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1. Characterization of D-NDIs and L-NDIs 
 

1H and 13C NMR spectra of D-NDIs are provided below in the order in which their 

synthesis is reported in the main text. The 1H and 13C NMR spectra of L-NDIs are also 

given for completeness (full characterization of L-NDIs is also listed in our previous 

work) [1]. The peaks coming from residual solvent (DMSO-d6) as well as other solvent 

impurities (e.g. dimethylformamide, water, acetone) are labelled with an “x”. 

Information about NMR setup for both 1H and 13C NMR spectra are given in the paper 

in Section 3. 
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MS spectra for both D- and L-NDIs are provided below in the order in which 

their synthesis is reported in the main text. Experimental details are given in the main 

text in Section 3. 
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2.  Conformation analysis 
 

The G-quadruplex DNA sequences used in this study adopt either parallel (c-KIT2 

and k-RAS) or hybrid (c-Kit1, BCL-2 and h-TELO) conformations in the presence of 

K+, as determined by CD spectroscopy (spectra shown in Figure S1). Figure S2 

illustrates the overlaid CD spectra of all sequences. An in-depth discussion about the 

structural features (including the far-UV region) of these G-quadruplexes under our 

experimental conditions is provided in our previously reported work [1].   

The CD thermal melting experiments were performed at single wavelength 

(spectra given in Section 3 in this document). However, it is important to test whether 

the DNA sequences used in this study maintain their conformation upon addition of 

NDI ligands. For this, CD spectra of all DNA sequences as well as DNA with ligands 

at the same concentrations as used for VTs have been recorded before the melting 

experiments (Figures S3 – S9). We have observed no change in conformation type 

in any of the cases; however, the deprotected ligands (mainly Nε-Lys NDI) tend to 

aggregate, thus contribution to CD spectra above 300 nm may be observed. The data 

was collected at 23 °C in 10 mM potassium phosphate buffer, pH 7.4, and 100 mM 

potassium fluoride. 
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Figure S1. CD spectra of G-quadruples DNA sequences as well as dsDNA used 

in this study: (a) parallel c-KIT2 (5.3 µM), (b) hybrid c-KIT1 (5.2 µM), (c) parallel k-

RAS (11.4 µM), (d) hybrid BCL-2 (10.8 µM), (e) hybrid h-TELO (9.8 µM), (f) dsDNA 

(10.5 µM). Data collected at 23 °C in 10 mM potassium phosphate buffer, pH 7.4, and 

100 mM potassium fluoride.  

 

 
Figure S2. Overlaid CD spectra of all types of DNA used in this study. 

Concentrations are the same as given in the previous figure caption. 
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Figure S3. The CD spectra of c-KIT2 sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S4. The CD spectra of c-KIT1 sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 

E
ll
ip

ti
c
it

y
 (

m
d

e
g

)

−5

0

5

10

15

20

λ (nm)

250 300 350 400

ckit1 MA6 1mm 11.2uM
2

E
ll
ip

ti
c
it

y
 (

m
d

e
g

)

−3

−2

−1

0

1

2

λ (nm)

250 300 350 400

ckit1 MA3 2mm 5.2uM
2

E
ll
ip

ti
c
it

y
 (

m
d

e
g

)

0

1

2

3

4

λ (nm)

250 300 350 400

ckit1 IO2 1mm 5.1uM
2

E
ll
ip

ti
c
it

y
 (

m
d

e
g

)

0

2

4

6

λ (nm)

250 300 350 400

ckit1 IO1 1mm 11.5uM
2c-KIT1 + Nε-Boc-D-Lys NDI 

c-KIT1 + Nε-D-Lys NDI 

c-KIT1 + Na-Boc-D-Lys NDI 
c-KIT1 + Na-D-Lys NDI 

(a) (b)

(c) (d)



 S18 

 
Figure S5. The CD spectra of k-RAS sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S6. The CD spectra of BCL-2 sequence interacting with: (a) Ne-Boc-L-Lys 

NDI, (b) Ne-L-Lys NDI, (c) Na-Boc-L-Lys NDI, (d) Na-L-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S7. The CD spectra of BCL-2 sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S8. The CD spectra of h-TELO sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S9. The CD spectra of dsDNA sequence interacting with: (a) Ne-Boc-D-Lys 

NDI, (b) Ne-D-Lys NDI, (c) Na-Boc-D-Lys NDI, (d) Na-D-Lys NDI before the VT 

experiments. Concentrations: the same as for VT studies. 
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Figure S10. The CD melting associated spectra of (a) parallel k-RAS by itself (20 

µM) and (b) its assembly formed with Ne-Boc-L-Lys NDI; (c) hybrid c-KIT1 by itself 

(10 µM) and (d) its assembly formed with Ne-Boc-L-Lys NDI.   
 

