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Cell lines and transient transfections: MCF-7, MDA-MB-231 and HS578T breast cancer
cell lines and HeLa cervical cancer cell lines were grown in RPMI medium (Life
Technologies) with 10% fetal calf serum (FCS) and antibiotics. MCFI10A normal breast
epithelial cell lines were grown in DMEM/F12 medium (Life Technologies) with 5% horse
serum (HS), 10 pg/ml insulin, 0.5 pg/ml hydrocortisone, 20 ng/ml epidermal growth factor
(EGF), 100 ng/ml cholera toxin and antibiotics. HUVEC (Human Umbilical Vein Endothelial
Cells) were grown in EGM-2 media (Lonza). For transient transfection assays, aptamers were
reverse transfected into cells using Lipofectamine 2000 (Life Technologies) in accordance
with the manufacturer’s protocol. Forty-eight hours after transfection, cell viability was

measured by MTT assay or replated for colony formation assays.

VEGF ELISA assay: The supernatant from transiently transfected MCF-7 cells was
collected, centrifuged, and VEGF levels were measured using the Human VEGF Quantikine
ELISA Kit (R&D Systems) according to the manufacturer’s instructions. The assay was

conducted in biological triplicates and as technical duplicates.
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Figure S1. VEGF-ELISA using RNV66 and MCF-7 breast cancer cells in vitro.



Colony formation assays: Transiently transfected MCF-7 cells were seeded in 6 well plates
at a concentration of 5,000 cells per well, then normal media replaced every four days. After

14 days, colonies were visualized by crystal violet staining.
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Figure S2. Colony formation assay using RNV66 and MCF-7 breast cancer cells in vitro.

Cell viability assay using MDA-MB-231and HS578T: MDA-MB-231 and HS578T
(1.5x10° cell/ml) cells were transiently transfected as described above in 96 well plates in
quadruplicate. Forty-hours after transfection, 10 ul of the 12 mM MTT stock reagent was
added to each well and the plate incubated at 37 °C for 4 hours. 100 pl of SDS-HCI solution
was then added the each well, mixed thoroughly and the plate incubated at 37 °C for 4 hours.

Each sample was mixed again and the absorbance at 570 nm was measured to determine cell

viability.
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Figure S3. MTT-based cell proliferation assay using RNV66 against HS578T (A) and MDA-
MB-231 (B) cells.

Confocal microscopy: Cells were seeded in 6 well plates, once confluent they were

transfected using the transfection reagent (Santa Cruz) with 10 nmol/ml concentration of
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RNV66 and 10 nmol/ml of scrambled aptamer. An untreated well was maintained as control.
The cells were incubated for a period of 6h with the aptamers and then washed with
phosphate buffer saline (PBS), fixed using 4% PF for 20 min at 37 °C. Cells were
permeabilized using 0.01% triton-X100 for 5 min. Cells were further blocked with 3% BSA
for 30 min. The cells were washed and incubated with primary antibody (1:100) (mouse anti-
VEGF, Santa Cruz) for 1h at 37 °C. Post washing thrice with PBS the cells were incubated
with fluorescein isothiocyanate (FITC) conjugated secondary antibody (1:100) (anti-mouse-
FITC, Sigma Aldrich) for 1h in dark. The cells were washed and mounting media with 4',6-
diamidino-2-phenylindole (DAPI) was added to the slide. The slide was analysed in Leics

Tcs SP5 laser immunoconfocal microscope.

Untreated Scrambled RNV66

Nucleus

MDA-MB-231
Figure S4. VEGF binding specificity on MDA-MB-231 cells after treating with RNV 66.

RNV66 in the media without transfection: Cell viability assay using MCF7, MDA-MB-
231 and HUVEC: 1x103 or 5x10° (HUVEC) cells were plated in 96 well plates in
quadruplicate in culture medium containing heat-inactivated FCS (62°C for 30 mins) and 0-
40 pg/ml aptmers. Forty-hours after aptamer treatment, 10 pl of the 12 mM MTT stock
reagent was added to each well and the plate incubated at 37°C for 4 hours. 100 pl of SDS-
HCI solution was then added the each well, mixed thoroughly and the plate incubated at 37°C
for 4 hours. Each sample was mixed again and the absorbance at 570 nm was measured to

determine cell viability.
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Figure S5. MTT-based cell proliferation assay using RNV66 in media against MCF7 (1),
MDA-MB231 (B), and HUVEC (C) cell lines.

