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ABSTRACT: Aptasensors utilize aptamers as bioreceptors. Aptamers are highly efficient, have a
high specificity and are reusable. Within the biosensor the aptamers are immobilized to maximize
their access to target molecules. Knowledge of the orientation and location of the aptamer and
peptide during binding could be gained through computational modeling. Experimentally, the
aptamer (anti-MUC1 S2.2) has been identified as a bioreceptor for breast cancer biomarker mucin
1 (MUCL1) protein. However, within this protein lie several peptide variants with the common
sequence APDTRPAP that are targeted by the aptamer. Understanding orientation and location of
the binding region for a peptide—aptamer complex is critical in their biosensor applicability. In this
study, we investigate through computational modeling how this peptide sequence and its minor
variants affect the peptide—aptamer complex binding. We use molecular dynamics simulations to
study multiple peptide—aptamer systems consisting of MUC1 (APDTRPAP) and MUCI-G
(APDTRPAPG) peptides with the anti-MUC1 aptamer under similar physiological conditions reported experimentally. Multiple
simulations of the MUC1 peptide and aptamer reveal that the peptide interacts between 3" and 5 ends of the aptamer but does
not fully bind. Multiple simulations of the MUCI1-G peptide indicate consistent binding with the thymine loop of the aptamer,
initiated by the arginine residue of the peptide. We find that the binding event induces structural changes in the aptamer by
altering the number of hydrogen bonds within the aptamer and establishes a stable peptide—aptamer complex. In all MUC1-G
cases the occurrence of binding was confirmed by systematically studying the distance distributions between peptide and
aptamers. These results are found to corroborate well with experimental study reported in the literature that indicated a strong
binding in the case of MUCI1-G peptide and anti-MUCI aptamer. Present MD simulations highlight the role of the arginine
residue of MUCI-G peptide in initiating the binding. The addition of the glycine residue to the peptide, as in the case of MUC1-
G, is shown to yield a stable binding. Our study clearly demonstrates the ability of MD simulations to obtain molecular insights
for peptide—aptamer binding, and to provide details on the orientation and location of binding between the peptide—aptamer
that can be instrumental in biosensor development.

B INTRODUCTION

Biomarkers are molecules linked to changes in concentration,

A biosensor is a receptor-transducer device that provides

PP . . . 20
quantitative information using a bioreceptor and a transducer.

physiology, and morphology within an organism." These
molecules are effective sources as discerning diagnostic tools
for detecting and tracking disease progression. Recently,
developments in biosensors have garnished a lot of interest in
cancer research for their unique applications as diagnostic
devices.” "' At the genetic level, a prevalent gene associated
with breast cancer is the mucin 1 (MUC1) gene.12 The MUC1
gene encodes transmembrane mucin proteins.”> In breast
carcinomas the MUCI protein is no longer transmembrane, but
rather up-regulated and free floating in the bloodstream."> The
carcino%;erlgic isoform of these proteins lack the tandem repeat
regions " ° and have shortened O-glycan’s which expose a
variety of peptide epitopes.'*™'® Mucin 1 peptides often
contain the sequence APDTRPAP. The SM3 antibody has a
high affinity for this cancerous isoform of MUC1"*"”*® and has
been crystallized with the peptide antigen APDTRPAP.'* The
concentration of the MUCI isoform can be related to disease
severity'>'® which could be detected and assessed within a
biosensor.
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Generally a transducer is based on electrochemical, mass,
optical, or thermal changes while the bioreceptor acts on

) . e 2021
biochemical recognition.””

When a biological sample is
introduced into the sensor, the bioreceptor targets its desired
ligand in the sample and binds to it. The change of state due to
the interaction of the bioreceptor and ligand is registered and
quantified by the transducer. Selecting efficient bioreceptors
presents a major challenge for biosensor development.*’
Antibodies are large biomolecules commonly used biorecep-
tors.”> Despite their use, antibodies are not always easily
synthesized, can be chemically unstable thus limiting their
application to single use biosensors.”® The large size of the
antibodies often limits their application to low density
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biosensors.
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Such limitations and difficulties with antibodies motivated
the search for efficient alternative biorecognition elements.
Studies have shown that aptamers can be potential
bioreceptors.””****~*” Aptamers are broadly considered as
single stranded DNA or RNA oligonucleotide.”® Aptamers are
relatively small, chemically stable biomolecules and have a high
binding affinity that rival or better than that of antibodies.
These properties make aptamers advantageous as biorecep-
tors.”® Sequence level binding as well as their ability to undergo
changes in conformation upon binding contributes to the high
binding affinity of aptamers. In addition, aptamers are readily
functionalized and immobilized on a surface creating highly
ordered receptor layers.*

Because of the complexity and vast possibilities of
combinations, RNA and DNA oligonucleotides have been
compiled into aptamer libraries. For example, a standard 25-
mer library compilation has 10'° available aptamers.”® Clearly,
selecting an appropriate aptamer from such a large pool is not
practical. In 1990, the SELEX (systematic evolution of ligands
by exponential enrichment) process provided an experimental
solution for aptamer selection. In this process, several smaller
pools of developed aptamer libraries undergo incubation with
the desired target molecule.””*" Successfully bound aptamers
from the incubation process are enhanced through polymerase
chain reactions (PCR);*'™** the incubation and subsequent
steps are repeated to generate a select assembly of high affinity
aptamers.*>** Upon completion of the SELEX cycle, these high
affinity aptamers are sequenced to uncover their makeup.

