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a b s t r a c t

Single-stranded (ss) oligonucleotide aptamers are emerging as the promising substitutes for monoclonal
antibodies because of their low production cost and good batch-to-batch consistency. Aptamers vividly
bind to a variety of cellular targets and alter their functions with a remarkable degree of specificities. In
this study, the positive clones of human epidermal growth factor receptor 2 (HER2) specific binding
ssDNA aptamers which were previously identified by in vitro Systematic Evolution of Ligands by
EXponential enrichment (SELEX) process, hitherto lacking the putative binding site information and
residues crucial for aptamer recognition are studied. Primarily, four putative DNA binding regions pre-
sent on the HER2 extracellular domain (ECD) were identified using prediction servers and electrostatic
potential maps, which were further exploited to delineate the aptamer binding features. Molecular
docking and molecular dynamics (MD) simulations revealed stable binding nature of three aptamers
(H2>H1>H6), which chose Site 2a as preferred binding site present on the HER2(ECD) protein.
Furthermore, amino acid residues viz. Asn37, Gln59, Arg81-Gln84, Asp88, and Lys128 of Site 2a were
found to be crucial for high-affinity binding. This knowledge can be utilized as a benchmark for the
future studies, in search for better and highly specific anti-HER2 aptamers as cancer therapeutics or as
diagnostic agents.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Human epidermal growth factor receptor 2 (HER2), also known
as CD340 or ErbB2, is an important member of epidermal growth
factor receptor family. A tight regulation of HER2 signaling is a
prerequisite for the normal growth and development of the cells.
Structurally, HER2 is constituted by three distinct domains, namely,
N-terminal extracellular domain (ECD), a transmembrane domain
(TMD) and cytoplasmic tyrosine kinase domainwith C-terminal tail
[1,2]. The HER2(ECD) consists of 4 sub-domains (I to IV) which are
amenable to conformational changes due to interconnected flexible
loops and play active roles in receptor activation. In an open
conformation, the juxtaposition of sub-domain I and sub-domain III
sarfarazkolkar@gmail.com
of HER2(ECD) make sub-domain II - a dimerization domain, “open”
to interact with other HER monomers. Whereas, sub-domain III
adjoins sub-domain IV and extends to a single a-helical TMD,
which in turn connect to the intracellular tyrosine kinase domain
through a small cytoplasmic juxta-membrane segment [3,4].
Initiation of HER2 downstream signaling cascade is attributed to its
dimerization with structurally related HERs namely, HER1, HER3,
and HER4, which can exist as either homo or heterodimer form. The
orphan and constitutively active HER2 monomer dimerize with
another monomer of its kind, or any of the ligand bound active
HER1/HER3/HER4monomers [4,5]. Among these pairs, HER2-HER3
dimerization induces the highest intrinsic activity [6]. Dimerization
initiates a cascade of downstream signaling events such as activa-
tion of mitogen-activated protein kinase (MAPK), phosphoinositide
3-kinase (PI-3K)/Akt and Ca2þ signaling pathways [7]. These events
cause increased cell division, decreased apoptosis and increased
cell survival rate.

Over the past three decades, since the discovery of HER2 as an
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oncogene, a significant progress has been achieved, especially in
the cancer prognosis and treatment [8]. It is now awell-established
fact that HER2 overexpression is associated with ~20e30% of
aggressive breast cancer cases and several other types of cancers
including ovarian, lung, gastric and oral cancers [9,10]. Hence,
several attempts have been made to develop small molecules that
may serve as HER2-targeted therapeutics for cancer and/or bio-
markers for the early diagnosis.

Several synthetic small molecule inhibitors of the intracellular
HER2-kinase domain have been developed. Some of the well-
known potent inhibitors of HER2 kinase domain are, GW572016
(Lapatinib) [11,12], CI-1033 (Canertinib) [13], HKI-272 (Neratinib)
[14], AEE-788 [15], BIBW-2992 (Afatinib) [16], BMS-599626 [17],
ZD1839 (Gefitinib) [18], and CP-724714 [19] whose IC50 values
range from 0.5 nM to 60 nM. Monoclonal antibodies such as, Per-
tuzumab [20], Trastuzumab [21], scFv chA21 [22], Fab37 [23],
Affibody zHER2 [24] have been designed to target HER2(ECD).
Recently, the structurally engineered ankyrin repeat proteins-
DRPin G3, DRPin 9.29 [25] were developed which targets the
extracellular domain of the HER2 protein (Fig. S1).

