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A B S T R A C T   

G-quadruplex (G4) DNA structures are involved in central biological processes such as DNA replication and transcription. These DNA structures are enriched in 
promotor regions of oncogenes and are thus promising as novel gene silencing therapeutic targets that can be used to regulate expression of oncoproteins and in 
particular those that has proven hard to drug with conventional strategies. G4 DNA structures in general have a well-defined and hydrophobic binding area that also 
is very flat and featureless and there are ample examples of G4 ligands but their further progression towards drug development is limited. In this study, we use 
synthetic organic chemistry to equip a drug-like and low molecular weight central fragment with different side chains and evaluate how this affect the compound’s 
selectivity and ability to bind and stabilize G4 DNA. Furthermore, we study the binding interactions of the compounds and connect the experimental observations 
with the compound’s structural conformations and electrostatic potentials to understand the basis for the observed improvements. Finally, we evaluate the top 
candidates’ ability to selectively reduce cancer cell growth in a 3D co-culture model of pancreatic cancer which show that this is a powerful approach to generate 
highly active and selective low molecular weight G4 ligands with a promising therapeutic window.   

1. Introduction 

Nucleic acids encode the fundamental information necessary for 
cellular functions and these macromolecules are notable for the forma-
tion of higher order structures. One such class of secondary structures is 
the G-quadruplex (G4) DNA structure that can form inter- or intra- 
molecularly from four strands in specific guanine rich regions of the 
genome. The prerequisite for G4 structure formation is a co-planar 
arrangement of four guanine bases which are stabilized by eight 
Hoogsteen hydrogen bonds forming a G-tetrad or G-quartet. The G-tet-
rads stack on top of each other and are further stabilized by monovalent 
cations such as potassium or sodium ions to form the G4 DNA structure 
[1,2]. Although G4 structures always consist of G-tetrads, G4 structures 
can still be highly polymorphic; they can be formed either intra- or 
inter-molecularly and can exhibit different topologies such as parallel, 
antiparallel, and hybrid conformations [3,4]. It has been shown that G4 
DNA can play vital roles in central biological processes such as control of 
replication, [5,6] transcription, [7,8] genome stability, [9,10] and 
epigenetic regulation [11–13]. G4 antibody studies have identified over 

700,000 sequences with potential to form a G4 structure in the human 
genome and recent studies have mapped about 10,000 native G4 DNA 
structures enriched in promoter regions and oncogenes [14–18]. 

One such example is the c-MYC gene which is deregulated in most 
human cancers and considered a highly attractive drug target [19]. 
However, modulation of MYC oncogenic activity via direct interactions 
with the MYC protein using small molecules has proven challenging [20, 
21]. Stabilization of the G4 DNA structure in the c-MYC gene is thus a 
promising strategy to suppress MYC transcription that has great thera-
peutic potential [7,22,23]. Transcriptional activity of the c-MYC gene is 
largely controlled by a 27 nucleotide G4-forming sequence also known 
as Pu27 [24,25]. The predominant G4 structure in Pu27 is an 
intramolecular-parallel structure that is generally represented by the 
mutated sequences Pu22 (Fig. 1) (deletion of G1-3/G19-20 and 
G14/G23 to T exchange) and Pu24T (deletion of G1-3 and G10 to T 
exchange) [26–28]. Another example of an oncogene with G4 motifs of 
great therapeutic potential is KRAS. The KRAS G4 motifs are located in 
the KRAS promoter between nucleotides 327 and 296 in humans [29]. 
KRAS G4 DNA structures inhibit transcription and selective stabilization 
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of this G4 DNA structure is thus a potential chemotherapeutic strategy 
[30]. Furthermore, it has been shown that G4 DNA stabilizing com-
pounds are highly effective against tumors with dysfunctional DNA 
repair mechanisms, including those that have acquired resistance to 
PARP inhibitors [31]. There are thus strong incentives for the devel-
opment of selective and effective G4 ligands to both explore the thera-
peutic potential of G4 DNA but also as research tools to study G4 biology 
[13,32–34]. Consequently, several G4 ligands have been developed over 
the last decade, but almost none of these ligands have proceeded to 
clinical trials. Quarfloxin, CX-3543, is one example that entered phase II 
clinical studies but was eventually withdrawn from clinical studies and 
its development was discontinued [34,35]. However, an analogue based 
on this compound, CX-5461, is now in phase I/II clinical trials for pa-
tients with BRCA1/2 deficient tumors [36,37]. The reason for the low 
progression of compounds towards clinical trials is believed to reside 
mainly in the low drug-like characteristics of most G4 ligands which also 
hampers their utility as research tools. 