After successful selection and sequencing of an aptamer, it
needs to be immobilized in the biosensor. The method of
immobilization® and orientation of the aptamer within a
biosensor directly affects its efficiency.**™>® Biosensor efficiency
is greatly increased when the biorecognition element is oriented
in such a way that the binding site is easily accessible.”>*®
Experimental studies have shown that the anti-MUCI1 aptamer
binds to the mucin 1 protein, in particular the exposed peptide
epitopes that distinguish this carcinogenic isoform.>” Isolating
and understanding peptide mechanisms and actions can
provide key information on the larger proteins they embody.*’
Given that these peptide epitopes are the targets of the
aptamer, they can be used in lieu of the proteins for
experimentation.”® However, details of binding process
including the aptamer orientation and location of binding
between unbound MUCI peptides and the aptamer are not
known. Such details about the aptamer configuration are
important in the function of an aptamer-based biosensor as
small changes in conformation or structure can have significant
effects on the detection capability of the biosensor.*”*"*
Molecular level insights into such a complex phenomenon can
be achieved with the aid of suitable computational modeling to
improve our understanding of aptamer binding,

In this work, computational modeling is employed and
shown to be an avenue to test, analyze, and visualize the
progression of the peptide—aptamer binding. In particular, as
discussed before, binding is the foundation for the aptamer
selection process and biosensor detection. Molecular dynamics
is a computational methodology commonly used to study many
biomolecules.***~*> A detailed molecular dynamics modeling
analysis of individual MUCI peptide, MUCI1-G peptide, and
anti-MUC1 aptamer systems in solvent and their interactions
are presented and discussed in the present paper. A preliminary
study of molecular dynamics modeling was previously discussed
for a similar system based on MUCI peptide.*

Modeling of the natural progression of peptide—aptamer
binding in a solvent identifies key features such as orientation
and location of the aptamer in the binding event, thus providing
insights for biosensor development. A series of extensive
molecular dynamics (MD) simulations of MUC1 and MUC1-G
peptides and aptamer combinations in solvent were conducted.
Quantification of the results defining the specifics of aptamer-
peptide binding and their relevance in biosensor development
are discussed.

Il. METHODS

The atomistic representation of MUC1 aptamer was used in
the present computational modeling study. Initial configu-
rations for the biomolecules studied were obtained from the
protein data bank. The 115 atom MUCI peptide sequence
APDTRPAP (shown in Figure 1A) was isolated from the

Figure 1. Structures of molecules used in the present study are shown:
(A) MUC1 peptide (B) MUC1-G peptide and (C) anti-MUC1 S2.2
23-mer Aptamer with the 3’ (highlighted in orange) and S’
(highlighted in yellow) ends illustrated along with the open loop
region of the aptamer consisting of 3 thymine nucleotides (highlighted
in green). In parts A and B, peptide backbones are represented in
ribbon format, while the side chains are shown in a ball and stick
representation. Color code: oxygen, red; carbon, cyan; nitrogen, blue;
hydrogen, white. In part C, nucleic acids are shown as a ribbon
backbone.

antibody complex using the visualization and analysis software
Pymol.*” In order to create a variant of the MUCI1 peptide, the
MUCI sequence was further modified by adding a glycine
residue forming the MUC1-G peptide (APDTRPAPG) with
122 atoms (shown in Figure 1B). The NMR structure of the
$2.2 anti-MUCI aptamer contained 728 atoms (Figure 1C).
This aptamer has a net charge of —22.0 units of electric charge
(e). Pymol was used to create the initial configurations of the
MUCI1 peptide—aptamer and MUCI-G peptide—aptamer
molecular systems by combining the original PDB files.
Detailed molecular dynamics simulations, using the struc-
tures shown in Figure 1, were conducted with the Amber99sb
force field*® using GROMACS, an open source efficient MD
code that is commonly used to simulate complex biological
systems.* This force field has been shown to be effective in
protein modeling and used in several molecular dynamics
simulations of DNA.>>* Initially, individual simulations of the
MUCI peptide, MUCI1-G peptide, and anti-MUC]1 aptamer in
solvent were conducted. Subsequently, the peptide—aptamer
combinations in solvent were simulated. In all the simulations
we considered a 0.15 M NaCl solvent at the room temperature
(300 K) and the atmospheric pressure (1 bar) to closely mimic
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Table 1. Simulation Details for Individual Molecules and Aptamer—Peptide Complexes in Solvent

salt
box volume  concentration
system (nm?®) (™M)
individual molecule MUCI aptamer 398.89 0.15
simulations
MUCI peptide 146.43 0.15
MUCI-G peptide 120.56 0.15
aptamer—peptide MUC1 pegtide and 465.48 0.15
complex simulations aptamer
MUCI, peptide and 1043.43 0.15
aptamer
MUCI, peptide and 650.48 0.15
aptamerb
MUCI-G peptide 1138.77 0.15
and aptamer
MUCI1-G, peptide 416.77 0.15
and aptamer”
MUCI-G, peptide 363.66 0.15
and aptamer”
MUCI-G; peptide 873.46 0.15

and aptamer”

number of atoms in the  number of = number of water simulation
biomolecules Na* ions CI” ions molecules  time (ns)

728 58 36 12741 10

115 13 13 4792 10

122 11 11 3957 10

843 64 42 15158 250

843 116 94 34085 300

843 82 59 21191 300

850 125 103 37356 300

850 60 38 13423 300

850 SS 33 11711 300

850 101 79 28509 300

“The simulations involving MUC1-G;, MUC1-G,, and MUCI1-G; are similar to that of MUC1-G, except they have different starting configurations.
“The simulations involving MUC1, and MUCI, are similar to that of MUCI, except they have different starting configurations.

the general experimental conditions. In order to neutralize the
aptamer, 22 Na* ions were added to the simulation system.

