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Supplementary Text S1: Computational Methods

1.1 Secondary Structure Prediction

The secondary structure of nucleic acid was predicted by NUPACK!' using
nearest-neighbor empirical parameter dna1998 for DNA. The temperature was set to
25°C. As demonstrated by previous research®?, the L-Arm binding 10LD aptamer
(5’-GATCGAAACGTAGCGCCTTCGATC-3’) have specified secondary structure
(shown as target structure in Figure S2). By fully mutated nine bases on non-canonical
region of 10LD aptamer (base 8, 10, 11, 12, 13, 14, 15, 16, 17), we prepared an
aptamer neighborhood sequence library, which is consisting by 262,144 sequences.
For each sequence, minimum free energy (MFE) secondary structure and its
corresponding free energy AGwmre were predicted. Besides, the free energy of nucleic
acid at target motif state was calculated, which was defined as AGuarget (Figure S2).
Finally the free-energy gap (FEG) between the lowest secondary structure energy state
and the target secondary structure state AAGgap for a current sequence, defined as
AGtarget—AGMFE, Was obtained.

1.2 Molecular Dynamics Simulation

The parmbscO Amber,* TIP3P,> and Aqvist’s force field® were used for DNA, water, and
ions, respectively. The ligand L-Arm was geometry optimized by Gaussian 09’ with a
level of HF/6-31G*.The L-Arm-DNA complex was placed in a cubic box that the
boundary of the box were at least 15 A to the solute. To neutralize the charge of the
system, three Cl° ions and 24 sodium ions were introduced into the complex.
Long-range electrostatic interactions were calculated by particle mesh Ewald method®.
Van der Waals interactions and real space Coulomb interactions were calculated with a
cutoff of 10 A. The LINCS algorithm was used to constrain bonds involving hydrogen
atoms.’ Neighbor lists were updated every 5 time steps. Firstly, the entire system was
energy minimized using five rounds of steepest descent, then it was heated to a final
temperature of 300 K with restraints. The restraints were reduced gradually, with a
simulation step of 1 fs. Finally, the time step was increase to 2fs and the system was run
without restraints in the NPT ensemble at 300 K and 1 bar using a v-rescale thermostat!®
and Berendsen barostat!!. All molecular dynamic simulation was performed by
GROningen MAchine for Chemical Simulations v 4.6.5.2

1.3 Binding Free Energy Calculation

The binding affinity of L-Arm to DNA was estimated by binding free energy prediction
employing the single trajectory of simulated complex by MM/PBSA combined with
entropy change determination.'»'% The binding free energy change calculated by

MM/PBSA and MM/GBSA (AGumpg(ge)sa) can be divided into several individual

terms, like follows:
AGumpe(Grysa = AGhe: + AGyy + AGIY + AGS, o1 + AG3Y). 4)

where AGMN, and AGMM) are the van der Waals and electrostatic contributions to the molecular



mechanics free energy difference, respectively. AG;%lnpol and AG;‘(’,II are the polar and

nonpolar solvation terms, respectively. The internal and external dielectric constants
were set to 1 and 80, respectively. The salt concentration performed was 100 mM and
the grid spacing of 0.5 A was employed for the cubic lattice. The non-polar solvation

free energy AGf.lcc’,lnpol was calculated from the solvent-accessible surface area, with a

probe radius of 1.4 A. The surface tension y and the off-set B were set to
0.00542 kcal/(moleA?) and  0.92 kcalemol™!, respectively. The changes in
configurational entropy upon ligand association AS were estimated by an all-atom
normal-mode analysis. Prior to normal-mode calculations, the complex, receptor, and
ligand were subjected to minimization, with a distance-dependent dielectric constant of
e=4r and convergence tolerance tighter than a root-mean-squared gradient of
drms < 10~* kcal/(moleA). MM/PBSA.py'> in AmberTools12 package was employed.

