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Abstract

:

Aptamers are nucleic acid analogues of antibodies with high affinity to different targets, such as cells, viruses, proteins, inorganic materials, and coenzymes. Empirical approaches allow the design of in vitro aptamers that bind particularly to a target molecule with high affinity and selectivity. Theoretical methods allow significant expansion of the possibilities of aptamer design. In this study, we review theoretical and joint theoretical-experimental studies dedicated to aptamer design and modeling. We consider aptamers with different targets, such as proteins, antibiotics, organophosphates, nucleobases, amino acids, and drugs. During nucleic acid modeling and in silico design, a full set of in silico methods can be applied, such as docking, molecular dynamics (MD), and statistical analysis. The typical modeling workflow starts with structure prediction. Then, docking of target and aptamer is performed. Next, MD simulations are performed, which allows for an evaluation of the stability of aptamer/ligand complexes and determination of the binding energies with higher accuracy. Then, aptamer/ligand interactions are analyzed, and mutations of studied aptamers made. Subsequently, the whole procedure of molecular modeling can be reiterated. Thus, the interactions between aptamers and their ligands are complex and difficult to understand using only experimental approaches. Docking and MD are irreplaceable when aptamers are studied in silico.
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1. Introduction


Aptamers are single-stranded nucleic acids (both DNA and RNA) with a high affinity toward target molecules. In the past few years, aptamers have been obtained for a wide range of targets, for example, cells, viruses, inorganic materials, metal ions, coenzymes, nucleobases, amino acids, antibiotics, pesticides, polypeptides, and hormones and other low-molecular-weight molecules [1,2,3]. Multiple studies have been performed that are dedicated to the development of biosensors functionalized with aptamers; the biosensors are based on various nanomaterials: quantum dots, metal nanoparticles (NPs), and single- and multiwalled carbon nanotubes [4,5,6].



The systematic evolution of ligands by exponential enrichment, or SELEX, is an experimental method for the determination of nucleic acid aptamers that specifically bind to a target molecule with high affinity and selectivity [7]. The construction of aptamers using SELEX technology includes several rounds of selection and enrichment processes (Figure 1), which are time and labor consuming and have a low cost-efficiency rate and output. SELEX may be combined with high-throughput sequencers, a process that is usually called HT-SELEX, or HTS [8,9].



Currently, there are several varieties of SELEX methodologies [10]. Two major steps exist in aptamer design selection and optimization. In the first step, several polynucleotides with probable binding affinity toward a target are screened by using the SELEX method and then selected. In the second step, aptamers with detected high affinity are shortened, modified, and stabilized. Both DNA and RNA aptamers can be designed. The usage of noncanonical nucleotides is possible [11].



An alternative strategy to SELEX that has been proposed in the past decade and a half is to apply computational methods of bioinformatics, namely, docking and molecular dynamics (MD), to design aptamers for various purposes. Of course, the in silico approach can be used along with SELEX and HTS to raise the efficacy of research. Some in silico tools are specialized for the analysis of HTS experimental data [12]. Rapid expansion and integration of next-generation sequencing (NGS) opens the possibility for conducting new high-throughput experiments and developing new screening strategies [13].



Hamada [14] highlighted several methods of oligonucleotide aptamer design: scalable clustering for RNA aptamers and motif-finding methods as well as aptamer optimization methods. An up-to-date review of aptamer design software is summarized in the paper by Emami et al. [15]. Additionally, new scoring functions are being developed, such as that in the study by Yan and Wang [16]. In silico aptamer design is usually performed with docking and MD. Sometimes, empirical research is carried out with only one technique, for example, MD. Sometimes, MD of oligonucleotide aptamers is accompanied by hybrid quantum mechanics/molecular mechanics (QM/MM) studies [17]. The quantitative structure–activity relationship (QSAR) method can be used along with other molecular modeling methods for aptamer design [18]. Thus, a full set of molecular modeling in silico tools can be exploited for aptamer design. Moreover, mathematical modeling of ligand/aptamer interaction kinetics is feasible [19,20].



A riboswitch is a noncoding RNA (ncRNA) that performs the function of genetic “switching” and regulates gene expression in response to a specific molecular target. Riboswitches are regulatory RNA components, which are usually located in the 5′-untranslated region of certain mRNAs and control gene expression during transcription or translation. These components consist of a sensor domain and a neighboring actuator domain. The sensor domain is an aptamer that specifically binds to a ligand, and the actuator domain includes an intrinsic terminator or a ribosomal binding site for transcriptional or translational regulation, respectively. A large part of the research dedicated to the design of oligonucleotide aptamers belongs to the development of RNA riboswitches [21,22,23,24,25].



In silico tools provide a wide range of methods to a researcher. It is possible to design aptamers using simple compounds as targets as well as complex biopolymers, such as proteins. The single disadvantage is that the current level of molecular modeling makes it impossible to use cells as targets in aptamer design, which is a plus of the in vitro SELEX method. Using molecular modeling methods, it is possible to find new aptamers with improved affinity to the target and to identify structural patterns responsible for aptamer/target interaction, which is helpful because point mutations may improve aptamer affinity. A typical modeling workflow of an aptamer/ligand in silico study is presented in Figure 2. The workflow starts with secondary structure prediction and then proceeds to tertiary structure optimization. Subsequently, rigid or flexible docking of the target and aptamer is performed, and then the complexes with the lowest binding energies are selected. The next important, but not mandatory, step is to perform molecular dynamic simulations, which allow for an evaluation of the stability of the aptamer/ligand complex and determination of the binding energies with higher accuracy than would have been possible during the previous docking step. Then, aptamer/ligand interactions are analyzed, which allows researchers to make mutations or even chemical modifications to the studied aptamers. After the analysis step, the whole procedure of the in silico aptamer study can be repeated.



In the next few sections, we summarize several studies dedicated to in silico aptamer design and modeling based on the type of aptamer targets used. Ligand molecules of aptamer design can be divided into several classes: peptides (especially surface glycoproteins, which allow the use of cells as targets in aptamer design), antibiotics, and organophosphates and other low-molecular-weight compounds. The aim and methodology of the study is different for various targets. For this reason, we grouped the studies based on the type of aptamer target used. The uniqueness of our review is due to the fact that we concentrated on concrete applications of in silico aptamer modeling and design, not on aptamer modeling methods nor modeling software.




2. Proteins as Targets of Aptamer Design


Proteins are probably the most popular targets of aptamer design and modeling. Short summaries of the computational methods and software used in these studies and descriptions of the main point of each study are presented in Table 1. Some of the proteins are autonomous analytes (e.g., thrombin), some of them are elements of polymolecular complexes, and some are cell surface proteins (e.g., hepatitis B surface antigen). The differences between protein structure and function influence the aptamer structure and design. In some studies, in silico design is dedicated to affinity modulation; in others, the aim is more therapeutic, and the main parameter is aptamer/ligand stability.



The aim of numerous in silico investigations was to improve aptamer-binding affinity using different methodologies in theoretical and joint theoretical-experimental studies. A second goal was to find structural patterns responsible for aptamer/protein binding. Some studies were dedicated to the approbation of new computational techniques for aptamer design. The most popular protein target of in silico aptamer design is thrombin. Inhibition of thrombin is important because it allows modulation of coagulation. The HIV1 proteins integrase and reverse transcriptase are also popular and prospective ligands because the development of such aptamers allows antiretroviral therapy to be performed and inhibition of virus DNA integration into the host genome. However, thrombin and HIV1 proteins were popular targets in the past. In the past few years, epithelial cell adhesion molecule (EpCAM)—a marker for carcinoma—became a prospective target, and many more in silico studies dedicated to this glycoprotein should be expected in the future.



We divided proteins as targets of aptamer design into four classes: (1) coagulation-related proteins, (2) infection-related proteins, (3) cancer-related proteins, and (4) other proteins.



