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Three-dimensional modeling of streptomycin binding single-stranded DNA
for aptamer-based biosensors, a molecular dynamics simulation approach

Masoumeh Nosrati and Mahmoud Roushani

Department of Chemistry, Ilam University, Ilam, Iran

Communicated by Ramaswamy H. Sarma

ABSTRACT
Streptomycin (STR) an aminoglycoside antibiotic which is used against bacteria in human and animal
infection, have serious side effects on different parts of human body. Therefore, there is a crucial need
to detect trace amount of it in serum and food products. Aptamers are oligonucleotides or peptides,
which bind their targets with high affinity and specificity. These properties make aptamers as suitable
candidates for biosensing applications. A 79-mer ss-DNA aptamer was applied for the detection of
small amount of STR in various aptasensors. But there is no structural information on the STR-binding
aptamer and molecular details underlying the aptamer-STR binding remain unexplored. In this study
we provided a 3D-structural model for 79-mer ss-DNA aptamer from the sequence. Using docking pro-
gram and molecular dynamics (MD) simulation we predicted the binding pocket of ss-DNA aptamer.
Our results show STR streptose ring is buried within the groove of DNA model and capped by non
Watson-Crick bases. STR interacts with aptamer through forming stable hydrogen bonds. Our compu-
tational findings are in fair agreement with experimental results. With the atomic structural details, we
gained new insight into the Apt-STR binding interaction that can help to further optimize aptamer
efficiency in biosensing applications.
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Introduction

Streptomycin, an aminoglycoside antibiotic, is known to treat
gram negative infections in human and veterinary through
targeting the ribosomal RNA of bacteria (Aubin-Tam et al.,
2011; Dua et al., 2011; Granja et al., 2009; Liu et al., 2009).
The widespread use of streptomycin as antibacterial drug in
human, animal, and as food additive in agricultural products,
results in serious side effects on human health such as
nephrotoxicity and ototoxicity (de Oliveira et al., 2009;
Krieger, 2001; Wegener, 2003; Zhou et al., 2013). Thus, devel-
opment of sensitive determination methods capable of
detection the small amount of STR in different environments
is in great demand in food safety control.

Aptamers are short single-stranded oligonucleotides or
peptides, which are optimized to bind a variety of targets
with high affinity and specificity (Blank & Blind, 2005; Bock
et al., 1992; Ellington & Szostak, 1990). As biorecognition ele-
ments, aptamers provide advantages over antibodies due to
their ease of synthesis, robustness, low cost, reusability and
high chemical stability (Bunka & Stockley, 2006; Jayasena,
1999). Aptamers are identified trough an in vitro systematic
evolution of ligands by exponential enrichment process
(SELEX) to specifically bind a desired target (Robertson &
Joyce, 1990; Winkler et al., 2002), the high specificity of
aptamers as their key features to detect and quantify the