HeLa Cell Proliferation: HeLa Cell Proliferation: HeLa (7.5x10* cell/ml) cells were
transiently transfected or aptamers added to the media as described above in 96 well plates in
quadruplicate. Forty-hours after transfection, 10 pl of the 12 mM MTT stock reagent was
added to each well and the plate incubated at 37 °C for 4 hours. 100 pl of SDS-HCI solution
was then added the each well, mixed thoroughly and the plate incubated at 37 oC for 4 hours.

Each sample was mixed again and the absorbance at 570 nm was measured to determine cell

viability.
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Figure S6. MTT-based cell proliferation assay using RNV66 transfected into (A) or added to
the media of (B) HeLa cells.

Migration assay:

Cells were plated in culture inserts in 24 well plates and treated with RNV66 (10 nmol/ml)
and scrambled aptamer (10 nmol/ml) for a period of 12h. An untreated well was maintained
as a control. After incubation the treatment was removed and insert was fixed with 4% PF for
20 minutes followed by washing with 1xXPBS and staining with 0.2% crystal violet for 20
minutes followed by washing again. The inserts were then viewed using inverted microscope
for observing the migratory efficacy of the cells.

LDH release assay: Cells were seeded in 96 well plates. Once the cells were confluent they
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were treated with RNV66 (10 nmol/ml) and scrambled control aptamer (10 nmol/ml) for a
period of 24h. An untreated well was maintained as a control. The LDH reagent was added to
cells as guided by the cytotoxicity detection kit (Invitrogen). The OD was measured at 595

nm and percentage cytotoxicity was calculated.
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Figure S7. Cytotoxicity assay using normal normal intestinal epithelial cells (FHs 74 Int) and
colon adenocarcinoma cells (Caco-2).

Serum stability analysis: The RNV66 aptamer and the scrambled aptamer were dissolved in
DNAse and RNAse free water and stored at -20 °C. The serum stability of the aptamer
RNV66 was tested in PBS containing 10% serum and incubated for 0 to 48h. The products
were then run on 1% agarose gel and visualized using the gel-dock imaging system (Bio-Rad).

In vivo analysis of RNV66:
4T1 cells were used to establish the human breast cancer model by subcutaneously injecting

2X10% cells in mammary pads of female mice. Five-six week old female (Mus musculus nude
mice-BALB/c nu/nu) were used in the study (n=6). After 45 days of tumor growth, individual
groups were treated with PBS+chitosan, a non-VEGF targeting control sequence,
taxol+doxorubicin (known drug combination as positive control), RNV66 (20 pg), RNV66
(40 pg) and RNV66+Taxol+doxorubicin respectively by intra-tumoral injection. Chitosan-
based nanoformulation was performed for all test candidates. Regular checks were conducted
for any sign of physiological or physical distress and mice were weighed thrice a week. At
the end of the experimental period the mice were euthanized. Vernier callipers were used to

measure the tumour size every week.

Synthesis of LNA and UNA-modified Oligonucleotides: The LNA and UNA
oligonucleotides were synthesized on a DNA synthesizer via standard phosphoramidite
chemistry in 10 umol scale. The synthesized oligonucleotides were deprotected and cleaved
from the solid support by treatment with NH,OH at 55 °C overnight. The crude
oligonucleotides were then purified by RP-HPLC, desalted and verified by MALDI-ToF MS
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analysis. Oligonucleotide sequences used in our experiments are shown in Table S1.