2.1. Coagulation-Related Proteins


Thrombin (EC 3.4.21.5) is a 37-kDa serine protease that converts soluble fibrinogen into insoluble fibrin. The regulation of thrombin enzymatic activity offers the possibility of controlling blood coagulation. Thrombin-binding oligonucleotide aptamers have been used to inhibit thrombin activity. A ssDNA aptamer was designed toward thrombin protein using the entropic fragment-based approach (EFBA) [26]. EFBA was used to determine the probability distribution of the nucleobase sequences that most likely interact with the target protein. At the same time, sequences and corresponding tertiary structures were defined. EFBA included three steps: (1) determination of the probability distribution of a favored first nucleobase, (2) determination of the probability distribution of preferred neighboring nucleobases given the probability distribution of the favored nucleobase that was established at step 1, and (3) application of the entropic criterion to define the preferred sequence length. Molecular dynamic simulations with a 5-ns trajectory were performed using Amber 10 software and allowed the binding energies to be obtained. The binding modes of EFBA 8-mer and its SELEX analogue were determined. Binding energies were determined using the molecular mechanics Poisson–Boltzmann surface area/generalized Born surface area (MM-PBSA/GBSA) algorithms [52]. The binding energy between the thrombin and SELEX aptamers was higher than the energy between the thrombin and EFBA aptamers. Because of this issue, the use of the EFBA method is not encouraging.



Thrombin is one of the most popular objects in aptamer chemistry because of the peculiarities of its geometry and its production of high-affinity aptamers to two epitopes [53]. Thus, a series of DNA aptamers towards human thrombin was developed [27]. The tertiary structure of aptamers was predicted using PyMOL 1.1 and 3DNA [54]. The GROMACS 4.0 program package [55] and two force fields, parm99 [56] and parmbsc0 [57], were used to perform molecular dynamic simulations. MD was done using the isothermal-isobaric NPT ensemble and midrange trajectories from 60 to 200 ns. Using a previously known 15-mer G-quadruplex, a 29-mer and a 31-mer were designed.



Thrombin aptamer TBA15 and its modifications were studied in yet another study [28,29]. Thrombin-binding aptamer TBA15 has the 5′-GGTTGGTGTGGTTGG-3′ sequence. Chemical modification and the addition of a duplex module to the aptamer core structure were done to find whether chemical modification of the aptamer could improve its affinity to thrombin. The sequence of duplex-added TBA31 aptamer was 5′-CACTGGTAGGTTGGTGTGGTTGGGGCCAGTG-3′. The MD simulations were done using the Amber 8 program package along with ff99SB [58] and parmbsc0 [57] force fields. MD calculations were performed using the NPT ensemble while the trajectory length was up to 35 ns [28]. The MM-GBSA method was used to calculate the thrombin/aptamer-binding free energy. Novel triazole-modified and duplex-added aptamers showed pronounced thrombin-inhibiting activity. In another study by the same group of researchers, 5-nitoidole-modified TBA15 aptamer was studied, and it showed improved binding affinity to thrombin [59].



The Nanoscale Molecular Dynamics (NAMD) program [60] was used to perform the simulation with a CHARMM force field [61] for an 11-mer single-stranded DNA aptamer (PDB ID 2AVJ) and α-thrombin [30]. The sequence of this DNA was 5′-GGGGTTTGGGG-3′; it was used in a quadruplex form in MD analysis. This DNA aptamer had a TTT linker, which was responsible for forming the folds. It also provided the DNA its signature preferred loop conformation. As a whole, DNA-coated nanopore was investigated and showed advantages in protein detection. In yet another study, DNA aptamers were designed against thrombin using MD simulations [31]. The ff12SB force field [62], the NPT ensemble, and a 120-ns trajectory were used for the analysis. The in silico-designed aptamer demonstrated several times higher efficiency than did the aptamer that had undergone clinical trials earlier.



8-Aryl-guanine bases were intercalated into the G-tetrad and central TGT loop of the thrombin-binding aptamer to define their influence on the antiparallel G-quadruplex-folding and thrombin-binding affinity [32]. The initial aptamer/thrombin structure was obtained from X-ray crystallography (PDB ID 4DII). Aryl-modified guanines were optimized at the B3LYP/6-31G(d,p) level of theory and were used for parametrization of the aptamer topology. Detailed MD analysis, with the parm14SB force field [62], on the modified DNA/thrombin complexes occurred with no constraints and a 20-ns trajectory under the NPT ensemble. With modification at G8 of the central TGT loop, the aptamers produced the most stable G-quadruplex topology and exhibited the highest protein-binding affinity.



Thus, almost a decade of thrombin aptamer investigation and molecular design allowed the application of in vitro mutation, truncation, and chemical modification along with molecular modeling. This allowed improvement of the aptamer affinity to thrombin and brought multiple benefits in blood coagulation control.




2.2. Infection-Related Proteins


HIV proteins are popular targets of aptamer design. Thus, for example, interactions of HIV1 integrase with a DNA aptamer were investigated using rigid docking and MD [33]. The quadruplex aptamer 93del (Protein Data Bank ID 1Y8D) with the 5′-GGGGTGGGAGGAGGGT-3′ sequence was docked into a positively charged cavity of HIV1 integrase with the Hex program [63]. The electrostatic potential calculations of HIV1 integrase and aptamer structures were done. A 35-ns MD simulation under the NPT ensemble was performed for the aptamer/HIV1 integrase complex. The hydrogen bonds formed between the aptamer and HIV1 integrase by interacting with key amino acid residues disturbed HIV1 integrase interactions with DNA. In the next study, yet another anti-HIV aptamer, T30695 (PDB ID 2LE6) with a sequence of (GGGT)4 [34], was docked into the HIV1 integrase in a fashion similar to 93del. However, 93del had lower binding energy than T30695, which is due to the additional interactions made by single nucleotide loops. There were four single nucleotide thymine loops in T30695 and only two in 93del.



Another HIV1 enzyme, reverse transcriptase (HIV1 RT), interaction with an aptamer was investigated using molecular dynamics [35]. The purpose of the study was to gain insight into the conformational dynamics of HIV1 RT and its aptamer. A 100-ns molecular dynamics trajectory using an ff99SB force field [58] was reported. The binding free energies of the HIV1 RT with the RNA aptamer T1.1 (5′-GGGAGAUUCGGUUUUCAGUCGGGAAAAACUGAA-3′ sequence) and the HIV1 RT with the DNA substrate were calculated using the g_mmpbsa tool [64]. The binding energy with the aptamer was higher than the binding energy with the DNA substrate. In yet another study, binding between the HIV1 RT and UCAA aptamer family was studied using a joint experimental-theoretical approach [36]. RNA aptamers were modeled in silico with the help of the NMR experimental spectra. The 2-D structure of the aptamers was derived from NMR spectroscopy and predicted from sequence by using the free energy-based approach in the Vfold2D program [65]. IsRNA [66] was used for coarse-grained MD; the top 10 conformations with the lowest energy were further used in protein/aptamer docking with the help of the MDockPP program [67]. The combination of in silico modeling and NMR spectroscopy allowed conclusions to be made about protein/RNA binding.



P. Kumar and A. Kumar designed aptamers against the influenza hemagglutinin using the Monte Carlo method [18]. They used a dataset of 98 oligonucleotides. During the QSAR Monte Carlo analysis, CORAL software was used [68]. Experimental pIC50 values (negative logarithm value calculated from the inhibitory activity of IC50 nM) were obtained from a previous publication [69]. The interesting point was that CORAL needed neither structure prediction nor docking to perform the analysis. The ssDNA nucleotide sequence was used in SMILES (simplified molecular input line entry specification) notation to evaluate the correlation between the structural parameters and pIC50 values. This research resulted in the design of nine new aptamers with pIC50 up to 9.86. Therefore, it was demonstrated that the QSAR Monte Carlo method is legitimate for the design of novel DNA aptamers.