Most G4 ligands bind to G4 DNA through arene-arene interactions 
with the accessible terminal G-tetrads, which constitute a very flat and 
featureless binding site. An ideal G4 ligand should thus have a planar 
conformation as one of the lowest energy conformations and preferably 
have an electron deficient heteroaromatic central fragment to enable 
strong arene-arene interactions with the G4 surface [38,39]. Side chains 
with aliphatic amine residues can increase G4 ligand affinity if posi-
tioned correctly and simultaneously increase compound solubility. We 
have previously hypothesized that this is not linked to electrostatic in-
teractions with the negatively charged phosphate backbone of the DNA 
but instead is linked to changing the electronic properties of the central 
fragment of the G4 ligand [38]. To challenge this hypothesis, we here 
decided to decorate a known G4-binding central fragment [40,41] to test 
the importance of amine side chains and both explore the driving forces 
behind G4-ligand interactions and, simultaneously, enable the identifi-
cation of strong and selective G4-ligands with drug-like properties such 
as low molecular weight, no permanent charges and high solubility. To 
analyze the compounds’ abilities to bind and stabilize G4 DNA struc-
tures, we used a combination of computational studies and orthogonal 
experimental methods including Förster Resonance Energy Transfer 
(FRET) melting assay, circular dichroism (CD) spectroscopy, microscale 
thermophoresis (MST), and nuclear magnetic resonance spectroscopy 
(NMR). The compounds were further evaluated for their ability to 
selectively kill pancreatic cancer cells in a 3D co-culture model. Overall, 
this showed that amine side chains can increase G4 ligand efficiency by 
making the central fragment more electron deficient and further showed 
that it is indeed possible to develop drug-like G4-ligands by using the 
applied design strategy. 

2. Results and discussions 

2.1. Design and synthesis 

The key intermediates 4a-b (cyclopentyl/cyclohexyl condensed de-
rivatives) were prepared from commercially available anilines by using 
a modified Skraup synthesis followed by reaction with 2-cyanoguani-
dine to give the guanidine derivatives 3a-b. In the final step, conden-
sation of guanidine derivatives with ethylacetoacetate (EAA) resulted 
the quinazoline-pyrimidine key intermediates 4a-b. The chlorinated 
derivatives 5a-b were prepared in 83–88% yield by reaction of 4a-b 
with phosphorylchloride (POCl3) at reflux (Scheme 1). The amine side 
chains were next introduced by reacting the chloro-substituted com-
pounds 5a-b with different amines to afford novel quinazoline pyrimi-
dine ligands 6a,b-14a,b in 31–93% yield (Scheme 1). 

2.2. G4 stabilization and selectivity 

Both cyclopentyl/cyclohexyl condensed quinazoline-pyrimidine li-
gands (6a,b-14a,b) were first screened for their ability to stabilize G4 
DNA using a Förster Resonance Energy Transfer (FRET) melting assay. 
This assay measures the change in melting temperature (ΔTm) of the 
labelled G4 DNA structure in presence and absence of ligand and both 
the parallel Pu24T c-MYC G4 DNA and KRAS G4 DNA were used in the 
assay together with ligand concentrations of 1, 2, 5, and 8 μM (Fig. 2a-b 
and supporting information Table S1). The data clearly show that the 
design of the side chain can have a strong effect on the compounds 
overall ability to stabilize the G4 DNA structures. The most effective side 
chain substitutions proved to be the directly linked piperazine de-
rivatives in 14a and 14b and the N-methylated piperazine substituents 
attached with a two-carbon spacer in 13a and 13b. The N-substituted 
piperazine derivatives such as N-Boc-piperzine 9a-b, N-piperazine-eth-
ylpropionate 10a-b, and N-pyrimidine-piperzine 12a-b showed a clear 
decrease in the ability to stabilize both the c-MYC Pu24T G4 DNA and 
KRAS G4 DNA structures. The heterocyclic substituent in tryptamine 
derivative 8a-b show high stabilization at the higher concentrations but 
quickly lose the ability to stabilize at lower concentrations and this was 
especially prominent for the KRAS G4 DNA structure. Comparison of 
morpholine and piperazine in 6a-b vs 14a-b and 11a-b vs 13a-b show 
that the piperazine substituent generated better stabilization of both the 
c-MYC G4 DNA and the KRAS G4 DNA. The di-ethyl amine substituent in 
7a-b is comparable to the morpholine substituent in 6a-b, both resulted 
in lower G4 stabilization compared to the piperazine in 14a-b. The size 
of the fused alkyl ring (a vs b) did not show much effect on the stabili-
zation of either the c-MYC G4 DNA or the KRAS G4 DNA in this assay as 
the ΔTm for cyclopentane condensed derivatives 13a, 14a and cyclo-
hexane condensed derivatives 13b, 14b were found to be almost similar. 