Table S1. List of oligonucleotide sequences synthesized and tested in this study. LNA

nucleotides are represented as bold underlined red letter containing the superscript ‘L’°, and

UNA nucleotides are represented as bold underlined letter containing the superscript ‘u’

Name Sequence Length
V7t 5’ -TGTGGGGGTGGACGGGCCGGGTAGA-3” 25
RNV64 | 5’ -TGTGGGGGTGGACGGGCCGGGTAGEA-3! 25
RNV65 | 5/ -TGTGGGGGTGGACGGGCCGGG TAGIA-3" 25
RNV66 | 5’ -TGTGG*GGGTGGACGGGCCGGG*TAGEA -3 25
RNV67 | 5’ ~-TGTGGGGG*TGGACGGGCCGGGTAGIA-3' 25
RNV68 | 5’ - TGTGGGGGTGYGACGGGCCGGGTAGIA-3" 25
RNV69 | 5’ ~-TGTGGGGGTGGA®CGGGCCGGGTAGYA-3" 25
RNV70 | 5’ -TGTGGGGGTGGACUGGGCCGGGTAGIA-3 25
RNV71 | 5’ ~-TGTGGGGGTGGACGGGCCUGGGTAG A-3" 25
RNV72 | 5/ -TGTGGGGGTGGACGGGCCGGGTAGIA-3' 25
Control | 5’ -TCATCGATGGCAGCTGCGTGTCGTT-3" 25

Characterisation of RNV66: As RNV66 was found to be more effective, we have only

synthesised this oligo more often and in large scale. The ion-exchange HPLC profile and
MALDI-ToF MS analysis data are given below in Figure S8 and Figure S9. The VEGF
binding affinity of the DNA version of RNV66 (V7tl) was analysed by SPR and reported

earlier (Molecules, 2010, 15, 215). Using this published protocol, we have also perfored the
binding analysis of RNV66 using SPR on a BIAcore 3000 and calculated as 8. 36 nM (Figure

S10) and found no significant change in affinity.
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Figure S8. Ion-exchange-HPLC profile of RNV66. Multiple peaks are typical for G-

quadruplex oligos.
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Figure S9. MALDI ToF MS analysis of RNV66. Calculated Mass: 7984.18; Found:
7985.427.
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Figure S10. Affinity measurements of RNV66: VEGF binding by SPR. RU, response units.

Computational methods and materials

Binding interaction of RNV66 and VEGF-A by Molecular dynamic simulations.

Preparation of initial configuration of VEGF and RNV66: The atomic coordinates of the
single 25 nt G-rich quadruplex aptamer (RNV66) targeting vascular endothelial growth factor
(VEGF) were obtained from our previous NMR study (PDB ID: 2M53).! Of the 10



conformations of RNV66 structure, one conformation was used for the further structural
refinement and molecular dynamic simulation studies. The atomic coordinates of human
vascular endothelial growth factor (VEGF) complex with vascular endothelial growth factor
receptor (VEGFR) as obtained by X-ray crystallography (3.20 A resolution) were acquired
from the Protein Data Bank (PDB ID: 3V2A).? Both structures were refined using the Protein
Preparation Wizard®> module available in the Schrodinger suite.* This optimization includes
adding hydrogen atoms, assigning bond orders, building disulfide bonds (for VEGF and
VEGFR) and placing potassium ions center in the G-quadruplex (for RNV66). The
protonation states were predicted by PROPKA? provided in the Protein Preparation Wizard in
the presence of the K™ ions. Missing residues in VEGFR were added using the Prime 3.3
module® of Schrodinger suite. An optimized structure model was finally found by energy

minimizing (only hydrogen atoms) using the OPLS2005 force field (Figure S6).

Figure S6: Cartoon representation of A: RNV66 (pdb id: 2m53), B: VEGF-VEGFR complex
(pdb id: 3v2a), C: VEGF dimer (pdb id: 3v2a) are shown and important residues are
highlighted. The RNV66 is highlighted with LNA and potassium ions (some residues are not

shown for clarity).
Optimization of LNA residue of RNV66

Before the molecule dynamic simulations of RNV66, the LNA residue was geometry
optimized with HF/6-31G** using Gaussian 097 and the atomic charges used for the
molecular dynamics were calculated from the ESP (electrostatic potential) using B3LYP-
IEFPCM/cc-pVTZ. These atomic charges were fitted using the RESP procedure as