trace amount of targets, has exploited them for the develop-
ment of aptamer-based biosensors in the areas of food
safety control and clinical diagnosis. Nowadays, peptide
aptamers as antibody alternative are able to bind their bio-
logical targets with high affinity and selectivity. Recently
macrocyclic b-sheet mimetic of ARC protein was designed to
bind DNA major groove as a transcription factor protein in
drug therapy (Stefanucci et al., 2015, 2021). There are several
experimental techniques such as nuclear magnetic resonance
(NMR) spectroscopy and crystallographic approaches, which
have been used to reveal the details of interaction of
aptamers and their aminoglycoside targets (Tereshko et al.,
2003). Despite theaccurate and detailed information obtained
from such techniques, they are expensive and difficult to
use. Take to account this limitation, there are a few co-crystal
structures of aptamer-–ligands available. Therefore, the bind-
ing pocket of aptamers and molecular details of their interac-
tions with targets are unknown in most cases. However, it is
crucial to understand the binding details in developing of
aptamer-based biosensors. In recent years, there have been
significant progresses in computational approaches to inves-
tigate the aptamer-target interactions (Ahmad et al., 2021;
Chen et al., 2021). Among different computational methods,
molecular dynamics simulation is a powerful tool to investi-
gate the real time conformational and dynamics changes
which occurred upon the binding process.
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DNA aptamers are known to be more stable than their
RNA counterparts, which are made them suitable candidates
for biomedical applications. But have the drawback of lack-
ing the relevant DNA structure prediction tools in compari-
son with RNA. Regarding to this limitation, there are a few
known DNA-ligand complex structures. In this study using a
coarse grained modeling software, we predicted the 3D
structure of streptomycin specific 79-mer ss-DNA aptamer
from the sequence. The 79-mer ss-DNA aptamer has been
synthesized and identified by Zhou and coworkers (Zhou
et al., 2013). Several experimental studies have shown 79-
mer ss-DNA aptamer successfully binds STR with high affinity
and specificity (Emrani et al., 2016; Ghanbari & Roushani,
2018; Roushani et al., 2018; Taghdisi et al., 2016; Yin et al.,
2016a, 2016b, 2017; Zhao et al., 2017). In a study conducted
by Zhou et al, they found nucleotide motifs of 79 mer ss-
DNA which are predicted to be involved in binding STR
(Zhou et al., 2013). These motifs posses guanine rich sequen-
ces that are mainly located at the loop parts of the aptamer
based on Mfold prediction.

The stability of the aptamer- ligand complex is a principal
factor of their applicability in the field of drug and medicine.
The complex stability is governed by the type of interactions
occurred between aptamer and ligand. The molecular details
of such interactions are considered by computational techni-
ques. Molecular dynamics simulation is used to investigate
the interaction between aptamer and ligands at the atomic
details. This information can help to optimize aptamer bio-
sensing characteristics and plays a key role in reducing the
number of experiments to design more target-specific apta-
sensors. The MD simulations provide invaluable and crucial
information that is difficult to obtain experimentally. Using
MD simulation, binding specificity, stability and conform-
ational changes can be investigated. In the present study,
using molecular docking and molecular dynamics simulation,
we predicted the binding pocket of STR- specific aptamer
along with structural details of aptamer-STR interactions. To
our knowledge this is the first in silico study that predicts
the 3D structural model of 79-mer ss-DNA aptamer and illus-
trates the Apt-STR binding characteristics.

Methods

Three-dimensional structure preparation

Due to the absence of experimentally 3D structure of 79-mer
ss-DNA, we need to build the structure. First, the secondary
structure of aptamer was predicted by Mfold software which
gives typical loop and stem motifs (Zuker, 2003). Based on
Mfold secondary structure, the 3D model of the aptamer was
generated with MacroMolecularBuilder (MMB) (Flores et al.,
2011), a coarse-grained modeling software. The Autodock
docking program (Autodock vina) (Trott & Olson, 2010) was
applied to dock ligand into the designed 3D aptamer struc-
ture (Figure 1). The best docking complex configuration was
selected regarding to the residues involved (Zhou et al.,
2013) and binding energy scores for subsequent MD simula-
tion. The geometry optimization of streptomycin was

performed with RHF/6-31G� basis set using Gaussian09
(Frisch et al., 2009).

Molecular dynamics simulation

The 3D aptamer and docked complex structures were
employed as an input for all atom MD simulations. Aptamer
and aptamer-STR complex were treated in two independent
simulations.