In 2019, the outbreak of a novel coronavirus (SARS-CoV-2) reached a global pandemic level. Nevertheless, the mechanism of the coronavirus infection is not yet fully understood. Moreover, there are no common therapeutic agents and vaccines against this disease. High-binding affinity aptamers targeting the receptor-binding domain (RBD) of the SARS-CoV-2 spike glycoprotein were established [37] using SELEX in vitro experiments combined with in silico studies. SMART-Aptamer 2 [70] was used for the analysis of in vitro SELEX DNA pools. Moreover, molecular docking and MD were used for the study of aptamer/RBD binding. The Kd values of the two optimized RBD aptamers demonstrated their high affinity toward SARS-CoV-2. This makes the designed aptamers potent tools in SARS-CoV-2 diagnostics and antiviral therapeutics.



Bacterial surface proteins are also a popular target of aptamer design. Thus, a series of anti-hepatitis B surface antigen (HBsAg) aptamers was designed using docking and MD [38]. Three original SELEX aptamers with affinity to HBsAg were truncated into five short aptamers. The 2-D structures of the aptamers were obtained using Mfold, and the 3-D structures were determined with RNAComposer. Flexible docking was conducted. MD calculations with a 20-ns trajectory were performed using the CHARMM27 force field topology [71]. The affinities toward HBsAg were thoroughly investigated with an MM-PBSA algorithm. The results showed that truncated aptamers bind to HBsAg “a” determinant region (amino acid residues 99–169). Residues with the most effective interactions with all five aptamers were determined to be the active binding residues.



Aptamers against Streptoccocus agalactiae surface protein (PDB ID 2XTL) were studied [39]. The authors tested a computational approach for the aptamer design to find an RNA with the highest affinity to the protein. A previously known 56-mer RNA sequence was truncated, and the secondary structure was predicted using Mfold. The 2-D geometries were transformed into 3-D structures using the 3dRNA 2.0 web server [72]. RNA aptamers were docked into the protein using AutoDock Vina, and then the binding affinities were determined. The best aptamer was a 40-mer with high predicted affinity to the target.




2.3. Cancer-Related Proteins


A 41-mer RNA aptamer was designed using prostate-specific membrane antigen (PSMA) as a target [40]. The rational in silico design of aptamers was done using tertiary structure prediction and protein/RNA docking. The goal of the study was to develop a new aptamer with improved affinity to PSMA and to find nucleobases responsible for aptamer–PSMA interaction. RNAstructure 4.6 [73] was used to predict the secondary structure of RNA aptamers. Using a “rational truncation” technique, nucleobases were removed from the 5′ and 3′ ends of previously known PSMA RNA aptamer to predict the secondary structure of the remaining sequence to be as similar as possible to the initial full-length aptamer. RNA 3-D structure minimization was done using the Amber program [74]. Molecular docking allowed the identification of key nucleobases critical for binding to PSMA and the suppression of its enzymatic activity. The binding sites of the aptamer on PSMA were globally searched by using the fast Fourier transform-based molecular docking program MDockPP [75].



EpCAM is a 40-kDa transmembrane glycoprotein that participates in cell adhesion, migration, proliferation, differentiation, and cellular signaling [76]; it is the predominant surface antigen in human colon cancer. EpCAM 15-mer RNA aptamers were designed and studied by Bavi et al. [41]. Secondary RNA structures were predicted using the RNA Vienna program [77]. The 2-D geometries were converted into the 3-D form using Rosetta software. The resulting geometries were docked into rigid EpCAM. The molecular dynamic simulation of the complexes obtained was done using the Amber 99SBildn force field [78]. A 40-ns MD trajectory was used in further analysis. The protocol for calculating the binding free energy according to MM-PBSA methodology was described previously [79] and was exploited to calculate the binding free energies for EpCAM/aptamer complexes.



Further, several EpCAM aptamers have been designed in silico [42]. The binding modes of aptamers were optimized with MD and docking. The RNA aptamer structure was predicted using Mfold. Then, MD simulations with a 450-ns trajectory were performed using NAMD 2 [60] and the ff14SB force field [80]. The CHARMM36 force field was used for EpCAM MD simulations. These calculations were followed by docking in Dot 2.0 [81]. MD simulations were performed on the 10 best aptamer conformations predicted by the docking. Experiments confirmed that the two best aptamers possessed affinities higher than the previously patented nanomolar aptamer EP23.



DNA aptamers were designed against carcinoembryonic antigen (CEA; PDB ID 2QSQ) [43]. A DNA mutant library was developed via nucleobase substitution or addition to the parent (P) sequence (5′-ATACCAGCTTATTCAATT-3′). The Mfold and RNAComposer web servers were used for secondary and tertiary structure prediction, respectively. Molecular docking was performed using ZDOCK [82], which searched all possible binding modes in the translational and rotational space between a DNA aptamer and a CEA protein and calculated each conformation using an energy-based shape complementary scoring function. The study showed that an in silico post-SELEX screening approach was feasible for improving DNA aptamers. The high affinity of the developed aptamers to CEA was confirmed experimentally.



Aptamers towards transmembrane glycoprotein mucin 1 (MUC1) were investigated [44]. One of the goals of the study was to identify mutants in the T11–T13 region that are capable of a tight interaction with the APDTRPAPG epitope. MD simulations were carried out to examine the intermolecular association between the MUC1 epitope APDTRPAPG and a series of aptamers derived from the structure of the parent S2.2 MUC1 aptamer (5′-CAGTTGATCCTTTGGATACCCTG-3′ sequence). MD simulations were performed with the Amber 16 program package. MM-GBSA binding free energy calculations were done to evaluate the strength of MUC1–aptamer interactions. MD, MM-GBSA, and conformational analysis revealed the novel MUC1 aptamer with mutations located at T11 and T12 residues.




2.4. Other Proteins


Thus, Knight et al. [45] designed aptamers against a relatively large 110-kDa fluorescent protein allophycocyanin. The aim of the study was to apply machine learning to develop a novel method for the rapid design of aptamers with desired binding properties. A combined in vitro and in silico approach, called closed loop aptameric directed evolution (CLADE) (Figure 3), was applied. The ssDNA structure was predicted with UNAFold 3.4 software [83]. Statistical analysis was done using several statistical methods in R programming language. The random forest gave a high correlation coefficient score of 0.87 between in silico and in vitro binding.



Computational simulations of angiopoietin-2 (Ang2)–aptamer interactions were performed [46] by using ZDOCK and ZRANK docking functions in Discovery Studio 3.5. The purpose of the study was to introduce a computational approach to screen aptamers with high binding affinity to Ang2. Sixteen RNA aptamers were collected from previous studies and then truncated. The 2-D structures of the aptamers were generated with the CentroidFold web server (http://www.ncrna.org/centroidfold) [84]. The 3-D RNA structures were generated using the RNAComposer web server (http://rnacomposer.cs.put.poznan.pl) [85]. It was found that the aptamer with the highest target-binding affinity (5′-ACUAGCCUCAUCAGCUCAUGUGCCCCUCCGCCUGGAUCAC-3′ sequence) can bind Ang2 with a low Kd equal to 2.2 nM.



A series of five anti-Ang2 aptamers was designed using RNA structure prediction and molecular docking methods [47]. The goal of the study was to test a novel strategy to validate the reliability of the 3-D structures of aptamers produced in silico. The work consisted of three phases: (1) production of a large set of conformations for each aptamer, (2) rigid docking into the Ang2 protein, and (3) characterization of the Ang2/aptamer complexes. Thus, the SimRNA software [86] was used for tertiary structure prediction. The docking was performed using AutoDock Vina [87]. The calculated binding scores of the Ang2/aptamer complexes were based on the calculation of the “effective affinity”, which is the sum of the conformational energy (from SimRNA) and the docking energy (from AutoDock Vina). Effective affinities were in agreement with previous experimental studies.



