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Materials and Methods
General: Perylene-3,4,9,10-tetracarboxylicdianhydride ~ (PDA),  deoxyoligonucleotides

(dBy/oligos: dAsg, dT1g, dA2, dT2g, dG1g, dG2p, dCyo, dCy), phosphate buffered saline (PBS) and
2-bromo-ethylamine hydrogen bromide were purchased from Sigma-Aldrich. Di-tert-butyl
dicarbonate and adenine were obtained from Spectrochem Pvt. Ltd. Mumbai (India). All other
reagents were used as received unless otherwise mentioned. *H and *C-NMR spectra were
recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in
CDCI3/DMSO-dg, tetramethylsilane as internal standard) at 20 °C. UV-vis and CD spectra of
samples were analyzed in quartz cuvette of 1 mm path length. High resolution mass spectra
(HRMS) were obtained on Agilent Technologies 6538 UHD Accurate-Mass Q-TOF LC/MS
spectrometer.

Sample preparation for UV-vis and CD measurements. Samples for UV-vis and CD
measurements were prepared by dissolving APA in DMSO with trace amount of trifluoroacetic
acid in the order of 10° M. Oligo-stock solutions were prepared by dissolving the oligos in
double deionized water in the order of 10 M. Double zipper assembly (hybrid DNA ensembles)
of oligos were effected by adding the APA (in DMSO) in PBS-buffer solution (10 mM, pH =7,
10% DMSO) and subjected to annealing by heating the sample to 85 °C for 15 min followed by
cooling the sample solutions to room temperature for 7 h, stored in refrigerator for 4 h.

UV-vis absorption spectroscopy. The UV-vis absorption spectra were recorded on a Perkin
Elmer Model Lambda 900 spectrophotometer at ambient conditions i.e., 25 °C. Temperature
dependent measurements were carried out on Cary 500 UV-vis-NIR spectrophotometer equipped

with Cary temperature controller in the range of 20 °C to 90 °C with ramp rate of 1 °C/min. A



blank sample containing PBS buffer solution (10 mM, pH = 7, 10% DMSO) was recorded and
subtracted from the collected data.

Circular Dichroism (CD) spectroscopy. CD experiments were carried out on a Jasco J-815
spectrometer under nitrogen atmosphere to avoid water condensation. Temperature dependent
measurements were performed employing Peltier-type temperature controller (CDF-4265/15) in
the range of 20 °C to 90 °C with a ramp rate of 1 °C/min. Scans were performed over the
wavelength range of 250-700 nm with a speed of 200 nm/min and the spectra represent an
average of three scans. A blank sample containing PBS buffer solution was recorded and
subtracted from the collected data.

Thermal denaturation studies: Thermal denaturation curves of oligos in presence of APA
(hybrid DNA ensembles) were recorded in the 10-90 °C range with heating rate 1 °C/min. The

variable temperature/wavelength mode was used. CD signal was recorded at 560 nm and the

complete CD spectra were recorded in the wavelength region of 250—700 nm with data collection

for every 5 °C. Melting temperatures (Ty,) of hybrid DNA ensembles [dB.-(APA),-dB,] were

calculated from the first derivative curve of the molar ellipticity change vs. temperature.

Atomic force microscopy (AFM): AFM measurements were performed on Bruker AFM
instrument under ambient conditions. Preformed complexes of APA and dT, were prepared by
drop casting the sample solutions on the silicon (111) surface and air dried. AFM section

analysis was done offline.

Additional information for NMR-spectra: APA exhibit strong n-m and hydrogen bonding

interaction attributed to central perylene core and adenine moieties. Unlike our mutual



templating studies of APA and dB, where we use relatively lower concentrations of APA, we
need much higher concentration of APA for NMR study. At higher concentration (milligrams
quantity) solubility of APA was poor. To enhance its solubility and to obtain good spectra we
added trace amount of trifluoroacetic acid (TFA). It is known that TFA acts as hydrogen bond
breaker (e.g., in case of many peptides). Thus, we were able to record good '*H and **C NMR
spectra. NMR peaks at 110.7, 113.6, 116.4, 119.3, 157.8, 158.3, 158.6 and 159.0 ppm

corresponding TFA in *3C and are not reported in the *C-NMR data of APA.

