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HIGHLIGHTS

e An in silico strategy was developed to
improve affinity and selectivity of
aptamers over aflatoxin B;.

e Fluorescent anisotropy and unmodi-
fied gold nanoparticles assays faith-
fully confirmed insilico results.

e A new functional aptamer for afla-
toxin B; was identified through
computational studies.

oA novel fluorescent anisotropy
aptamer assay was developed for
functional validation of aflatoxin B
aptamers.

e A simple pipeline for three dimen-
sional modeling of ssDNA aptamers
was proposed.
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ABSTRACT

A high affinity and selectivity DNA aptamer for aflatoxin B; (AFB1) was designed through Genetic Al-
gorithm (GA) based in silico maturation (ISM) strategy. The sequence of a known AFB; aptamer (Patent:
PCT/CA2010/001292, Apt1) applied as a probe in many aptasensors was modified using seven GA rounds
to generate an initial library and three different generations of ss DNA oligonucleotides as new candidate
aptamers. Molecular docking methodology was used to screen and analyze the best aptamer—AFB;
complexes. Also, a new pipeline was proposed to faithfully predict the tertiary structure of all single
stranded DNA sequences. By the second generation, aptamer Apt1 sequence was optimized in the local
search space and five aptamers including F20, g12, €52, C32 and H1 were identified as the best aptamers
for AFB1. The selected aptamers were applied as probes in an unmodified gold nanoparticles-based
aptasensor to evaluate their binding affinity to AFB; and their selectivity against other mycotoxins (af-
latoxins By, Gy, G2, My, ochratoxin A and zearalenone). In addition, a novel direct fluorescent anisotropy
aptamer assay was developed to confirm the binding interaction of the selected aptamers over AFB, The
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ISM allowed the identification of an aptamer, F20, with up to 9.4 and 2 fold improvement in affinity and
selectivity compared to the parent aptamer, respectively.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Aflatoxin By known as the most potent carcinogen, was pro-
duced mainly by Aspergillus flavus and A. parasiticus. Chemically,
the AFB; molecule contains two furan rings relating to toxicity and
a highly substituted coumarin relating to carcinogenicity [1] and is
listed as Group 1 human carcinogens [2]. Due to the low level
permission of AFB; (2—5 g kg~ ') regulated by different countries
and the complexity of the food sources, it is important to develop
sensitive and rapid methods for AFB; detection to ensure food
safety and human health. The chromatographic [3,4] and immu-
nological methods [5,6] are commonly applied for AFB; detection.
Although these techniques provide sufficient sensitivity and accu-
racy, some disadvantages make it difficult to apply them for on-site
detection. Chromatography-based methods require expensive in-
struments, well-trained professionals and tedious procedures. Ad-
vantages of antibody-based immunoassays are rapidity and
simplicity; however their practical application is often hampered
by the difficulty of producing antibodies and requiring long reac-
tion time and multiple incubation and washing steps [7]. The
increasing demand for accurate, fast and portable tools to deter-
mine of mycotoxins for on-site and real-time applications caused to
develop different biosensors. Although antibodies are the gold
standard for use in biosensors as a recognition element but
aptamers have been increasing in popularity due to their advan-
tages including small size, simple synthesis, low cost, easy modi-
fication and target diversity [8].

Aptamers are single-stranded oligonucleotides that can specif-
ically bind to a target molecule and are obtained from a random
library through an iterative in vitro process called SELEX (system-
atic evolution of ligands via exponential enrichment) [9]. Consid-
ering the low diversity of the initial library and the loss of potential
high affinity aptamers during biased iterative PCR, the success rate
of SELEX has been estimated approximately 50% [10].

In Silico Maturation (ISM) as a post SELEX process is a successful
strategy for improving functions of aptamers based on Genetic
Algorithm (GA). This process used the three GA operations,
including selection, crossover and mutation [11], to evolve
improved aptamers from promising parent sequences through an
iterative process of in silico sequence modifications followed by
in vitro evaluation. The first application of the ISM-based GA to
improvement of aptamer functionality has been reported in 2005
[13] for screening thrombin-inhibiting DNA aptamer. Although, the
ISM strategy has been performed to find high affinity aptamers for
several targets without recurring to the SELEX process [12—14], but
in silico methods have not been applied to improve aptamer affinity
against mycotoxins until now.