1.4 Workflow of SELEX in silico

Here in our research, we focus on searching genotype neighborhood in sequence space,
thus we limit the number of different bases of mutant DNA is no more than three when
compared with wildtype L-Arm-binding 10LD aptamer. There are 27 single mutants,
324 double mutants, and 2268 triple mutants in our aptamer neighborhood sequence
library. By considering the formations of secondary structure, we omit the sequences
whose AAGg, are greater than 2kcal/mol, thus only 25 single mutants, 293 double
mutants, and 2052 triple mutants (2370 sequences in total) are selected for MD-based
virtual screening. The binding poses of L-ARM with mutants were generated by
performing in silico base mutations on the initial coordinate (PDB code 1015) by the
program mutate_bases of X3DNA'®. The MD-based virtual screening comprised several
rounds. Firstly, 2 ns restraint-free MD simulation was performed on the L-ARM-DNA
complex for 2370 mutated sequences. One hundred snapshots taken at 5 ps interval
from the last 500 ps MD trajectories were used to calculate the binding free energy by
MM/PBSA .py. Then, the 936 DNA sequences with high stability of binding complex or
low binding free energy or forming more than three hydrogen bonds with L-Arm were
selected for 10 ns MD simulations. 200 snapshots at 10 ps interval and 20 snapshots at
100 ps interval from the last 2 ns of 10 ns MD trajectory were used to calculate the
enthalpic and entropic contributions, respectively. In the third round, the MD simulation
time increased to 50 ns for the selected 100 sequences from 936 sequences. Extracted
from the last 10ns MD trajectory, 500 snapshots and 50 snapshots was prepared for
AGpmcesa and -TASyy calculation, respectively. To improve the accuracy of binding
free energy prediction, twenty replicas of 10 ns MD simulations were performed for
each mutant, then the binding affinity averages calculated from the full 20 member
ensembles are chose for the final comparison of DNA-L-Arm binding affinities.
Considering the heavy computational burden, only 20 sequences are selected for
multi-replicas MM/PB(GB)SA binding free energy estimation.



Supplementary Text S2: Experimental validation

DNA oligonucleotides were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)
while L-Argininamide (L-Arm) was obtained from Sigma Chemical Co. Ultrapure
water was used in all the experiments. All thermodynamic experiments were performed
in a buffer composed of 10 mM sodium phosphate, 25 mM NacCl at pH 6.5.

Circular dichroism measurement®!”!® was performed at 25 °C on a Jasco J-810
spectropolarimeter (Jasco, Inc., Easton, MD) equipped with a heating/cooling device
with nitrogen purging facilities. The CD spectrum were recorded from 320 to 220 nm
with four time scans at a scanning rate of 100 nmemin™'. The concentration of DNA was
fixed at 4.5 mM while different concentrations of ligand (0, 5, 10, 25, 50, 75, 125, 250
mM) were titrated to form ligand-DNA complexes.

Model-free ITC protocol was adopt to determine the binding enthalpies of L-
argininamide with aptamer because such method could obtain multiple estimates of AH®
and avoid any possible fitting bias, as demonstrated by previous research'®. Typically,
10 pL aliquots of 20 uM aptamer stock solution were added to 1.44 mL of a 3 mM
L-argininamide solution at intervals of 300 s with continuous stirring of the solution at
47 rpm over the course of the experiment. The initial delay was set to 300 s and the
thermal equilibration was set at 25 °C. To calculate the heats of aptamer dilution, we
also injected aptamer solution into the reaction cell loaded with buffer alone. Data were
collected as heat released (pcal/mol) in the exothermic reactions versus time (s) and the
area under each peak was integrated to give the measure of the heat. For each aptamer,
the averaged binding enthalpies (AH®) were obtained after normalization and necessary
correction for any heats of dilution.



0.3

Z 02+
=
3
o
L
. 0.1 F
o0 0 20 40 60 80 100
1.0 T T T .
>
5 L .
& 08| i
=
& L i
o 06 ]
° L i
Z 04 -
= L i
=
g 02} -
Uj L i
1 1 . .
0'00 20 40 60 80 100

Hamming Distance

Figure S1. Frequency distribution of the sequences that having identical Hamming
distance from a specific sequence in whole nucleic acid (DNA or RNA) sequence space.
Hamming distance was defined as the number of positions at which two sequences
differ. If the sequence length is L, the corresponding sequence space is comprised of
0 = 4L sequences. The number of sequences at a Hamming distance d from a given
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Sequence: GATCGAAACGCGGTGCCTTCGATC
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1.0