The MD simulations were carried out with GROMACS soft-
ware package version 5.1.1 (Hess et al., 2008) with the
Amber 99SB force field (Case et al., 2005). The Amber force
field has been used widely for nucleic acid studies. A TIP-3P
water model and at least 47000 water molecules were used
to solvate the structures in a dodecahedron box with a min-
imum distance of 10 Å between the aptamer and the box
walls. Periodic boundary conditions were assigned to all
directions. Adding sodium ions neutralized the net charge of
the systems. The system energy was minimized employing
steepest descent algorithm. The minimized structures were
further equilibrated for 100 ps using NVT and NPT thermo-
dynamic state ensembles, the temperature and pressure
were constant at 300 K and 1 bar using Berendsen weak cou-
pling method with coupling times of 0.1 and 2.0 ps, respect-
ively (Berendsen et al., 1984). The particle mesh Ewald
method was used for the electrostatic interaction (Darden
et al., 1993). The LINCS algorithm was applied to constrain
bond lengths (Hess et al., 1997). Dispersive interactions were
used a Lennard-Jones potential with a 1 nm cutoff.
Electrostatic interactions with a cut-off of 1.2 nm were con-
sidered. The streptomycin (STR) molecule has been inte-
grated in to the simulation box. General Amber force field
(GAFF) parameters were applied to the STR ligand by using
Antechamber suite set in Amber Tools 20 package (Case
et al., 2020). ACEPYPE was employed to transfer the resulting
parameters to Gromacs compatible format (Da Silva &
Vranken, 2012). The final MD simulations were conducted for
100 ns. The VMD (Visual Molecular Dynamics) software was
used to visualize the MD simulation results (Humphrey
et al., 1996).

Results and discussion

Simulation of the unstructured aptamer-
streptomycin complex

In a research conducted by Zhou et al, they have reported a
79-mer ss-DNA aptamer that binds streptomycin with high
specificity and affinity (Zhou et al., 2013). Through sequence
analysis and affinity measurement, they found there are
nucleotide motifs in 79-mer ss-DNA aptamer sequence,
which are expected to be involved in STR binding. Based on
Mfold secondary structure predictions, these motifs are
located at the loop part of the ss-DNA aptamer and include
motifs GGGG residues 23–26, GGTGTT residues 30–35 and
GGGT residues 51–54.

In the first step of this in silico study and with the aim of
finding the aptamer binding motifs, 30 ns MD simulation of
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unfolded ss-DNA aptamer with STR was carried out.
According to 30 ns MD simulation, STR chose the GGGG
motif residues 23–26 of unfolded aptamer as illustrated in

Figure 2. These residues are interacting with STR mostly
through forming stable hydrogen bonds (Figure 3). Indeed
30 ns MD simulation indicates the key role of aptamer GGGG
motif (residues 23–26) in binding process. These obtained
results along with experimental data (Zhou et al., 2013)
helped us to have an estimation of aptamer binding pocket
in the subsequent docking calculation.

Simulation of the folded aptamer with and without
bound streptomycin

In the next step, based on the secondary structure obtained
from Mfold, the three dimensional model of 79-mer ss-DNA
was generated using MMB coarse-grained software. With the
aim of finding the suitable binding mode of ss-DNA aptamer
and streptomycin, docking calculation was performed. The
best complex was selected according to the residues involved
and binding energy score. We used this final complex as an
input for MD simulation. The results of 30 ns MD simulation
and docking calculation showed the motif GGGG residues
23–26 along with motif GGTGTT residues 30–35 are important
parts of the apatmer-binding pocket. In the next step, two
100 ns MD simulation of folded aptamer (generated by MMB)
without and with STR (obtained from docking simulation)
were carried out. The Apt-STR complex simulation show STR
trapped inside a binding pocket constituted by residues
18–35, which includes two nucleotide motifs 23–26 and 30–35,
these motifs predicted to be important in STR binding based
on Zhou et al studies (Figure 4). We compared 79-mer ss-DNA
binding pocket with that of streptomycin specific 40-mer RNA
aptamer obtained from Tereshko et al crystallographic studies
(Tereshko et al., 2003) similar to 40-mer RNA binding pocket,
in ss-DNA aptamer, STR streptose ring is buried inside the
deep groove of DNA and capped by non Watson-Crick bases
including G25–G31 and G24–T32 pairs (Figure 4).

Structural stability of the aptamer

To investigate the aptamer structural stability during the MD
simulation, the root mean square deviations (RMSD) analysis
of aptamer backbone was applied; the reference structure
was energy-minimized structure in all simulations. As

Figure 2. Combination evolution of unfolded ss-DNA aptamer and STR during
30 ns simulation time.

