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Abstract 
The G-quadruplex DNA structure is quickly coming into the spotlight in many fields of 

chemistry and biology. They are made from single stranded DNA with G-tracts separated by 

nucleotide loops which align to form tetrads stacked one atop the other. They are implicated 

in many important biological processes and connected to many diseases. Great effort has 

been committed to the synthesis and testing of compounds which should selectively bind and 

stabilize G-quadruplexes. Some of this effort has been shifted to the creation of small 

molecules which selectively bind specific G-quadruplexes. The work described here was a part 

of the growing effort to synthesize molecules to bind particular G-quadruplexes. 

Two Scaffolds, which differ from one another in a single regard were used to create all the 

molecules analysed. The difference being the flexibility of the core structure. The molecules 

were evaluated for their ability to bind, and stabilize a variety of G-quadruplexes. Methods 

such as primer extension assays, Thioflavin T-displacement assay and circular dichroism 

spectroscopy were employed. 

An interesting selectivity depending on the flexibility of the core structure of the molecules 

was noted. Compounds in which the core structure was locked appeared to be more effective 

at binding G-quadruplexes than the more flexible structures. The locked structures also 

stabilized ribosomal G-quadruplexes better than the flexible ones. Of the flexible molecules, 

those with small side chains were found to be most active and efficient at binding both 

ribosomal and telomeric G-quadruplex structures.  

Introduction  
The double helix is the most well-known 

secondary structure of DNA (Figure 1A). Another 

secondary structure which is quickly gaining 

notoriety is the G-quadruplex. 

 G-quadruplexes are generally made up of 

four G-tracts separated by loops of various 

lengths on single stranded DNA or RNA (Figure 

1B). The G-tracts align to form tetrads of 

guanines stacked one on top another, all kept 

together by Hoogsteen hydrogen bonding.[1] 

They can be formed from one or more molecules 

of single-stranded DNA or RNA (Figure 1C). Those 

formed from one strand of DNA are denoted 

intra-molecular while those made of multiple 

strands are inter-molecular.[2] 

The structure of the G-quadruplex is further 

determined by the directionality of the DNA 

strands. This was important to their structure 

and function. G-quadruplexes in which all 

strands or G-tracts are oriented in the same 

direction are called parallel. Those with two 

strands oriented in one direction and two in the 

other are dubbed antiparallel while those with 

three strands in one direction and a single strand 

in the other are hybrids.[2] 
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Figure 1: A) Structure of the Double helix.[3] B) Structure of an Intramolecular G-quadruplex stabilized by Cations.[4] C) 

Intra (left) and Inter(right) molecular G-quadruplex structures.[5]

Each conformation taken by the G-quadruplex 

produces specific peaks when the circular 

dichroism spectra is studied. Parallel structures 

give a single peak at 264 nm. Antiparallel 

structures give a peak at 285 nm while Hybrid 

structures give a double peak one at 264 nm and 

another at 285 nm.[6] 

The structures can be stabilized by various 

cations, typically found in the center of the 

tetrad. Evidence suggests the potassium ion (K+) 

and Sodium (Na+) relevant of the two,[7] as the 

most effective. Consequently, a buffer 

containing K+ is utilized during the folding of G-

quadruplex DNA; to ensure proper folding.  The 

length and composition of the loops separating 

the G-tracts are also important to the stability 

and configuration of the G-quadruplexes.[8] 

Investigations into the number of possible G-

quadruplexes in humans have upturned 

astonishing data. There are a possible 376 000 G-

quadruplex structures in the human 

genome.[9,10,11] Schizosaccharomyces pombe, the 

model organism from which oligonucleotides are 

taken and used in experiments described here, 

has 446 possible G-quadruplex motifs.[12]  

Notably, the locations of G-quadruplex motifs 

are not random, they cluster in specific regions 

of DNA. These regions include promoters, 

ribosomal DNA,[9] both 5’ and 3’ untranslated 

regions (UTRs), telomeres and origins of 

replication.[13] Perhaps of more interest is the 

frequency of G-quadruplexes in promoters, 

especially those of oncogenes and regulator 

genes as compared to either tumor suppressor 

genes or housekeeping genes. Over 40% of 

promoters have one or more G-quadruplex motif 

with more than 60% of tested oncogenes 

containing at least one while less than 30% of 

genes related to cellular defense response or 
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Figure 2: A) The structure of the compound Ml-206 a 2, 2’-diindolylmethane.  The compound Ml-206 is used as a 

reference compound for all others evaluated. B.1) The flexible Scaffold: Scaffold 1 of the Pb-compounds. Eleven of the 

compounds tested here are based on the structure shown, the only variations being the side chains denoted by R. B.2) 

The Locked Core Scaffold: Scaffold 2 of the Pb-compounds. Four of the compounds tested here are based on the 

structure shown. Again, the only variations between the compounds are the side chains, the positions of which are 

marked by R. (Structures provided by Prasad Bagineni) 

protein biosynthesis were likely to have one.[14] 

The specific positioning of G-quadruplexes and 

the higher frequency of them throughout the 

genome bring to question the function of these 

intriguing motifs. To date, G-quadruplexes have 

been implicated in many important biological 

functions; replication,[13,15] transcription,[16,17] 

translation,[17] recombination[18] and telomere 

biology. [19,20] 

Furthermore, G-quadruplexes have been 

associated with quite a few human diseases.[21] 

This is unsurprising considering the importance 

of the biological functions in which these motifs 

have been implicated. Neurological diseases 

such as Fragile X syndrome, Amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia 

(FTD) are all associated with repeat expansions 

of GGC/GGGGCC, that is Guanine rich DNA. Most 

oncogenes have G-quadruplex sequences 

regulating transcription, linking many forms of 

cancer to G-quadruplexes. Even mutations in 

helicases which unwind G-quadruplexes are also 

associated with diseases; Xeroderma 

pigmentosum and Trichothiodystrophy for 

example. Furthermore, alpha thalassemia 

/mental retardation syndrome has been linked 

to a G-quadruplex as an epigenetic regulator for 

ATRX. 