During MD analysis, each biomolecule was minimized to
provide a minimal energy configuration using steepest descent
technique and the potential energy was carefully analyzed to
ensure the simulation system reached a stable configuration.
This minimized structure was further equilibrated using NVT
and NPT thermodynamic state ensembles. The NVT thermal
equilibration was done with a constrained structure and a
velocity rescale thermostat specific to GROMACS.>*%*
Subsequently, NPT pressure equilibration was applied with
the same velocity-rescale temperature coupling in addition to
the Parrinello—Rahmen pressure coupling.*® The fully temper-
ature and pressure equilibrated system was then used as the
initial configuration for the MD production dynamic analysis.
During dynamic analysis, all the atoms were unconstrained and
free to move in their most energetically favorable positions. All
simulations were conducted using a 2 fs time step. Individual
biomolecular simulations of the aptamer and peptides were
conducted for a time period of 10 ns to establish their
molecular behavior. Later, in order to verify the robustness of
the results multiple simulations of the MUC1 peptide—aptamer
and MUCI1-G peptide—aptamer combinations were conducted
for a minimum of 250 ns following the same MD procedure.
Initial configurations for these simulations differ from each
other. Nevertheless, they all have the same molar concentration
of NaCl (0.15M) which is determined as follows.

number of Na% ions = number of Na™
ions needed for neutralization + number of Na™

ions for the corresponding salt concentration

number of CI” ions = number of CI™

ions for the corresponding salt concentration

number of Na™ ions = 22 + [(6.023 X 10> mol ")

1
X box volume nm® X 0.15%]

number of Cl” ions = [(6.023 x 10* mol ™)

1
X box volume nm® X 0.15%1

All simulations were performed at standard temperature (300
K) and pressures (1 bar) in 0.15 M NaCl solvent environment.
The number of Na¥, CI™ ions and water molecules along with
the corresponding box volumes for all simulation systems are
listed in Table 1.

Following the simulation, final configurations of the
molecular systems were examined for any structural reorganiza-
tion using visual molecular dynamics (VMD) software and
GROMACS.”” In order to analyze and quantify peptide—
aptamer binding, distance between the aptamer and peptide
atoms, root-mean-square deviation (RMSD),*® radius of
gyration (Rg)s9 and the number of hydrogen bonds were
analyzed.

lll. RESULTS

A. Simulations of Individual Molecules in Solvent.
Individual biomolecular system simulations give insight into the
possible conformations and identify potential binding sites.
Simulation snapshots of the individual MUC1 aptamer and
peptides are shown in Figure 2. The peptide showed little
change in the conformation during the initial stages of transient
dynamic simulation. However, its conformation significantly
altered as the simulation and transient time proceeded. It was
observed that in the initial stages of simulation, peptide
structure became compact but in the later stages the structure
returned to a conformation similar to that of the starting
structure (Figure 2A). Furthermore, the peptide frequently
altered its conformation during the simulation due to the
flexible nature of the backbone. Conversely, the addition of the
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Figure 2. Snapshots at 0, 3, 6, and 10 ns obtained from MD
simulations of (A) MUCI peptide (B) MUC1-G peptide, and (C)
anti-MUC1 aptamer are shown. Water and ions are not shown for

figure clarity.

glycine residue in the MUCI1-G peptide was found to decrease
the flexibility of the backbone. For this reason, the backbone
appeared to be less flexible compared to the MUCI peptide
although it has free rotational motion (Figure 2B). However,
the addition of the glycine does not make the peptide
completely rigid, which was evident in the later stages of the
transient dynamic simulation analysis.

Unlike the peptides, the aptamer structure showed little or
no change during the transient dynamic simulation. MD
analysis results revealed two distinct open regions within the
aptamer where binding may occur. The first being the loop
region of the aptamer that has three nonbase paired thymine
nucleotides and the second open region include the 3" and §’
ends (highlighted regions in Figure 1C). Simulation also
showed rotation of the three thymine nucleotides in the loop
and relatively less mobility of the nucleotides at the open ends
(Figure 2C).

In order to investigate the conformational changes, we
calculated the structural quantities such as RMSD and R, for
the aptamer and peptides as shown in Figure 3. The RMSD and
R, of the MUCI1 peptide showed a significant variation
throughout the simulation (Figure 3). The flexible backbone
of the peptide causes large fluctuations as atoms rattle and shift
in the confined space. The changes observed in the backbone
movement are also reflected in the RMSD values which
fluctuated between 0.12 and 0.44 nm as shown in Figure 3A.
The flexibility of the peptide backbone is evident from the
fluctuations in R, as well (Figure 3B).

The addition of the glycine residue in the variant MUC1-G
peptide illustrated minor differences in structural behavior
compared to the MUCI peptide. Overall, the MUC1-G peptide
showed a reduction in fluctuations in the R, and RMSD (Figure
3). Despite this reduction the MUC1-G peptide is still capable
of obtaining the conformations mirrored by the MUCI peptide.
The higher RMSD values seen in Figure 3A for the MUCI1-G
peptide compared to that of MUC1 peptide can be attributed
to the addition of the glycine residue. Similarly, the starting
value of R; of 0.8 nm for the MUC1-G peptide was higher than
that of the MUC1 peptide, which can also be attributed to the
addition of this glycine residue. Later stages of simulations
indicated that the peptide obtains a more compact motif
resulting in a steep reduction in the R, (Figure 3B).