Shcherbinin et al. [48] investigated and designed aptamers toward cytochrome p450. The aim of the study was to test a novel computational strategy and to find new cytochrome p450 aptamers. The study involved three phases: (1) finding a potential binding site, (2) designing novel aptamers, and (3) evaluating the experimental affinity. Thus, a series of 15-mer aptamers were designed using molecular docking and MD. Docking was performed using DOCK 6.5 [88]. During docking, amino acids and the structural part of the ligand were rigid, whereas nucleobases of the recognition part of the nucleic acid were flexible. The poses and conformations of oligonucleotides were analyzed using the SYBYL 8.1 package. The ff99SB force field was used for cytochrome, and the parmbsc0 was used for oligonucleotides. The binding free energies for the aptamer/protein complexes were calculated using MM-PBSA and normal mode analysis (NMA) methods implemented in Amber 9. MM-PBSA used ensembles obtained from MD simulations. Binding energy calculations consisted of the calculation of (1) interaction energy between cytochrome p450 and aptamer in the gas phase and (2) the solvation free energy. The gas phase interaction energy was the sum of van der Waals and electrostatic energies, whereas the solvation energy was the sum of nonpolar and polar energies. The stability of the complexes with cytochrome P450 was analyzed using MD simulation with a 10-ns trajectory under the NPT ensemble.



RNA aptamers towards 66-kDa protein estrogen receptor alpha (ERα) were investigated [49]. The purpose of the study was to find an aptamer with the highest possible affinity to ERα. A series of 18 aptamers were designed and docked into ERα using AutoDock Vina, Haddock, and PatchDock [87,89,90]. The docking was flexible in AutoDock Vina and Haddock, whereas in PatchDock, the docking was rigid. The strength of binding in the ERα/RNA complexes, the intermolecular H-bonds, and hydrophobic interactions were measured. H-bonding dominated in the case of the best aptamer; its binding energy was equal to ΔG = −11.1 kcal mol−1. The resulting 17-mer had a sequence of 5′-GGGGUCAAGGUGACCCC-3′. Target specificity of the best aptamer was confirmed experimentally with cytochemistry and solid-phase immunoassays.



A series of four ssDNA aptamers was designed to inhibit the activity of angiotensin II [50] after preliminary SELEX experiments had been done. The aim of the study was to present a combined method that could be used to predict the 3-D structure of an ssDNA aptamer and its interaction with the protein. In silico analysis was done using online web servers. The Mfold 3.1 program (http://unafold.rna.albany.edu) [91] was used to predict the secondary structure of the aptamers, and RNAComposer (http://unafold.rna.albany.edu) was used to model the tertiary structure. Molecular docking was performed in ZDOCK 3.0 (http://zdock.umassmed.edu) [82]. The best aptamer had ΔG equal to −19.1 kcal mol−1. Protein–aptamer interactions were also analyzed experimentally.



Rabal and co-workers designed murine T-cell immunoglobulin mucin-3 (TIM-3) aptamers with both SELEX and in silico methods [51]. The tertiary structure was predicted using Rosetta [92]. Rigid docking of RNA aptamers into TIM-3 was done in the 3dRPC program [93]. Docking scoring parameters were analyzed along with experimental Kd values. Binding sites and binding modes in TIM-3/aptamer complexes were defined.



One can see that a full set of molecular modeling methods, including secondary and tertiary structure prediction, docking, MD, and QSAR, can be employed in designing aptamers against protein targets. Several proteins were especially popular in these studies, for example, thrombin and HIV1 reverse transcriptase, because of their significant biomedical importance. This provides multiple benefits to researchers who begin to study these aptamers. The next section is dedicated to antibiotic aptamers, which are also a popular subject of in silico studies.





3. Antibiotics as Targets of Aptamer Design


A large pool of in silico aptamer design studies is dedicated to low-molecular-weight compounds as targets. This interest is largely associated with the possibilities of using aptamers in analytical systems. High stability, ease of regeneration, and relatively low cost make aptamers a promising alternative to antibodies, which are mainly used for these purposes at present [94].



These practically important low-molecular-weight targets can be divided into three classes, namely, antibiotics, organophosphates, and other compounds. This section will be dedicated to antibiotics as targets of aptamer design (Table 2).



The common problem of in silico antibiotic aptamer design is in testing new methodology and finding new sequences with improved affinity to the target. Aminoglycosides are obviously the most popular targets of in silico aptamer modeling among antibiotics [1,22,95].



Chushak and Stone [1] designed RNA aptamers toward a set of antibiotics, namely, gentamicin, neomycin, and tobramycin. The primary aim of the study was to test a novel aptamer design strategy. RNA secondary structure generation was done in Vienna RNA web service [97]. The RNA geometries were optimized using the Amber 10 package and Amber99 force field. They studied 27-base RNA molecules with a 5′–GGC–N21–GUC-3′ sequence and a central random region of 21 nucleobases. The constant trinucleotides at the 5′-end and 3′-end relate to sequences of well-known theophylline aptamers. The developed aptamer selection technique was rather complicated and included two levels. At the first level, the following constraints were applied to the aptamers: (1) the free energy of the secondary structure formation was set to −5.7 kcal mol−1 or lower, (2) more than 10 nucleotides must not form Watson–Crick pairs, and (3) the number of the structures was limited to 150. At the second level, molecular docking was applied to identify aptamers that bind to the target. The selected RNA molecules were placed into a pool of sequences for experimental screening and selection of high-affinity aptamers. The docking was done in AutoDock 4.0 (autodock.scripps.edu). RNA aptamers were used as rigid molecules, and no metal ions were added during the docking. The predicted binding energies were in good agreement with experimental values. Thus, for example, the predicted gentamicin binding to the NMR-determined aptamer geometry (PDB ID 1BYJ) possessed −11.4 kcal mol−1, whereas the experimental value was equal to −10.9 kcal mol−1.



Domin et al. [22] designed RNA riboswitches against tetracycline and streptomycin. RNAFold was used for the prediction of the secondary structure [77]. The aptamers were designed using randomly generated spacers, with a length from 6 to 20 bases, located between the antibiotic sensor sequence and the 3′-end part terminator. The resulting riboswitches contained a tetracycline aptamer “cb32sh” (in case of streptomycin “motif 1” aptamer). The design procedure consisted of a candidate generation and in silico minimal free energy calculation using RNAFold, which resulted in 25 tetracycline and 11 streptomycin riboswitch candidates. The activity of in silico-designed constructs was approved by in vitro experiments.



The performance of two neomycin aptamers was compared [95], also considered the binding to other aminoglycosides. These NEO1A and NEO2A aptamers possessed a 43% sequence similarity. MD simulations were performed using the Amber99SB force field. Minimized aptamer structures were equilibrated under NVT and NPT ensembles at 298 K for 100 ps. A 20-ns MD simulation was performed with constant pressure and temperature. It was shown that the two neomycin-B aptamers show similar binding affinity, activity, and selectivity, despite structural differences.



A computational study of sulfadimethoxine aptamers was performed [96]. The purpose of their study was to test new computational methodology and to find a new aptamer with improved affinity to sulfadimethoxine with the application in aptasensor design. The native aptamer had a 5′-GAGGGCAACGAGTGTTTATAGA-3′ sequence. The tertiary structure of the aptamer was predicted by applying the Blast/PSI-Blast sequence-finding method [98]. The authors performed a step-by-step mutation of the native aptamer, based on MD calculations. MD was performed using the CHARMM27 force field. First, the aptamer MD simulation was done in the presence of sulfadimethoxine. The aptamer’s affinity to the target was determined through the calculation of binding Gibbs free energy using the MM-PBSA method. Then, a so-called conformational factor Pi [99] was evaluated as a measure of the target binding to each nucleotide of the aptamer. A nucleobase mutation was done for the residue with the smallest Pi value to the nucleobase with the highest Pi value, which led to the creation of a mutant sequence. MD simulation was done for the antibiotic/mutant complex, and the binding Gibbs energy and Pi were calculated again. The designing procedure was done repeatedly and resulted in the creation of five mutant aptamers with an improved affinity to sulfadimethoxine. The aptamer/target complexes were equilibrated in the NVT and NPT ensembles for 100 ps prior to 100-ns MD simulation. The described techniques improved the binding Gibbs energy from −24.9 kcal mol−1 for the native aptamer to −163.5 kcal mol−1 for the resulting 5′-AAGGGCAAGGAGGGTTCCTAGA-3′ sequence.



The calculation of conformational factor Pi and the subsequent mutation of nucleotides in the study by Khoshbin and Housaindokht [96] looks like a promising methodology of aptamer mutation and design.