o o
4 4
Ajigeqosd wnuqinb3

o
Y

o
~

0.0

AGppg = —6.97 kcal/mol AGtarget = —5.78 keal/mol

AAGgap = AGearget — AGmpg = 1.19 keal /mol

g

Figure S2. Schematic of the free-energy gap of target motif transformation. For each
sequence, free energy in MFE state AGmre and that in target motif AGuarget Were
calculated by NUPACK at temperature 25°C, and the difference is defined as
free-energy gap AAGgap. Each base is shaded according to the probability that it adopts
the depicted paired or unpaired state at equilibrium.
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Figure S3. Normalized frequency distribution analysis of the calculated binding free
energies AGmmpesa, which are shown in per snapshot for the WT L-Arm-binding
aptamers, its genotype neighborhoods including two in silico selected aptamer QT-1 and
QT-2. The data is shown with open circles in black and the expected normal distribution
is shown by the blue lines.
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Figure S4. Normalized frequency distribution analysis of the calculated binding free
energies AGmm/Gesa, which are shown in per snapshot for the WT L-Arm-binding
aptamers, its genotype neighborhoods including two in silico selected aptamer QT-1 and
QT-2. The data is shown with open circles in black and the expected normal distribution
is shown by the blue lines.
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Figure SS. Normalized frequency distribution analysis of the calculated binding free
energies TASnma, which are shown in per snapshot for the WT L-Arm-binding aptamers,
its genotype neighborhoods including two in silico selected aptamer QT-1 and QT-2.
The data is shown with open circles in black and the expected normal distribution is
shown by the blue lines.
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Figure S6. Binding affinity determination for L-Arm-binding DNA aptamers by
circular dichroism (CD) spectrum measurement.
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Figure S7. Representative primary data from isothermal titration calorimetry (ITC)
experiments for the wildtype aptamer and in silico screened aptamer QT-1. ITC data at
25°C are shown for the titration addition of 10 uL aliquots of 20 mM aptamer stock
solution to 1.44 mL of a 3 mM L-argininamide solution at 5 min intervals.



Table S1. Experimental binding data for L-Arm binding aptamer and its mutants.

Hairpin mutants of longer Corresponding mutations on Required salt concentration to
aptamer (clone 12-28)° JOLD aptamer elute (compared with wildtype Ka(/M) Ka(uM)
hairpin) ®
Wildtype - - 0 8,000 125
A10G A8G -105 178¢ 5622°
A10T A8T -96 263° 3797¢
Cl1IT CoT -62 1018° 982°¢
GI2A G10A -96 263° 3797¢
G121 G101 -57 1223¢ 817¢
T13C T11C -48 1689°¢ 592¢
Al4G & G15T A12G & G13T +14 12053°¢ 83¢
EMBO-1995 GI15T G13T +14 12053°¢ 83¢
CleT Cl14T -100 222¢ 4512¢
GI17A G15A -48 1689°¢ 592¢
G171 G151 -28 3330¢ 300°¢
C18T Cl6T -96 263° 3797¢
CI9A Cl7A -115 113¢ 8870°
A9T & T20A ATT & T18A -96 263° 3797¢
A9G & T20C A7G & T18C -96 263° 3797¢
QT-1 - T11C & A12G & C14T - 14,4304 694
QT-2 - Cl4A & GI5T - 9,033 1114
- A8C &T11C &C14G - NAe -
- A8G &A12G &C14T - NAe -
Non-functional - A8G &A12G &C17T - NAe -
genotype - AS8T &G13C &C14A - NA¢ -
neighbors in this - G10C &A12C &C16A - NAe® -
study - T11G &G13C &C17T - NAe® -
- T11G &G13T &C14T &GI5A - NAe -
- A12G &GI15C &C16T - NAe -

@ Aptamer clone 12-28 is a 28-mer L-Arm binding aptamer®. The difference between
clone 12-28 and 10LD aptamer is that clone-28 has two extra base pairs (G1+C28 and
G2+C27) on the stem region.

®Demonstrated by Harada, K. et.al>, mutant DNAs were eluted from an arginine column
using an NaCl gradient, while the numbers indicate the difference in salt concentration
required to elute each mutant compared with the wild-type hairpin. Negative values
indicate weaker binding and positive values indicate stronger binding to arginine.

¢ According to previous research®!®, the salt elution profiles of the DNAs correlated
with relative arginine binding affinities, here the binding parameter Ka was calculated
from the linear fitting between logKa and log[NaCl] salt concentration.

4 The binding parameter K for aptamer QT-1 and QT-2 were determined by circular
dichroism studies.

®There are no change in CD signal in the presence of L-Arm for these IOLD random
genotype neighbors, thus Ka were referred as NA (not active).
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