We next investigated if the increased G4 stabilization achieved by 
the side chain substitutions would affect the ligands selectivity for G4 
DNA over ds DNA. Hence, dsDNA was used in the FRET assay together 

Fig. 1. A) Structure of a G-tetrad, dotted lines in red represent hydrogen bonds and dotted lines in blue represent coordination to the central cation. B) Top view (left) 
and side view (right) of the c-MYC G4 DNA structure pu22 with the stacked G-tetrads in green and the backbone in blue. 
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with the synthesized ligands (6a,b-14a,b) at 1, 2, 5, and 8 μM (Fig. 2c). 
None of the synthesized ligands 6a,b-14a,b displayed any significant 
dsDNA stabilization which demonstrated that the side chain sub-
stitutions did not affect the compounds high selectivity for G4 DNA over 
dsDNA. 

2.3. Computational investigations 

To better understand the differences in binding and stabilization 
between the compounds, we performed molecular mechanics (MM) 
simulations to investigate the low energy conformational preferences of 
selected compounds (8b, 9b, 10b, 13b, and 14b). We performed the 
conformational searches in Maestro [42] using the OPLS3e [43] force 
field as implemented in MacroModel [44]. The Mixed 
Torsional/Low-Mode sampling (MTLMOD) method was used, maximum 

iterations set to 5000 and the number of steps to 10,000. The overall 
shape of the central fragments is very flat for all compounds although 
the cyclohexyl and cyclopentyl moieties introduce some degree of 
flexibility to the central fragments which in fact can be beneficial to G4 
binding [45]. Furthermore, all compounds, except for 10b, preferred a 
crescent shape that is the presumed bioactive conformation compared to 
the linear-shape conformation (Fig. 3, A and B). This could, in part, 
explain the large difference seen in stabilization between compounds 
10b and 14b, where 14b was the better stabilizer. Another factor that 
likely influenced the ability of 10b to stabilize G4 DNA was the hydro-
phobic ester, which likely contributed negatively, if at all, to the binding 
interactions nor any solvation during the binding event. For the indole 
substituted compound 8b (Fig. 3, A and B), the role of the indole in 
terms of interactions was unclear. However, the molecule was overall 
very hydrophobic, and any favorable interactions with the aqueous 

 
Scheme 1. Synthesis of the target quinazoline pyrimidine derivatives 5a,b-13a,b with various amine side chains. a) I2, t-butylcatechol, MgSO4, dry acetone, reflux 
16–18 h, 57–64% b) 2-cyanoguanidine, 2 M HCl, 100 ◦C, 0.5 h, (61–67%) c) EAA, DIPEA, DMF 130 ◦C, 66-56% d) POCl3,100 ◦C, (83–88%) e) R-NH2 or R-NH-R, TEA, 
DMF, 100 ◦C. 

Fig. 2. Förster Resonance Energy Transfer (FRET) 
assay to measure the ability of compounds 6a,b-14a, 
b to stabilize (A) c-MYC Pu24T G4 DNA, (B) KRAS G4 
DNA, and (C) dsDNA. Experiments were performed 
with DNA (0.2 μM) and ligands (1, 2, 5 and 8 μM) in 
10 mM lithium cacodylate buffer (pH 7.2), 90 mM 
LiCl, and 10 mM KCl. Error bars correspond to SD of 
at least three independent experiments. Melting 
temperatures in absence of ligands for c-MYC Pu24T 
G4 DNA: 63.3 ± 0.5 ◦C, KRAS G4 DNA: 46.2 ±
1.5 ◦C, dsDNA: 68.3 ± 0.3 ◦C.   
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solvent should therefore be likely to have been negligible. Thus, the 
desolvation penalty should consequently also have been negligible, and 
the total binding free energy more favorable, however, apparently not as 
favorable as it was for 14b. Complementary to the MM calculations, 
electrostatic potential (ESP) maps were generated for the compounds to 
see how the electronic properties of the aromatic core system impact the 
binding interactions (Fig. 3, C). The ESP maps were generated using 
density functional theory (DFT) geometry optimizations. The calcula-
tions were performed on the B3LYP-D3 [46] level of theory with the 
6-31G** basis set as implemented in Jaguar [47]. The charged aliphatic 
amine in compounds 10b, 13b, and 14b, result in a more 
electron-deficient aromatic core. In contrast, the non-charged com-
pounds (8b and 9b) have a considerably more electron-rich aromatic 
core system. From the FRET data, it is difficult to draw any definitive 
conclusions regarding the impact of electronic properties on the binding 
interactions, but in general, it seems that an electron-deficient aromatic 
core system is more favorable than an electron-rich, especially when 
considering the desolvation penalty. This was clearly emphasized by 
compound 13b, which was one of the strongest stabilizers despite an 
expected high desolvation penalty upon binding. 