The discovery of ssDNA aptamers that specifically bind to the
HER2 protein holds immense promise because of their low pro-
duction cost and better batch-to-batch consistency as compared to
the protein therapeutics. Therefore, aptamers could serve as a
better substitute for the existing HER2 inhibitors. In the light of this
conception, earlier we reported seven aptamers (H1-H7) that
specifically bind to the HER2 protein [26]. Also, an in vitro assay
method was developed for the detection of HER2 protein in the
human serum using H2 aptamer as a prototype candidate [26].
Nevertheless, further study necessitates a detailed in silico struc-
tural characterization of the shortlisted aptamers (H1-H7) in the
realm of molecular interactions, and assessment of their relative
binding affinity for HER2 protein using molecular docking and MD
simulations. Therefore, in the present study, combinations of in
silico techniques are employed to extrapolate the nature of
aptamer-protein interactions and thus advancing the functionality
of the aptamers.
2. Materials and methods

2.1. Structural modeling of HER2(ECD)

The X-ray crystal structure of HER2(ECD) was retrieved from
RCSB Protein Data Bank (PDB ID: 1N8Z resolution: 2.5Å; UniProt
ID: P04626) [21]. Missing 3D structural coordinates corresponded
to the residue sequences viz. Asn102-Ala110, Glu303-Gly305, and
Gly361-Ala364 (see sequence alignment; Fig. S2) were modeled
using Build Homology Models protocol of BIOVIA Discovery studio
3.5 (DS. 3.5). Gap segments in the template were modeled by the
integrated loopmodel tool and their geometrywas refined by DOPE
(Discrete Optimized Protein Energy) method. All the disulfide
bridges and ligand groups in the template structure are kept intact
and the optimization level was set to high. The side chains of the
modeled regions were optimized using Side-Chain Refinement
module of BIOVIA DS. 3.5 with the implementation of CHARMM
force field. This was followed by 400 steps of global energy mini-
mization using steepest descent method and Generalized Born as
an implicit solvent model. The refined model was evaluated by
SAVES server (https://services.mbi.ucla.edu/SAVES/). The data
indicated that the model is reliable with 92.6% of residues in the
most favored region from the Ramachandran plot, 92.38% ERRAT
and 94.0% VERIFY 3D scores (Fig. S3). The validated model of
HER2(ECD) was used for further in silico studies.
2.2. Prediction of putative DNA binding (DB) residues

The putative DB residues of HER2(ECD) were identified by using
DISPLAR [27] and DNABINDPROT [28] structure-based DB residues
prediction servers. Given the 3D structure of a protein as an input,
the servers enable the use of prediction tools that used distinct
algorithms to predict the potential DB residues. Prediction by
DISPLAR is based on the neural networks, while the DNABINDPROT,
uses the dynamic derived features of protein residues in high-
fluctuation modes and their evolutionary conservation. In the
present study, a consensus of these two distinct prediction algo-
rithms is considered to garner the information of potential DB
residues.

2.3. Generation of continuum electrostatic potential maps

The continuum electrostatic potential maps on the protein
surfaces were generated by Adaptive Poisson-Boltzmann Solver
(APBS) package [29] using AMBER99 force field implemented in the
PDB2PQR web server ver. 2.0.0 [30]. The protonation states of
titratable residues were assigned at pH 7.4 using PROPKA. Default
values of dielectric constant (salute: 2 and solvent: 78.54) and
temperature (298.15 K) were used for ABPS calculations. The con-
tinuum electrostatic potential maps of the solvent accessible sur-
faces were shown in dimensionless units of kT/e, where k is
Boltzmann's constant, T is the temperature in Kelvin and e is the
charge of an electron. The continuum electrostatic potential sur-
faces were rendered using PyMOL ABPS tool (Schr€odinger, LLC.
(2010)).

2.4. Structural modeling of variant regions of canonical anti-HER2
aptamers

3D structures of the truncated variant regions of the anti-HER2
aptamer along with poly T (Table 1) were modeled (from 30 direc-
tion) using Build and Edit Nucleic Acid tool of DS. 3.5. The phos-
phate group at 50 and oxygen atom at the 30 termini of the aptamer
varients were capped and primed with the hydroxyl group and a
hydrogen atom, respectively in order to maintain neutral electronic
milieu. All the modeled structures of the aptamers were subjected
to energy minimization by steepest descent method using Gener-
alized Born as an implicit solvent model with the implementation
of CHARMM force field.