Stoichiometry of APA:dB, complexation to form DNA ensembles: In general, analysis of
reported DNA-templated self-assembly reveal 100% binding efficiency of guest (APA) to host
(DNA) can be achieved only if the relative number of guest (¢g) are greater than the host binding
sites (@n), i.e M = Qg / ¢n >1.} Therefore, to validate our proposed stoichiometric ratio of
APA:dB; (10:2), we performed the concentration dependent CD studies of fixed concentration
of dB, with increasing concentration of APA. In this experiment, we recorded CD spectra of
performed complexes of APA:dTo with increasing concentration of APA from 0 to 70 uM.
Upon increasing concentration of APA from 0 to 50 uM, CD spectra showed an increase in CD
signal intensity in the perylene absorption region (400-600 nm) with fixed concentration of dT
(10 uM) (i.e A:T = 0:1 to 1:1). With further increase in concentration of APA from 50 to 70 uM,
CD signal in perylene absorption region reaches saturation for A:T > 1:1. These results showed

the saturation of CD signal at greater than 50 pM which indicates 1 = @g/ op>1.

Computational studies: All the model systems were built using Gauss View 05 # and Visual
Molecular Dynamics (VMD) * softwares. Initially perylenebisimide (PBI) monomer was built,

and optimized at the M06 level * along with the 6-31+G* basis set using the Gaussian 09 suite of



programs ° and using semi empirical PM7 level of theory ° using the MOPAC2012 program.’
MO06 and PM7 methods were chosen since they have been shown to account for dispersion type
non-bonded interactions.? PBI and APA monomers, and respective dimers were built using the
optimized PBI molecule in Gauss View 05. PBI dimer was modeled by placing the optimized
structures of the two identical monomers such that the interplanar distance between the two was
3 A and by twisting one of the PBI monomers with respect to the other by 20° along the helical
axis. Visualization of the optimized geometries at the M06 and PM7 levels indicates that the PBI
molecules lost their planarity within the dimer structure. Though identical in terms of energy,
both P- and M-forms of the helical dimers were optimized for further model building. The
interaction energy between the two monomers was calculated to be -22.45 and -36.86 kcal/mol at
the M06 and PM7 levels of theory respectively indicating strong nonbonded interactions.

Similar to PBI dimer, models for the dimers of APA were built and were optimized at the
PM7 level. Possible conformational isomers of APA based on the orientation of C-C single bond
of alkyl chain and C-N (Adenine) have been considered to model the helices. However, only a
few of these conformers can interact with the DNA strands via base pair interactions (Fig. S13).
These dimers and respective monomers were subjected to geometry optimization at PM7 level
and respective interaction energies were computed by taking the difference of energies between
dimer and respective monomers (Table ST1). As indicated by the interaction energies, the APA
monomers in all the four conformations can potentially aggregate to form supramolecular
structures via strong non-bonded interactions. Since the P- and M-helical structures are equally
preferred and are expected to be present in equal amounts, the supramolecular structures formed
by only APA is not expected to exhibit CD signal (see Fig.2). The model systems corresponding

to the APA and dB (B = A, T, G) hybrid assemblies were modeled using VMD. The left and
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right handed DNA strands were constructed using the nucleic acid builder developed by Case
and coworkers.” These model systems were subjected to geometry optimization by employing
molecular mechanics CHARMMS36 all-atom force field.'> The geometry optimizations at the
quantum mechanical level were done on the dimer steps corresponding to all the model systems
using semi empirical method PM7 in MOPAC2012. The respective heat of formation values
were used to calculate the Boltzmann weighted relative energies (M-P helices), which are
presented in the manuscript. The Boltzmann weighted average of relative energies of the heat of
formation corresponding to all the model systems considered for a particular base pair
combination are provided in Fig.4 which indicate that the most stable helix for AT and AG is M-
type whereas the most stable helix for AA is P-type. This is consistent with the experimental
findings. Further, the absolute heat of formation values suggest that the most stable DNA
assemblies formed by AT and AG are arranged in antiparallel manner whereas parallel in case of

AA (Table ST2).
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Scheme 1 Synthesis of adenine conjugated perylene bisimide (APA)