The aptamer showed significantly different structural
behavior compared to the peptides. The RMSD of the aptamer
initially was at 0.25 nm. Throughout the dynamic simulation,
the RMSD fluctuates before stabilizing to a value around 0.18
nm (Figure 3A). This can be attributed to the flexible
movement of the thymine nucleotides in the loop region.
The R, value for the aptamer was found to be consistently
around 1.3 nm (Figure 3B). This demonstrates that the
aptamer has a relatively stable structure with little variation.

B. MD Analysis of Peptide—Aptamer Interactions.
I. MUC1 Peptide—Aptamer Simulations. After establishing the
individual biomolecule behavior, we proceed to examine the
peptide—aptamer systems. Snapshots from the molecular
dynamics simulation of the initial peptide—aptamer combina-
tion are shown in Figure 4. During the simulation the aptamer
and MUCI1 peptide move apart compared to their initial
configuration (Figure 4A). During the initial stages of the MD
progression, the peptide associated briefly with the 12th
thymine nucleotide in the aptamer loop (Figure 4B). The
peptide then was found to disassociate before a quick

= MUC]1 Aptamer

—MUC1 Peptide

T T

= MUC1-G Peptide

Time (ns)

Time (ns)

Figure 3. Structural analysis of MUCI peptide (black), MUCI-G peptide (red) and anti-MUC1 aptamer (blue), obtained from individual
biomolecule simulations in solvent. (A) RMSD and (B) R, during 10 ns simulation are plotted.
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E (37ns) F (147ns)

Figure 4. Anti-MUC]1 aptamer (blue backbone) and MUCI peptide
(red backbone and residues) snapshots as observed in a 250 ns MD
simulation are shown (without water or ions). (A) Starting structure.
(B) Brief association event of aptamer—peptide. (C) Dissociation of
the aptamer and peptide. (D) Initial association between the arginine
residue (circled in solid line) and aspartic acid residue (circled in
dashed line) of the peptide backbone and S’ end (yellow) of the
aptamer. (E) Peptide—aptamer snapshot taken at 10 ns after initial
association. (F) Peptide—aptamer snapshot 120 ns after the initial
association. (G) Peptide—aptamer combination at 250 ns.

reassociation (aided by aspartic acid and arginine residues of
the peptide) with the S’ end of the aptamer (Figure 4C,D) in a
parallel conformation to that of the aptamer. However, after 10
ns of association the peptide deviates from its parallel
orientation. Interestingly, the arginine residue of the peptide
(Sth residue in the peptide sequence) still appears to be
interacting with the aptamer at this stage (Figure 4E).
Extending the MD simulation analysis to 250 ns showed the
peptide continued to remain near the 5’ and 3’ open ends of
the aptamer (Figure 4F,G). In order to ascertain if this is a
consistent behavior, multiple simulations with different initial
configurations of MUCI1 peptide—aptamer combinations were
carried out (see Table 1). In each simulation we observe brief
association events similar to the described results (detailed
results are shown in the Supporting Information).

Il. MUC1-G Peptide—Aptamer Simulations. Snapshots from
the simulation of the initiall MUCI1-G peptide—aptamer
combination are shown in Figure 5. Analysis show that the
MUCI1-G peptide—aptamer combination exhibits markedly
different structural behavior from that of the MUCI
peptide—aptamer combination. The addition of the glycine
residue to the peptide caused significant changes in MUC1-G
peptide—aptamer behavior. Unlike the MUCI1 combination, the
peptide in MUCI1-G associated with the open loop region of
the aptamer in this case (Figure SB). The arginine residue of
the peptide was found to interact with the 11th and 13th
thymine nucleotides of the aptamer (Figure SC). Extended
simulation to 300 ns, reveal a continuous association between
the aptamer and peptide. As before, this was confirmed by
carrying out multiple simulations with different initial
configurations of MUCI-G peptide—aptamer combinations
(see Table 1).

C. Comparative Quantitative Analysis. It was not always
clear from the visual analysis if the peptide and aptamer were in
a bound configuration or in the physical vicinity of the binding
regions. In order to elucidate the occurrence of peptide—
aptamer binding we carried out detailed quantitative analysis.

B (51ns)

C (75ns)

D (127ns) E (300ns)

Figure 5. Anti-MUCI aptamer (blue backbone) and MUCI1-G peptide
(purple backbone and residues) snapshots obtained from a 300 ns MD
simulation are shown (without water or ions). (A) Initial peptide—
aptamer configuration. (B) Initial interaction of the aptamer and the
arginine residue of the peptide (circled in black). (C) Peptide—
aptamer association between the open loop region of the aptamer and
the arginine residue of the peptide at 25 ns after initial association. (D)
Peptide—aptamer conformation at 76 ns after association. (E)
Peptide—aptamer conformation at the end of the 300 ns simulation.

The calculated distribution of ions, center of mass distance, and
distance between the atoms within binding region for both
MUCI1 and MUCI-G peptide complexes are shown in Figure 6.
These analytical quantities together help monitor and quantify
binding events.

As the aptamer carries additional charge it is important to
monitor the distribution of ions around peptide—aptamer
complex during the simulation. The average distribution of
number of ions around the MUC1 and MUCI-G complexes
obtained by computing the radial distribution function (RDF)
is shown in Figure 6A. It is clear that there are two distinct
distances, 0.25 and 0.4 nm, where the ions have a relatively
higher presence near the surface of the molecules. The results
also show that the presence of ions is slightly higher around the
MUCI-G peptide compared to that of MUCI1 peptide.