With G-quadruplexes’ proverbial hands in so 

many cookie jars it’s no wonder they are 

therapeutic targets. A lot of effort has been 

dedicated to the synthesis and testing of small 



4 
 

Table 1: The Names, Side Chains and Anions of all Compounds Analyzed. 

Scaffold 1 and 2 refer to Figure 2

molecules in a search to create molecules which 

selectively bind G-quadruplexes versus DNA. 

There have been quite a few very successful 

compounds of which the most memorable are 

PhenDC3,[22] Braco19,[23,24] TMPyP4[25,26] and 

Quarfloxin,[27] all of which have some effect on 

various cancer cells be it growth regression or 

impairment, DNA damage, genomic instability or 

apoptosis. In fact, Quarfloxin reached stage II 

clinical trials for the treatment of 

neuroendocrine/carcinoid tumors. [27] However 

even these drugs do not bind one specific 

structure, but a multitude of them. Accordingly, 

the search goes on. 

Given that there is such great potential for 

these compounds as research tools to 

understand the complex rolls of G-quadruplexes 

as well as therapeutic potential, the 

development of small molecules which bind and 

stabilize G-quadruplexes is of much interest. 

 It is only very recently that focus has been 

shifted to the binding of molecules to specific G-

quadruplexes. However, due to the astonishing 

number of G-quadruplexes throughout the 

human genome and that every G-quadruplex is 

not unique, it is no small task. The development 

and preliminary testing of the small molecules 

analyzed in this work is an attempt at this 

daunting task. 

The small molecules analyzed here were 

based on two Scaffolds based themselves on the 

scaffold of 2, 2’-diindolylmethanes, (Figure 2) 

which previously have been reported to be 

strong and selective G-quadruplex binders. [28] 

The Methods used here evaluated molecules’ 

ability to bind and stabilize G-quadruplexes 

selectively. In addition, general information 

about the compounds was gathered for planning 

of future experiments. Methods such as 

Thioflavin T Displacement assay (ThT assay), 

primer extension assays and circular dichroism 

spectroscopy (CD) were employed to achieve 

these goals. In all these methods, the compounds 

were compared to a reference compound, Ml-

206 (Figure 2A), a molecule with methyl side 

chains from the original scaffold of 2, 2’-

diindolylmethanes developed in the Chorell lab. 

Materials and Methods 
All compounds (Pb-compounds) tested were 

synthesized by Prasad Bagineni from Erik 

Chorell’s research group at the Department of 

chemistry at Umeå University. The compounds 
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are based on previously synthesized and tested 

molecules (Figure 2 and Table 1), the results of 

which were published and can be seen in 

reference 25. As the compounds used in 

experiments here were based on those, all 

compounds here were compared to compound 

Ml-206 (compound 17 in Livendahl et al [28]) a 2, 

2’-diindolylmethane. The compounds were 

soluble in di-methyl-sulfoxide (DMSO). Due to 

this, DMSO was used as the control in all 

experiments. 

 The concentration of DMSO was kept 

constant for all samples in an experiment and is 

equal to the control concentration, although it 

varied between experiments. 

G-quadruplex DNA folding 
The folding of G-quadruplex DNA was 

performed as follows. The oligonucleotide was 

first dissolved in water to which 2X Folding buffer 

(20 mM Tris- HCL (pH 7.5), 200 mM KCl) was 

added until the desired concentration of 

oligonucleotide and a final concentration of 1X 

Folding buffer was achieved. The buffer was 

made to these specifications as it is near 

physiological conditions [7]. For experiments 

done here, a stock of 50 µM was found to be 

suitable. The mixture was then heated for five 

minutes at 95 ˚C after which it was left to cool to 

room temperature overnight. Different Types of 

oligonucleotides were folded: Pu24T c-MYC 

derived from the human cMyc promoter DNA 

(parallel), ribosomal DNA and telomeric DNA 

(hybrid) from S. Pombe. 

Primer Extension Assay 
A valuable tool used to determine activity and 

selectivity of the compounds is the primer 

extension assay. Selectivity was determined 

through application of the compound to multiple 

DNA templates all from S. Pombe: ribosomal G-

quadruplex, telomeric G-quadruplex, and non G-

quadruplex DNA as a control. This assay was 

closer to in-vivo conditions than others 

performed as there were more biological 

components which could have been affected by 

the molecules tested. 

 To determine activity, multiple trials of 

various compound concentrations was 

necessary. This assay was performed similarly as 

in Jamroskovic et al, 2016.[6] 

All samples and controls (10 µl) were made to 

final concentrations of 5% (v/v) DMSO. They also 

contained 40 nM TET-labeled annealed template 

of the chosen oligonucleotide, 1, 2.5 or 25 µM of 

compound, 0.2 mM dNTPs, 10 mM Tris-HCl (pH 

7.5), 50 mM KCl and 1.5 mM MgCl. Note that 

folding of the template was done together with 

the annealing. Incubation of these mixtures 

lasted a minimum of 30 minutes. Following 

incubation, Taq DNA polymerase (0.025 U/µl) 

was added and the reaction incubated for 10 

minutes at 50 ºC. The reaction was halted 

immediately after using an equal volume of stop 

solution (95% formamide, 20 EDTA, 0.1% 

Bromophenol blue). 

Before loading 5 µl of the samples onto a 10% 

polyacrylamide gel (8 M urea, 25% form amide, 

1x Tris / Boric acid / Ethylenediamine-tetra acetic 

acid (TBE)). The newly formed double stranded 

DNA, produced from the reaction, was unwound 

by heating the samples at 95 ˚C for five minutes 

followed by incubation on ice for two minutes 

and centrifugation (30 seconds at 9.8x103 rpm). 