Preparation of APA:

Adenine derivatives 1 and 2 were prepared following the synthetic procedure from our early
reports.'* Boc-deprotected adeninyl-9-ethylamine 2 (2.2 equiv.) was added to stirred a mixture of
perylene-3,4,9,10-tetracarboxylic dianhydride (PDA) (141 mg, 3.59 mmol) and imidazole (59) at
110 °C. The reaction mixture was allowed to stir for 3 h. After completion of the reaction, the
reaction mixture was cooled to room temperature. A mixture of ethanol (50 mL) and ag. HCI
(IN, 50 mL) were added to the above reaction mixture and allowed to stir for 20 min. The
reaction mixture was filtered and precipitate was washed with distilled water to achieve neutral
pH. The obtained product (APA) was dried on under vacuum at 50 °C. Brown color solid, yield
71.69 %. 'H-NMR (400 MHz, DMSO-dg+TFA) & 4.53 (4H, t, J = 5.2 Hz), 4.65 (4H, t, J = 5.2
Hz), 8.21 (2H, s), 8.34 (4H, d, J = 8Hz), 8.54 (2H, s), 8.73 (4H, d, J = 8Hz), 8.93 (2H, br), 9.53
(2H, br). BC-NMR (100 MHz, DMSO-dg+TFA) ¢ 41.2, 42.4, 118.0, 121.2, 123.6, 124.1, 127.4,
130.0, 133.0, 144.1, 1445, 148.9, 149.9, 162.3. HRMS (ESI) found: m/z = 713.2065 [M+H]"

and cald: 713.2122 for C3gH»5N1204.



dAp: 5'-AAAAAAAAAA-3’

dTy: 5-TTTTTTTTTT-3’

dGy,: 5'-GGGGGGGGGG-3’

dC,,: 5’-CCCCCCCCCC-3

dAo: 5'-AAAAAAAAAAAAAAAAAAAA-3’

dT,0: 5’-TTTTTTTTTTTTTTTTITTIT-3’
dG,y: 5'-GGGGGGGGGGGGGGGGGGGG-3'

dC,,: 5’-CCCCcccceeececcceccecececece-3’

Fig. S1 Sequence information of deoxyoligonucleotides (dB,, B = A/T/G/C) used in this study.
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Fig. S2 UV-vis absorption and emission spectra of APA. a) APA in a: DMSO; b: Water/DMSO
(90/10) and c: buffer/DMSO (90/10) solutions. b) Fluorescence spectra of APA (50 uM) in
DMSO and ag. DMSO solution.
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Fig. S3 UV-vis absorption spectra of APA with deoxyoligonucleotides (dBy). a) APA with

increasing concentration of dA10 in buffer solution, b) APA with increasing concentration of dT10
in buffer solution, ¢) APA with increasing concentration of dG10 in buffer solution and d) APA

with increasing concentration of dC10 in buffer solution. Buffer: 10 mM, PBS containing 10%

DMSO, pH = 7.
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Fig. S4 CD spectra of APA (50 uM) with increasing concentration of dT in buffer solution.
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Fig. S5 Plot of CD intensity monitored at 561 nm for APA and dGy at different combinations of

APA against the A/G ratio at fixed concentration of dG,; (10 pM).
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Fig. S6 CD spectra of dA1o and dTyo (10 puM) in PBS buffer solution.
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Fig. S7 CD spectra. a: APA, b: APA and dAy (20:2 ratio), c: APA and dGy (20:2 ratio), and d:

APA and dT,o (20:2 ratio) in PBS buffer containing 10% DMSO, pH = 7.
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Fig. S8 pH dependent CD spectra. a) APA:dTy (20:2) and b) APA:dAz (20:2) in the range of
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Fig. S9 pH dependent CD spectra. a) APA:dCyo (10:2) and b) APA:dGyo (10:2) in the range of

pH = 4-11.
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Fig. S11 Temperature dependent CD spectra of [dB,:(APA),:dB,] ensembles monitored at 561

nm corresponds to perylene absorption. a) & b) Melting curves for the binary complexes of dT1g

and dT,o with APA at pH = 7 and 9 respectively. ¢) & d) Melting curves for the binary