implemented in the Antechamber module of the Amber 14 software. 8



Molecular dynamics simulation of complexes

All molecular dynamics simulations were performed and analyzed using the Amber 14
software.  After the geometry optimization and charge calculation for LNA residue, the tleap
tool in the Amber suite was used to build coordinate and parameter (Amber {f14SB force
field for protein and ff99bsc0 for DNA) for the RNV66. Subsequently, TIP3P water (solvent)
molecules were added with a 10 A buffering distance between the edges of the truncated
octahedron box. Potassium ions were added to neutralize the charge (21 K*). In order to
avoid edge effects, periodic boundary conditions were applied during the molecular dynamics
simulations. Energy minimization was carried out in two steps; first, the system was
minimized using a steepest descent minimization with all heavy atoms restrained. The
maximum number of minimization cycles was set to 1000. In the second stage of the
minimization, the entire system was energy minimized and no positional restraints were
applied at this stage. In the process of thermalization, initial velocities were generated from a
Maxwell-Boltzmann distribution at 100 K and gradually increased to 300 K at constant
volume over a 200 ps MD simulation. After the thermalization process, the system was
equilibrated at constant temperature (300 K) and pressure (1 bar) using the Berendsen
coupling algorithm® for another 500 ps MD simulation. After the equilibration step, the MD
production run was started for 20 ns (10.000.000 MD steps with 0.002 time steps). The
SHAKE algorithm was used to constrain the lengths of all bonds involving hydrogen atoms.

Coordinates were saved every 10 ps from the 20 ns simulation for the analysis.

The binding free energy difference for the different complexes from molecular dynamic
simulation was carried out systematically as shown in Figure S7A. Initially, the RNV66 was
simulated for 20 ns and analyzed with respect to energy convergence in order to make sure
that the structure is energetically stable. The RMSD (root mean square deviation) for the
backbone remains low throughout the simulation compared to initial structure; therefore, we
chose five random conformations for DNA-protein docking. Various docking and free energy

scenarios used in this study are shown in Figure S7B.
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Figure S7. A: Overall workflow of computational calculations, B: Various docking and free

energy scenarios used in this study are shown.
RNV66 docking into VEGF

The RNV66-VEGF docking was performed using the rigid-body protein-protein docking
program ZDOCK.!? Briefly, the ZDOCK program uses the Fast Fourier Transform algorithm
to enable an efficient docking search on a 3D grid, and utilizes a combination of shape
complementarity and electrostatics. Before RNV66 docking experiments, the docking
protocol was assessed by comparing the conformation, position and orientation (the pose) of
the VEGF in VEGFR as obtained from docking with the one determined experimentally with
X-ray crystallography (pdb id: 3v2a). This assessment was set a minimum requirement to
determine whether the program is applicable to this system or not. The root-mean-square-
deviation (RMSD) was calculated between the X-ray co-crystallized conformation of VEGF
and the docking solutions. Out of 10 best poses, the top-4 docking poses were able to
reproduce the VEGF-VEGFR complex conformation obtained from the X-ray structure

within 1A (comparison of docking pose and experimental is shown in Figure S8).
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Figure S8. Comparison of docking pose (grey) with x-ray crystallized conformation (yellow)

of VEGF.

Therefore, different conformations of RNV66 from MD simulations were docked into the
VEGF model using the ZDOCK program. The top 10 binding poses for each conformation
were saved and evaluated for the next steps. In most of the cases, the binding pose of RNV 66,
both 5™ and 24" LNA (LNA-G5 and LNA-G24) of RNV66 binds to the VEGF. Comparing
these poses, the pose with LNA-G24 of RNV66 interacts with VEGF through nucleobase and
phosphate backbone. On the other hand, the pose with LNA-G5 of RNV66 binds to VEGF
interacts only through phosphate backbone, since the nucleobase is involved in G-tetrad
formation. However, for the binding free energy calculation, both types of poses were used.
Interestingly, one of the 50 poses of RNV66-VEGF, the RNV66 binds to the other end of the
VEGF (where it binds to VEGFR domain 2), therefore this pose was also chosen for free
energy calculations. Various RNV66-VEGF poses investigated using the MM-GBSA method
are shown in Figure S9 and summary of binding free energies obtained from various

complexes is provided in Table S2.