To further show that the G-quadruplex DNAs used in this study do not change their 

conformation upon ligand binding, titrations of increasing equivalents (equiv) of NDI 

into DNA (0 to 10 equiv) were performed. We provide CD spectra collected at 23 °C 

for sequences assembling into parallel quadruplex (c-KIT2) as well as hybrid 

conformations of the oncogene promoter c-KIT1 and telomeric h-TELO (Figure S11). 

No change in conformation was observed at increasing equivalents of NDI, leading to 

the conclusion that these G-quadruplexes do not change their topologies upon ligand 

interaction.    
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Figure S11. The CD associated spectra at 23 °C of (a) parallel oncogene 

promoter c-KIT2, (b) hybrid oncogene promoter c-KIT1, and (c) hybrid telomeric 

sequence h-TELO upon titration of increasing equivalents (0 – 10 equiv) of Ne-L-Lys 
NDI. 

 

A 5-point smoothing was applied to all graphs shown in this Section when 

processed.  
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concentration of DNA used for each experiment and lmax at which the experiment was 

acquired are also given in the corresponding figures. Conversion of ellipticity to molar 

ellipticity allowed for direct comparison of the Tm obtained. All the data was collected 

in 10 mM PBS and 100 mM potassium fluoride.  

 

3.1. c-KIT2 
 

 
 

Figure S12. The VT CD spectra associated with the melting of 5.3 µM c-KIT2 by 

itself at 262 nm (a); 5.2 µM c-KIT2 with Ne-Boc-D-Lys NDI at 262 nm (b); 3.4 µM c-

c-KIT2 (5.28μM) + IO1
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KIT2 with Ne-D-Lys NDI at 262 nm (c); 5.7 µM c-KIT2 with Na-Boc-D-Lys NDI at 264 

nm (d); 5.7 µM c-KIT2 with Na-D-Lys NDI at 264 nm (e). 

 

3.2. c-KIT1  
 

 
 

Figure S13. The VT CD spectra associated with the melting of 5.2 µM c-KIT1 by 

itself at 262 nm (a); 11.5 µM c-KIT1 with Ne-Boc-D-Lys NDI at 263 nm (b); 5.1 µM c-

KIT1 with Ne-D-Lys NDI at 262 nm (c); 5.2 µM c-KIT1 with Na-Boc-D-Lys NDI at 263 

nm (d); 11.2 µM c-KIT1 with Na-D-Lys NDI at 262 nm (e). 
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3.3. k-RAS 
 

 
 

Figure S14. The VT CD spectra associated with the melting of 11.4 µM k-RAS by 

itself at 262 nm (a); 10.0 µM k-RAS with Ne-Boc-D-Lys NDI at 262 nm (b); 10.0 µM 

k-RAS with Ne-D-Lys NDI at 263 nm (c); 11.4 µM k-RAS with Na-Boc-D-Lys NDI at 

262 nm (d); 9.9 µM k-RAS with Na-D-Lys NDI at 260 nm (e). 

 

 

 

k-RAS (9.98μM) + IO1

M
o

la
r 

e
ll
ip

ti
c
it

y
 ×

 1
0

5
 (

d
e
g

 c
m

2
 d

m
o

l-1
)

1.0

2.0

3.0

4.0

5.0

6.0

7.0

Temperature (oC)

20 30 40 50 60 70 80

R2 = 0.999

Tm = 53.8 +/- 0.1

k-RAS (9.98μM) + IO2

M
o

la
r 

e
ll
ip

ti
c
it

y
 ×

 1
0

5
 (

d
e
g

 c
m

2
 d

m
o

l-1
)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

Temperature (oC)

10 20 30 40 50 60 70 80 90

R2 = 0.999

Tm = 54.6 +/- 0.1

k-RAS (11.42μM) + MA3

M
o

la
r 

e
ll
ip

ti
c
it

y
 ×

 1
0

5
 (

d
e
g

 c
m

2
 d

m
o

l-1
)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Temperature (oC)

20 30 40 50 60 70 80

R2 = 0.999

Tm = 54.7 +/- 0.1

k-RAS (9.93μM) + MA6

M
o

la
r 

e
ll
ip

ti
c
it

y
 ×

 1
0

5
 (

d
e
g

 c
m

2
 d

m
o

l-1
)

1.0

1.5

2.0

2.5

3.0

3.5

Temperature (oC)

30 40 50 60 70 80 90

R2 = 0.999

Tm = 60.6 +/- 0.1

k-RAS (11.42μM) only

M
o

la
r 

e
ll
ip

ti
c
it

y
 ×

 1
0

5
 (

d
e
g

 c
m

2
 d

m
o

l-1
)