2.5. Aptamer-protein docking setup

The modeled structures of anti-HER2 aptamers along with a
negative control poly T aptamer were docked to HER2(ECD) using
HADDOCK web server protocol ver. 2.1 [31]. Prior to docking, con-
straints were included for the protein by assigning the DB residues
predicted by DISPLAR and DNABINDPROT as active residues, while
all the residual solvent-accessible residues were defined as passive.
To define the docking constraints for anti-HER2 aptamers, all
nucleotide bases of the seven aptamers were defined as active
residues. Hence, a total of seven independent docking runs were
carried out. The simulations were driven using the predefined
docking constraints which were converted into ambiguous inter-
action restraints by HADDOCK. The docking protocol comprised of
three stages, namely (a) rigid-body energy minimization, (b) semi-
flexible refinement and (c) final model refinement in explicit sol-
vent (TIP3P) model. A maximum of 200 water refined models
(WRMs) obtained in the final stage of each docking run were
clustered using a pair-wise backbone rmsd cut-off of 7.5Å and a
minimum cluster size of 4 as criteria. Several clusters were gener-
ated. These clusters were ranked on the basis of HADDOCK scores,
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Table 1
Sequence information of anti-HER2 aptamers selected during the SELEX process along with a nonspecific poly T sequence.

Sr No. Candidate No. Anti-HER2 aptamer codes Canonical anti-HER2 aptamersa (5'/30)

1 1/13 b H1 gggccgttcgaacacgagcatgggcgggcctaggatgacctgagtctgtcc
2 6/10 b H2 gggccgtcgaacacgagcatggtgcgtggacctaggatgacctgagtactgtcc
3 3 H3 gggccgttcgaacacgagcatggcgggtcctaggatgacctgagtactgtcc
4 5 H4 gggccgttcgaacacgagcatggtgccctaggatgacctgagtactcc
5 2 H5 gggccgttcgaacacgagcatggggcctaggatgacctgagtactgtcc
6 8/9 b H6 gggccgttcgaacacgagcatgatacctaggatgacctgagtactgtcc
7 12 H7 gggccgttcgaacacgagcatgggtgtgacacctaggatgacctgagtactgtcc
8 Poly Tc Poly T tttttt

a The variable regions (bold and underlined) of canonical anti-HER2 aptamer sequences are used to model 3D structures for the purpose of In Silico studies. The truncated
anti-HER2 aptamers with a variable aptamer sequence length of three nucleotide bases were added with an additional residue overhang (bold and italicized) on either end to
generate 3D models for in silico studies.

b These aptamers appeared multiple times during the in vitro SELEX process Ref. [26].
c Negative control.
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which is the sum of weighted intermolecular energy terms such as,
electrostatic (Elec), van der Waals (vdW), desolvation (Dsolv) and
Ambiguous Interaction Restraints (AmIR) energies (equation (1))
[32]. While the rigid-body score is obtained by subtracting the
HADDOCK score with the weighted (0.05) buried surface area (BSA)
term.

HADDOCK score¼ 1.0 * Elecþ1.0 * vdWþ1.0 * Dsolvþ1.0 * AmIR(1)

The results of cluster analysis obtained from eight independent
docking runs (H1-H7 and poly T) are shown in Table 2 (see results
section). The model belonged to the largest cluster having the best
HADDOCK score was chosen as a representative of each docking
run output.
2.6. Molecular dynamics (MD) simulations

100 ns MD simulations were performed for the four represen-
tative docked models viz. HER2(ECD)-H1, HER2(ECD)-H2,
HER2(ECD)-H6 and HER2(ECD)-poly T. The simulations were per-
formed using GROMACS ver. 4.5.4 [33] with the implementation of
the CHARMM27 force field [34]. The topology files for all the
aptamers were generated by SwissParam using CHARMM all atoms
force field [35]. Subsequently, the atom types in the topology files
were modified as per the standard CHARMM27 atom types appli-
cable to nucleotide bases. The complexes were solvated using
Simple Point Charge (SPC) water molecules in an octahedron box
with periodic boundary conditions and the systemwas neutralized
by adding counter ions.

Long-range electrostatics were calculated using Particle Mesh
Ewald (PME) summation with 10Å cut-off for columbic in-
teractions [36]. The short-range electrostatic and van der Waals
distance cut-off was set to 1.1 nm and 1.4 nm, respectively. The
systemwas energyminimized using the steepest descent algorithm
Table 2
Docking results and cluster analysis performed for the HADDOCK generated WRMs of H

Aptamer (docked to HER2(ECD)) Total no. of WRMs retrieved (a) Total no. of clusters o

H1 162 11
H2 143 13
H3 167 10
H4 169 7
H5 167 8
H6 177 10
H7 151 14
Poly T 160 11

a Decimal numbers in the parenthesis indicate percentage of WRMs contribute to the
calculated by using formula, b� 100=a.
with a tolerance of 1000 kJmol-1 nm-1. The atomic positions of the
complexes were restrained and the systemwas equilibrated in NVT
(isochoric-isothermal; for 1 ns) followed by NPT (isobaric-
isothermal; for 2 ns) ensemble, where the temperature and pres-
sure were maintained at 300 K and 1.05 bar, respectively. Modified
Berendsen thermostat [37] and Parinello-Rahman [38] barostat
methods were used to stabilize the temperature and pressure,
respectively. After equilibrating the system, the position restraints
were released and subjected to 100 ns (50 million steps) of pro-
duction run using a time step of 2 fs? The frames were saved every
1000 steps and the resultant MD trajectories were analyzed using
ngmx (GROMACS trajectory viewer) and xmgrace ver. 5.1.2.