Table S2. Summary of binding free energy calculation

Complex Poses Evdw Egje AGs,ty AGGas AGging

RNV66- Pose 1  -69.36  1846.87 -1837.77 1777.51  -60.26 % 6.54

VEGF Pose2  -67.56 2169.25 -2137.10 2101.69  -35.41+7.21
Pose3  -42.57 2259.74 -2226.51 2217.17 934 +10.34
Pose4  -87.35 2140.18 -2107.01 2052.83  -54.18 +10.85
Pose 5  -91.25 2400.14 -2367.04 2308.89  -58.15+9.30
Pose 6 -33.08 2264.31 -2252.26 223124  -21.03+7.09
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Pose 7 -36.33  2099.75 -2074.35 2063.42  -10.93 +5.67

Pose8  -88.46  2344.19 -2299.39 2255.73  -43.66 + 7.63
Pose9  -51.40 2172.35 2137.48 212095 -16.53+11.74
Pose 10 -48.48  2266.25 2238.37 221777  -20.61£9.14
LNA>dG Posel  -4430 2035.95 2019.23 1991.64 -27.58 = 10.05
VEGE- Native -190.53 +
VEGFR 24693 -2325.47 2381.86 -2572.40 17
VEGF-  Posel -105.97 -4549.69 4571.19 ~4655.66 -84.47 +22.60
RNV66- Pose 5  -87.92 -3078.33 3108.70 -3166.25  -57.55+12.16
VEGFR  poe7  -33.54 -3137.08 3136.32 3170.61  -34.45 +23.09

Note: All energy components are extracted from the differences (average) of AGcomplex-
AGreceptor-AGrigand- The results refer to averages over 2000 frames and all units are reported
in kcal mol™!. E\qw= van der Waals energy, E.=Electrostatic energy, AGg,= Sum of Van der

Waals energy+ Electrostatic energy+ internal energy, AGg,,= Solvation energy (polar and

g Posed(Pink) ?‘
05 [
\
0se!
P

non-polar).

Figure S9. Comparison of different RNV66-VEGF poses. A. RNV66-VEGF complexes are
shown only with position of LNA-G24; B. Representative pose of RNV66 bound to VEGF.

RNV66-VEGF complex docking into VEGF receptor
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This work is devoted to study and check whether the VEGF (A) bound with RNV66 is still
able to bind to the VEGFR or not by comparing the binding free energy calculation of VEGF-
RNV66-VEGFR complex with native binding e.g., VEGF-VEGFR complex. Therefore,
VEGF-RNV66 complex was docked into the VEGFR and top 10 poses were saved for further
investigation. Results showed that out of 10 poses, none of them were able to bind to the
VEGFR as previously observed. However, three complexes (poses) that showed most
interaction with VEGFR were chosen for the binding affinity prediction using the MM-
GBSA from MD simulation for 20 ns (Figure S10).

Figure S10. Comparison of poses obtained from RNV66-VEGF(A) complex docking into
VEGF receptor

Binding free energy of modified RNV66-VEGF complex.

In order to better understand the role of locked nucleic acid (LNA-G24) at 24™ position in
RNV66 in VEGF binding, we extended our analysis by modifying LNA-G24 with dG residue
in pose 1 (VEGF-RNV66 complex) that showed the best binding free energy. Subsequently,
MD simulation and MM-GBSA calculations were carried out as described in the method

section (Figure S11)
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Figure S11: Comparison of snapshots of modified LNA-G24 pose 1 (pink cartoon and LNA
residues are shown in green stick) with unmodified LNA-G24 pose 1 (yellow cartoon and

LNA residues are shown in cyan stick). Important residues are highlighted.

Decomposition analysis of the binding free energies

The aim of this energy decomposition analysis was to examine the role of individual residue
contributions to the overall binding affinity of the each complex by decomposition of the
binding free energy into ligand (RNV66 or RNV66-VEGF)-residue pairs (either VEGF or
VEGFR) (Figure S12a, b&ec).

14



o

<

<

~N o ~ T

[low/jeay] uonngiiyuo) ASsaug

6TEIHd
ETEOHV
€TENT
OTEWIS
66294V
88Z3Hd
r8znN19
18Z43s
9LTdSY
ELTIVA
0LTSAT
8STIHd
YSTIVA
1sZNM9
TPZSAT
SZzZdsv
TZZHAL
BITIVA
STzl
Lozmo
wzm9
96TA19
(43|
Z81ISA1
ELTdSY
£9TM9
rITOYY
orIno
9ETIVA
EETAH
LTESAT
LTESAT
TIEAD
TOEdSY
68ZN1N
98ZSAT
£8243S
6LTHHL
9LTdSY
ELTIVA
0LZSA
8SZIHd
YSTIVA
sZM9
TPTsAl
STTdSY
0zzZA9
LITIVA
YIZHAL
90ZdSY
BETIVA
S6TVIV
zeTa
08TdSY
69TOHY
99T0¥d
E9TVIV
orIno
YETIVA
ZEIN19

- ~

[low/eay] :o.z:n_bcou_ >m._wcm_.