Figure 1. Schematic overview of workflow used to construct the 3 D structure of aptamer- streptomycin complex.
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displayed in Figure S1, unfolded bound-aptamer structure
shows the highest RMSD values. The folded bound aptamer
structure after �20 ns of simulation time becomes stable,
comparison of bound and unbound aptamer RMSD plots in
the folded state, indicates in the presence of ligand, aptamer
large fluctuations are considerably reduced, demonstrative of
occurring significant interactions between aptamer and STR.
We calculated the RMSD of the binding pocket region includ-
ing residues 18–35, as Figure S1 shows, after �20 ns of simu-
lation time, RMSD fluctuations become stable around
0.18 nm in complex structure, indicating that the binding
pocket structure is unperturbed during the simulation time.
From the RMSD plot of binding pocket region, it is clear that
the motile nature of DNA aptamer is considerably reduced
upon complex formation. STR rigidifies the binding pocket
due to the stable formed hydrogen bonds with aptamer.

The root-mean-square fluctuations (RMSF) analysis was
performed to evaluate the aptamer flexibility changes that
occurred upon interactions with STR during 100 ns MD

simulation. The RMSF values for aptamer in both unbound
and bound states are displayed in Figure S2. As it can be
seen from this figure, the large fluctuations of key residues
located at the binding pocket region have decreased signifi-
cantly upon complex formation (residues 18–35) demonstra-
tive of stable combination of DNA aptamer with STR. The
binding pocket region in unbound structure shows high fluc-
tuations indicating the more residue freedom and dynamics
in the absence of STR. The highest fluctuations were
observed for residues 19, 20, 26 and 30 in both bound and
unbound states, by inspecting the complex structure we
found these residues are not participated in hydrogen bond
interactions with STR.

Radius of gyration

Radius of gyration (Rg) is a measure of aptamer compactness
and stability in the process of molecular dynamics simula-
tion. The Rg values for aptamer in both bound and unbound

Figure 3. STR hydrogen bond interactions with G23-25 motif of unfolded ss-DNA aptamer.

Figure 4. Average conformation of binding pocket region in interaction with bound STR (A) The aptamer involved residues shown in green sticks are interacting
with STR (B) Schematic illustration of STR trapping in a deep groove of DNA cavity, the interacting residues with STR are presented by green color (C) STR capped
by non Watson-Crick bases including G25–G31 and G24–T32.
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states were plotted and compared to each other. As Figure
S3 shows, the Rg values of binding pocket region in the
bound state were reduced considerably and fluctuations
were negligible. As illustrated in Figure S3, Rg converged to
0.9 nm after nearly 20 ns and remained stable during the
simulation time. This demonstrates the consistency of lignad
binding and stability of Apt-STR complex. Thus, the complex
radius of gyration further validated the stable combination
between aptamer and STR (Figure 5).

Surface accessible solvent area

Surface accessible solvent area (SASA) is defined as the sur-
face area of DNA, which interacts with solvent. Average
SASA of aptamer binding pocket region in bound and
unbound states were monitored during 100 ns MD simula-
tion. We calculated the SASA values per binding pocket resi-
due in the unbound and bound states. The calculation
shows, all binding pocket residues in complex structure have
smaller SASA values comparing to corresponding residues in

unbound structure (Table S1), which indicates these residues
are involved in binding STR and their solvent exposure is
reduced upon complex formation.

Hydrogen bond analysis

The recognition specificity of 79mer ss-DNA aptamer is asso-
ciated with stable hydrogen bonds it made with STR.
Hydrogen bonds play a key role in aptamer–ligand complex
formation and stabilization. Tereshko et al have resolved the
crystallographic structure of 40-mer RNA aptamer with STR
(Tereshko et al., 2003), molecular dynamic simulations have
been carried out to investigate the streptomycin interaction
with this 40-mer RNA aptamer (Baptista & Netz, 2019; Nick
et al., 2016), the results showed that streptomycin stabilized
the RNA aptamer through forming stable hydrogen bonds.