2.6.1. Calculation of interaction energies
To quantify the strength of protein-aptamers association, the

average non-bonded interaction energies hEinti from the simulation
of the complexes beyond 10 ns was calculated as per equation (2).

D
Eint

E
¼ 〈LJ〉þ 〈Coul〉 (2)

Where 〈〉 denotes the average energy values (Kcal/mol) obtained
from the MD trajectories. LJ and Coul denote the short-range
LennardeJones and Coulomb interaction energies, respectively.
The average short-range LJ and Coul interaction energies between
the HER2(ECD) residues and aptamers were computed using the
g_energy tool of GROMACS.

2.6.2. Cluster analysis
Cluster analysis was performed for all the MD trajectories (10

ns-100 ns time period) using Gromos method [39]. The backbone
atoms RMSD cut-off value was chosen such that the total clusters
obtained from each trajectory would be� 100 [40]. An average
structure (also termed as a centroid or a dominant conformation),
representative of each cluster was extracted, and a collection of all
ER2-aptamers complexes.

btained Size of the largest cluster (b)a Mean HADDOCK score of the largest cluster

67 (41.3) �57.5± 3.7
66 (46.1) �47.1± 5.5
49 (29.3) �45.6± 4.8
90 (53.2) �45.5± 3.9
54 (32.3) �37.1± 5.9
75 (42.3) �44.7± 6.8
45 (29.8) �64.9± 5.2
59 (36.8) �38.6± 2.7

largest cluster with respect to the total number of HADDOCK generated WRMs. It is
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the average structures constituted an ensemble. All the structural
illustrations were prepared using LigPlot þ ver. 1.4.5, PyMOL
(Schr€odinger, LLC. (2010)) and the UCSF Chimera package [41].

3. Results

3.1. Elucidation of putative aptamer binding sites on HER2(ECD)

DISPLAR [27] and DNABINDPROT [28] revealed the key amino
acids that are potential DB residues of HER2(ECD) protein. These
residues are identified as, Gly30, Gln32, Val34, Asn37, Leu38, Gln53,
Asp54, Gln56, Gly60, Tyr61, Val62, Leu63, Arg76, Val80, Gly82,
Leu85, Phe86, Ala91, Leu92, Leu95, Gln404, Asn405, Arg434, and
Ser435. The relative positions of these residues on the HER2(ECD)
are highlighted as-Sites 1a, 1 b, 2a and 2 b in Fig. 1(a). Further, the
continuum surface electrostatics plays a crucial role in protein-
nucleic acids interactions. The HER2(ECD) structure had a global
net charge of�13 at pH 7.4, while a quantum of positive charge was
found localized on the Site 2 (Fig. 1(b)). Nonetheless, the residues
represented Sites 1a and 1 b, as well as 2a and 2 b were assigned as
active residues for docking (see Materials and Methods). The
structures of ssDNA aptamer variants weremodeled as described in
the methods. Additionally, the structure of modeled poly T -a non-
specific oligo sequence, was used as a negative control for the
purpose of in silico validation, since it did not bind to the HER2
protein during the in vitro SELEX process [26].

3.2. HER2(ECD) residues which harbor aptamers binding are
identified by docking studies

To elucidate the binding modes of anti-HER2 aptamer variants
(Table 1) and residues crucial for binding, docking simulations were
carried out. The 3D structures of all the eight aptamer variants (H1-
H7 and poly T) weremodeled and docked to the HER2(ECD) protein
structure. After each docking exercise, cluster analysis was per-
formed for a maximum of 200WRMs generated in the final stage of
Fig. 1. Assessment of potential DB regions in HER2(ECD). (a) Surface representations of HE
DNABINDPROT servers. (b) The electrostatic solvent assessable surface potential of HER2(EC
JmolApplet. Positively charged electrostatic potentials found at the predicted DB Sites 2a an
the HADDOCK docking protocol. Several clusters were generated
using a pair-wise backbone root mean square deviation (rmsd) cut-
off of 7.5Å and a minimum cluster size of 4 (default values) as the
criteria. These clusters were then ranked on the basis of HADDOCK
scores calculated using weighted intermolecular energy terms. The
best model belonged to the largest cluster, which was chosen as a
representative of each docking run. Results of cluster analysis with
total eight docking runs are shown in Table 2.