In fact, selection, characterization and improvement of aptam-
ers over mycotoxins as carcinogenic and toxic compounds are less
compared to other larger target molecules such as proteins and cell
because of their molecular weights. The drastic size difference
between the small molecules and aptamers is a main challenge to
select, characterize, and apply aptamers for them through con-
ventional SELEX procedures [15]. Regarding to the difficulties in
experimentally identification of high functional aptamers over
small molecules, in silico methods can be applied as effective
complementary options for identifying or improving of aptamers

over them with no cost.

Although ISM has a smaller library than the SELEX process, all
sequences in each generation (~10—50 sequences) must be syn-
thesized and evaluated [16]. Therefore the ISM process still is
expensive, tedious and time consuming for high-throughput
screening. Also it is not possible to determine structural features
of aptamer-ligand complex for each GA run to select the best parent
aptamers or modify them for the next generation. In silico
screening undoubtedly plays an important role in identifying all
interaction between aptamer-ligand complexes in cost- and time-
effective ways [17].

Computational docking tools such as AutoDock and DOCK pro-
grams can be successfully applied to screen a library of nucleic acid
molecules to find receptors with the highest binding affinity to a
desired small molecule [18]. One of the main problems in molecular
docking of DNA aptamers and their targets is lacking the 3D
structure prediction tools for ss DNA molecules. Recently a new
pipeline was proposed to predict the three dimensional modeling
of single stranded DNA for aptamer-based biosensors [19].

Furthermore, standardized analytical methodologies for the
characterization of small molecule-binding aptamers are not
available, because of the low sensitivity of binding assays [20]. One
of the most simple and effective ones is the unmodified gold
nanoparticles (AuNPs) based aptasensor, which enables a visible
detection by the naked eye [21]. The fluorescent anisotropy
aptamer assay (FAAA) is known as a sensitive and reliable strategy
in small molecule-aptamer evaluation as well. Direct format of
FAAA can be used to evaluate the complex formation between the
aptamer and a small fluorescent target [22].

Recently, a Canadian company patented a specific aptamer to
AFB; and zearalenone, here known as Aptl [23], applied in the
construction of several aptasensors [24—27]. In this study, we
described a novel and successful post-SELEX procedure combining
ISM strategy and molecular docking to introduce high affinity and
selectivity AFBi-targeting aptamers for biosensing applications
based on Apt1 sequence. In addition, we proposed an effective and
simple pipeline for three dimensional modeling of sSDNA aptamers
as input structures in molecular simulations. The in silico results
were evaluated on the basis of affinity and selectivity using color-
imetric AuNPs-based aptasensor. Moreover, we highlight the po-
tential of direct FAAA methodology as a rapid, accurate and
homogeneous analysis for detection of binding interaction between
aptamers and intrinsic fluorescent small molecules such as AFB;.

2. Material and methods
2.1. In silico maturation of aflatoxin B; aptamer

2.1.1. Generation of the initial library

The Aptl aptamer sequence was applied as parent sequence to
produce the initial library using different GA operators. The library
consisted of four groups of sequences including L1, L2, L3 and L4
generated by one and two point mutations, different crossing over
(single point, double point and uniform cross over), one point
mutation and two points mutation, respectively. All GA processes
were implemented using MATLAB software (R2013B) with constant
crossing over percentage (0.8) and mutation rate (0.02). The
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sequences belonging to each group was used as parents to generate
the next groups.