2.4. Ligand binding mode elucidation using NMR 

To study the details of the compounds binding interactions with the 
c-MYC Pu22 G4 DNA we used NMR. The c-MYC Pu22 G4 DNA has a set 
of well-defined NMR signals from the imino protons between 10 and 12 
ppm. We studied the chemical shift changes of these imino proton sig-
nals upon addition of one of the most interesting quinazoline-pyrimidine 
14b (Fig. 4A and supporting information Table S2). The choice of 14b 
was based on its strong G4 stabilization in the FRET assay and the for-
mation of a well resolved new set of signals from the imino protons of the 

c-MYC Pu22 G4 DNA:14b complex, which is in agreement with the other 
assays. At a one to one relationship between G4 DNA:Ligand, we clearly 
observed the new set of peaks together with the original unbound c-MYC 
Pu22 G4 DNA imino proton signals. Increasing the ratio of ligand to 
1.5–2 resulted in a complete shift towards the new set of imino protons 
from the bound form of c-MYC Pu22 G4 DNA. Encouraged by these 
promising results, we next performed 2D-NMR experiments to map the 
peak shift changes induced by 14b on the c-MYC Pu22 G4 DNA (Fig. 4B 
and C). This showed that the binding of 14b to the c-MYC Pu22 G4 DNA 
structure strongly affected G-16 and G-11 on the 5′-G-tetrad and G-13, 
G-18, and G-22 on the 3′-G-tetrad leaving the middle tetrad largely 
unaffected except for G-12. The strong effect on the exposed G-tetrads 
suggest that the quinazoline-pyrimidine ligand bind to these flat and 
hydrophobic surfaces although a more atypical intercalative binding 
mode cannot be completely ruled out. The side chains can influence the 
G4 binding by affecting the solvation during the binding event and 
induce an electron poor surface on the central fragment that increases 
the arene-arene interactions with the 3′- and 5′-G-tetrads. 

2.5. Design, synthesis, and evaluation of a second set of ligands 

Based on the data above, it was clear that the side chains have a 
strong influence on the compounds’ G4 DNA stabilization. To expand 
this study, we next designed a narrower set of amine side chains in the 
same position to study the importance of small variations. The synthesis 
of these derivatives followed the same procedure as developed for the 
initial set and afforded good yields. The reaction proceeded well for both 
scaffolds cyclopentyl and cyclohexyl condensed quinazoline pyrimidine 
derivatives and resulting in the desired products 15b-24b, 21a-24a with 
71–86% yields (Fig. 5A). 

The narrow set of 14 derivatives were evaluated using the FRET 

Fig. 3. A) and B) show the conformational preference for selected compounds generated with MM calculations. A) MM simulations of selected compounds (8b, 9b, 
10b, 13b, and 14b) showing the lowest energy conformational preference along with a ChemDraw picture for better visualisation. B) MM simulations of selected 
compounds (8b, 9b, 10b, 13b, and 14b) showing the second lowest energy conformational preference (the only conformation identified less than 5 kcal/mol from 
conformations A) along with a ChemDraw picture for better visualisation. C) ESP maps of each compound viewed from the side showing the surface of the aromatic 
core system. The ESP map is shown with an ISO-value of 0.005 and an energy span of -50-140 kcal/mol. Note, both amines in the piperazine ring of 13b were 
protonated separately and calculated for but resulted in more or less identical outcomes. The colour span represents different energy levels going from red (lowest 
negative, − 50 kcal/mol) to purple (highest positive, 140 kcal/mol). 

N. Bhuma et al.                                                                                                                                                                                                                                 



European Journal of Medicinal Chemistry 248 (2023) 115103

5

melting assay with the parallel c-MYC Pu24T G4 DNA sequence. Overall, 
the variation between the different amine side chains was small and 
most aliphatic amines showed similarly strong G4 stabilization although 
the three carbon chain derivatives proved most efficient. Replacing the 
cyclopentyl quinazoline scaffold in 15b-24b to the cyclohexyl in 21a- 
24a also retained the G4 stabilization abilities (Fig. 5B). FRET melting 
experiments with double-stranded DNA (dsDNA) showed that all com-
pounds (15b-24b & 21a-24a) had a strong selectivity for G4 DNA over 
dsDNA (Fig. 5C). 