In order to verify the binding event the distance between the
peptide and the aptamer was evaluated by considering the
center of mass (COM) of the individual biomolecules. The
distance between the aptamer and peptide COM was found to
decrease and remain consistently near 2 nm in both MUCI and
MUCI1-G peptide—aptamer combinations (Figure 6B). In
order to further ascertain if the aptamer and peptide are in
fact binding, the distance between the aptamer and peptide
atoms that are specific to the binding region were calculated
and analyzed. The binding region was defined by analyzing the
final binding configurations of the peptide—aptamer systems
and identifying the atoms specifically and consistently involved
in binding (atoms used in this analysis are listed in the
Supporting Information). A successful peptide—aptamer bind-
ing is known to be noncovalent consisting of hydroogen bonds,
van der Waals forces and electrostatic interactions.’”®" van der
Waals interactions play significant role in such noncovalent
binding, which typically extend to a distance of 0.6 nm for large
biomolecules. In the present simulation systems, we con-
servatively used a distance of 0.45 nm as the cutoff distance to
define noncovalent peptide—aptamer binding.*'™** Accord-
ingly, the peptide—aptamer combination was considered to be
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Figure 6. Comparison of anti-MUC]1 aptamer binding with MUC1 peptide (black) and MUC1-G peptide (red). (A) Distribution of average number
of ions around the peptide—aptamer complex. (B) Center of mass distance of the aptamer and peptide molecules. (C) Distance between the atoms

within the binding region of the aptamer and peptides.

bound if the distance between the atoms within the binding
region is less than 0.45 nm for a minimum of 15 ns.

As stated previously, the MUC1 peptide and aptamer
combination visually showed the formation of a peptide—
aptamer complex (Figure 4D). The simulation trajectory
analysis shows that the distance between the binding atoms
of the MUC1 peptide—aptamer combination falls below 0.45
nm briefly (for less than 1 ns) during the simulation (Figure
6C). As the simulation continued this distance increases and
remains above 0.45 nm indicating that the MUCI peptide and
aptamer molecules were not in a bound configuration. Also, the
distance values were consistently closer to 0.6 nm which is the
upper threshold used for large biomolecules.®" Continued
simulation to 250 ns showed the distance between the aptamer
and MUCI1 peptide was 0.6 nm and higher (Figure 6C), thus
confirming this to be a nonbinding complex. Unlike the MUC1
peptide—aptamer combination, simulations of MUCI1-G
peptide—aptamer combination exhibit a strikingly different
behavior. The distance between the atoms in the binding region
in this case falls below 0.45 nm during the initial association
and remains below this threshold for the remainder of the
simulation (Figure 6C). The atoms in the binding region of the
MUCI1-G peptide—aptamer complex averaged a distance of
0.39 nm after initial association. This clearly indicates that the
MUCI1-G peptide and aptamer bind and remain in that
conformation throughout the simulation. This sustained
binding was consistent in all cases with varying starting
configurations of MUCI-G listed in Table 1. This is discussed
further in the next section.

D. Multiple MUC1-G Peptide-Aptamer Simulations.
Wet lab experiments with a variety of MUCI1 peptides have
shown that the MUC1-G peptide—aptamer combination has a
higher binding affinity and is the most favorable binding

combination.** Our simulations and analysis discussed earlier
support these findings as binding occurred only with the
MUCI1-G peptide—aptamer combination. In order to further
validate the consistency and repeatability of MUC1-G peptide—
aptamer binding, we have carried out multiple additional
simulations of this combination in solvent. For this purpose, we
constructed three additional MUCI-G peptide—aptamer
systems under the same physiological conditions as described
before (Table 1). These complexes are represented as MUC1-
G;, MUCI1-G,, and MUCI1-G; with varying initial conforma-
tions (details on the structural set up for each peptide aptamer
combination are found in the Supporting Information). Each of
these simulations was carried out for at least 300 ns.

The binding event in all cases was examined by calculating
the distance between the aptamer and MUCI1-G peptide atoms
in the binding region. Simulations show that these combina-
tions varied in binding time but indicated consistent and
sustained binding of MUCI1-G peptide with the loop region of
the aptamer as before. The binding conformation of the peptide
in the loop region slightly differed for each of these three
MUCI1-G peptide—aptamer combinations. Snapshots of the
binding events from each of these simulations are shown in
Figure 7. Together these simulation results indicate the
consistency and repeatability of the MUC1-G peptide—aptamer
binding event. All the simulations indicate that the arginine
residue consistently plays an integral role in the binding. The
orientation of the peptide differs in each binding event, but the
location in the loop region is consistent. The interaction
between the arginine residue and the 13th thymine nucleotide
is predominantly present in all the three binding complexes
studied. In one particular case (MUCI-G;), in addition to
arginine, an adjacent proline residue of the peptide was also
found to interact with the 13th thymine nucleotide. In this case,
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Figure 7. Simulation snapshots of initial, binding and final configurations (shown without water or ions for clarity). (A) MUC1-G, (B) MUCI-G;,

(C) MUCI-G,, and (D) MUCI-G;.

detailed visual analysis shows that the peptide backbone in the
MUCI1-G; case forms an arc-like conformation (which was not
observed in the other cases) around the loop. We find that this
conformational change facilitates the proline residue interaction
with the 13th thymine nucleotide contributing to a stable
binding conformation (Figure 7D).

