structure or commonly known as three-dimensional structure 
enables aptamers to recognize and bind to their specific targets in molecular docking and molecular 
dynamic simulation [13]. 
 
2.0 Methodology 
2.1. Software workflow 
 

 
Fig. 1. Software workflow starting from aptamer structure, peptide structure and docking model 
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2.2. Aptamer preparation 
 
The structure of aptamer was retrieved from Protein Data Bank with PDB code: 2AU4 as shown in Fig. 2. 
  

 
Fig. 2. 2AU4 Aptamer 

 
 The structure from PDB was exported in FASTA Sequence format because then the structure 
sequence needs to be shuffled to produce other clones of 2AU4 aptamer sequences. The shuffle process 
was using shuffleseq tools from usegalaxy.eu web server with 1000 number of shuffles. As a result, 
there were 1000 structures sequence of aptamer that can be validated in the next process. The validation 
of the aptamer’s structures sequence was based on their molecular free energy (MFE) produced. This 
validation uses RNALfoldz tools from Galaxy Europe (https://usegalaxy.eu/) in FASTA sequence 
format. Then, the sequence was rearranged in MS Excel with their specific MFE value and from 1000 
sequences, the best five sequences was chosen has the lowest MFE value as presented in Table 1. Next, 
for 3D structure analysis, RNA Composer is used, and the input format are in FASTA sequence and in 
dot-bracket format. This study uses RNAfold WebServer as it provides an interactive graphical output 
of the MFE structure or aptamer secondary structure as shown in Figure 3. From that, RNAfold 
WebServer was used to transform the FASTA sequence format into dot-bracket format.  
 

 

 
Fig. 3. MFE structure for (a) model 1; (b) model 2; (c) model 3; (d) model 4; (e) model 5. 

 
 Then, the five sequences of aptamer chosen are generated in RNAComposer software for three-
dimensional structure in PDB file format as in Fig. 3 [14]. These five PDB files were analysed using 
BIOVIA Discovery Studio and ready to be docked with the target protein of Escherichia coli. 
 

(a) (b) (c) 

(d) (e) 
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Fig. 4. 3D structures of 2AU4 Aptamer for (a) model 1; (b) model 2; (c) model 3; (d) model 4; (e) model 5. 

 
2.3. Target protein Escherichia coli preparation 
The crystal structure of target protein Escherichia coli was retrieved from PDB code: 1C48 called as 
Shiga Toxin (Stx). Shiga Toxin (Stx) is a potent cytotoxic protein that colonize human’s colon and 
induce bloody diarrhea such as hemorrhagic colitis and hemolytic uremic syndrome that can lead to 
death [15]. There are many computationally approaches to generate accurate biomolecular structures 
predictions containing protein/peptide structures from amino acid sequences such as using PEP-
FOLD4, AlphaFold 3, ESMFold, and OmegaFold [16,17]. Throughout this project, AlphaFold 3 were 
used as this software shows highly accurate prediction of the long peptide sequence structures [18]. The 
software operates the input sequence in FASTA format to read the peptide sequences. Next, the three-
dimensional structures were visualized in Protein Data Bank (PDB) format using BIOVIA Discovery 
Studio software as shown in Fig. 5 and choose chart option to analyse the Ramachandran plot. The 
Ramachandran Plot was used to confirm the structure of peptide generate by these software [19]. 
Ramachandran Plot is a graphical representation of the dihedral angles, Phi (ϕ) and Psi (ψ) of amino 
acid residues in protein structures. There are four quadrants to explain the structure of protein as 
visualised in Fig. 6. In the quadrant-I that is the area of all conformations allowed, which it is the left-
handed α-helix region. While quadrant-II, the biggest region, is the β-sheet region and quadrant-III is 
the right-handed α-helix region where both regions have better conditions for the conformation of 
atoms. Lastly, quadrant-IV has practically no framed locale [20].  
 

 
Fig. 5. 3D structures of Stx in the forms of solid ribbon  

(a) (b) 

(c) (d) 

(e) 
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Fig. 6. Ramachandran Plot Quadrants [20] 

 
2.4. Molecular docking of protein Escherichia coli and aptamer 
Five chosen aptamers were docked with the protein Stx obtained from AlphaFold 3 as it shows stable 
structures as shown in Ramachandran plot, Fig. 7. The molecular docking process was using HDOCK 
server [21]. HDOCK server is a protein-protein and protein-DNA/RNA docking based on a hybrid 
algorithm of template-based modelling and ab initio free docking. The Stx protein as a ligand molecule 
and the chosen aptamer’s PDB file was input as a receptor molecule. This was executed without any 
adding specification on the binding site. HDOCK results showed top ten possible docking residues 
prediction for each of five specific chosen aptamers and Stx protein in the PDB files format to visualize 
in the BIOVIA.  
 
3.0 Results and Discussion 

 
3.1. Structures of candidate aptamers and target protein Escherichia coli 
Result from the Table 1, conclude that the aptamer model 1 with the sequence: 
AGCAGGUGGACCGCACGGUGAUCCGAGCGGUUCAUGUGUGG, has the lowest MFE values 
from RNAfoldz tools which is -24.0 kcal/mol and followed by model 2 which is -23.4 kcal/mol and 
model 3 is -22.6 kcal/mol. However, for models 4 and 5, the MFE values are decreased to -20.5 and -
20.0 kcal/mol respectively. These results suggest that all the 2AU4 aptamer sequences exhibit lower 
MFE, suggesting structural stability [12].  
 