2.6. Comparison of side chain length 

We also investigated the effect of length of the side chain on G4 
stability. For this purpose, we prepared the amine derivative 25b with a 
five-carbon side chain and tested its stability with FPu24T by FRET 
analysis (Fig. 6). The difference in the length of the side chain did not 
strongly affect the compounds’ ability to stabilize the G4 DNA. How-
ever, a clear trend was observed where a three-carbon chain linker 
seemed most favorable. This is likely linked to solvation during the 
binding event in combination with the position of the charged cationic 

species of the side chain in relation to the hydrophobic G4-surface where 
a longer distance would reduce the electronic effects and a too short 
distance could have a negative impact on the binding interactions. For 
13b, the flexible, charged, piperazine functionality can extend above the 
aromatic core structure (Fig. 3, A and B), thereby maintaining the sol-
vation interactions during the binding event and consequently reduce 
the desolvation penalty upon binding. In this way, the charged cationic 
piperazine will not be in proximity to the G4-surface, avoiding any 
unfavorable interactions with the guanines but still have a strong elec-
tron withdrawing effect on the central fragment. 

2.7. G4-ligand selectivity and binding affinity 

To investigate the compounds ability to discriminate between 
different G4 DNA structures, we next screened the ability of eight of the 
most promising derivatives (21a,b-24a,b) to stabilize different G4-DNA 
structures. 21a,b-24a,b were chosen because they are matched pairs 
that allow further comparisons between the cyclopentyl and cyclohexyl 
fused central fragments and because of their strong G4 DNA stabilization 
in the FRET assay. 10 different G4-DNA structures were selected that 

Fig. 4. Elucidation of ligand binding interactions using NMR. A) Imino region of the 1H NMR spectrum of c-MYC Pu22 G4 DNA in the absence of compound (bottom) 
and upon addition of 0.5, 1.0, 1.5, and 2.0 equivalents of 14b. The compound alone does not display any signals in this region (top). A new set of well-defined peaks 
appear upon addition of 14b which originate from the DNA:compound complex. At a 1:1 ratio of 14b to DNA, both free and bound forms of the imino peaks were 
observed, which were used to assign the bound form. Peaks marked with asterisks originated from the DNA in complex with 14b. B) The induced chemical shift 
changes could be analysed in detail using the exchange peaks in a 2D NOESY spectrum of 1:1 ligand:DNA relationship. Off-diagonal peaks represent cross-peaks from 
the exchange between free and bound form of DNA. C) Side, top, and bottom views, respectively, of the affected guanines in the c-MYC Pu22 G4 DNA structure upon 
binding of 14b. Observed chemical shift changes in the NMR data are shown in red (large shifts), bronze (moderate shifts), yellow (small shifts), and grey (no shifts). 
G4 DNA stock solutions (100 μM) were prepared by annealing in 10 mM potassium phosphate buffer (pH = 7.4) and 35 mM KCl at 95 ◦C for 5 min followed by slow 
cooling to room temperature overnight. D2O was added in the solution to obtain 90 μM of final G4 DNA concentration in 10% D2O. NMR samples were prepared by 
sequential addition of ligands from 5 mM DMSO‑d6 ligand stock solutions to 200 μL of the DNA solution. 
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include parallel, antiparallel and hybrid motifs. All compounds (21a,b- 
24a,b) effectively stabilized the c-MYC Pu24T, c-MYC Pu22, CKit1, 
CKit2, KRAS, and 21g G4 DNA structures and displayed a lower stabi-
lization of the parallel 25Ceb (human minisatellite), the antiparallel 
Bom17 (telomeric) and TBA (Thrombin binding aptamer) G4 structures 
(Fig. 7A, supporting information Fig. S1 and Table S1). Variation of the 
amine side chains of the compound did not change the compounds’ 
selectivity for different G4 structures. However, for Bcl2 and 25ceb, 
there was a clear difference between the cyclopentyl and cyclohexyl 
fused central fragments (21b-24b vs 21a-24a) indicating that even 
small variations of the substitution pattern of the central fragment could 
affect this selectivity. Importantly, none of the compounds showed any 
stabilization of the duplex ds DNA that was included as a negative 
control. 

In the FRET screening and selectivity assays, we concluded that the 
quinazoline-pyrimidine ligands did not affect dsDNA. To further chal-
lenge these results a FRET melting competition assay was conducted. 
The thermal stability was measured for the c-MYC Pu24T and KRAS G4- 
DNA structures with compounds 21a,b-24a,b and dsDNA were 
sequentially added to investigate if any major changes in the thermal 
stability were observed. This showed that the compounds display a very 
strong selectivity for G4 DNA also in the excess of dsDNA, in presence of 
up to 15 equivalents of dsDNA compared to G4 DNA, no effect on the 

melting temperature was observed. At even higher excess of dsDNA, 
50–100 equivalents compared to G4 DNA, only a small change of up to 
~10 ◦C decrease with 100 eq dsDNA in presence of KRAS and ~7 ◦C 
decrease with 100 eq dsDNA in presence of Pu24T was observed (Sup-
porting information Fig. S2 and Fig. S3). Overall, this confirmed that the 
quinazoline-pyrimidine ligands had a strong selectivity towards G4- 
DNA. 