2.1.2. Improvement of binding affinity of aflatoxin B; aptamer

GA based-ISM approach combined with molecular docking to
improve the binding affinity of Apt1 over AFB,. The binding affinity
of the initial library, including 65 sequences, was screened through
molecular docking to produce three different generations as follow.
According to the docking results, the top sequences of the initial
library were selected, replicated with different appearance rates
depending on the docking results and were paired with each other
randomly as parents to produce the first generation (G1). The se-
quences were modified with single point, double point and uniform
crossing over through Roulette Wheel Selection method imple-
mented using GA for producing 24 new sequences as G1. To pro-
duce the second generation (G2), the top G1 and library sequences
were replicated with different appearance rates depending on the
docking results. A one-base mutation was randomly introduced to
the sequences to produce a set of 24 new sequences as G2. The third
generation (G3) consists of 24 new sequences obtained from the
library, G1 and G2 top sequences replicated according to the
docking results and modified using two bases mutations. After
three cycles of GA, the sequences with the highest affinity to AFB;
were selected (Scheme 1). The selectivity of the selected aptamers
for 6 different mycotoxins including aflatoxin B, (AFB,), aflatoxin
G1 (AFGq), aflatoxin G (AFG), aflatoxin M7 (AFM;), ochratoxin A
(OTA) and zearalenone (ZEN) were evaluated using molecular
docking as well.

2.1.3. Prediction of the aptamer secondary structures

Secondary structures of all sequences in the initial library and
the three new generations were predicted using Mfold web server
(http://mfold.rna.albany.edu/?=mfold) [28]. The most thermody-
namically stable structures were predicted at 37 °C and at ionic
concentration of 1 M of Na *, 0 M of Mg 27. All sequences were
considered as linear and only fold configurations within 5% from
the minimum free energy were computed.

2.14. Prediction and validation of 3D-structures

The construction of the 3D-structure from the aptamer
sequence consists of a pipeline with three main steps. At first, the
secondary structure of each sequence was predicted using Mfold
server. The predicted secondary structures were converted into
equivalent 3D ssRNA models using RNA Composer server [29]. The
obtained tertiary structures of RNA were minimized using steepest
descent algorithm implemented in Chimera 1.11.2 [30]. In the third
step, the minimized ssRNA molecules were translated to ssDNA by
converting uracil residues to thymine and replacing the ribose
sugar backbone with deoxyribose. The final ss DNA models were

refined to 0.00001 kcal mol~'A ~! using CHARMM?27 force field
implemented in Molecular Operating Environment [31].

The accuracy of the procedure was evaluated by predicting 22
ssDNA sequences from Protein Data Bank (PDB) database with NMR
solved structures. The root mean square deviation (RMSD) of the
sugar-phosphate backbone of NMR solved structures and the ones
predicted using the proposed pipeline was compared using VMD
[32] to determine the similarity degree and method confidence.
The obtained results were also compared to those obtained through
the method of Jeddi and Saiz [19] as well.

2.1.5. Docking methodology

AFB; binding affinity and selectivity of the designed ssDNA
aptamers was estimated with the grid-based ligand docking pro-
gram AutoDockTools (ADT) 1.5.4 package [33]. The refined 3D
predicted structures of aptamers were kept as rigid receptors while
AFB; was considered as a flexible ligand with only one rotatable
bond. To cover the whole active sites in folding aptamers, two same
grid boxes of 126 x 126 x 126 A (x, y, and z) were created separately
with the spacing of 0.375 A. All docking simulations were setup for
100 genetic algorithm runs using the Lamarckian genetic algorithm
conformational search, with the population size of 150, 2500000
maximum numbers of energy evaluations and 27000 generations
per run. The best complexes were scored and selected according to
the molecular docking results including binding energy, inhibitory
constant (k;), type of favorable interactions (mainly hydrogen
bonds, hydrophobic and electrostatic interactions) and binding
sites.

2.1.6. Graphical representation

The graphical representation of aptamer-AFB; complexes and
their interactions generated using PyMol [34], MOE and Discovery
Studio 4.1 [35].

2.2. Experimental assays

To validate the in silico procedure and develop a new apta-
sensor, the selected aptamers were evaluated experimentally as
follows.

2.2.1. Reagents and apparatus

All the reagent grade chemicals, including Gold (III) chloride
trihydrate, sodium citrate (CgHsNa307), sodium chloride (NaCl),
magnesium chloride (MgCl,), calcium chloride (CaCl,), Potassium
chloride (KCl), Tris—base, HCI, HNO3 and all mycotoxins were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The water used
throughout all experiments was purified by a Milli-Q system at
18 MQ. The aptamers were synthesized by TAG Copenhagen A/S
(Denmark) at synthesis scale of 0.2 pmol. The optical density (OD)

Five
candidate
aptamers

New Generations

Scheme 1. The Genetic Algorithm (GA) based -in silico maturation strategy combined with molecular docking to improve the affinity of Apt1 aptamer versus aflatoxin B;.
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of gold nanoparticles was measured on a Multiskan Microplate
Reader (ThermoFisher, USA). Fluorescence anisotropy and fluores-
cence intensity was recorded using an LS55 PerkinElmer
spectrofluorimeter.