We again examined the distribution of ions in each
simulation around these aptamer and peptide molecules
(Figure 8). By computing the radial distribution function
(RDF) of the Na* and CI™ around the aptamer and peptide we
found that the first major peak occurs at 0.25 nm, followed by
second and third peaks around 0.4 and 0.6 nm as shown in
Figure 8A. Examination of the distribution of individual ions
show that the Na* ions are predominant contributors to the ion
distributions as revealed by their presence at 0.25 and 0.4 nm
(shown in Figure 8B). This is expected as the DNA is
negatively charged and would be attracted to the Na* jons. On
the other hand, negatively charged Cl™ ions are not found near
the aptamer surface but their presence gradually increases away
from the surface (Figure 8C).

Prior discussions clearly establish the consistent occurrence
of binding in all MUC1-G cases. This was also reflected in the
quantitative comparative analysis of the structural quantities.
We observed that the radius of gyration (R,) for all MUCI-G
peptide—aptamer simulations show similar behavior. R, for
each MUCI1-G aptamer-peptide complex are presented in the
Supporting Information. Figure 9 shows the distribution of the
R, for the initial (blue) and final (red) 1 ns interval of MUC1-G
peptide and aptamers from all the simulations. The initial
configurations show a widespread of R, values. Though the
time for the binding event varied in each case, after the binding
event all the R; values converged to a value of 1.4 nm as shown
in Figure 8. The convergence of the R, further substantiates the
consistency and repeatability of the MUC1-G binding.

Figure 10 shows the average COM distance and binding
atom distance results at key time intervals in the simulation.
The average distance values are shown with symbols along with
the corresponding variations calculated for the 4 MUCI-G
simulations. Both the distance values and variations pro-
gressively decrease and converge with the binding event. We
find that in all the simulations the COM distance between the
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MUCI-G peptide and aptamer converged to a value of at least
2 nm after the binding (Figure 10A). Although each simulation
was started with a different initial configuration for peptide—
aptamer combination, we observe successful and sustained
binding in every case. This is also confirmed by calculating the
distance between the atoms in the binding region of the
peptide—aptamer complex, which converged to a distance
below the considered binding threshold distance of 0.45 nm.
The average binding atom distance exhibits minimal variation
after the binding event as shown in Figure 10B. Together these
results indicate the consistency and repeatability of the MUC1-
G peptide—aptamer sustained binding.

Figure 11 shows the distribution of the distances for the
initial (blue) and final (red) 1 ns interval of MUCI-G peptide
and aptamers from all the MUC1-G simulations. As can be seen
from the figure, the distributions corresponding to starting

configurations are relatively wide. This is due to the fact that
the initial configurations of the peptide and aptamer structures
were created to be separated by a minimum distance of 3 nm.
On the other hand, the distances corresponding to the final
configurations show a narrower distribution centered around a
distance of 2 nm with a significantly smaller spread compared
to the initial distribution (Figure 11A). We further analyze the
distribution of the distances between the atoms in the binding
region alone (shown in Figure 11B). The distribution of the
binding atoms in the initial 1 ns configurations is similar to the
COM distances. However, the final nanosecond of simulation
show a much narrower distribution centered around a value of
0.3 nm which is well below the binding threshold distance of
0.45 nm considered in this study. Together, these distributions
show that the initially well separated MUCI1-G peptide and
aptamer molecules successfully and consistently bind.

E. Hydrogen Bonding Analysis. From the simulation
snapshots (shown in Figure 7), it is apparent that the aptamer
undergoes structural reorganization during the MUCI-G
binding event. Hydrogen bond analysis could identify such
structural changes,64 since the aptamer tertiary structure is held
together by the formation of hydrogen bonds. Figure 12 shows
the average number of intramolecular hydrogen bonds for all
MUCI1-G peptide and aptamer combinations at key intervals
(see Supporting Information for a comparison of the number of
hydrogen bonds in MUC1 and MUCI-G complexes).
Consistent with the GROMACS analysis, we consider the
hydrogen bonds to have a maximum distance of 0.35 nm and a
corrresonding angle of 30° or less between the donor and
acceptor atoms.”® In all cases at the start of the simulation
several hydrogen bonds were found to hold the structure
together except in the loop and helical regions of the aptamer.
As the simulation continues we observe an increase in the
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number of hydrogen bonds as the system stabilizes. The initial
interaction with the peptide causes a decrease in the number of
hydrogen bonds in the aptamer. The binding event triggered by
the arginine residue causes the distruption of the hydrogen
bonds in the open ends of the aptamer structure. This is
evident from the initial reduction in the average number of
hydrogen bonds, as shown in Figure 12. However, after the
binding the number of hydrogen bonds gradually increases as

the aptamer structure reorganizes to a stable confirmation.
Toward the end of the simulations the variation within the
number of hydrogen bonds in the aptamer structure was found
to be minimal. This indicated that the final binding
combination in all the simulations obtains a similar compact
binding structure.

In addition to intramolecular hydrogen bonding there is also
formation and dissolution of hydrogen bonds between the
individual molecules and the solvent. Figure 13 shows the
average number of hydrogen bonds between the biomolecules
and solvent. More importantly, we observe, after the binding
event, there is a decrease in the number of hydrogen bonds
between the peptide, aptamer, and water. This phenomena is
more prevalent between the peptide and water as evident from
Figure 13B.

We observe that the interactions between the arginine
residue and the 13th thymine nucleotide are present
throughout all MUCI-G peptide—aptamer complex simula-
tions. Figure 14 highlights the hydrogen bonds present between
the atoms of arginine and 13th thymine nucleotide in the final
configuration for each MUCI-G peptide—aptamer complex.
Consistently the hydrogen bonds are present between the
arginine residue and the 13th nucleotide of the aptamer. The
final configuration of the MUCI1-G; peptide—aptamer complex
also showed proline in addition to the arginine interacting with
the 13th thymine nucleotide.