A typhoon Scanner 9400 (GE Healthcare) 

enabled the visualization of the gel when 

application of the Alexa setting λ = 532 nm was 

applied. The scanned gel was later quantified 

using Image Quant TL Version 8. The primer 

remaining and the full product were normalized 

to the DMSO and primer controls respectively. 

Reactions with 1 µM compound were performed 

twice using different samples. The average 

normalized value of full product and remaining 

primer was calculated and the absolute error 

found. 
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Thioflavin T-Displacement Assay 
(ThT Assay) 

The ThT assay [6] which is a useful tool to 

measure the binding of compounds to G-

quadruplex DNA was also applied. It proved to be 

a quick and efficient way of testing multiple 

compounds on multiple oligonucleotides, such as 

Pu24T_c-myc and ribosomal and telomeric 

oligonucleotides from S. Pombe, simultaneously. 

All the oligos used form G-quadruplexes.  

Thioflavin-T is a fluorescent benzothiazole dye 

normally used to visualize protein aggregates.[29] 

Jamroskovic et al,2016[6] discovered that 

Thioflavin-T could be used in displacement 

assays to test if other compounds could 

outcompete it for binding to G-quadruplex DNA. 

When bound to DNA and excited at 435 nm, 

Thioflavin-T has an emission maximum at 480 

nm. If a compound of interest has displaced the 

Thioflavin-T, the fluorescence of that sample 

would then be diminished compared to the 

control. 

The protocol used is that of Jamroskovic et 

al,2016[6] except for the concentrations of the 

compounds used. Concentrations used here 

were 1, 5 and 15 µM. 

Following protocol, the DMSO concentration 

of all samples and controls were 2.5% (v/v). 

Samples (10 µl) also composed of buffer (10 mM 

Tris, 100 mM KCl), 0.5 µM ThT and 1 µM of the 

chosen G-quadruplex oligonucleotide. These 

samples gave fluorescence F.  Background 

fluorescence from unbound ThT and Compounds 

(FB) was removed through testing of controls for 

each compound made up of buffer, ThT and the 

compounds at the same concentrations leaving 

only the fluorescence Intensity (��): 

� −  ��  = �� 

The removal of the background ensured all 

fluorescence signals recorded were due to ThT 

binding to the G-quadruplex and were not 

caused by 1) compound-ThT interaction, 2) ThT-

buffer interaction or 3) compound-buffer 

interaction. All measurements were done in 

triplicate. DMSO was used as the control (Fref). 

Samples were then normalized to the control as: 

FI/Fref. 

A Tecan Infinite Series 200 or Synergy H4 were 

used for all measurements. In either case, the 

gain was set to optimal, flashes to 25 and an 

integration of 20 µs was used along with a lag 

time of 0 seconds. 

A limitation of this method is that compounds 

which are auto-fluorescent in the same range as 

ThT cannot be measured as well as those that 

interact with ThT and give off more fluorescence 

than ThT bound to DNA.  

Circular Dichroism (CD) Spectroscopy; 
Binding and Stabilization 

 CD is a useful method for investigating the 

binding and thermal stabilization of G-

quadruplex DNA by different compounds. While 

it is a time-consuming method, the data it 

provides is invaluable. As it is a time consuming 

and expensive method, only the best 

compounds, picked via the primer extension and 

ThT assays were tested. In addition, only two G-

quadruplex oligonucleotides were used, the 

ribosomal and telomeric oligonucleotides both 

from S. Pombe. 

 This method provides an image of the 

changes caused by binding of a molecule to the 

different G-quadruplexes when they are 

compared to the control sample. All samples 

(200 µl) tested were made to the following 

specifications; 5 µM G-quadruplex 

oligonucleotide of choice, 40 µM compound with 

a DMSO concentration of 1.25% (v/v) all in a 

buffer (10 mM Tris, 100 mM KCl). Each test 

sample was accompanied by a background 

sample containing the same components, to the 

same concentrations, as the test sample but 

without the oligonucleotide. Results of the 
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background sample were removed automatically 

from the test sample to see only the effect of the 

compound on the G-motif and not the effect, if 

any, of free compound in solution. 

First, the continuous spectra of the samples 

(after background removal) was taken at 25 ˚C 

between 205 and 350 nm. The data pitch was set 

to 0.5 nm, scanning speed to 50 nm/min, 

response to 1 second, Bandwidth to 2 nm, 

accumulation to 4 and sensitivity to the standard 

of 100 mdeg. This gave information on the 

topology of the DNA type if it was previously 

unknown and the binding of the compound to 

the G-quadruplex. Binding was determined by a 

change in either the signal or the form of the 

spectra itself. The Savitzky-Golay method of 

smoothing was used on data collected at 35 pts 

on a Polynomial of order two, followed by 

normalization to 350 nm. 

 Next, spectra of the melting of the folded G-

quadruplex was taken from 25-90 ˚C at the 

wavelength of the highest peak typical for the 

type of G-quadruplex DNA tested. Ribosomal G-

quadruplex oligos were therefore measured at 

264 nm while telomeric were measured at 285 

nm. Melting was determined by a steady 

decrease in the signal until it stabilized. The other 

settings applied were Data pitch: 0.2 ˚C, Delay 

time: 2 seconds, Temperature slope: 1 

˚C/minute, response: 1 second, band width 2.0 

nm and sensitivity: 100 mdeg. This data gave 

information on the thermal stability of the G-

quadruplex when a compound was bound to it by 

using a Sigmoidal-Dose Response fit. All data was 

smoothed (Savitzky-Golay-30pts-polynomial 

order 2) and normalized before fitting. 

UV-VIS Spectrometry; Compound 
Characterization 

Characterization of compounds included 

absorption spectra done via UV-VIS 

Spectrometry. Varian Cary 50 Bio UV-Vis carried 

out scanning of 300 µl of 20 µM compound in 

buffer (10 mM Tris, 100 mM KCl). Synergy H4 was 

used to measure 5 µM samples (100 µl) in the 

same buffer. 

The Varian Cary 50 Scans were from 230-800 

nm using a dual beam with a scan rate of 300 nm 

min-1 and intervals of 1 nm. A quartz cuvette as 

used. 