2.2.2. Preparation of gold nanoparticles

AuNPs were synthesized with an average particle diameter of
13 nm using the citrate reduction method [36]. The AuNPs were
characterized using a UV—visible spectrometer (Varian Cary 1E
from Agilent, USA) and showed a plasmonic resonance (SPR) band
centered at 520 nm (details in the Supporting Information).

2.2.3. Colorimetric aptasensing of AFB;

According to the optimal procedure (details in the Supporting
Information), 50 pl of aptamer (400 nM) and 50 wul of AFB; in
various concentrations (0, 0.1, 0.2, 0.5, 1, 2 and 5 ng ml~!) were
incubated for 5 min at room temperature in microplate wells. Then
50 ul of AuNPs (~13 nm) was added to each microplate well and
incubated for further 5 min. Immediately after adding 10 pl of NaCl
(1 M), the color and optical density (OD) shift were recorded using a
digital camera and a microplate reader provided with filter at 620
and 540 nm. The sensitivity of different aptamers was determined
by plotting OD ratio (620/540 nm) against AFB; concentration. The
dissociation constant (Kp) was determined by one site specific
binding equation through nonlinear regression analysis using the
programs Origin pro 8.6.1 and GraphPad Prism 8.0 .0.

Under the optimal conditions, the selectivity of the aptamers
was evaluated against other mycotoxins including AFB,, AFGj,
AFG,, AFM;, OTA and ZEN at the concentration of 10 ng ml~!. The
ratio 620/540 nm of the different aptamers was calculated for each
mycotoxin, normalized based on maximum value and expressed as
selectivity percentage.

2.24. Fluorescent intensity (FI) and direct fluorescent anisotropy
aptamer assay (FAAA)

The change of the anisotropy signal and fluorescent intensity
between AFB; free in solution and AFB; bound to the aptamer was
recorded with excitation at 429 nm and emission at 365 nm. In
fluorescence anisotropy, slits for the excitation and emission were
both set at 10 nm and integration time was 5 s. The selected
aptamers were prepared in ultra-pure water at 9 different con-
centrations (0—1000 nM) and heated at 90 °C for 5 min prior to use.
The AFB; solution was prepared in binding buffer (consisting of
20 mM Tris—HCI (pH 7.6), 100 mM NacCl, 2 mM MgCl,, 5 mM KCl,
1 mM CaCly) at the concentration of 10 ng ml~. For both the assays,
FI and FAAA, 100 pl of the aptamer solution and 100 pl of AFB;
solution were mixed and incubated for 5 min at RT before
measuring fluorescent intensity and anisotropy. The anisotropy
signal and fluorescent intensity were plotted versus the aptamer
concentration and the Kp values were determined as described
previously using the programs Origin pro 8.6.1 and GraphPad Prism
8.0 .0 [20,37].

3. Results and discussion
3.1. Thermodynamic properties of the candidate aptamers

The initial library consisted of 65 ssDNA oligonucleotides and
contained three different types of secondary structures including
simple hairpin loop (H-loop), internal loop (I-loop) and multi-
branch loop (MB-loop). The three different generations of aptamers
had more diverse secondary structures and contained pseudo knot
structures as well (Fig S1). The minimum free energy of secondary
structure formation (AG) in the initial library and different gener-
ations were in the range -220 to -11.30 and -1.50

to —11.30 kcal mol~!, respectively. Aptamer Apt1 displayed H- loop
structure (Fig S2) and its AG was estimated at —8.01 kcal mol~'. The
results revealed that different operators of GA can successfully
create a virtual library and different generations with high diversity
in the secondary structures and thermodynamic properties.