A detailed analysis of hydrogen bond formation between the
atoms within the multiple MUCI-G binding complexes is
presented next. In each case hydrogen bonds are formed
between the guanidino nitrogen atoms of the arginine residue
and the phosphate oxygen atoms from the 13th nucleotide.
Interaction between these atoms establishes a stable peptide—
aptamer complex. Further, MUC1-G; complex shows a
consistent bond between the oxygen of the 13th thymine
nucleotide base and the nitrogen of the proline (as shown in
Figure 14D). Key prevalent atoms that form the hydrogen
bonds between the arginine and 13th thymine residues present
in the binding complex in each case of MUC1-G simulations is
summarized below.

MUCI1-G: Arginine-S side chain NE with the thymine-13
side chain O1P; arginine-$ side chain NH2 with the thymine-13
side chain O1P; arginine-S side chain NH1 with the thymine-13
side chain O1P

MUCI1-G;: Arginine-S side chain NE with the thymine-13
side chain O2P; arginine-$ side chain NH2 with the thymine-13
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Figure 14. Final snapshots of MUCI-G peptide—aptamer complex
from four different simulations are shown. The hydrogen bonds
between the peptide and aptamer molecules are highlighted. (A)
MUCI-G, (B) MUCI-G,, (C) MUCI-G,, and (D) MUCI-G,.

side chain O2P; arginine-$ side chain NH1 with the thymine-13
side chain O2P

MUCI1-G,: Arginine-S side chain NH1 with the thymine-13
side chain OP2; arginine-$ side chain NH1 with the thymine-13
side chain P; arginine-5 main chain N with the thymine-13 side
chain O4

MUCI1-Gg: Arginine-S side chain NH1 with the thymine-13
side chain O2P; arginine-$ side chain NH1 with the thymine-13
side chain O2P; arginine-$ side chain NH1 with the thymine-13
side chain OS5’

B DISCUSSION

MD analysis of individual molecules established the stability of
aptamer and peptide molecules in the solvent. Multiple
simulations with MUCI peptide and the anti-MUC1 aptamer
showed temporary association of these molecules. In particular,
we observed that this association occurs at the 5’ and 3’ end
region. However, longer time duration analysis revealed peptide
reorientation, followed by subsequent separation of these
molecules. This weak association between the MUCI1 peptide

and aptamer was due to the increased flexibility of the peptide
backbone as indicated by the structural analysis. Binding atom
distance analysis during the brief association fell below 0.45 nm.
However, this distance continued to increase with an average
value of 0.6 nm which indicates that the MUC1 peptide and
aptamer are not in a bound state; no sustained binding can be
inferred in all cases.

Multiple simulations showed that the MUCI1-G combination
consistently interacts with the loop region of the aptamer and
binds with that specific region showing a clear sustained
binding in all MUCI-G peptide—aptamer cases. The arginine
residue of the peptide initiated the interaction with the
aptamer. Throughout binding the arginine residue consistently
interacted with the 13th thymine nucleotide of the aptamer in
all MUCI-G peptide—aptamer simulations. In each simulation
a successful binding was observed with a binding time that
differed in each case. Binding was further confirmed by
calculating the distance between the atoms in the binding
region for all MUC1-G combinations studied. This distance
was found to remain consistently lower than a value of 0.45 nm
after binding which implies that the MUCI1-G peptide and
aptamer are noncovalently bound and remained in sustained
binding state. It is important to note that such sustained
binding is required for successful and repeatable biosensor
detection mechanisms.

Detailed structural analysis of the multiple MUCI1-G
peptide—aptamer simulations showed that the aptamer
structure is altered during the binding process. This was
evident from the changes in the number of hydrogen bonds
within the aptamer as it interacted with the peptide. In
particular, the hydrogen bonds within the aptamer structure
showed distinct changes during its binding with the MUC1-G
peptide. Upon binding with the peptide the aptamer internal
structure is significantly altered, as the hydrogen bonds holding
the helix and open ends together are disrupted resulting in a
decrease in the number of hydrogen bonds. As the binding
continued, the aptamer tries to reestablish its hydrogen bonds
by forming a stable peptide—aptamer binding complex. The
solvent environment plays an important role in the formation
of stable aptamer binding complexes.”® Hydrogen bonds
formed between the water and MUCI1-G peptide—aptamer
complexes provide additional insight into the role of the solvent
on MUCI-G peptide aptamer binding. After binding event, the
number of hydrogen bonds between the water and peptide—
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aptamer molecules is found to be reduced. Recent studies of
aptamer—protein binding showed that the entropy increases
due to dissolution of hydrogen bonds between the water and
biomolecules in the system, further driving the binding event.””
For MUCI1-G this phenomena is reflected in the reduction in
bonds between the molecules and water and is driven by the
interaction and binding of the peptide and aptamer.

We find successful and sustained binding in all the MUC1-G
peptide—aptamer complex simulations. Further, we observe
these binding complexes were initiated by the arginine residue
and stabilized by the formation of hydrogen bonds with 13th
thymine nucleotide (Figure 12). A detailed analysis indicated
that the nitrogen atoms of the arginine side chain and the
phosphate oxygen atoms of the 13th thymine nucleotide
specifically involved in the formation of hydrogen bonds. In the
MUCI-G; complex, additional hydrogen bonding between the
nitrogen of the 13th thymine nucleotide base and the oxygen of
the sixth proline residue of the peptide was found to further
support the binding (see Supporting Information). This
interaction with proline can be explicated by the unique arc-
like configuration of the peptide around the 13th thymine
residue as observed in Figure 7. Structurally, looking at the
individual comparison of the peptides shows the difference in
major contributing factor between the MUCI and MUCI-G
peptides is the addition of the glycine residue. The MUC1 and
MUCI1-G peptides have a great presence of arginine and
proline residues. Arginine has a positive charge which aids
stable interactions with the DNA. Proline is known to play an
important role in molecular recognition.® Structurally, proline
presence leads to a low conformational flexibility.*””® Glycine is
the mirror opposite and has a high conformational flexibility
due to its hydrogen side chain. While both peptides show the
ability to interact with the DNA aptamer, glycine’s conforma-
tional flexibility is a noted contributing factor in the stable
binding event between the MUCI1-G peptide and aptamer.