From the Ramachandran plot, Fig. 7, Stx protein operated in AlphaFold 3 visualize that both 
regions, right-handed α-helix (quadrant III) and β-sheets (quadrant II) are the most prevalent structure 
in Stx. This suggest that Stx structures imparts stability to proteins and is crucial for their proper folding 
and function. From the analysis on both aptamer and protein, it is suggested to dock the top five model 
aptamer sequences with AlphaFold 3’s structure.   
  
Table 1. Molecular free energy (MFE) values for the best five aptamer models sequences from RNALfoldz tools 

Aptamer 
Model 

Aptamers sequences MFE (kcal/mol) 

1 AGCAGGUGGACCGCACGGUGAUCCGAGCGGUUCAUGUG
UGG 

-24.0 

2 ACGGUUAGGGUGGUGGGGAACCACCACCGUUGAUCGCU
GGG 

-23.4 

3 ACCCUCGAAACGGCGAGCGAGGGUGUCGCUGUUUGAGG
GGU 

-22.6 

4 CUGGGGAGGCAAGCUGGGGACCGUAGCUUGCAGUCCUG
GAU 

-20.5 

5 AGUAGCUGGAUGGCGACACUCAGUGGGCGUCGUGGUCG
AGC 

-20.0 

Q-I Q-II 

Q-III Q-IV 
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Fig. 7. Ramachandran plot for AlphaFold 3. 

 
3.2. Molecular docking analysis 
The analysis in 3.1 concludes that all of the 2AU4 aptamer structures are stable to be docking with 
AlphaFold 3’s structures. Thus, molecular docking analysis was performed to estimate the binding 
affinity between the aptamer and Stx protein. There were 50 docking models produced from HDOCK 
server. The docking scores of the best prediction model in each of the five chosen aptamers with Stx 
are presented in Table 2, where the aptamers are ranked based on their docking scores. In general, the 
lower the rank, the better [22]. 

 
The scoring function that evaluates protein–aptamer binding is the most critical component of 

the docking method. A good dock score for a given aptamer signifies that it is potentially a good binder 
[23]. The results show that model 3 have the lowest docking scores of -267.50 as shown in Fig. 8. This 
is followed by model 2 and 5 with the binding energy of -250.90 and -244.88 respectively. However, 
even though model 1 has the lowest MFE values, it has higher docking scores of -232.13 compared to 
model 3, 2 and 5.  

 
Next, averaging docking score proves informative method to account for multiple binding modes 

as computed by considering more proteins structures or more poses within a single structure [24]. The 
result from Table 3 suggests that model 2 aptamer has the lowest average docking scores of -227.73 for 
all the prediction models. However, model 1 only has an average energy of -216.93. This indicate that 
the docking score does not always directly correlate with MFE value. Even the aptamer itself is stable, 
there are also some effects that affect the docking score such as binding affinity between the aptamer 
and protein, and some aptamers undergo significant conformational changes upon binding. 
 
Table 2. Docking scores for the best prediction model from five aptamer models sequences from HDOCK 

Aptamer model Aptamer sequence Docking scores  
3 ACCCUCGAAACGGCGAGCGAGGGUGUCGCUGUUU

GAGGGGU 
-267.50 

2 ACGGUUAGGGUGGUGGGGAACCACCACCGUUGAU
CGCUGGG 

-250.90 

5 AGUAGCUGGAUGGCGACACUCAGUGGGCGUCGUG
GUCGAGC 

-244.88 

1 AGCAGGUGGACCGCACGGUGAUCCGAGCGGUUCA
UGUGUGG 

-232.13 

4 CUGGGGAGGCAAGCUGGGGACCGUAGCUUGCAGU
CCUGGAU 

-220.23 

 
 
 

Q-I 

Q-IV 

Q-II 

Q-III 
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Table 3. Average docking scores of ten models for the best five aptamer models sequences from HDOCK  

Aptamer model Aptamer sequence Average docking scores  
2 ACGGUUAGGGUGGUGGGGAACCACCACCGUUG

AUCGCUGGG 
-227.73 

5 AGUAGCUGGAUGGCGACACUCAGUGGGCGUCG
UGGUCGAGC 

-222.05 

1 AGCAGGUGGACCGCACGGUGAUCCGAGCGGUU
CAUGUGUGG 

-216.93 

3 ACCCUCGAAACGGCGAGCGAGGGUGUCGCUGU
UUGAGGGGU 

-211.96 

4 CUGGGGAGGCAAGCUGGGGACCGUAGCUUGCA
GUCCUGGAU 

-211.26 

 

 
Fig. 8. 3D structures of best prediction model of model 3 2AU4 aptamer (white) binding with target protein 

Shiga Toxin 1C48 (red) in molecular docking process with -267.50 docking scores 
 
4.0 Conclusion 
In this study, in-silico methods have been used to investigate aptamer against the target protein of 
Escherichia coli using MFE calculation and molecular docking method. The analysis highlighted that 
the 2AU4 aptamer with the model 3 sequence and structure as in Fig. 8 displayed lower MFE values 
of -23.4 kcal/mol, lowest average docking score of -267.50 compared to others. However, as 
highlighted in Table 3, it is suggested that aptamer model 2 has the highest average docking scores 
value of its ten model predictions. This indicates that model 2’s aptamer is stable and the 
interaction/binding strength between the AlphaFold 3’s Shiga Toxin is higher. As a result, model 3 
can be selected for the subsequent Molecular Dynamics (MD) simulation for advance confirmational 
stability such as Root Mean Square Deviation (RMSD) and Fluctuation (RMSF) plot of this protein-
aptamer complex structure. In conclusion, because of the good result in docking analysis, we suggest 
that this aptamer model potentially is an effective detector that can be implemented in the future of 
aptamer-based biosensor technology such as colorimetric biosensor.  
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