0

LYl T

60TdSY
90TOHd
£0TN9
00TNSY
6N
613N
Te3
88A1D

Residues

Figure S12a. Native binding mode of VEGF and VEGFR. The energy contributions to

overall binding affinity of each residue of VEGF (panel A) and VEGFR (panel B) are plotted.

Important residues are highlighted in red color.
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Figure S12¢. Comparison of energy contributions of each residue from the pose 1 of the
VEGF-RNV66 complex (green) and the modified LNA-G24 pose of the complex (red) to the
overall binding affinity.

MM-GB/SA calculations

Accurate prediction of binding affinities for ligands as well as their ranking with respect to
each other represents a major challenge in computer-aided drug design in particular in lead

identification/optimization processes.!!- 1> Several methods have also been developed e.g., the
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MM-GB/SA (Molecular Mechanics Generalized Born Solvent Accessibility). The principles
of MM-GB/SA have been well described in detail in many publications.?!-?* Briefly, MM-
GB/SA is force-field based method which employs molecular mechanics, the Generalized
Born (GB) solvation model as well as solvent accessibility methods to approximate the free

energies of binding based on snapshots extracted from MD simulations.

The binding free energy (AGginq) of a protein-ligand complex (PL) in an aqueous
environment can be estimated from the energy difference between the bound and unbound
states of the protein P and ligand L. This protocol is standard for measuring the binding

affinity through computational methods:

AGBind = GPL - GL - GP ()

However, significant computational time is required to calculate the solvent-solvent

interactions. Therefore, the binding free energy is calculated based on the thermodynamic

cycle (Figure S13):

AGBind =AG + (AGSOIV,PL - (AGS()IV.L - AGSOIV,P)

Bind Vacuum

3)

where, AGging and AG ging, vacuum correspond to the free energy difference between the bound
and unbound states of a complex in solvent and vacuum respectively. AGsoly (AGsoly.Ls
AGg,y,p and AGgoy pr) represent the change in free energy between the solvated and vacuum
states of a ligand, receptor or complex. These different components can be calculated as a

sum of three terms:

G = <EMM > + <GSolv(polar+nonpolar)> - T<SMM> (4)

EMM :Elnt +Eel+EvdW (5)

where, Eypv 1s MM energy of the molecules. Eyy 1s the sum of the internal energy (Ej,) of
the molecules (i.e. bonded terms), E| and E,qw represents the intermolecular electrostatic and
van der Waals interactions, respectively. In order to reduce the computational time, and to
obtain stable energies, a single-trajectory is normally used for the ligand, protein and
complex, i.e. only the PL complex is explicitly simulated by MD. Thereby the Ej, term
cancels in the calculation of AGgjng. Gsorv 18 the polar and non-polar solvation energies of the
molecule, estimated from the GB approximation combined with a solvent accessible surface
area (SASA) calculation. T is the temperature and Sy is the entropy (estimated from a

normal-mode analysis calculated at the molecular mechanics level). All the components in
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Eqn.4 are averages of energies obtained from snapshots from the MD simulations. A
schematic representation of the thermodynamic cycle of the free energy calculation is shown

in Figure S13.

Aqueous
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Figure S13. Schematic representation of the thermodynamic cycle of the free energy

calculation.

The binding free energies (AGp;,e) for all protein-ligand complexes were calculated according
to Eqn. 4 using the MMPBSA.py script in Amber 14 based on the use of 1000 snapshots of
the 20 ns MD simulation. The implementation of MMPBSA.py in Amber 14 is well
described in the original publication.?> All MM-GBSA calculations are based on the “single-
trajectory MD simulation”, meaning that no separate MD simulations were run for free
ligands or receptor. TAS (entropy) is usually estimated from the normal mode analysis, but
due to extremely slow convergence of these complexes, we excluded the entropy contribution

to the free energy difference.
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