4. Organophosphates as Targets of In Silico Aptamer Modeling


This section is dedicated to organophosphates as targets of aptamer design (Table 3). Some of the compounds regarded in this section are toxic substances, such as paraoxon. Others, such as free nucleotides (phosphorous ethers of nucleosides), are important biological compounds; they are structural elements of nucleic acids and coenzymes. For this reason, the popularity of mononucleotides as targets of aptamer design is explicable.



In one of the pioneer reports relating to in silico aptamer design [100], guanosine triphosphate (GTP) was used as a target. Enrichment of in vitro SELEX aptamer pools with complex aptamers can extend the probability of discovering new aptamers. An approach for designing RNA pools was also reported. The web server RAGPOOLS (RNA-As-Graph-Pools) was developed for the design and analysis of structured aptamer pools for SELEX (http://rubin2.biomath.nyu.edu/home.html).



Chushak and Stone [1] designed RNA aptamers toward a large set of compounds, which was discussed in the previous section. The aim of this study was to test the aptamer design methodology on multiple target compounds. They designed aptamers against mononucleotides FMN and ATP. They used docking to make binding energy predictions. Both 35- and 40-base RNA aptamers were designed toward FMN and ATP, respectively. In silico-predicted binding energies for FMN/aptamer and ATP/aptamer complexes were in agreement with the experiment.



Bioinformatic tools for ATP aptamer many-way junction creation were developed [101]. It is well known that RNA/DNA aptamers obtained using SELEX are not structurally diverse and mostly consist of simple topological geometries, such as stem loops; for this reason, many-way junctions are not frequent in ATP aptamers. The structural variety of the starting RNA/DNA pool can increase the probability of finding new aptamers with improved affinity [106]. Two methods of structural complexity and diversity improvement were developed: random filtering (RF) and genetic filtering (GF). RF starts from a random aptamer pool and calculates the number of junctions for each nucleotide sequence in the pool. Each 5-way junction sequence is then mutated at every single-stranded site one million times to evaluate the structural distribution of the respective RNA/DNA pool design. The pool with the highest percentage of five-way junctions was selected. Using the Vienna RNA program to fold a million 100-base random sequences, 76 5-way junction sequences were defined. These sequences were subjected to RF to create a 5-way junction-enhanced pool. The idea of GF is similar; its purpose was to create a pool of 1-way, 2-way, 3-way, 4-way, and 5-way junctions with an equal distribution of 20% each. A pool designed with GF was synthesized and subjected to a SELEX experiment for ATP aptamers. After eight rounds of selection, complex five-way junction topologies still accounted for a sizable percentage of the pool, confirming that RF and GF greatly improved generation of high-complexity structures and that these structures were maintained during the selection process. As a result, these techniques seem to be promising because one of the obtained five-way junction aptamers demonstrated improved Kd values compared to previously published ATP aptamers: 3.7 and 6.0 μM, respectively.



Tseng et al. designed a ssDNA aptamer towards cell membrane phospholipid phosphatidylserine (PS) using the entropic fragment-based approach (EFBA) [28]. The approbation of EFBA methodology was a primary aim of the study. Both GAMESS US and AM1 semi-empirical methods were used to optimize PS geometry prior to molecular dynamic simulation. EFBA was used to determine the nucleobase sequences that most likely interact with the target molecule. Molecular dynamic simulations allowed binding energies to be obtained. The experimentally determined binding energy between the PS and EFBA six-nucleotide DNA aptamer was low. This obstacle makes the EFBA technique less than promising.



In yet another investigation, the EFBA algorithm was applied to design a DNA aptamer that binds specifically to PS [102]. PS geometry was taken from the previous study [28]. MD simulations were performed using an ff03 force field [107] with a constant temperature of 300 K and a 10-ns trajectory. The binding energies for aptamer/PS complexes were determined both computationally and experimentally. This study identified a short 6-mer oligonucleotide sequence as a prospective ssDNA aptamer for PS detection.



Jokar and co-authors designed ssDNA aptamers against the widely known organophosphorus insecticide diazinon [103]. The aim of the study was to develop a biosensor for diazinon detection. The docking of diazinon into aptamers was performed using the Lamarckian genetic algorithm (LGA) for flexible ligand/receptor docking. Docking revealed that one of the most influential factors in the stability of the aptamer/diazinon complex was the number of H-bonds. V-rescale coupling was used to maintain constant temperature and pressure during MD simulations. Prior to MD simulation, equilibration under the NPT ensemble was used for 200 ps. Major MD calculations occurred under the NVT ensemble with a 10-ns trajectory; CHARMM22 and CHARMM27 force fields were used for the aptamers and diazinon, respectively. The QGRS Mapper server [108] indicated that only one ssDNA sequence was able to form G-quadruplexes. This G-quadruplex DNA demonstrated that it is a reliable candidate for diazinon sensing both theoretically and experimentally, once again indicating that aptamers with complicated topology are favorable for high affinity with targets.



Immobilization of the FMN aptamer on a gold surface was studied [104]. The aim of the research was not to describe the aptasensor but rather to evaluate the interaction energy between RNA and FMN using the MM-GBSA algorithm. MD calculations were performed with a force field composed of the ff99SBildn [109] and gaff [110] set of parameters to describe the RNA system interaction with FMN. MD simulation of the RNA/FMN complex was conducted under the NPT ensemble with a 100-ns trajectory. The ligand/aptamer binding increased significantly (from −24.6 to −11.6 kcal mol−1) when the system was immobilized on a gold surface, which was in agreement with the experimental data.



In the next study, paraoxon aptamers were designed [105]. The goal of the study was to develop an approach to rational in silico design of aptamers for organophosphates using paraoxon as an example. The 3-D structure of a previously known 35-nucleobase aptamer (5′-AGCTTGCTGCAGCGATTCTTGATCGCCACAGAGCT-3′ sequence) was predicted using HyperChem software and then was optimized with a 10-ns MD and energy minimization. Using the Discovery Studio program, 3-D aptamer structure mutation was performed. Binding energy ΔG and dissociation constant Kd were evaluated using the Lamarckian genetic algorithm [111]. For each aptamer/ligand complex, 50 conformations were achieved. The conformation with the lowest Kd was selected as the terminal one and was used as the starting geometry for further MD simulations. A constant temperature (300 K) and pressure (1 bar) were maintained with a V-rescale thermostat and a Berendsen barostat. Before running the main MD simulations, 100-ps equilibration was performed. MD with a 10-ns trajectory was performed using the MM-PBSA method to calculate the aptamer/paraoxon complex binding energy. Only the T17C mutation allowed for the improvement of the affinity between the aptamer and ligand (from −31.0 to −32.3 kcal mol−1), whereas mutations at positions 18, 19, and 20 did not allow for any increase of the affinity. The double mutation T17C-C18T also increased the effectiveness of ligand binding (−32.8 kcal mol−1). Thus, the aptamers with improved affinity to paraoxon were designed using only in silico approaches.




5. Different Low-Molecular-Weight Compounds as Targets of Aptamer Design


This section is dedicated to other targets—low-molecular-weight compounds neither antibiotics, nor organophosphates (Table 4). The typical aim of the studies in this section is the approbation of in silico aptamer design methodology and to verify that the improvement of aptamer affinity toward target molecules is not rare. The popular low-molecular-weight targets include nucleobases, amino acids, amino acid derivatives, therapeutical agents, and hormones.



RNA aptamers were designed toward multiple compounds by Chushak and Stone [1], whose work we reviewed in previous sections. Among other targets, they designed aptamers against arginine, codeine, guanine, isoleucine, and theophylline. They used rigid docking to make binding energy predictions. In most cases, the experimental and predicted binding energies were similar. For example, the experimental binding energy between guanine and its aptamer was equal to −7.8 kcal mol−1, and the in silico value was equal to −7.7 kcal mol−1; for isoleucine, the experimental binding energy was equal to −4.0 kcal mol−1, and the in silico value was equal to −4.2 kcal mol−1.