complexes of dA;o and dAy with APA at pH = 7 and 9 respectively. e) & f) Melting curves for

the binary complexes of dG;o and dG, with APA at pH = 7 respectively.
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Fig. S12 a) AFM image of left-handed helical DNA ensembles of [dT,o-(APA)»-dT20]. High
resolution image (rectangle) shows the isolated left-handed helical assembly structures of [dT -
(APA),-dTy]. b) Typical thickness (4.5 nm) of [dT,-(APA),-dT4] calculated from theoretical

model.
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Fig. S13 Various possible conformers for APA dimers in M- and P-helices which form

antiparallel (la, Ib) and parallel (l1a, 1lb) helices when interacted with deoxyoligonucleotides dB,

(B=A, T, G).
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Table. ST1 Interaction energies (in kcal/mol) of PBI and APA dimers in various conformations
calculated by using PM7 method in MOPAC2012. Interaction energy corresponding to PBI
dimer at MO06 level is also specified.

Structure Interaction
energy
PBI dimer -36.86 (-22.45)
A-PBI-A dimer
la -62.25
Ib -64.05
lla -59.59
Ib -65.11

Table ST2: Heat of formation values of M- and P- helices at dimeric steps level in several
orientations comparing two antiparallel (la, Ib) and the two parallel (Ila, I1b) for both M- and P-

type helices (see Fig. S13).

Helix type Orientation AT (WW) A:A(WW) A:G (WW)

M-Helix la -1280.3 -645.0 -874.6
Ib -1270.1 -681.9 -895.9
la -1275.2 -675.0 -833.0
b -1279.5 -683.5 -851.3
P-Helix la -1268.1 -673.1 -842.2
Ib -1249.3 -688.8 -846.0
la -1274.5 -694.7 -846.1
b -1257.1 -634.2 -806.4

17



Fig. S14 Final structures corresponding to the most stable P- and M-duplexes obtained after
geometry optimization using semi empirical PM7 method. The hydrogen bond distances (in A)

were given below of each of the geometry. The first and second lines represent hydrogen bonds

in 5°-3” and 3’-5’ strands respectively.

AT (W:W)-left-same-par

N6(PBI)-04:2.89 N1(PBI)-N3:3.06 N6(PBI)-04:3.06 N1(PBI)-N3:2.95

N6(PBI)-04:2.89 N1(PBI)-N3:3.07 NG6(PBI)-04:3.06 N1(PBI)-N3:2.96

AT (W:W)-right-same-ap

N6(PBI)-04:2.92 N1(PBI)-N3:3.02 N6(PBI)-04:3.00 N1(PBI)-N3:3.00

N6(PBI)-04:2.95 N1(PBI)-N3:2.97 N6(PBI)-04:2.93 N1(PBI)-N3:3.02
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AA (W:W)-left-oppos-par

N6(PBI)-N1:3.05 N1(PBI)-N6:3.09 N6(PBI)-N1:3.01 N1(PBI)-N6:3.10
N6(PBI)-N1:2.99 N1(PBI)-N6:3.16 NG6(PBI)-N1:3.08 N1(PBI)-N6:3.08

AA (W:W)-right-same-ap

N6(PBI)-N1:3.03 N1(PBI)-N6:3.09 N6(PBI)-N1:2.99 N1(PBI)-N6:3.16

N6(PBI)-N1:3.02 N1(PBI)-N6:3.10 N6(PBI)-N1:3.00 N1(PBI)-N6:3.16
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AG (W:W)-left-oppos-ap

N6(PBI)-06:2.89 N1(PBI)-N1:2.99 N6(PBI)-06:2.92 N1(PBI)-N1:3.08
N6(PBI)-06:2.82 N1(PBI)-N1:3.07 N6(PBI)-06:2.99 N1(PBI)-N1:3.08

AG (W:W)-right-same-par

N6(PBI)-06:2.90 N1(PBI)-N1:3.06 N6(PBI)-06:2.89 N1(PBI)-N1:3.02

N6(PBI)-06:2.90 N1(PBI)-N1:3.05 N6(PBI)-06:2.88 N1(PBI)-N1:3.02
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