The scans with Synergy H4 were done on a low 

background-Corning-96 well-transparent-flat 

bottom plate for the same range, interval and at 

normal speed. The setting 8 flashes was used 

along with optimal gain.  All data was smoothed 

using the Adjacent Average method with 5 pts. 

Results and Discussion 

Primer Extension Assay 
The primer extension assay accurately shows 

if a molecule binds to DNA and slows or inhibits 

the synthesis of the new strand. Molecules 

binding to the DNA would cause the formation of 

a pausing or stop site of synthesis. The pausing 

site forms as polymerase would off at a point it 

cannot synthesize on, which in this case is the 

folded and stabilized G-quadruplex structure. 

Consequently, there are more shorter strands of 

newly synthesized DNA appearing on the gel as a 

darker band. If the pause is due to the presence 

of a G-quadruplex, the pausing site would be at 

the nucleotides forming the G-quadruplex or the 

vicinity immediately before. 

The primer extension assays at compound 

concentration 25 µM on G-quadruplex ribosomal 

and telomeric oligonucleotides and a non G-

quadruplex oligonucleotide (see supporting 

material; Supporting figure 1A, B) revealed that 

the all the compounds except Scaffold 1 

compound Pb-172, and Scaffold 2 compounds 

Pb-180 and Pb-182 are not selective for either 

type of DNA at that concentration (Scaffold 2 

compounds Pb-190 and Pb-195 not included). 

Synthesis was completely inhibited. No concrete 

results could be drawn as the compounds could  
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Figure 3: A) Templates of all Oligonucleotide types used in Primer Extension Assays. All the DNA templates originate 

from S. Pombe. Primers on Templates were TET-Labeled to enable visualization of the synthesized product upon 

application of Alexa setting 532 nm. B) Primer Extension Assay Using Non G-quadruplex Template Treated with 1 µM 

of Pb-Compounds. Primer denoted with a grey triangle C.1) The Average Non G-quadruplex Full Product Synthesized 

when Pb-Molecules are Involved. The full product synthesized was normalized to the DMSO control. The average 

normalized value was calculated and the absolute error found (error bars). Blue bars indicate Scaffold 1 compounds while 

Orange bar indicate Scaffold 2 compounds. C.2) The Average Non G-quadruplex Primer Remaining when Pb-Molecules 

are Applied. The primer remaining was normalized to the primer column. The average and absolute error was found. 

Green bars indicate Scaffold 1 compounds while yellow bars indicate Scaffold 2 compounds. D) Primer Extension Assay 

using Ribosomal G-quadruplex Template Treated with 1 µM of Pb-Compound. Pausing site identified with red arrow 

E.1) The Average Ribosomal G-quadruplex Full Product Synthesized when Pb-Molecules are Involved. Carried out as in 

C.1. E.2) The Average Ribosomal G-quadruplex Primer Remaining when Pb-Molecules are Involved. Carried out as in 

C.2. F) Primer Extension Assay using Telomeric G-quadruplex Template Treated with 1 µM of Pb-Compound. Pausing 

site identified with red arrow G.1) The Average Telomeric G-quadruplex Full Product Synthesized when Pb-Molecules 

are Involved. Carried out as in C.1. G.2) The Average Telomeric G-quadruplex Primer Remaining when Pb-Molecules 

are Involved. Carried out as in C.2.

have bound directly to Taq polymerase or to the 

DNA, completely covering it. Both or a 

combination of the two would preventing 

synthesis from proceeding. Compound Pb-172 

was seen to be totally inactive as synthesis was 

not inhibited on any of the DNA templates as all 

results mimicked the DMSO control. The 

molecule most likely doesn’t bind the G-

quadruplex structure. 

The assay, when done at a lower 

concentration (2.5 µM) on only non G-

quadruplex DNA showed that the compounds 

did not inhibit Taq polymerase, if they bound it 

at all, as the synthesis was not completely 

inhibited (see supporting material: Supporting 

figure 2A, B.1, B.2). However, quantification of 

full product and primer, as compared to the 

DMSO and primer controls, clearly illustrated 

that some of the compounds still affected the 

synthesis of non G-quadruplex DNA. Of the 

Scaffold 1 compounds Pb-165, Pb-166 and Pb-

184 and Scaffold 2 Pb-180 and Pb-182 affected 

the synthesis the most as they had the least 

formed full product and the most unused primer. 
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Pb-161 and Pb-164 of Scaffold 1 affected it the 

least at this concentration. Notably, the 

reference compound Ml-206 still had some 

effect on the non G-quadruplex DNA at this 

concentration as well. This means that even at a 

concentration of 2.5 µM some of the compounds 

bind to all DNA types. 

Reactions were performed at 1 µM of compound 

on ribosomal G-quadruplex, telomeric G-

quadruplex and non G-quadruplex oligo-

nucleotides (Figures 3). All the compounds, both 

of Scaffold 1 and 2, except for Pb-164 and Pb-184 

(all of Scaffold 1), bind to the G-quadruplex 

structures, as a pausing site one or two 

nucleotides from the first G-tract was seen for all 

the compounds on both ribosomal and telomeric 

G-quadruplex Oligos (Figures 3D, and F-red 

arrows). Pb-164, and Pb-184 do indeed have a 

band as the other compounds. However, when 

compared to the control, the band is as strong or 

weaker thus suggesting these compounds do not 

stop the DNA polymerase. The control has a 

pausing site as the ribosomal G-quadruplex is 

very stable. 

Figures 3B, D and F showed that most of the 

compounds were not active on the non G-

quadruplex control but were active for G-

quadruplex forming. Quantification of the gels 

(Figures 3 C.1, C.2, E.1, E.2, G.1 and G.2) made 

the exceptions more obvious. The exceptions 

having been Pb-180, Pb-182, Pb-190 and Pb-195; 

all analogs of Scaffold 2. Even though the scaffold 

2 analogs affected the synthesis of non G-

quadruplex DNA at 1 µM, they had a stronger 

effect on the G-quadruplex forming DNA types. 