In order to get further insight into the DNA-STR binding,
the hydrogen bond analysis was carried out. According to
gromacs, we considered hydrogen bonds with a maximum
distance of 0.35 nm and 30� or less of corresponding angles
between the donor and acceptors atoms. The hydrogen
bond plots between binding pocket residues and STR indi-
cated DNA combined with STR mostly through forming sta-
ble hydrogen bonds. Hydrogen bonds are occurred between
binding pocket residues including C21, C22, G23, G24, G28,
G31, T32, and G33 with STR as displayed in Figure 6 and
Table 2. G25 shows occasional formed hydrogen bonds with
STR. As illustrated in hydrogen bond graphs, it is obvious
that all involved residues form several stable hydrogen
bonds with STR, consistency and intensity of hydrogen
bonds are clear from the depicted plots (Figure 7). The stabil-
ity of hydrogen bonds was evaluated by plotting the dis-
tance values versus simulation time. The depicted plots show
the consistent behaviors of hydrogen bonds throughout the

Table 1. Hydrogen bond characteristics of involved residues in Hbond
interactiona.

Don Acc Dist (Å) Don Acc Dist (Å)

STR:N1 G18:OP1 1.81 G24:N1 STR:O44 2.18
STR:N1 G18:O5 2.82 G24:N2 STR:O44 2.41
STR:N4 G18:O5 3.13 STR:N3 C28:OP1 1.91
A19:N6 STR:O51 1.94 STR:N4 C28:OP1 2.12
STR:O53 A19:N7 2.14 STR:N19 C28:O2 1.85
STR:O51 C21:O2 2.92 G31:N1 STR:O42 3.17
STR:O53 C21:O2 2.80 G31:N1 STR:N19 2.54
STR:O30 C22:OP2 1.80 G31:N2 STR:N19 3.35
STR:N48 C22:OP2 1.96 STR:O42 T32:O2 3.25
STR:O46 G23:O6 3.34 STR:O44 T32:O2 1.85
STR:O46 G23:N7 2.11 STR:N18 G33:N7 3.47
G24:N1 STR:O46 2.81 STR:O42 G33:OP2 1.97
aAbbreviations: Don; Donor groups, Acc; Acceptor groups and Dist; Distance
in Angstroms.

Figure 5. MD snapshots of aptamer in bound and unbound states at time intervals of 50 ns.
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simulation time. The hydrogen bond distance values are
reported in Table 2. The consistency and stability of hydro-
gen bonds are in good accordance with RMSD, Rg and RMSF
data, as we described above RMSD values were reduced con-
siderably in the binding pocket region indicating that high
stability gained upon complex formation. The RMSF value

reduction is indicative of involvement of residues in strong
hydrogen bond interaction, as we can see in Figure S2, resi-
dues 19, 20, 26, and 30 have the highest RMSF values com-
pared to other neighbor residues in the binding pocket
region, these four residues are not involved in hydrogen
bond interaction with STR. The average number of hydrogen

Figure 6. Average structure of Apt-STR complex. The hydrogen bond interactions between STR and Apt residues located at the binding pocket region
are presented.
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bonds between binding pocket residues and STR was calcu-
lated and plotted versus time in Figure 7(K). As graph shows
after 20 ns of simulation time the plateau is occurred with
average number of 14 hydrogen bonds. This is in good
agreement with the number of hydrogen bonds reported in
Tereshko et al crystallographic complex structure (Tereshko
et al., 2003).

Binding energy

The binding energy of Apt-STR complex was evaluated using
MM-PBSA to estimate the binding affinity of aptamer to lig-
and (Kumari et al., 2014). Our calculation shows aptamer
bound streptomycin with binding energy of �43.943 kJ/mol.
The contribution of different energy terms is reported in the
Table 2. As data shows, the electrostatic energy term made
the biggest contribution to the binding energy. This result
demonstrated that electrostatic energy through forming sta-
ble hydrogen bonds plays an important role in aptamer- STR
complex formation.