Of the eight largest clusters, the clusters belonging to H1, H2,
and H7 had lowest mean HADDOCK scores and therefore, these
three could exhibit higher affinity for HER2(ECD). Among these
three truncated aptamers, the largest clusters pertaining to H1 and
H2 (with the mean HADDOCK scores of e57.5± 3.7 and e47.1± 5.5,
respectively), represented 41.3% and 46.1%, respectively of the total
number of WRMs generated by the HADDOCK protocol. Whereas,
in case of H7 (best mean HADDOCK score), the largest cluster
represented only 29.8% of the total number of WRMs. On the other
hand, H4 and H6 docking resulted in the clusters with the largest
populations (90 and 75 WRMs respectively) as compared to the
remaining clusters with reasonable mean HADDOCK scores (see
Table 2). Among all, HER2(ECD)-H5 and poly T docking resulted in
clusters with poor HADDOCK scores and hence, H5 and poly T
oligomers may exhibit weak binding affinities towards HER2(ECD).
Further, the representative dockedmodels selected from the largest
clusters obtained from seven independent docking exercises were
analyzed. The models were investigated to delineate the binding
modes of the aptamers and HER2(ECD) residues crucial for binding.
All of the in vitro selected aptamers bind to the predicted DB Site 2a
of HER2(ECD) and their binding modes are illustrated in Fig. 2.

Structural analysis of docked complexes indicated that, apart
from hydrophobic interactions, all of the aptamers interacted with
HER2 protein by forming salt bridges with at least one basic
Aptamer Interacting Residue (AIR) except H5 and H3 aptamers
(Table S1). AIRs which harbor ssDNA aptamers through hydrogen
bond and electrostatic interactions are shown in Table S1. We also
studied the relative frequency of these interactions made by the
R2(ECD) showing potential DB residues/regions (blue color) predicted by DISPLAR and
D) solvent accessible surface is depicted at �5 kT/e (in red) and þ5 kT/e (blue) using
d 2 b of HER2(ECD) are encircled.



Fig. 2. Depiction of the representative aptamers poses (a) H1 (b) H2 (c) H3 (d) H4 (e) H5 (f) H5 (g) H7 and (h) Poly T obtained after docking to HER2(ECD). AIRs belonged to Site 2a of
HER2(ECD) are shown as yellow carbon sticks while the aptamers are shown as green carbon sticks. HER2(ECD) is shown as a transparent gray cartoon while polar contacts are
shown as dashed lines. (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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HER2 AIRs with aptamers in all docked complexes. It was found
that the positively charged AIRs, such as Lys128 and Arg81 had the
highest frequencies (14 and 8, respectively) (Fig. S4). This implies
that the electrostatic interactions play an important role in high-
affinity aptamer binding. Further, polar HER2-AIRs viz. Gln59,
Gln84, Thr83, Asn37 and Asp88 frequently engaged with the
aptamers via hydrogen bond contacts (Fig. 3 and Fig. S4). Other
residues such as Gly82, Asn89, Lys10, Arg12, Asn154, Gly270,
Tyr281, Thr289, and Arg329 were less frequently involved in the
formation of hydrogen bond contacts with the aptamers albeit their
contribution to the high-affinity binding cannot be undermined.

3.2.1. Validation of HADDOCK ver. 2.1 protocol for protein-aptamer
docking

The HADDOCK ver. 2.1 protocol was validated by re-docking
the high-resolution X-ray co-crystal structures of cognate and
non-cognate ssDNA aptamers (9mers) complexed with the Pro-
tection of telomeres protein 1 (Pot1pC) (PDB id: 4HIK, 4HID, 4HIM,
4HIO, 4HJ5, 4HJ7 and 4HJ8) [42]. These complexes were selected
since the length of the aptamers sequences (9mers) was less than
ten bases. Additionally, unavailability of the co-crystal structures
of HER2(ECD) protein complexed with anti-HER2 aptamers
prompted us to use the above high-resolution co-crystal struc-
tures; as these may be considered ideal for the validation of
docking protocol for at least in the present case. The protein
component of the complex (PDB id: 4HIK) was prepared using the
Prepare Protein protocol of DS. 3.5. The aptamer component of all
the seven PDB structures listed above was protonated and their
geometry was optimized by energy minimization keeping pa-
rameters identical to that used for anti-HER2 aptamer models.
Prior to docking, the DNA binding hot spots present on the Pot1pC
protein was investigated by means of continuum electrostatic
surface potential maps. As expected, the DNA binding hot-spot on
the Pot1pC protein is amongst the regions localized with most
positive charge and the global net charge on the protein was found
to be þ1, as observed at pH 7.4 (Fig. S5). The aptamer binding hot
spot regions encompassing the residues, viz. Lys25-Tyr28, Lys31-
Tys36, Phe47-Ser50, Thr53-Trp58, Arg68-Asp73, Lys97-Leu101