To investigate if the compounds affect G4 topology upon binding, we 
next recorded circular dichroism (CD) spectra in presence and absence 
of compounds 21a,b-24a,b. No change in topology of the parallel G4 
structure c-MYC Pu24T could be observed upon the addition of 21a,b- 
24a,b, thereby confirming that these compounds did not alter the to-
pology of this G4-structure upon binding (supporting information 
Fig. S4). 

To further confirm that the compounds stabilize G4 DNA, we per-
formed CD melting studies with compounds 21a,b-24a,b and Pu24T c- 
MYC G4 DNA. To calculate the melting temperatures, CD spectra were 
measured between 25 and 90 ◦C for the Pu24T G4 DNA (Fig. 7B and 
supporting information Fig. S5). This showed that all compounds were 
also able to stabilize the G4 DNA structures in this assay resulting in an 
increased melting temperature of 4–8 ◦C at a 1:1 ligand:G4-DNA ratio. 

To investigate the binding affinity of the top quinazoline-pyrimidine 
ligands, we performed a ligand induced fluorescence quenching assay 

Fig. 5. A) Synthesis and structure of 15b-24b, 21a-24a. Compounds 18b, 19b, and 20b are prepared from their corresponding Boc derivatives, see supporting 
information. FRET assay to measure the ability of compounds 15b-24b, 21a-24a to stabilize (B) c-MYC Pu24T G4 DNA and (C) dsDNA. Experiments were performed 
with DNA (0.2 μM) and ligands (1, 2, 5 and 8 μM) in 10 mM lithium cacodylate buffer (pH 7.2), 90 mM LiCl, and 10 mM KCl. Error bars correspond to SD of at least 
three independent experiments. Melting temperatures in absence of ligands for c-MYC Pu24T G4 DNA: 63.3 ± 0.5 ◦C and dsDNA: 68.3 ± 0.3 ◦C. 
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with a 5′-Cy5-labelled c-MYC Pu24T G4 DNA by using Microscale 
Thermophoresis (MST) (Fig. 7B and supporting information Fig. S6). To 
calculate the apparent binding affinity, we use a 2:1 binding model by 
considering both the 3′- and 5′-G-tetrads effective binding sites although 

the c-MYC Pu24T G4 DNA has a slightly blocked 3′-G-tetrad and the first 
binding event studied will thus likely be the 5′-G-tetrad.26 However, it is 
important to note that there is nothing in the compound design that 
would make them specific to either the 3′- or the 5′-G-tetrad, they will 
likely bind to the most accessible side first and with increasing con-
centrations bind to both. Overall, the data showed that all quinazoline- 
pyrimidine ligands tested had a strong apparent binding affinity for G4 
DNA (175–360 nM) and that the variation of the amine side chain did 
not strongly influence this binding, which was in line with the other 
assays and our G4:ligand interaction model. To further confirm the 
binding of these compounds to G4 DNA, we used NMR and studied the 
chemical shift changes of the imino proton signals of c-MYC Pu24T and 
pu22 G4 DNA upon titration of increasing amounts of quinazoline- 
pyrimidines 13b, 14a, 14b, 21a, 22b, and 24a (supporting informa-
tion Figs. S7–S13). All compounds generated a set of well-defined new 
imino proton signals upon increasing amounts of added quinazoline- 
pyrimidine ligand and thus support the MST data in that these de-
rivatives efficiently bind G4 DNA. 