A previous wet lab experimental study by Ferreira et al.
indicated a strong binding of anti-MUC1 aptamer and MUCI-
G peptide.®® By using surface plasmon resonance imaging
(SPRi) they found that the combination of MUCI1-G peptide
and anti-MUCI1 aptamer showed a relatively faster association
compared to other mucin 1 peptides. The MUCI1-G peptide—
aptamer complex was shown to be a stronger binding
combination with a low dissociation constant. In their
work,®® alternative combinations of MUC1 peptide and anti-
MUCI1 aptamer were also studied and were consistently shown
to be weaker binding combinations compared to the MUCI1-G
peptide and aptamer. This concurs well with our multiple
simulation MD modeling analysis results that consistently
showed a stronger binding between the MUC1-G peptide and
anti-MUC]1 aptamer, and only weaker interaction in the case of
MUCI1 peptide—aptamer.

The present study showed that the computational modeling
can be effectively used to determine the binding behavior,
location and orientation for peptide—aptamer binding combi-
nations. Such findings have important implications for aptamer
based biosensor development. In practice, the aptamers are
immobilized on the biosensor surface.*>”"”> To optimize
sensor efficiency there is a need to immobilize the aptamers for
maximum access to their binding region. Aptamers and their
target ligands (like the MUC1-G peptide) can have multiple
binding sites. Detailed insights such as the binding
conformation, binding location and relative orientation of the
peptide—aptamer combination can be obtained from MD

modeling analysis of peptide—aptamer complex as discussed in
the present work. By identifying these specific binding region
and the aptamer orientation within the binding complex, it is
possible to immobilize the aptamer within a biosensor in such a
manner that will provide greater accessibility to the binding
region.>>*® This in turn aids in efficient biomarker detection
within a biosensor.

B CONCLUDING REMARKS

Computational modeling and molecular dynamics simulations
could provide effective means to study and understand complex
biological phenomenon such as biomarker-aptamer binding
combinations. In this work extensive molecular dynamics
simulations of the anti-MUCI aptamer with multiple MUC1
and MUCI1-G peptide binding combinations were conducted
and analyzed using GROMACS. MUC1-G peptide, a variant of
MUCI peptide was generated by adding a glycine residue. After
exploring the structure and dynamics of individual molecules,
aptamer binding with MUC1 peptide and MUCI1-G peptide
were modeled and analyzed via MD extensively. Multiple
simulation results showed that the common peptide sequence
APDTRPAP, in particular the arginine residue plays an
important role in facilitating binding. The addition of residues
like glycine, in the MUCI1-G peptide, help maintain binding to
the anti-MUCI aptamer. The occurrence of binding events was
monitored by calculating the distance between peptide and
aptamer molecules. We find that the distance between the
atoms within the binding region decreased due to binding. The
formation of the binding complex was further supported by the
calculation of the number of hydrogen bonds within the
aptamer structure. Multiple simulations demonstrated that the
MUCI-G binding event occurs consistently in the loop region
of the aptamer thus providing a sustained peptide—aptamer
binding in the case of MUCI1-G peptide—aptamer complex.
Simulations reveal that the arginine residue of the peptide
played a key role in forming the peptide—aptamer binding.

The simulation results of the present study demonstrate that
even small changes in peptide sequence can impact binding.
Simulations also reveal a natural progression of the entire
aptamer and peptide binding event in solvent. Insights from
this study could aid in biosensor developments by providing
pointers on specificities of binding such as aptamer orientation
and location that are critical to enhance detection mechanisms.
Further insights into such complex phenomena can be obtained
by studying additional variations of mucin 1 peptide—aptamer
complexes. Though we have identified major binding factors,
further insights into other possible contributing factors can be
obtained by systematically studying series of binding and
nonbinding complexes, which is, however, computationally
highly challenging. Additional information can also be acquired
through quantum mechanics simulations of the binding sites.
Such expansive research would be computationally heavy but
could provide additional insights. Concurrently, in the present
study, the peptide was presented without a blocking agent or a
cap. As capping can have varied effects on the simulation”>”*
we chose to perform these foundational simulations without a
capping agent. Further simulation is needed to specifically
determine the effects of capping for this binding combination,
and is not considered in the present work.

The methods used in this study can be adapted to analyze
other biomarker-aptamer combinations. The insights obtained
from this study may also be used to simplify the complex and
involved SELEX process. However, this involves studying a
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substantial number of biomarker-aptamer combinations which
would be near impossible, and computationally expensive to
study with the computational methods based on atomistic
details. For this purpose, we intend to develop intermediate
coarse-grain models, which are known to increase the
simulation efficiency by decreasing the number of degrees of
freedom.”>”¢ Further work in this direction is under progress.
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© Supporting Information

Additional figures and data to aid demonstration of MUCI1-G
peptide—aptamer binding as well as analysis and comparison of
MUC1 and MUCI-G peptide—aptamer simulations. The
Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.5b02483.
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