Effect on non G-quadruplex DNA even at the 

low concentration of 1µM attests to the strength 

of the compounds’ ability to bind oligo-

nucleotides. This may be because the core of the 

structure was locked into a conformation that is 

not flexible but more active, as compared to 

Scaffold 1 which can rotate freely. It may be 

more active as the conformation in which it is 

locked is always aligned to bind the G-

quadruplex while the flexible Scaffold 1 was 

rotate into the correct conformation before 

binding is possible/stable. 

There was obvious selectivity between the G-

quadruplex and non G-quadruplex oligonucleo-

tide types for Scaffold 2 molecules Pb-180, Pb-

182 and Pb-195 at this concentration. Reactions 

at lower concentrations should therefore be 

used to affirm if the selectivity of Pb-190 is also 

concentration dependent. That is, if the 

selectivity of Pb-190 could be improved with a 

decrease in concentration. Indeed, the selectivity 

of all the Scaffold 2 compounds both between G-

quadruplex forming and non-forming 

oligonucleotides and specific G-quadruplexes 

may be enhanced using a lower concentration. 

As it stands now the selectivity between G-

quadruplex oligonucleotides of Pb-190 could not 

be determined as there was no significant 

difference between the full product of the 

telomeric DNA synthesis and the full product of 

the non G-quadruplex control (Figures 3B, D and 

F). Pb-182 was selective for ribosomal DNA while 

Pb-180 and Pb-195 were not selective between 

the two G-quadruplex forming DNA types but 

clearly selective for the G-quadruplex 

Oligonucleotides. 

The analogs of Scaffold 1 were all selective for 

G-quadruplex forming DNA, excluding Pb172, as 

they all decreased the amount of full product 

compared to the non G-quadruplex full product, 

although Pb-165 and Pb-166 still had some effect 

on the synthesis of non G-quadruplex forming 

DNA, almost to the same extent as Pb-182 on 

both G-quadruplex oligonucleotides. 

Compounds Pb-164 and Pb-184 were the least 

active out of the binding scaffold 1 compounds, 

based on the quantification of full products on 

both ribosomal and telomeric G-quadruplex 

oligonucleotides as well as the strength of the 



11 
 

pausing sites at the first G-tract (red arrows 

Figures 3D, and F). They were also seen as 

unselective between the two G-quadruplex 

structures. These effects may be due to the 

strength of the bond between the molecules and 

the G-quadruplexes. However, unlike the 

Scaffold 2 compounds which purportedly bind 

strongly, Pb-164 and Pb-184 appear to bind 

weakly.  

One characteristic which may have affected 

the bond strength was the bulk of the 

substituents on the side chains. Pb-164 has a 

benzene side chain. The size of the side chain 

could impede binding depending on how the 

molecule binds to the G-quadruplex structure 

and if parts of the structure itself, loops for 

example, are covering the binding site. Another 

characteristic is the charge distribution within 

the substituents on the side chain, Pb184 had 

strong electronegative atoms in its side chains 

(Fluorine) which could affect charge interactions 

between the molecule and the G-quadruplex. 

Notably, Pb-165 and Pb-166 have bulky side 

chains (Table 1) but do not differ greatly from 

compounds, such as Pb-161 or Pb-163, which 

had small side chains, in the quantity of full 

product formed (Figure 3E.1, G.1). The difference 

lay in the quantity of primer remaining. Pb-165 

and Pb-166 both had more than a third more 

remining primer than Pb-161 or Pb-163 in both 

types of G-quadruplex forming oligos (Figure 

3E.2, G.2). They also had pausing sites with less 

intense bands than either Pb-161 or Pb-163 on 

both telomeric and ribosomal DNA synthesis 

indicating weaker binding to the G-quadruplex 

structure. Clearly the constituents of the side 

chains had an extensive effect on the activity of 

the molecules, the evidence of which is 

compounded by Pb-172. Compound Pb-172, 

which had no quaternized Nitrogens on the side 

chains and therefore no positive charges, was 

completely inactive. 

Pb-185 and Pb-167 were both active on the 

ribosomal G-quadruplex. However, on the 

telomeric G-quadruplex, their activity was 

greatly diminished showing a clear selectivity for 

the ribosomal G-quadruplex structure. This was 

supported by the intensities of the bands at the 

pausing sites. Pb-167 and Pb-185 both had less 

intense pausing sites just before the first G-tract 

starts with the telomeric DNA synthesis, as 

compared to the ribosomal DNA synthesis, 

(Figure 3D, F), indicating that the compounds 

bind weaker to the telomeric G-quadruplex. Pb-

185 was still weaker overall at binding G-

quadruplex structures compared to Pb-163 and 

Pb-168 on both G-quadruplex oligos while Pb-

167 had comparable activity to them with the 

ribosomal DNA synthesis. 

The molecules which displayed the best 

selectivity, between G-quadruplex oligos and the 

non G-quadruplex control, were Scaffold 1 

compounds Pb-161, Pb-162, Pb-163 and Pb-168. 

All of which had small, simple side chains 

comparable to those of Ml-206 (Table 1 and 

Figure 2) and reduced the amount of full product 

synthesized in both ribosomal and telomeric G-

quadruplex forming oligos by 60% and 40% 

respectively. The increased activity seen here 

compared to Pb-164 may be attributed to the 

substituents on the side chains being small 

enough to not impede binding through steric 

interactions. Unfortunately, this cannot be 

confirmed with Scaffold 2 compounds as all 

analogs of Scaffold 2 had small side chains. 