Fig. 3. Molecular overlay of representative HADDOCK generated water refined models of HER2(ECD)-aptamers (H1-H7) complexes. HER2(ECD) protein and the docked aptamers are
shown as transparent cartoon representations. AIRs forming contacts to the aptamers are highlighted. Important AIRs which form minimum contact frequency of four, as observed
in all representative-docked structures are labeled.
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and Tyr103-Gly110 were defined as the actives while re-docking
the co-crystallized aptamers.

The validation involved comparison of the heavy atoms root-
mean-square deviation (rmsd) calculated for the re-docked
aptamers' poses with respect to the corresponding poses of the
aptamers co-crystallized with the Pot1pC protein. A threshold of
2Å rmsd or less is widely accepted as standard value to distinguish
the success/failure of a docking protocol to reproduce the binding
mode [43]. In the present case, rmsd calculated between the heavy
atoms of docked and co-crystallized aptamer poses was found to
be< 2Å. This indicates that the docking protocol correctly repro-
duced the experimental binding poses of the aptamers (see Fig. 4
for structural illustrations). The overall in vitro profile of Pot1pC
binding ssDNA aptamers and their docking results are shown in
Table S2.

3.3. MD simulations revealed H1, H2, and H6 forms stable
complexes with HER2(ECD) protein

To study the stability of HADDOCK generated representative
models of H1, H2, H6 and poly T aptamers complexed with
HER2(ECD), 100 ns of MD simulations were carried out. The former
three complexes were selected amongst the seven (H1-H7)
because, the aptamers namely, H1, H2 and H6 exhibited highly
specific in vitro HER2 protein binding property and therefore,
evolved multiple times during the combinatorial iterative selection
process of SELEX [26]. Whereas the latter was selected for the
purpose of in silico validation since the nonspecific poly T aptamer
neither evolved during in vitro SELEX process nor displayed
HER2(ECD) binding property. Therefore, poly T aptamer could be
considered as a negative control. The geometrical features such as,
backbone rmsd, radius of gyration (Rg), distance between the
center of mass of the interacting species, intermolecular hydrogen
bonds, solvent accessible surface area (SASA) and the average
residue-wise root mean square fluctuations (rmsf) were assessed
for all trajectories and the resultant graphs are plotted as shown in
Fig. 5(aef).

The rmsd plots (Fig. 5(a)) revealed that the complexes,
HER2(ECD)-H1 and -H2 attained stability past 23 ns with a slight
drift in rmsd during 80 ns? The average rmsd values calculated
for HER2(ECD)-H1 and -H2 complexes were found to be 1.31 nm
and 1.28 nm, respectively. The HER2(ECD)-H6 complex displayed
slight conformational distortions at ~25 ns and 40 ns? Overall,
the complex showed lesser structural deviations with respect to
the initial structure throughout the simulation time with an
average rmsd of 0.67 nm. This trend was not observed in case of
HER2(ECD)-poly T since the complex displayed higher confor-
mational instability throughout the simulation time with a
maximum rmsd of 3.5 nm (Fig. 5(a)). The Rg plots showed no
significant deviations when compared with the average Rg values
calculated for HER2 aptamer interacting residues (AIRs)-H1
(0.94 nm), -H2 (1.08 nm) and -H6 (0.67 nm) trajectory frames.
However, the HER2-poly T complex exhibited a steep rise in the
Rg values until ~60 ns, and later, an unsteady trend was observed
throughout the course of MD simulation. This implies that the
HER2-poly T complex is loosely packed and relatively unstable
(Fig. 5(b)). Other parameters such as distance and H bonds were
computed between HER2 AIR atoms and the aptamers and
plotted as a function of time. AIRs are the HER2(ECD) residues
that are directly involved in the interactions with the aptamers as
observed in the representative docked models, see Table S1.

The trend of intermolecular distances throughout the course of
MD simulations differed considerably between the complexes, as
seen in Fig. 5(c). However, the average distance calculated between
the center of mass of HER2(AIR) and H1, and likewise for H2 and H6
were found to be roughly same (i.e. 1.30 nm, 1.085 nm, and
1.051 nm, respectively). Whereas, the average distance computed
between the HER2(AIRs) and poly T was approximately twice as
compared to the former three complexes (2.24 nm). The deviations
in the distance between the aptamers and HER2(AIRs) during the
course of simulations had a direct influence on the magnitude of
intermolecular H bond contacts, as seen in Fig. 5(d). We observed
that, on an average, H1, H2, and H6 formed 2, 4 and 2H bonds,
respectively with the HER2(AIRs).