3.2. Three dimensional modeling

Typically a virtual screening requires knowledge of 3D structure
of receptor and the ligand molecules. The lack of computational
tools for three dimensional modeling of ssDNA molecules and the
difficulties in experimentally determine 3D structures of all se-
quences in a library have led researchers to seek reliable predicted
methods. By some modifications, we used a pipeline previously
reported for the first time by Jeddi and Saiz [19] to predict the three
dimensional modeling of ssDNA aptamers. The main prediction
steps, which consist of: (i) building secondary structures, (ii) con-
structing refined equivalent 3D ssRNA models, and (iii) translating
the 3D ssRNA models into ssDNA, were carried out as reported.
However, we used the RNAComposer/Chimera instead of
Assemble2/Chimera in step (ii). Also, instead of VMD program, we
used MOE package to convert ssSRNA models into equivalent ssDNA
3D structures and refine them. The modified pipeline was validated
through 3D modeling of 22 ssDNA aptamers with known struc-
tures. The RMSD values of the designed models was calculated with
respect to the experimentally determined structures and compared
to those predicted by Jeddi et al. [19], as well. The RMSD results
showed that the new pipeline predicted 63.63% of structures more
accurately than the pipeline proposed by Jeddi et al. (Fig. 1,
Table S7). Then, the 3D structures of all new aptamers were pre-
dicted using our pipeline and used for molecular docking study.

3.3. In silico maturation of binding affinity to AFB; using GA

Molecular docking was used to predict the binding energy,
binding sites and mode of interactions between AFB; and the 137
candidate aptamers including 65 and 72sequences from initial li-
brary and three different generations respectively. The predicted
binding energies of ssDNA aptamers in the initial library and
different generations were in the range —4.19 to —6.6 (Table S1)
and —4.29 to —7.14 kcal mol~! (Table S2, $3, S4) respectively.

The mode of interaction between Apt1 and AFB; was identified
as an intercalation between the base pairs with docking energy
of —5.21 kcal mol~ . The binding residues of Apt1(G25, T26 and C27
in the loop region) interacted with the furan and coumarin moieties
of AFB; through hydrogen bonding and hydrophobic interaction.
These results are in accordance with those reported by Ref. [27] that
experimentally confirmed the crucial role of the nucleotides in the
loop region of Apt1 for affinity binding. This further confirmed the
validity of the 3D-structure prediction and the docking methods
used in this work.

Most of the ‘top’ sequences in the initial library and new gen-
erations had simple H-loop structures (Fig S1) and their AG were
equal or lower than that of Apt1. The findings seem to be consistent
with another research, which found the candidate aptamers in RNA
pools displayed simple secondary structures and lower AG
compared to other sequences in a random library [38].

Also, the binding sites of H-loop aptamers (71.4%) were mainly
located in the same loop region while in 74.6% of MB-loop aptamers
was located outside of loop region. Typically, the unpaired residues
participate in target recognition as binding sites because they are
more flexible and have more available donor or acceptor atoms
[39]. Interestingly, the docking results and secondary structure
analysis revealed that the loop size can affect the binding affinity of
H-loop aptamers: increasing or decreasing the loop size over the
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Fig. 1. Alignment of the 3D structures predicted by our pipeline (RMSD1, in blue) and the corresponding experimental ones obtained from PDB (RMSD2, in yellow) for the 22 ssDNA
structures. The PDB ID and RMSD values (A) are presented as label and in parenthesis, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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optimal size (12—20 bases) caused a decreasing in the binding af-
finity to AFB;.

According to the results, the average binding energy of candi-
date aptamers gradually decreased from the initial library to G2,
while significantly increased in the third generation. Also, the
thermodynamic analysis revealed that the complexity of the
structures and AG increased in G3 compared to other two gener-
ations and to the initial library. It seems that the aptamer sequences
have been optimized in the local search after 7 GA rounds and
further modification probably caused divergence of the sequence
resulting in the loss of functionality.

Among the top sequences from the initial library, aptamers C52
and C32 exhibited the highest affinity to AFB1. The binding energy
of C52 and (32 aptamers were estimated as -6.6
and —6.06 kcal mol~, respectively. The binding pocket of aptamer
C32, located in the loop region, interacted with AFB; through
hydrogen bonding and hydrophobic interaction. The binding resi-
dues of aptamer C52 was in the non-loop region and interacted
with AFB; through hydrogen bonding, hydrophobic and electro-
static interactions. Modes of interaction of aptamers C32 and C52
with furan, coumarin and carbonyl groups of AFB; were intercala-
tion and minor groove binding, respectively.