 Although none of the compounds Pb-161, Pb-

162, Pb-163 and Pb-168 show complete 

selectivity between the G-quadruplex 

oligonucleotides, promising selectivity towards 

the ribosomal G-quadruplex oligonucleotide was 

noted, just as Ml-206. Looking at the quantity of 

telomeric G-quadruplex DNA synthesized (Figure 

3G.1), Pb-168 actually worked even better than 

Ml-206. Both Pb-162 and Pb-163 performed as 

well as Ml-206, there was no significant 
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difference in the amount of full product 

produced. Pb-161 did not work as well as Ml-206 

on the telomeric G-quadruplex oligonucleotide 

but still reduced full product by about 40%. There 

was no significant difference in the amount of 

primer remaining between any of these 

compounds and Ml-206 or the DMSO control. 

The strength and positioning of the pausing 

sites (Figures 3D, F) also confirmed these 

molecules (Pb-161, Pb-162, Pb-163 and Pb-168) 

to be the most active compounds in this series on 

both G-quadruplex oligos. 

The most active and selective analogs of 

Scaffold 2 was difficult to determine due to the 

lack of experiments with these compounds at 

lower concentrations. At 1 µM, Pb-182 had the 

strongest pausing site in both the ribosomal and 

telomeric gels while Pb-190 has the least amount 

of formed full product. However, Pb-190 also had 

more primer remaining in all cases. In terms of 

binding to the G-quadruplex structure, the 

strength of the pausing sites indicated that Pb-

182 at 1 µM worked best in this series. 

Experiments at lower concentrations may 

provide evidence to the contrary as Pb-190 is 

most likely a stronger binding molecule. 

ThT Assay 
Binding of compounds to DNA was seen 

through displacement of ThT from the G-

quadruplex structures causing a decrease in the 

fluorescence measured. Samples were made 

using three different types of G-quadruplex 

forming oligonucleotides; ribosomal and 

telomeric from S. Pombe and Pu24T c-MYC from 

humans (Figure 4). 

Compound Pb-172 was removed from all 

results as it was found inactive in the primer 

extension assay. Background measurements 

showed that Pb-172 itself or interacting together 

with ThT to be fluorescent at the emission 

wavelength of 480 nm (not shown). 

All the remaining compounds displaced ThT at 

some concentration. In addition, they were 

concentration dependent, except for Pb-168 and 

Pb-184 on the Pu24T c-MYC G-quadruplex, Pb-

164 on both Pu24T c-MYC and telomeric G-

quadruplexes and Pb-180 on telomeric G-

quadruplexes. 

Pb-164 and Pb-184 are both interesting as 

even at 15 µM, they both showed high 

fluorescence values compared to the others, 

indicating that binding between the compounds 

and the G-motifs was less effective. Ineffective 

binding explains why the pausing sites (Figures 

3D, F) of these two compounds were so weak 

and the quantification of full product so high 

(Figures 3E.1, G.1). Note that these were the 

compounds which were bulky or contained 

strong electronegative atoms in their side chains 

(Table 1). 

Pb-165 and Pb-166 which were indicated to 

bind weakly to the G-quadruplex structure via 

the primer extension assay both show less 

displacement of ThT at 15 and 5µM on both 

Pu24T c-MYC and ribosomal G-quadruplex 

structures compared to Pb-161 or Pb-163. This is 

confirmation that Pb-165 and Pb-166 do not bind 

as efficiently as the small side chain Scaffold 1 

and inflexible core Scaffold 2 compounds. 

All the Scaffold 2 compounds displaced much 

more ThT than any of the Scaffold 1 compounds 

on both Pu24T c-MYC (Figure 4A) and ribosomal 

G-quadruplex structures, (Figure 4B) providing 

evidence for the speculation that the analogs of 

this scaffold bind stronger to G-quadruplex 

structures due to their permanent, inflexible, 

active conformation. 

The Scaffold 2 analogs also were also noted to 

bind Pu24T c-MYC and the ribosomal G-

quadruplexes much better than the telomeric G-

quadruplexes at 5 and 1µM. Both Pu24T c-MYC 

and the ribosomal G-quadruplexes are parallel. 
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Figure 4: A) ThT Displacement of Pb Compounds on the Human G-quadruplex forming Oligonucleotide cMyc. Ml-206 

or Pb-compounds (in DMSO) were added to a buffer (10 mM Tris, 100 mM KCl) containing 1 µM Pu24T c-MYC 

oligonucleotide called Pu24T c-MYC and 0.5 µM of ThT at various concentrations. The samples were analyzed in triplicate 

for the fluorescence intensity given off at 480 nm when excited at 435 nm. Results were normalized to the DMSO control 

after background emission, found from the buffer controls, was removed. All scaffold 1 compounds are on the left while 

Scaffold 2 compounds are on the right. B) ThT Displacement of Pb Compounds on Ribosomal Oligonucleotide of S. 

Pombe. Analysis was carried out as in A using ribosomal G-Quadruplex oligo instead of Pu24T c-MYC. C) ThT Displacement 

of Pb Compounds on Ribosomal Oligonucleotide of S. Pombe. Analysis was carried out as in A using telomeric G-

quadruplex oligo instead of Pu24T c-MYC. 
  



14 
 

These compounds may have a promising 

selectivity towards parallel structures. More 

experiments on other oligonucleotides and other 

G-quadruplex conformations would be required 

to confirm this. 

Interestingly, Pb-195 outcompeted the 

reference compound Ml-206 at all 

concentrations on all three oligonucleotides. Pb-

190 came in at a close second out competing Ml-

206 at all concentrations on the telomeric G-

quadruplex (Figure 4C), 15 µM on ribosomal G-

quadruplex and the higher concentrations of 5 

and 15 µM on Pu24T c-MYC, equaling it at the 

lowest concentration. The remaining two 

Scaffold 2 compounds, Pb-180 and Pb-182, were 

comparable to Ml-206 only at 15 µM on the 

ribosomal G-quadruplex. 