Lin with co-authors studied DNA aptamer (sequence 5′-GATCGAAACGTAGCGCCTTCGATC-3′) binding with argininamide (Arm) [112]. The aim of the research was to examine critical nucleotides involved in aptamer/Arm binding. MD simulations were performed using the NPT ensemble with a 20-ns trajectory and the Amber94 force field. The initial complex geometry was taken from PDB (PDB ID 1OLD). The nucleotides C9, A12, C17, and Watson–Crick pair G10-C16 were important for the aptamer/ligand binding. The critical nucleotides in DNA/Arm binding provided valuable information for further DNA aptamer design.



In the next study, the binding characteristics of a DNA aptamer to Arm and other arginine-like targets were investigated [113]. The aim of the study was to provide valuable guidelines for the application of docking methodology and the prediction of aptamer/ligand binding energies. Docking was performed on seven NMR-obtained aptamer geometries (PDB ID 1OLD). The Lamarckian genetic algorithm (LGA) and Amber03 force field [57] were used. Global docking was done. Docking simulation was performed on the entire DNA geometry, and the geometry of the ligands was flexible, whereas the aptamer was rigid. The best docking poses were determined after an energy minimization of Arm/DNA complexes. Experiments reflected that D-Arm binds slightly stronger to the aptamer than does L-Arm; Kd was equal to 135 μM and 98 μM for L-Arm and D-Arm, respectively. This fact was partially confirmed by docking; the calculated Kd was equal to 343 and 643 pM for D-Arm and L-Arm, respectively, whereas the binding energies were −12.1 and −11.6 kcal mol−1, respectively. L-Arg and D-Arg possessed significantly lower affinities toward the aptamer, which was evidenced both experimentally and computationally. The inability of L-lysine to bind to the DNA was computationally confirmed by low binding affinity. Therefore, theoretically defined binding energies of Arg-like ligands showed a good correlation with the experimentally evaluated binding energies.



L-Arm dsDNA aptamers with imidazole-tethered thymines were investigated using molecular dynamics [114]. The goal of the study was to investigate the influence of chemical modification on aptamer/ligand binding. The initial dsDNA geometry was predicted in Discovery Studio 4.0. Aptamer/dsDNA complexes were heated to 300 K, using the Langevin temperature equilibration protocol, during a 20-ps NVT run. Additionally, the system was equilibrated for 100 ps under the NPT ensemble prior to using a 50-ns MD simulation under the NPT ensemble. These MD simulations were accompanied by UV spectroscopy and NMR. It was demonstrated that thermal stabilizing effects occur upon addition of a single imidazole-tethered thymidine; the hydrogen bond forms between imidazolium residue and the Hoogsteen side of a guanosine residue on the opposite DNA strand. Moreover, multiple imidazolium moieties also increase the thermal stability of the DNA aptamer.



Using the well-known theophylline aptamer as a sensor, the actuator part of the riboswitch was designed [115]. The aim was to design a riboswitch capable of performing ligand-dependent control of E. coli gene expression. The designed riboswitches consisted of four parts: the theophylline aptamer, a 6- to 20-base spacer, a sequence complementary to the 3′-end of the aptamer (3′-part terminator), and a poly-U stretch at the 5′-end. The RNA secondary structure prediction and free energy evaluation were done. The energy difference between the free energy of the folded full-length riboswitch and an aptamer constrained to form the ligand-binding complex was calculated. A total of six riboswitches were experimentally tested. The riboswitch with the lowest free energy value produced a stable structure that could not be disturbed on theophylline binding; for this reason, this construct was always in an OFF state. For other structures, equilibrium was shifted toward the aptamer/ligand binding (always in an ON state). The functional riboswitches are the golden mean; they demonstrated intermediate stability and allowed the desired ligand-dependent rearrangement of the constructs, switching between ON and OFF states. As a result, several riboswitches showed ligand-dependent control of gene expression in E. coli, demonstrating that it is possible to design riboswitches for transcription regulation.



The aim of the study by Zhou et al. was to test a so-called in silico SELEX approach for the theophylline aptamer design [116]. The approach consisted of two phases. First, secondary structure-based sequence screening occurred, whose purpose was to select the sequences that can form an acceptable RNA motif. Second, sequence enrichment regarding theophylline binding by MD was virtually screened. The original theophylline/RNA complex was obtained from PDB (PDB ID 1O15). The x3DNA program was used to make in silico mutations. The final round of MD with a 100-ns trajectory included 24 RNA sequences. Binding energies of the target/aptamer complexes were calculated using the MM-PBSA algorithm. Six potent aptamers, which were derived from a space containing 413 sequences, were experimentally determined to bind the theophylline with high affinity (see Table 4 for details). These results demonstrated the high potential of in silico SELEX as a method for aptamer design and optimization.



The aim of Jokar et al. was to design an ssDNA-based aptasensor for the detection of the insecticide acetamiprid [117]. Docking was performed in AutoDock, which revealed two loops as active sites in the aptamer. Circular dichroism spectroscopy and colorimetry confirmed aptamer folding due to stem-loop formation upon acetamiprid binding. Stability of the DNA/ligand complex was demonstrated by MD simulations with a 100-ns trajectory.



Tomita and co-authors designed aptamer sensors based on a microarray assay that was combined with the computational secondary structure prediction [118]. The aim was to optimize the patulin aptamer. This was performed using in silico structure prediction. Three rules were applied to the in silico aptamer selection (see Table 4). The microarray aptamer library included 104 sequences, whereas the in silico library consisted of more than 800,000 structures. As a result of this joint theoretical-experimental research, a new patulin aptamer was designed.



Hilder and Hodgkiss designed DNA aptamers towards 17β-estradiol (E2) [119]. The 2-D aptamer structures were determined using Mfold or RNAstructure, and, subsequently, the 3-D structures were defined using RNAComposer. Rigid docking of aptamers to E2 was performed. The stability of the top-ranked complexes was checked by MD with a 30-ns trajectory. A CHARMM36 force field was used along with the CHARMM27 for DNA aptamer structures. The free energy of binding was calculated using the free energy perturbation (FEP) method, which resulted in excellent agreement between the computations and the experiment for the best E2 aptamer (5′-GCCGTTTGGGCCCAAGTTCGGC-3′ sequence); the computational Kd value was equal to 10.9 nM, and the experimental value was 11 nM.



Zhao et al. investigated N-butanoyl-L-homoserine lactone (C4-HSL) aptamers using SELEX along with in silico tertiary structure prediction [120]. The purpose was to screen DNA aptamers against C4-HSL for the inhibition of biofilm formation of Pseudomonas aeruginosa. The 3-D RNA structure prediction showed that the designed aptamers possessed a highly conserved Y-shaped structural unit, which is probably responsible for C4-HSL binding. In vitro biofilm inhibition experiments showed that the activity of P. aeruginosa was efficiently reduced to about one-third by the aptamers.




6. Conclusions


In this study, we reviewed theoretical and joint theoretical-experimental studies on DNA and RNA aptamers. We regarded several classes of aptamer targets, namely, proteins; antibiotics; organophosphates; and other low-molecular-weight compounds, which included nucleobases, amino acids, and drugs. During aptamer modeling and in silico design, a full set of molecular modeling methods might be used, namely, docking, molecular dynamics, quantum-chemical calculations, and even the quantitative structure–activity relationship (QSAR). Only a few of the developments carried out to date have used the QM/MM method, which can give fruitful results in the analysis of the structural patterns of the aptamer/ligand complex. Additionally, the application of the QSAR technique is very rare; only one found paper described its use in aptamer designing [18]. QSAR and machine learning can provide serious benefits for aptamer design and modeling.