Unlike the H1, H2, and H6 aptamers, poly T formed the least
number of H bond interactions with the HER2(AIRs) and therefore,
showed a weak association with the HER2 protein. Furthermore,
the total SASA of HER2(AIRs) in all the trajectories was evaluated to
study the relative trend of solvent accessibility throughout the
course of MD simulations (Fig. 5(e)). In general, the higher the
solvent accessibility, the lesser will be interactions of AIRs with the
aptamers.

The H1, H2, and H6 interacting residues maintained a con-
stant trend of SASA (<20 nm2) till the end of simulations.
Therefore, H1, H2, and H6 aptamers displayed higher binding
affinity towards HER2 protein. Whereas, poly T interacting resi-
dues had higher solvent accessibility (~23 nm2) and therefore,
showed less number of interactions with the poly T aptamer



Fig. 4. Superposition of HADDOCK representative docked models (orange color cartoon representations) with co-crystal structures of Pot1pC-aptamer (magenta color cartoon
representations) complexes. The electrostatic potentials on the solvent accessible surface of Pot1pC protein are generated from ABPS tools. (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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until the end of the simulation time. The residue-wise average
RMSF plots revealed the high flexible regions of HER2(ECD) such
as, Gly98-Gly114, Ala169-Cys182, Cys316-Gly322 and Phe349-
Pro369 which are the loops interconnecting the HER2(ECD)
sub-domains, also includes the region, Leu244-Tyr267 corre-
sponded to the dimerization loop of sub-domain II (see Fig. 5(f)).
The extent of the fluctuations of the above regions differed
considerably in all trajectories. Apart from these regions, the
average RMSF of HER2 residues was assessed in all MD trajec-
tories to study the effect of aptamer binding on protein confor-
mational stability. The RMSF graphs indicated that the backbone
and side chain atoms corresponded to the loop regions of
HER2(ECD) bound to poly T displayed higher fluctuations as
compared to that in the remaining cases during 100 ns of MD
simulations. Interestingly, poly T AIRs displayed lower fluctua-
tions during MD simulations. This is due to the stabilizing inter-
residue interactions that restrict the conformational freedom
rather because of aptamer binding. Unlike poly T AIRs, H1, H2,
and H6 AIRs showed relatively more fluctuations during MD
simulations revealing their high preference for H1, H2, and H6
aptamers.
3.3.1. Structural analysis and interaction energy calculations
revealed H1, H2, and H6 aptamer variants have greater propensities
for binding to the HER2 protein as compared to poly T

The complexes undergoing dynamical changes during MD
simulations were interrogated to delineate the relative propensities
of the aptamers for HER2 protein. Clustering of trajectory structures
saved during MD simulations of the HER2(ECD)-H1, H2, H6 and
poly T complexes resulted in 10, 10, 04 and 11 clusters, respectively.
The information about average structures along with the sizes of
the populations constituting the clusters and ensembles of average
structures are shown in Figs. S6,S7,S8,S9. The average structures
and their ensembles were examined to assess the HER2(ECD)
bound aptamers amenable for conformational changes during MD
simulations. We found that the largest clusters obtained from the
cluster analysis of HER2(ECD)-H1, H2, H6 and poly T trajectories
constituted ~73%, 79%, 98% and 71%, respectively of the total pop-
ulations sampled during MD simulations. We observed that
aptamers, H1 and H2 showed greater propensities for HER2(ECD)
as evident from Rg, distance and total SASA plots (Fig. 5(b), (c) and
(e)), which is attributable to theminimal conformational deviations
during MD simulations (Figs. S6 and S7). H6 aptamer exhibited four



Fig. 5. Analysis and comparison of MD geometrical features viz. (a) rmsd, (b) Rg, (c) Distance, (d) number of H-Bonds (e) Total SASA plotted as a function of time and (f) Residue wise
average rmsf of HER2(ECD) residues to assess the binding stability of H1, H2, H6 and poly T-HER2(ECD) complexes using MD trajectories. AIRs identified from the docking analysis
are labeled.

S. Niazi et al. / Journal of Molecular Graphics and Modelling 83 (2018) 112e121 119
distinct binding conformations of which the first conformation is
an average of the largest cluster having 98.80% of the total sample
population (Fig. S8). On the contrary, the least binding stability of
poly T and its propensity for the HER2(ECD) may be attributed to
the high conformational fluctuations and poor stability as a result
of least number of stabilizing non-covalent intermolecular in-
teractions (Fig. S9).