All atom molecular dynamics simulation has made this
possibility to consider the binding mechanism of STR and ss-
DNA aptamer in atomic details. The base-to-base distances
were calculated to investigate the binding mechanism. The
separating distances between COM of T20–G33 and
G22–G33 bases in the binding pocket region reduced upon
complex formation from �2.7 to 1.7 nm and from 2.4 to
1.4 nm, respectively and remained stable during the 100 ns
MD simulation time (Figure 8). Therefore ss-DNA aptamer
conformation has changed upon STR binding, this demon-
strates that aptamer-STR binding process corresponds to
induced-fit mechanism. Our computational study show bind-
ing pocket region is separated from the two other parts of
the aptamer and it is the only section of aptamer, which is
involved in STR binding process. Moreover, several studies
have revealed that there are many advantages of truncated
aptamers such as cost effectiveness, easy management and
higher specificity and affinity (Alhadrami et al., 2017; Kaur &
Yung, 2012; Keefe et al., 2010; Le et al., 2014; Sussman et al.,
2000). Hence, we suggest truncating 79 mer ss-DNA aptamer
into shorter 34-mer DNA with conserved binding motifs, the
secondary structure of truncated sequence was obtained
from Mfold, as illustrated in the Figure 9, the truncated
aptamer includes binding motifs GGGG and GGTGTT in one
loop. We suggest this 34-mer aptamer for further STR-bind-
ing evaluation.

View of relative location of base pairs T20-G33 and C22-
G33 in (C, D) free and (E,F) complex aptamer structures.

Figure 7. Hydrogen bond plots calculated between STR and binding pocket residues (A) G18 (B) A19 (C) C21 (D) C22 (E) G23 (F) G24 (G) G25 (H) G31 (I) T32 (J)
G33 (K) Total Hbonds between STR and aptamer binding region.

Table 2. Binding free energy obtained from MM-PBSA calculation.

Binding energy components (kJ/mol)

DEvdw �196.294 ± 30.076
DEele �706.394 ± 2.169
DGpolar 882.130 ± 8.967
DGnonpolar �23.385 ± 1.007
DGbind �43.943 ± 38.517
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Conclusion

Molecular dynamics simulation as a standard tool has
expanded significantly in recent years to illustrate the bimol-
ecular interactions in full atomic details. MD simulation can
be used to elucidate the structural features of aptamers
toward their targets and facilitate more efficient aptamer
design for their therapeutic and diagnostic applications. MD
simulation with real time analysis provides a detailed descrip-
tion of aptamer conformational dynamics to display an
atomic illustration of binding process.

Using molecular modeling programs, including structural
modeling, molecular docking and molecular dynamics simu-
lation, we studied the binding characteristics of the 79-mer
ss-DNA aptamer and streptomycin. In the present study, a
3D structural model of 79-mer ss-DNA aptamer was con-
structed and docked into STR. All-atom molecular dynamics
simulations of ss-DNA aptamer without and with STR were
carried out to investigate the binding process. Our docking
and MD results show nucleotides 18–35 form a binding
pocket region andthe residues 18, 19, 21, 22, 23, 24, 28, 31,

Figure 8. Calculated distances between residues (A) T20–G33 and (B) C22–G33 in binding pocket region.
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32 and 33 interact with STR through forming stable hydro-
gen bonds. Complex structure shows stabilization after
�20 ns of simulation time. The considerable reduction in
RMSD, RMSF, Rg and SASA values, further validates the stable
combination between aptamer and STR. In a research con-
ducted by Zhou et al, through sequence analysis they found
nucleotide motifs that appeared to be involved in STR bind-
ing. The computational results are in good accordance with
their experimental findings, since our study shows those
motifs are important parts of the binding pocket and are
involved in hydrogen bond interactions with STR. The pre-
dicted binding pocket of ss-DNA, also shows meaningful
similarity with that of streptomycin specific 40-mer RNA
aptamer, obtained from crystallographic studies. By calculat-
ing the base to base distances in the binding pocket region,
it concludes that Apt-STR interaction model corresponds to
induced-fit binding mechanism. The results obtained from
this in silico study lay the foundation for further optimized
design of aptamers in biosensing applications.
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