To date, the methods of computational analysis of the structure and properties of aptamers have shown their effectiveness. The in silico predictions are confirmed in vitro and make it possible to increase the affinity of aptamers in relation to their target analytes, as well as to ensure the stabilization of required conformations. In the framework of further work, the integral application of considered here methods of in silico design is in demand for efficient control of the binding properties of aptamers in different reaction media, changes in their cross-reactivity with respect to structurally related compounds, construction of oligonucleotide chains uniting several spatially close binding sites for multispecific aptamers, and also for regulators of the binding properties of aptamers.
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Figure 1. Schematic representation of SELEX aptamer selection and enrichment cycle. 
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Figure 2. Typical workflow of aptamer in silico design and analysis. 
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Figure 3. A scheme of a combined in silico and in vitro closed loop aptameric directed evolution (CLADE) approach. 
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Table 1. Main features of aptamer design studies in which proteins were used as the target.
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	Source
	Target
	Computational Methods
	Software
	Description





	[26]
	Thrombin
	Structure prediction, molecular dynamics (MD)
	3D-DART, Amber 10
	Molecular dynamics along with entropic fragment-based approach (EFBA) allowed designing a DNA aptamer, which was surpassed by an aptamer obtained using SELEX prior to it.



	[27]
	Thrombin
	Structure prediction, MD
	PyMOL 1.1, 3DNA, GROMACS 4.0
	In silico calculations were accompanied by an in vitro thrombin inhibition assay. Two new thrombin aptamers, a 29-mer and a 31-mer with high inhibitory activity, were obtained.



	[28,29]
	Thrombin
	MD
	Amber 8
	Novel triazole-modified and duplex-added aptamers showed potent thrombin-inhibiting activity.



	[30]
	Thrombin
	MD
	NAMD
	DNA-coated nanopore for protein detection was investigated.



	[31]
	Thrombin
	MD
	Amber
	The in silico-designed aptamer demonstrated seven times higher efficiency than previously known anti-thrombin aptamers.



	[32]
	Thrombin
	MD
	Amber 12
	It was shown that the internal 8-aryl-guanine modification can manipulate the interactions between the DNA bases and the amino acid residues of thrombin. Nevertheless, guanine arylation at the G-tetrad reduced thrombin-binding affinity.



	[33]
	HIV1 integrase
	Docking, MD
	Hex, GROMACS
	MD simulation was performed for the 93del/HIV1 integrase complex. HIV1 integrase interactions with the aptamer inhibited HIV1 integrase interactions with DNA.



	[34]
	HIV1 integrase
	MD
	Amber
	Molecular dynamics were accompanied by nuclear magnetic resonance (NMR) spectroscopy and circular dichroism experiments. T30695 aptamer had a higher interaction energy (−116.4 kcal mol−1) than the previously known 93del aptamer (−103.4 kcal mol−1).



	[35]
	HIV1 reverse transcriptase (HIV1 RT)
	MD
	GROMACS 4.5
	T1.1 RNA aptamer complex with HIV1 RT was more stable than that with a DNA substrate.



	[36]
	HIV1 RT
	Structure prediction, docking, MD
	Vfold2D, IsRNA, MDockPR, NAMD
	The combination of in silico modeling and NMR allowed the identification of structural RNA elements critical for HIV1 RT inhibition and the determination of the role of UCAA motif in RT–aptamer interaction.



	[18]
	Influenza hemagglutinin
	QSAR
	CORAL
	Experimental pIC50 values were used as a target parameter during QSAR modeling. The study resulted in the design of nine new aptamers with high inhibitory activity.



	[37]
	SARS-CoV-2 spike glycoprotein
	Structure prediction, docking, MD
	SMART-Aptamer 2, MFold, RNAComposer
	Two potent and selective DNA aptamers were designed with equilibrium dissociation constant (Kd) values of 5.8 and 19.9 nM.



	[38]
	Hepatitis B surface antigen (HBsAg)
	Structure prediction, docking, MD
	Mfold, RNAComposer, AutoDock Vina, GROMACS 5.1
	It was determined that HBsAg/aptamer interactions were stabilized by the dynamic hydrogen bond formation between the active amino acid residues (“a” determinant region) and nucleotides.



	[39]
	Streptococcus agalactiae surface protein
	Structure prediction, docking
	Mfold, 3dRNA 2.0, AutoDock Vina
	All seven RNA aptamers designed carried a hairpin. The best aptamer was a 40-mer with predicted ΔG equal to −14.7 kcal mol−1 and predicted affinity equal to −16.3 kcal mol−1.



	[40]
	Prostate-specific membrane antigen (PSMA)
	Structural prediction, docking
	RNAstructure 4.6, Amber, MDockPP
	Using the “rational truncation” technique, bases were removed from the aptamer to predict the secondary structure of the remaining oligonucleotide. Molecular docking allowed the identification of binding sites of the aptamers on PSMA.



	[41]
	Epithelial adhesion molecule (EpCAM)
	Structure prediction, docking, MD
	Vienna RNA, Rosetta, AutoDock Vina, GROMACS 5.0
	Flow cytometry and fluorescence microscopy showed that in silico-designed RNA aptamer interacts specifically with the cells that express EpCAM but not with the EpCAM-negative cells.



	[42]
	EpCAM
	Structure prediction, docking, MD
	Mfold, Dot 2.0, NAMD 2
	The binding modes of aptamers were first predicted and then optimized with MD and docking. Titration calorimetry experiments confirmed that the designed aptamers possessed high affinity to EpCAM.



	[43]
	Carcinoembryonic antigen (CEA)
	Structure prediction, docking
	Mfold, RNAComposer, ZDOCK
	According to ZDOCK, parent sequence with ATG attached to the 3′-end and GAC sequence attached to the 5′-end had the highest score among the designed aptamers. The high affinity of the developed aptamers was confirmed experimentally by bilayer interferometry.



	[44]
	Transmembrane glycoprotein mucin 1 (MUC1)
	Docking, MD
	AutoDock Vina, Amber 16
	MD, molecular mechanics Generalized Born surface area (MM-GBSA), and conformational analysis revealed novel anti-MUC1 aptamer that might be used in anti-cancer therapy.



	[45]
	Allophycocyanin
	Structure prediction, statistical analysis
	UNAFold 3.4, R
	A joint theoretical-experimental approach, called closed loop aptameric directed evolution (CLADE), was used when 44,131 aptamers were analyzed using the DNA microarray technique. Statistical analysis was done using random forest, regression tree, and genetic programming.



	[46]
	Angiopoietin-2 (Ang2)
	Structure prediction, docking
	Centroid-Fold, RNAComposer, Discovery Studio 3.5
	Surface plasmon resonance along with Zrank algorithm realized in DS 3.5 allowed finding an RNA aptamer with high target-binding affinity.



	[47]
	Ang2
	Structure prediction, docking
	SimRNA, AutoDock Vina
	The calculated effective affinities of the Ang2/aptamer complexes were in agreement with the experiment.



	[48]
	Cytochrome p450
	Docking, molecular dynamics
	DOCK 6.5, SYBYL 8.1, Amber 9
	A series of aptamers was designed and showed selective affinity toward cytochrome p450.



	[49]
	Estrogen receptor alpha (ERα)
	Docking
	AutoDock Vina, Haddock, PatchDock
	The aptamer was designed based on independent docking analysis in three different programs and was validated by measuring the thermodynamic parameters of ERα/aptamer interactions using isothermal titration calorimetry.



	[50]
	Angiotensin II
	Structure prediction, docking
	Mfold 3.1, RNAComposer, ZDOCK 3.0
	The interactions of the aptamers with the protein were analyzed by means of surface plasmon resonance spectroscopy and were consistent with in silico data.



	[51]
	T-cell immunoglobulin mucin-3 (TIM-3)
	Structure prediction, docking
	RNAstructure 5.3, Rosetta, 3dRPC
	Docking scoring parameters were analyzed along with experimental data. Binding sites and binding modes in protein/aptamer complexes were identified.







Abbreviations: angiopoietin-2 (Ang2); carcinoembryonic antigen (CEA); closed loop aptameric directed evolution (CLADE); dissociation constant (Kd); entropic fragment–based approach (EFBA); epithelial adhesion molecule (EpCAM); estrogen receptor alpha (ERα); molecular dynamics (MD); molecular mechanics Generalized Born surface area analysis (MM-GBSA); Hepatitis B surface antigen (HBsAg); HIV1 reverse transcriptase (HIV1 RT); nuclear magnetic resonance (NMR); prostate-specific membrane antigen (PSMA); T-cell immunoglobulin mucin-3 (TIM-3); transmembrane glycoprotein mucin 1 (MUC1).
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Table 2. Main features of aptamer design studies in which antibiotics were used as the target.