Furthermore, structural assessment of the average structures
also indicated the aptamers H1, H2, and H6 formed higher non-
bonded interactions (preferably electrostatic and H bond in-
teractions with the AIRs), whereas, poly T formed the least (See
Fig. 6). The average non-bonded interaction energy, hEinti which
gives an approximation to gauge the binding affinity, was calcu-
lated for all the frames of MD trajectories. The hEinti values calcu-
lated specifically between HER2(ECD) and the aptamers were
found to be highly favorable for H1, H2, and H6 aptamers, and least
for poly T. The favorable interaction energies (in Kcal/mol) were in
the order, H2 (�124.0)>H1 (�109.0)>H6 (�99.0)>ploy T (�45.0).
Further analysis revealed that a major contribution to overall non-
bonded interaction energy, Eint comes from the Coul term,while the
remaining from LJ term. Here, both Coul and LJ terms refer to the
energetic and steric components of protein-aptamer complex for-
mation, which also contribute for binding specificity (Fig. 7). On the
other hand, the mean HADDOCK scores of the aptamers obtained
from the docking were in the order of H1 (�57.5± 3.7)>H2
(�47.1± 5.5)>H6 (�44.7± 6.8)>poly T (�38.6± 2.7). While the H1
aptamer exhibited a better mean HADDOCK score, the largest
cluster of WRMs pertaining to H2 represented the highest per-
centage (46.1%) of the total number of WRMs generated. Addi-
tionally, the dissociation constant (Kd) for H2 according to one-site
binding assay was calculated to be 270 nM against the target
300 nM HER2 protein present in the reaction mixture. Which
means, ~1:1 stoichiometric molecular binding occurred with H2
ssDNA-to-HER2 protein [26].

An overview of all the studied parameters indicated that the
anti-HER2 aptamers, viz. H1, H2, and H6 displayed the greater
binding propensity for the HER2 receptor; of which, H2 exhibited
most favorable interaction energy and conformational stability.
Whereas, poly T showed the weak binding propensity and least
conformational stability according to both docking and MD simu-
lation studies; consistent with the observations wherein, poly T
failed to evolve during the in vitro SELEX process. These results are



Fig. 6. Analysis of protein-aptamer interactions in the representative average structures extracted from largest clusters of the MD frames of each trajectory. (a) HER2(ECD)-H1, (b)
HER2(ECD)-H2, (c) HER2(ECD)-H6 and (c) HER2(ECD)-poly T complexes. H bonds are shown as cyan lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 7. Histograms representing the average non-bonded interaction energies calcu-
lated specifically between HER2(ECD) and the aptamers.
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in fact interesting because the MD simulations were performed
using explicit SPC waters, which form a non-default solvent model
for simulations using the CHARMM27 force field. Notwithstanding,
an independent MD simulation study using default water model
(TIP3P) is warranted to derive the subtle changes that occur due to
the salvation of charged residues; and its overall implication in
protein-aptamer interactions and dynamics.
4. Conclusion

In conclusion, our detailed retrospective investigation
approach involving the in vitro anti-HER2 aptamers selection
process followed by in silico structural analysis and molecular
docking simulations revealed HER2(ECD) residues, primarily
those of Site 2a viz. Lys128, Arg81, Gln59, Gln84, Thr83, Asn37,
and Asp88 harbor anti-HER2 aptamers binding. Further, six anti-
HER2 aptamers whose largest clusters had the mean HADDOCK
scores higher than �40 follow the rank order of
H7>H1>H2>H3zH4>H6. Though H7 and H3 have favorable
mean HADDOCK scores which corresponded to the largest clus-
ters that represented less than 30% of the total number of WRMs
generated as opposed to >40% as in the cases of H1, H2, H4, and
H6. Of the eight, HER2(ECD)-H5 and poly T (negative control)
docking resulted in clusters with poor mean HADDOCK scores. Of
the four (H1, H2, H4, and H6), three HER2-aptamer complexes
viz. H1, H2, and H6 were further shortlisted for MD simulation
studies because apart from having favorable HADDOCK scores,
they also evolved multiple times through the in vitro SELEX
process. MD simulations have indicated that HER2(ECD)-H2
complex displayed greater conformational stability and most
favorable interaction energy, which is followed by H1 than H6.
On the contrary, HER2(ECD)-poly T complex exhibited the least
stability. These findings are in agreement with our previous
in vitro study [26], wherein, H1, H2, and H6 anti-HER2 aptamers
were evolved multiple times through the wet-lab SELEX process,
inferring their higher binding preference for HER2 protein. The
knowledge of aptamer binding features garnered from this study
could be complemented with affinity maturation [44] which
could further guide the development of better anti-HER2
aptamers for future cancer therapeutic and/or diagnostic
applications.
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