2.8. Evaluation in a 3D co-culture model of pancreatic cancer 

The most promising derivatives were next evaluated in an organoid 
co-culture model of pancreatic ductal adenocarcinoma (PDAC) that 
models aspects of the interaction(s) between tumor cells and cancer 
activated fibroblasts (CAFs) that are a hallmark feature of PDAC [48]. In 
this assay, CAFs are derived from pancreatic stellate cells (PSCs) which 
are a cell type that are present in healthy pancreas but become activated 
to CAFs in response to signals from the cancer cells [48,49]. The assay 
used pancreatic ductal tumor organoids (mT) derived from the KPC 
(Kras+/G12D; Tp53+/R172H; expressing Pdx1-Cre) murine model of 
pancreatic cancer co-cultured with tumor naïve pancreatic stellate cells 
(PSC) in a three-dimensional matrigel matrix (described elsewhere 
[49]). Co-cultured cell lines were modified to constitutively express 
fluorescent proteins by lentiviral infection and their respective growth 
measured by high content fluorescent microscopy and overall metabolic 
potential of the co-cultures measured by a resazurin reduction assay. 
This co-culture system inherently contained an internal control for 
off-target effects with respect to cell line, where the effect of a compound 
on the tumor organoids of epithelial origin could be compared to that 
compound’s effects on PSCs of mesenchymal origin. In this case, it was 
possible to examine the co-cultures for a therapeutic window whereby 
growth of the cancer cells comprising the tumor organoids were 
inhibited by compound addition at lower concentrations than the 
PSC-derived CAF population. 

The viability of cell types in the co-culture assay varied between the 
tested compounds (Fig. 8a,b). For compound 13a, tumor cell growth 
showed an IC50 of 547 nM across the three biological replicates tested 
(calculated in GraphPad Prism software, using a four-parameter variable 
slope calculation with constraint on the bottom parameter set to be 
greater than the minimum recorded value for that variable). In com-
parison, analogue compounds 21a (IC50 161 nM) 22a (IC50 193 nM) and 
23a (IC50 211 nM) demonstrated a more sensitive IC50 against the tumor 
cells although tumor cells were less sensitive to compound 24a (IC50 
793 nM). With respect to the CAFs, compounds 13a and 24a showed 
little effect and for each compound, the calculated IC50 was above the 
tested range. Compound 23a showed a potent effect against the CAFs 
with an IC50 of 264 nM which is a similar concentration as with its effect 
against the tumor cells. In contrast, CAFs were less sensitive to both 
compounds 21a (IC50 2,515 nM) and 22a (IC50 2,815 nM) in all bio-
logical replicate co-cultures (Fig. 8b, Fig. S14, and Table S3) indicating 
that these compounds selectively inhibit the growth of tumor cells 
compared to the non-cancer CAFs derived from normal PSCs. However, 
at the highest concentration tested (5 μM), both compounds 21a and 
22a demonstrated the greatest growth inhibition of CAFs, suggesting 
that whilst there may be a therapeutic window, there remains a 
threshold concentration above which CAF growth is severely affected. 

Fig. 6. A) Chemical structure of the diethyl amine substituted quinazoline- 
pyrimidines with varying linker lengths. B) FRET assay to measure the ability 
of compounds 7b, 17b, 22b, and 25b to stabilize c-MYC Pu24T G4 DNA. Ex-
periments were performed with DNA (0.2 μM) and ligands (1, 2, 5 and 8 μM) in 
10 mM lithium cacodylate buffer (pH 7.2), 90 mM LiCl, and 10 mM KCl. Error 
bars correspond to SD of at least three independent experiments. Melting 
temperatures in absence of ligands for c-MYC Pu24T G4 DNA was 63.3 
± 0.5 ◦C. 

Fig. 7. Compound selectivity and thermal CD stabilization. A) Radar plot 
showing the ability of compounds 21a,b-24a,b (2 μM) to stabilize 10 different 
G4 structures (0.2 μM) (Pu24T, Pu22, c-Kit1, c-kit2 (c-KIT promoter), KRAS (K- 
RAS gene, Bcl-2 (BCl-2 promoter, 25ceb (human minisatellite), 21 g (human 
telomere), Bom17 (Bombyx telomere), and TBA (Thrombin binding aptamer) 
and duplex dsDNA (ds26). B) Thermal stabilization measured using CD at 1:1 
DNA:ligand ratio showing the difference in melting temperature upon addition 
of compounds 21a,b-24a,b (5 μM) (see supporting information Fig. S5). c-MYC 
Pu24T G4 DNA (5 μM) was folded in 10 mM lithium cacodylate buffer buffer 
(pH 7.4), with 5 mM KCl in absence and presence of 21a,b- 24a,b (5 μM). 
Binding affinity per site (G-tetrad) measured using MST and fluorescence 
quenching (see supporting information Fig. S6). 
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Overall compounds 13a and 24a demonstrated similar effects on the 
co-culture system. Compounds 21a, 22a and 23a effectively inhibited 
tumor cell growth at lower concentrations. Compound 23a showed a 
similar inhibition of growth of the surrounding CAFs as with the tumor 
cells. However, both compounds 21a and 22a demonstrated a more 
targeted effect on the tumor cells compared to the surrounding CAFs 
suggesting a therapeutic window with an inhibitory effect on tumor cell 
growth but not the CAFs which are a non-cancer cell type that is derived 
from resident PSCs in normal pancreas. Compounds 21a and 22a were 
also among the most effective G4 stabilizing compounds. The changes in 
the side chains length and chemical composition between 21a, 22a and 
13a, 23a, and 24a can have a big effect on the compounds’ properties 
such as uptake which could explain why 13a, 23a, and 24a displayed 
less conclusive data. 