Aptamers g12, F20 and H1, with H-loop structure and docking
energy of —6.1, —7.14 and —6.58 kcal mol~, respectively, showed
the highest affinity to AFB; in G1, G2 and G3, respectively. The
binding sites of aptamers g12 and H1were located in the non-loop
region and interacted with AFB; through hydrogen bonding, hy-
drophobic and electrostatic interactions. Docking results revealed
that the furan ring, coumarin and carbonyl groups of AFB; inter-
acted with aptamers gl12, F20 and H1 through minor groove
binding.

Compared to all other ‘top’ aptamers, aptamer F20 showed the
highest affinity to AFB; and was identified as a local optimum of the
defined search space. The binding sites of aptamer F20 was located
in the loop and stem regions and interacted with AFB; through
hydrogen bonding and hydrophobic interaction. Also, parallel-
displaced arene-arene interactions between residue G12 and
delta lactone group of AFB; played a significant role in enhancing
complex stability.

Basing on the thermodynamic properties and docking analysis,
five aptamers, including C52, C32, g12, F20 and H1 were selected as
the best candidate aptamers (Fig. 2; Fig S3; Table S5) for being
evaluated by experimental work. The aptamer Apt1 was used as a
control in the experimental part of the work.

3.4. Unmodified AuNPs-based colorimetric assay

The visible or detectable coloring shift of AuNPs from red
(dispersed state) to purple (aggregation induced typically through
the addition of salt) is the basis of the unmodified AuNPs colori-
metric assay. It has been found that ssDNA (such as aptamers) easily
adsorbs onto the surface of AuNPs and stabilizes them against salt
induced aggregation. However, upon the addition of AFB,, the
aptamer experiences a structural change and loses its role as a
stabilizer. As a result, high-salt content causes the aggregation of
unshielded AuNPs with an appreciable color change, and a
measurable shift of the AuNPs SPR band [21].

The affinity of the new aptamers (C52, C32, g12, F20 and H1) and
Apt1 as control towards AFB; was evaluated using the unmodified
AuNPs-based colorimetric assay under optimized conditions (de-
tails in the Supporting Information). While increasing the con-
centration of AFBj, a gradual decrease of the optical density of
AuNPs was observed at 540 nm (disperse AuNPs) under high-salt
content, while a corresponding increase was recorded at 620 nm
(aggregated AuNPs). The SPR shift confirmed that the aptamers

underwent structural changes due to the interaction with AFB; and
less shielded nanoparticles began to aggregate. The ratio 620/
540 nm was plotted versus AFB; concentration. For all aptamers,
the range of linear dependence of the signal from AFB; concen-
tration was found to be comprised between 0.05 and 5 ng ml~},
thus envisaging also the direct application of the method to detect
AFB; in food, according to legal requirements of the European
Union [40]. The Kp values of the investigated aptamers were in the
range 8.70E+00 to 4.98E+01 nM (Fig S4, Table 1). The highest af-
finity was calculated for aptamer F20 which showed 3.24fold
improved affinity to AFB; compared to the control Apt1. Comparing
the experimental and in silico affinity rate revealed approximately
70% of accordance (Table 1). Therefore, the in silico approach con-
firms its applicability as an advantageous tool for improving
aptamer structure and function in order to design aptamer-based
biosensors.