2.0

4.0

6.0

8.0

10.0

12.0

Temperature (oC)

20 30 40 50 60 70 80 90

R2 = 0.999

Tm = 55.8 +/- 0.1

(a)

(b) (d)

(c) (e)



 S28 

3.4. BCL-2 

3.4.1. BCL-2 with L-NDIs 

 

 
 

Figure S15. The VT CD spectra associated with the melting of 10.8 µM BCL-2 by 

itself at 262 nm (a); 10.8 µM BCL-2 with Ne-Boc-L-Lys NDI at 262 nm (b); 10.8 µM 

BCL-2 with Ne-L-Lys NDI at 262 nm (c); 10.8 µM BCL-2 with Na-Boc-L-Lys NDI at 

263 nm (d); 9.8 µM BCL-2 with Na-L-Lys NDI at 263 nm (e). 
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3.4.2. BCL-2 with D-NDIs 
 

 
 

Figure S16. The VT CD spectra associated with the melting of 10.8 µM BCL-2 by 

itself at 262 nm (a); 10.6 µM BCL-2 with Ne-Boc-D-Lys NDI at 262 nm (b); 4.4 µM 

BCL-2 with Ne-D-Lys NDI at 263 nm (c); 5.0 µM BCL-2 with Na-Boc-D-Lys NDI at 

262 nm (d); 3.0 µM BCL-2 with Na-D-Lys NDI at 263 nm (e). 
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3.5. h-TELO 
 

 
 

Figure S17. The VT CD spectra associated with the melting of 9.8 µM h-TELO by 

itself at 290 nm (a); 9.8 µM h-TELO with Ne-Boc-D-Lys NDI at 293 nm (b); 9.8 µM 

h-TELO with Ne-D-Lys NDI at 292 nm (c); 10.3 µM h-TELO with Na-Boc-D-Lys NDI 

at 292 nm (d); 10.4 µM h-TELO with Na-D-Lys NDI at 290 nm (e). 
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3.6. dsDNA 
 

 
 

Figure S18. The VT CD spectra associated with the melting of 10.5 µM dsDNA by 

itself at 272 nm (a); 10.0 µM dsDNA with Ne-Boc-D-Lys NDI at 273 nm (b); 10.1 µM 

dsDNA with Ne-D-Lys NDI at 273 nm (c); 10.0 µM dsDNA with Na-Boc-D-Lys NDI at 

272 nm (d); 10.0 µM dsDNA with Na-D-Lys NDI at 273 nm (e). 
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4. Size-exclusion chromatography analysis 
 

The purity of G-quadruplex DNA sequences used in this study was achieved 

through standard desalting method, as certified by the manufacturer. This purity level 

is recommended by the manufacturer for most of the applications. However, all 

sequences were analysed by size-exclusion chromatography[2] (SEC) to further 

asses their purity and type of secondary structures formed. The SEC profiles of 

sequences used in this study are provided in Figure S19. The sequences used are 

mostly in monomeric form. 

The data was acquired using an Agilent 1100 HPLC instrument with single-

wavelength detector. Experimental conditions are given below: 

Sample preparation: the DNA was annealed under the same conditions as for (VT) 

CD studies (i.e. 10 mM phosphate buffer and 100 mM potassium fluoride). Each 

sample was filtered using a PTFE 0.2 µm filter. The samples were not further diluted; 

due to a variation in the starting concentrations, different injection volumes were 

calculated for each DNA sequence in order to achieve optimum resolution (see Table 

S1). The concentrations used for SEC analysis are in the range of those used for 

VTCD experiments.  

 

Column: BioSep-SEC-S 2000 (Phenomenex), dimensions: 30 × 0.46 cm, particle 

size: 5 µm, pore size: 150 Å.  

Analytical method: 

Flow rate: 0.35 mL/min  

Temperature: 22 °C 

Elution profile: isocratic 0.1 M KH2PO4/K2HPO4 pH 7.1 

Monitored wavelength: 260 nm 

Injection volume: depending on the sequence concentration (see Table S1) 
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Table S1. Concentration of each sequence used for SEC studies and the 

corresponding injection volume used in each case.  

Type of sequence 
Concentration of 

sequence (µM) 
Injection volume (µL) 

c-KIT2 20.3* 1.3 

c-KIT1 18.2 1.4 

k-RAS 10.4 2.6 

BCL-2 3.3 7.9 

h-TELO 12.6 2.1 

dsDNA 10.0 5.0 

 

*Due to high concentration of this sequence, dimer is also possible to form in this case.  
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Figure S19. SEC profiles of sequences used in this study. 
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