Out of all the Scaffold 1 compounds, Pb-168 

retained one of the lowest fluorescence values 

on all three G-quadruplex oligos at 1 µM. On the 

ribosomal and telomeric oligos, Pb-168 gave 

similar displacement values as the best Scaffold 

2 compounds in this experiment (Pb-190 and Pb-

195). It was also the most effectual on ribosomal 

oligo at 1 µM and while it was not the most 

efficient at 1 µM on telomeric oligo, it still 

outcompeted Ml-206 at that concentration. In 

addition, on Pu24T c-MYC, the affinity of Pb-168 

to bind the G-quadruplexes at 5 µM was the 

same or better than at 15 µM. Pb-180 (Scaffold 

2) showed a similar result on the telomeric oligo. 

The binding of Pb-180 at 5 µM was the same as 

that at 1 µM. 

All the most active and selective Scaffold 1 

compounds from the primer extension assays, 

(Pb-161, Pb-162, Pb-163 and Pb-168) showed 

highly effective displacement at 15 µM, out 

competing Ml-206 on both the ribosomal and 

telomeric G-quadruplex oligos. All except Pb-

168, outcompeted Ml-206 on Pu24T c-MYC as 

well. Many of these compounds also 

outcompeted Ml-206 at 5 µM on the telomeric 

G-motif. All except Pb-168 are also confirmed as 

ribosomal-selective as they bind the ribosomal 

G-quadruplex better than the Pu24T c-MYC at 15 

µM and the telomeric at 5 µM. Pb-168, while it 

does bind the ribosomal G-quadruplex better at 

15 µM than Pu24T c-MYC, it binds just as well to 

the telomeric at 5 µM. However, it binds the 

ribosomal G-motif slightly better than the 

telomeric at 1 µM proving it has promising 

selective for the ribosomal G-quadruplex. 

However, results from the primer extension 

assay showed that for these compounds to work 

in a biological sense, the concentrations used 

must be low. This data gives only as sense of how 

well the compounds bind the G-quadruplex 

structures. 

CD Spectroscopy: Spectra 
CD Spectrometry was used to find the spectra 

of G-quadruplex oligonucleotides when there 

were no compounds bound to it (DMSO control) 

and when there were. If there was binding, some 

change in the spectra was expected. What the 

change in the spectra means beyond that is still 

unclear. For example: the change in spectra 

could be due to unwinding of the G-quadruplex, 

to some extent, and taking on a new 

configuration. The most active and well binding 

compounds from Scaffolds 1 and 2 were used to 

treat both telomeric and ribosomal G-

quadruplex oligonucleotides of S. Pombe. Their 

spectra were taken at 25 ˚C (Figure 5).  

The control ribosomal G-quadruplex 

displayed a typical parallel G-quadruplex 

spectrum, as expected. Accordingly, the 

telomeric G-quadruplex had the double peaks of 

a hybrid structure or mix of parallel and 

antiparallel structures (Figure 5). The spectra 

measured from both types of DNA upon 

treatment with Pb-compounds or Ml-206 

showed marked changes in their spectra 

confirming the binding results of both the ThT 

and primer extension assay, that these 
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Figure 5: CD spectra of Ribosomal and Telomeric G-Quadruplex Oligonucleotides when treated with Pb-compounds at 

25 ˚C. 5 µM of both ribosomal and telomeric G-quadruplex oligonucleotides taken from S. Pombe were treated with 

1.25% DMSO or 40 µM Ml-206, Scaffold 1 compooundsPb-161, Pb-163, Pb-168 and Scaffold 2 compounds Pb-182, Pb-

190 and Pb-195. Their resulting spectra were measured at 25 ˚C. All DMSO data provided by Revathi Kandukuri, Ml-206 

ribosomal data by Madeleine Livendahl. 

compounds bind G-quadruplex DNA. 

Interestingly, the spectra of the ribosomal G-

quadruplex did not much differ in form from one 

to the other when treated with compounds from 

either scaffold, the signal is merely decreased. 

We suggest that compounds did not change the 

structure of the G-quadruplex when they bound 

and stabilized it. However, if the compounds 

themselves changed conformation is unknown. 

On the other hand, the spectra of the 

telomeric G-quadruplex changed completely 

when the Pb-compounds or Ml-206 were 

applied. All the compounds but Pb-190 resulted 

in a spectrum more typical of an antiparallel G-

quadruplex motif. As the exact conformation of 

the telomeric G-quadruplex was unclear, it was 

not possible to discern if the telomeric G-motif 

was a hybrid subsequently rearranged to an 

antiparallel structure or a loop or tail end of the 

oligo repositioned giving an antiparallel like 

spectra. 

Notably, it is the Scaffold 2 compounds (Pb-

182, Pb190 and Pb-195) which affect the signal 

of the ribosomal G-quadruplex the least. On the 

telomeric G-motif, it was also the Scaffold 2 

compounds, Pb-182 and Pb-190 which changed 

the spectra the least, affecting the least 

structural change in the G-quadruplex structure. 

The Scaffold 1 compounds also did not change 

the structure of the ribosomal G-quadruplex but 

reduced the signal of the structure the most. Pb-

163 and Pb-161 changed the structure drastically 

on the telomeric G-quadruplex. Pb-163 caused 

the most dramatic changes in both G-motifs and 

the largest change in the telomeric DNA overall. 

Pb-168 showed the largest change in the 

ribosomal G-quadruplex overall. 

CD Spectroscopy: Melting 
Melting in this sense, is the unfolding of the G-

quadruplex structure seen by monitoring the 

signal at a specific wavelength typical of the 

specific structures. It was seen as a decrease in 

the signal from the G-quadruplexes until a 
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Figure 6: CD Spectra of the melting of Ribosomal and Telomeric G-quadruplex Oligonucleotides when Treated 

with Pb-Compounds. 5 µM of both ribosomal and telomeric G-quadruplex oligonucleotides taken from S. Pombe 

were treated with 1.25% DMSO or 40 µM Ml-206, Scaffold 1 compooundsPb-161, Pb-163, Pb-168 and Scaffold 

2 compounds Pb-182, Pb-190 and Pb-195. Their spectra were measured at 264 and 285 nm respectively between 

25 and 90 ˚C. The melting point is the intercept between the spectra and the horizontal line at 0.5 Normal 

Ellipticity. All DMSO data provided by Revathi Kandukuri, Ml-206 ribosomal data by Madeleine Livendahl.

steady signal is again attained. The thermal 

stability provided by the compounds is the 

increase or decrease in the temperature 

range at which half the total number of G-

quadruplexes are melted; the melting point 

(Tm). The melting points of both ribosomal 

and telomeric G-quadruplex structures can 

be seen in both Figure 6 and Table 2. 