3.5. Experimental and in silico evaluation of aptamer selectivity

Selectivity of the binding to the target is one of the most
important factors for sensor design. Due to the difficulty of exper-
imentally evaluating different aptamers over various structurally
related compounds, an in silico approach can be helpful for
selecting high specific aptamers. Here, the selectivity of C52, C32,
g12, F20, H1 and Aptl aptamers over different mycotoxins,
including AFB4, AFB,, AFG1, AFG,, AFM4, ZEN and OTA, was studied
using molecular docking (Fig S6-S11). The results were analyzed
based on the binding energy value, binding sites and type of in-
teractions, which mainly included hydrogen binding, electrostatic
and hydrophobic interactions (Table S6). To validate the in silico
approach, the selectivity of the aptamers against the mycotoxins
was investigated also experimentally by the colorimetric assay.
According to the experimental results, all aptamers showed the
highest affinity towards AFB;. Aptamer F20 had the highest selec-
tivity to AFB; compared to other aptamers and its selectivity over
six mycotoxins improved two-folds compared to that of aptamer
Aptl. Also, the selectivity of aptamers H1, g12 and C52 over the
other mycotoxins was approximately 1.5 times that of Aptl. The
Apt1 exhibited the highest affinity to AFB,, AFG;, and ZEN compared
to other aptamers. This finding appears to be in line with results of
other researches that reported the Apt1 had cross reactivity to ZEN
[23], AFG, and AFM; [24]. The aptamer C32, showed the highest
selectivity to AFM; and a similar selectivity profile as for Aptl
(Fig. 3).

In both in silico and experimental methods, the aptamers were
sorted according to their selectivity against each mycotoxin and
compared with each other. There was a good correlation between
in silico and experimental results, where 54.19% of docking results
were confirmed by the experiment. The binding sites of various
mycotoxins on each aptamer overlapped approximately 76%. Due to
the structural similarity of mycotoxins, especially aflatoxins, this
was expected and further confirmed the validity of the docking
methodology.

3.6. Fluorescent intensity and direct fluorescent anisotropy aptamer
assay

Despite increasing of specific aptamers developed for small
molecules, there are not standard binding assays to convert
aptamer-target interactions into sufficiently sensitive signals. The
confirmation of aptamer — target binding using more than one
analytical method is known as a successful strategy especially for
small molecule aptamers [20]. Due to its homogeneous format,
speed, accuracy and automated high-throughput capability, the
fluorescent anisotropy aptamer assay has been used frequently to
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Fig. 2. The docking results of Apt1, C32,C52, g12, F20 and H1-aflatoxin B; complexes and residues involved in binding interaction in 3D representation. Dashes represent Carbone
and conventional hydrogen binding, black dots and line represent electrostatic and hydrophobic interactions.

detect various small molecules [20,22,27]. In this study, a novel
direct FAAA was designed based on the intrinsic fluorescence of
AFB; instead of using a fluorescent-labeled aptamer. According to
our hypothesis, AFB; molecules accumulated in the hydrophilic
binding buffer as a large fluorophore and their fluorescence emis-
sion significantly decreased due to self-quenching. The large fluo-
rophore of multiple AFB; tumbled slowly and produces a high
fluorescent anisotropy signal. Upon aptamer addition, several AFB;
molecules bound to the aptamer so becoming able to emit

fluorescence and tumble faster (Scheme 2). The results for all the
aptamers under investigation showed that the fluorescent emission
of AFB; increased and its fluorescence anisotropy signal decreased
gradually by increasing the aptamer concentrations. The binding
affinity constant (Kp) calculated via the FAAA were in the range
4.02E-03 to 1.02E-01 nM and aptamer F20 showed the highest
tendency to bind AFB; with up to 9.4 fold improvement in affinity
compared to the parent Aptl aptamer (Fig S5). The parallel AFB;
fluorescence intensity (FI) increase was also recorded and plotted



M. Mousivand et al. / Analytica Chimica Acta 1105 (2020) 178—186

Table 1

185

Dissociation constant (Kp) values (nM) for the selected aptamers calculated by using three experimental methods (R>~>90) and comparison with the in silico approach.
Aptamers are listed in descending order according to the in silico score. The lowest Kp, value in each series is highlighted in bold.

Aptamer Colorimetric assay Fluorescent intensity assay Fluorescent anisotropy assay In silico score
F20 8.70E4-00 2.34E-01 4.02E-03 4.846154
g12 2.25E+01 2.13E-01 1.92E-02 4.798859

C52 2.51E+01 2.82E-01 3.04E-02° 4.593767
Aptl 2.83E+01 2.94E-01 3.85E-02 445671

C32 2.13E+02 1.22E+01 5.24E-02 4.170306

H1 4.98E+01 3.41E+00 1.02E-01 3.445057

¢ The Kp value of aptamer €52 was calculated in the range 0—100 nm.