3. Conclusion 

In this work, we have examined the effect of different side chains on 
the ability and selectivity of a small drug-like central fragment to bind 
and stabilize G4 DNA structures. Over 30 target compounds have been 
synthesized and evaluated using orthogonal assays. All compounds were 
screened for both their ability to stabilize G4 DNA and for their ability to 
discriminate between G4 DNA and dsDNA. All compounds displayed a 
great selectivity for G4 DNA over dsDNA and the top candidates were 
further evaluated for their selectivity between different G4 DNA struc-
tures which showed a preference for parallel G4 DNA structures. The top 
candidates’ abilities to stabilize G4 DNA was confirmed using CD 
melting experiments and their G4 binding was evaluated using an MST 
based method as well as NMR. Extended NMR studies also gave infor-
mation about the details of one of the top candidates binding in-
teractions with the c-MYC Pu22G4 DNA. Overall, this unveiled clear 

Fig. 8. Effect of compound on co-culture model of 
pancreatic ductal adenocarcinoma (PDAC). Cultures 
consisting of murine pancreatic cancer organoids 
(mT1) co-cultured with tumor-naïve pancreatic stel-
late cells (PSC1) lentivirally modified to express 
green fluorescent protein (GFP, green) and mKate2 
(red) respectively. A) Representative micrographs of 
cocultures from a dose response assay of selected 
compounds. Shown are the positive and negative 
controls for co-culture growth (DMSO and Cyclohex-
imide) and the results of co-cultures exposed to 
compounds at 250 nM and 500 nM from one biolog-
ical replicate (mT1:PSC1). Scale bar represents 500 
μm. B) Dose response of compounds as averaged from 
three biological replicate co-culture combinations. 
Graphed are the percentage covered areas of tumor 
organoids (black) and CAF cells (pink) against com-
pounds at concentrations 12.5, 25, 100, 250, 500 and 
5000 nM as well as DMSO treated control cultures 
plotted at x = 10◦. Y-axis data are rescaled from one 
to zero according to the mean values for DMSO con-
trols and cycloheximide controls respectively where 
values below zero indicate lower percentage covered 
area than in the cycloheximide-treated condition. 
Calculated IC50 concentrations are displayed within 
each graph for tumor cell growth (top, black) and 
CAFs (bottom, pink) and IC50 concentrations calcu-
lated above tested range are indicated (A/R). Error 
bars show standard error of the mean.   
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trends among the side chains where the aliphatic amines that are posi-
tively charged at physiological pH all resulted in compounds with a 
strong ability to bind and stabilize G4 DNA with great selectivity over 
dsDNA. The differences between the different aliphatic charged amines 
and length of the linker also followed a clear trend but the variation 
between the derivatives were not very large. Hence, to understand the 
experimentally obtained data, we also performed compound calcula-
tions to explore the lowest energy conformations and electrostatic po-
tential of the derivatives. Combined, this suggested that the side chains 
are not involved in specific interactions with the G4 DNA structures but 
instead reduce the desolvation penalty for the compounds upon binding. 
Furthermore, the side chains seem to play a central role in reducing the 
electrostatic potential of the central fragment such that it can effectively 
bind the exposed G-quartets of G4 DNA structures through arene-arene 
interactions. Finally, the most promising derivatives were evaluated in a 
3D co-culture model of pancreatic cancer using three biological repli-
cates, i.e. three different pancreatic cancer cell line and PSC cell line 
combinations. This showed that compounds 21a and 22a demonstrate a 
therapeutic window with a much more prominent effect on the 
pancreatic cancer cells compared to the healthy, non-cancer, pancreatic 
stellate cell line. In this model, the variation between the different side 
chains proved to play a central role in their activity which likely can be 
linked to compound uptake, metabolism, and off target effects. Overall, 
aliphatic amines on a three-carbon spacer gives a strong and selective G4 
binding which is linked to entropic penalty of binding and electrostatic 
potential of the ligand. This also translates into a strong cellular effect 
where other factors besides direct G4 DNA interactions gives an even 
more detailed SAR that highlights the importance of the choice of 
aliphatic amine. Taken together, we show that the correct introduction 
of side chains on small drug-like G4 ligands can render highly active 
derivatives with great properties and a therapeutic window that merits 
further drug discovery and development efforts. 

4. Experimental section 

See appendix A, supporting information for experimental procedures 
and characterization of new compounds. 
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