Table 2. Main features of aptamer design studies in which antibiotics were used as the target.





	Source
	Target
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	Software
	Description





	[1]
	Gentamicin, neomycin, tobramycin
	Structure prediction, docking
	Vienna RNA, Rosetta, Amber 10, AutoDock 4.0
	The procedure for the selection of aptamers was rather complicated and included the free energy of secondary structure formation calculation, RNA geometry optimization, and rigid docking. The predicted binding energies were in good agreement with experimental values.



	[22]
	Tetracycline, streptomycin
	Structure prediction
	RNAFold
	Riboswitches were designed using randomly generated spacers with a length from 6 to 20 bases. The in silico design was based on a minimal free energy calculation, which consisted of an antibiotic aptamer, a spacer, a complementary part for the aptamer, and a poly-U sequence at the 3′-end. In the presence of tetracycline, the expression of β-galactosidase was induced in E. coli, resulting in the increase of the enzyme’s activity.



	[95]
	Neomycin-B
	Structure prediction, MD
	Mfold, GROMACS
	Experimental NMR and titration colorimetry studies combined with MD simulations revealed that, despite the difference in nucleotide sequence, the structural and dynamical features of the studied aptamers were similar. The affinity of the aptamers toward other aminoglycosides was shown to be lower compared to the target.



	[96]
	Sulfadimethoxine
	Structure prediction, MD
	PSI-Blast, GROMACS 5.1
	The aptamer’s affinity to the target was determined through the calculation of binding Gibbs free energy using the MM-PBSA method. The designing procedure was done repeatedly and resulted in a creation of mutant aptamers with the improved affinity to sulfadimethoxine.
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Table 3. Main features of aptamer design studies in which organophosphates were used as the target.
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	Source
	Target
	Computational Methods
	Software
	Description





	[100]
	Guanosine triphosphate (GTP)
	Graph theory, matrix analysis
	RAGPOOLS
	An approach for engineering RNA pools used an exact set of starting sequences and certain mutation ratios in specific locations within a random region. To produce these key parameters, graph theory and matrix analysis were used. The initial aptamer pools acquired by the described methodology provided the selection of RNAs with higher affinity when compared to the in vitro pools.



	[1]
	Adenosine triphosphate (ATP), flavin mononucleotide (FMN)
	Structure prediction, docking
	Vienna RNA, Rosetta, Amber 10, AutoDock 4.0
	Both 35- and 40-base RNA aptamers were designed toward FMN and ATP, respectively. The in silico-predicted binding energy of, for example, FMN was in agreement with the experimental binding energy, −7.7 kcal mol−1 and −8.6 kcal mol−1, respectively.



	[101]
	ATP
	Structure prediction
	Vienna RNA, Mfold
	Two methods of improvement of RNA/DNA aptamer complexity were created: random filtering and genetic filtering. One of the obtained 5-way junction aptamers demonstrated improved Kd values compared to those of native ATP aptamers.



	[28]
	Phosphatidylserine (PS)
	Molecular dynamics (MD)
	Amber 10
	Molecular dynamics along with entropic fragment–based approach (EFBA) allowed designing a DNA 6-mer, which, however, possessed low binding energy.



	[102]
	PS
	MD
	Amber 11
	The EFBA algorithm was applied to design a DNA aptamer that binds specifically to PS. This study identified the 5′-AAAGAC-3′ sequence as a prospective ssDNA aptamer for PS detection.



	[103]
	Diazinon
	Structure prediction, docking, MD
	Mfold, RNAComposer, AutoDock 4.2, GROMACS 4.5
	Flexible ligand/receptor docking along with MD calculations under the NVT ensemble (10-ns trajectory) showed that G-quadruplex–forming aptamer is reliable for diazinon sensing.



	[104]
	FMN
	MD
	Amber 12
	The binding energy of FMN/RNA complex was evaluated using MM-GBSA. FMN/aptamer binding increased significantly when the system was immobilized on the surface of gold, which is in accordance with the experimental data.



	[105]
	Paraoxon
	Structure prediction, docking, MD
	HyperChem, Discovery Studio, AutoDock 4.2, GROMACS 5.0
	The T17C mutation allowed the improvement of the affinity between aptamer and ligand (from −31.0 kcal mol−1 to −32.3 kcal mol−1), and the T17C-C18T double mutation increased the effectiveness of ligand binding (−32.8 kcal mol−1).
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Table 4. Main features of aptamer design studies in which low-molecular-weight compounds were used as the target.
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	Source
	Target
	Computational Methods
	Software
	Description





	[1]
	Arginine, codeine, guanine, isoleucine, theophylline
	Structure prediction, docking
	Vienna RNA, Rosetta, Amber 10, AutoDock 4.0
	Rigid docking binding energy predictions were in good agreement with experimental values, which confirms good performance of the applied aptamer design methodology.



	[112]
	L-Argininamide (L-Arm)
	MD
	NAMD 2.6
	G10, C16, C9, A12, and C17 bases were significant for aptamer/L-Arm binding, which is important for further aptamer design.



	[113]
	L-Arm, D-Arm, L-Arg, D-Arg, agmatine, ethyl-guanidine, L-Lys, N-methyl L-Arg
	Docking
	AutoDock 4.0
	The interaction of eight arginine (Arg) like ligands with a DNA aptamer was analyzed. D-Arm possessed the highest affinity toward the aptamer. Theoretically defined binding energies and the Kd of ligands were in good agreement with experimentally determined values.



	[114]
	L-Arm
	Structure prediction, MD
	Discovery Studio 4.0, Amber 12
	MD simulations of 50 ns were accompanied with UV spectroscopy and NMR. Thermal stabilizing effects occurred upon addition of the imidazole-tethered thymidines. Multiple imidazole moieties also maintained L-Arm binding capacity, which enhanced aptamer efficacy.



	[115]
	Theophylline
	Structure prediction
	RNAFold 2.0
	The energy difference between the free energy of a riboswitch and a ligand-free aptamer was calculated. Several riboswitches were experimentally tested, and some of them showed ligand-dependent control of gene expression in E. coli, demonstrating that it is possible to design riboswitches for transcription regulation.



	[116]
	Theophylline
	Structure prediction, MD
	X3DNA, GROMACS 4.5
	Six potent aptamers designed in silico were experimentally determined to bind theophylline with high affinity: Kd was equal to 0.16–0.52 μM, whereas Kd of the original theophylline/RNA complex was equal to 0.32 μM.



	[117]
	Acetamiprid
	Structure prediction, docking, MD
	Mfold, RNA Composer, AutoDock, NAMD 2.9
	A DNA-based aptasensor was designed for the detection of acetamiprid. Docking revealed two loops as active sites in the aptamer. Circular dichroism spectroscopy and colorimetry confirmed aptamer folding due to stem-loop formation upon acetamiprid binding.



	[118]
	Patulin
	Structure prediction
	UNAFold 3.8
	Microarray aptamer analysis was combined with in silico secondary structure prediction. In silico studies applied three conditions to the aptamers: (1) presence of a predicted secondary DNA structure producing one hairpin loop without a ligand, (2) hairpin loop with a length from 3 to 7 bases, and (3) stem length from 6 to 9 bases. As a result, a novel patulin aptamer was optimized.



	[119]
	17β-estradiol (E2)
	Structure prediction, docking, MD
	Mfold, RNAstructure, ZDOCK, RNAComposer, NAMD 2.10
	Rigid docking of aptamers to E2 was used along with a 30-ns MD. It was demonstrated that E2 binds to a thymine loop region common to all E2-specific aptamers.



	[120]
	N-butanoyl-L-homoserine lactone (C4-HSL)
	Structure prediction
	RNAstructure 5.6, 3dRNA
	The 2-D and 3-D RNA structure predictions showed that SELEX-designed aptamers possessed a conservative Y-shaped structural unit, which is probably responsible for C4-HSL binding.
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