N AFBI1
°S u AFB2
Z
= uAFGI
2 uAFG2
@
uAFMI
=0TA
ZEN
Aptl C32 C52 gl2 F20 HI1
Aptamers

Fig. 3. Selectivity of the selected aptamers towards various mycotoxins (10 ng ml~') as
measured by the colorimetric sensing approach.

versus the aptamer concentration. The FI method had lower
sensitivity than the FAAA (~100 times) and the Kp values calculated
by FI were in the range 2.13E-01 to 1.22E+01 nM (Table 1).

The order of binding affinity to AFB; calculated by the FAAA and
the FI for the candidate aptamers was largely consistent (concor-
dance 83.3% and 66.6% respectively) with the in silico results. It
should be noted that the binding affinity of aptamer C52 decreased
when the aptamer concentration was more than 100 nM. The 3D
structure of aptamer C52 significantly differed from other aptamers
that probably led to different functional properties in higher
concentrations.

According to the results, the Kp of each aptamer measured using
three different analytical approaches including unmodified AuNPs-
based colorimetric assay, fluorescent intensity and direct fluores-
cent anisotropy aptamer assay were inconsistent. This finding is in

&

Aptamer ;\,
7

&

Aflatoxin B1

i

Y,

S
s

[2

line with a prior study that performed a comprehensive analysis of
a panel of conventional affinity binding assays for small molecule
aptamer evaluation and highlights their inconsistency. Due to the
lack of standardized analytical methodologies for the character-
ization of small molecule-binding aptamers mainly related to the
drastic different size between them and their small targets, it
would be favorable to use multiple assays [20]. Regarding the
inconsistency of different analytical methods, we applied multiple
strategies (three different analytical methods) to overcome this
problem and faithfully compared different aptamers based on
binding affinity over AFB;.

4. Conclusion

In the present study, we successfully coupled ISM with molec-
ular docking to improve affinity and selectivity properties of the
aptamer Aptl, previously developed towards AFB;. The high con-
sistency of the in silico results with the experimental findings
confirmed that this strategy is a promising tool in order to design or
optimize new functional aptamers. The computational methodol-
ogies facilitate the selection or improvement of desired aptamers
by clarifying the interaction between ligand and receptor at the
molecular level. However, the lack of specialized software for 3D
structure prediction of ssDNA is an important constrain for in silico
studies. The presented new pipeline can predict faithfully the ter-
tiary structure of DNA aptamers from their sequence. For the first
time, the 3D structure, binding sites and type of interactions of the
known aptamer (Apt1) with AFB; was predicted and found to be in
line with experimentally findings from other studies [27]. In
addition, the analysis of different aptamer-AFB; complexes
revealed that the lower binding energy, simpler secondary struc-
ture, lower AG, appropriate loop size (~12—20 bases), binding

¥
3 g X
VIR g X
', Sﬁ ’, Y * 2 > <
£ e’? :‘l < <. 7 t/’
t J @ a
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Scheme 2. Schematic representation of the direct Fluorescent Anisotropy Aptamer assay: AFB; molecules aggregated in the hydrophilic binding buffer as a large fluorophore with
high fluorescence anisotropy (FA) and low fluorescence intensity (FI) due to self-quenching. Upon aptamer addition, AFB; molecules dissociated from the aggregate and interact
with the aptamer. Accordingly, the anisotropy signal decreased and fluorescent intensity increased.
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pocket and type of interactions can be considered as important
factors in the selection of high affinity and selectivity aptamers.

Regarding methods to check aptamers affinity towards AFB;,
FAAA displayed the highest sensitivity. Also, FAAA is less prone to
interference from the composition of binding buffers and organic
solvents compared to the colorimetric assay. The same advantages
shown by FAAAs in the characterization of small molecule binding
aptamers [20,27], can be exploited to develop efficient fluorescent
anisotropy aptamer-based biosensors.

Other strategies for aptamer improvement including conjuga-
tion of binding motifs for construction of multivalent aptamers,
stabilization of aptamer structures or introduction of hydrophobic
moieties into aptamers can be studied in the future through the
proposed pipeline.
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