The melting of ribosomal G/quadruplexes 

which were treated with various compounds 

(Figure 6) show that all the compounds 

stabilized the G-quadruplex structures as 

they all have higher melting points than the 

DMSO control. 

The two compounds which stabilized it 

the most are the Scaffold 2 compounds Pb-

182, Pb-190 with Pb-195 stabilizing 

significantly as well. They all stabilized the 

structure more than Ml-206 by a minimum of 

5 ̊ C (Table 2). This was expected as they were 

shown to be very strongly binding on the 

ribosomal G-quadruplex in the ThT assay and 

were expected to be locked into an active, 

inflexible conformation, to better bind the G-

quadruplex structure. 

What was surprising is the results of Pb-

195 on the telomeric G-quadruplex. Pb-195 

did not stabilize the structure at all even 

though the spectra taken at 25 ˚C (Figure 5) 

showed clear binding, as did the ThT assay. 

This indicates that the compound does 

indeed bind the structure and it is clearly 

active (Figure 3F) but does not stabilize the 

telomeric G-quadruplex structure thermally. 

These results agree well with the selectivity 

of Pb-195 for the ribosomal G-quadruplex in 

the ThT assay at both 5 and 1µM. Pb-182, 

which was also ribosomal selective (Figure 

4B, C) compared to the telomeric G-

quadruplex, stabilized it by 9 ˚C. This value is 

however, still lower than the stabilization 

caused by these compounds on the 

ribosomal G-quadruplex, 12 ˚C. 

The ribosomal G-quadruplex treated with 

Pb-190 was a special case as even at 90 ˚C, 

the structure was not fully melted (Figure 6). 
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Table 2: The Melting Points and Thermal Stabilization of Ribosomal and Telomeric G-

quadruplex Oligonucleotides Treated with Pb-compounds. 

The melting points (Tm) values of two different G-quadruplex oligonucleotides when treated with 1.25% DMSO 

or 40 µM Ml-206 and some Scaffold 1 and 2 compounds. The thermal stabilization (ΔTm) is the difference 

between the melting point of the treated oligonucleotides and the DMSO control. As Pb-190 was not melted at 

90 ˚C, the thermal stabilization is estimated based on the curve it is marked with an asterisk (*). All values shown have 

been rounded off to the nearest whole number 

The G-quadruplex was stabilized by 17 ˚C or 

more (Table 2) stabilizing the structure three 

times as well as Ml-206. Pb-190 also stabilizes 

the telomeric G-quadruplex the best of the 

Scaffold 2 compounds. 

Also unexpected was that the Scaffold 1 

compounds stabilize the telomeric G-

quadruplex better than those of scaffold 2, 

stabilizing it further by 1-3 ˚C and functioning 

better than Ml-206 by 6 to 8 ˚C. Although 

they changed the spectra of the structure 

completely, they also stabilized the structure 

more than those which changed the spectra 

less. 

On the ribosomal G-quadruplex, the 

Scaffold 1 compounds all work better than 

Ml-206 by 5-7 ˚C. Also of interest, was that 

although Pb-168 is slightly selective towards 

ribosomal G-quadruplex, it stabilized the 

telomeric G-quadruplex marginally better 

than its ribosomal counterpart. The Scaffold 

1 compound which stabilizes both structures 

best is Pb-161. 

UV-VIS Spectrometry 
The absorption spectra of all compounds 

in both Scaffold 1 and Scaffold 2 were taken 

to gather further information on the 

compounds for future experiments.  

The range at which the compounds absorb 

light was necessary to know as the 

experiment planned, a titration with 

increasing G-quadruplex oligonucleotide 

concentration and constant compound 

concentration, requires compounds which 

have absorption peaks outside of the DNA 

range of absorption. If done on a plate, the 

method will be much faster than if done 

individually. 
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Figure 7: Absorbance Spectra of both Scaffold 1 and Scaffold 2 Compounds at Two Concentrations. The 

absorbance of all the compounds from both Scaffold 1 and 2 at concentrations of 20 µM and 5 µM, in a buffer 

of 10 mM Tris-HCl pH7.5 and 100 mM KCl, were measured from 200-800 nm. 

The spectra taken of each sample will 

allow the Kd of each of the compounds on 

the specific oligonucleotide/s used to be 

calculated. Unfortunately, many of the 

compounds have their absorption range 

within the DNA range. However, the method 

may still be possible using compounds with 

peaks or shoulders at 330 nm and higher. 

Trial runs would be necessary to confirm if 

peaks so close to the DNA range could be 

used. 

 The lower concentration of 5 µM was 

taken to observe if the signal was strong 

enough for the titration to be carried out at 

that concentration. A lower concentration 

would mean less DNA would have to be used 

thereby saving resources for other 

experiments.  

 Conclusion 
The Scaffold 2 analogs both bound and 

stabilized G-quadruplexes. They were 

selective for G-quadruplex DNA but this 

selectivity may be enhanced using lower 

concentrations. They were seen to strongly 

bind and stabilize the ribosomal G-

quadruplex structure without changing the 

structure making these molecules 

promisingly selective to ribosomal G-

quadruplexes. Their strong binding lead to 

the belief that locking the core of the 

structure so it cannot rotate, forcing it into an 

active conformation at all times makes it a 

better binder of the G-quadruplex structure  

Of the more flexible Scaffold 1 

compounds, those with small side-chain 

substituents were the most efficient at 

binding the G-quadruplex structures. The 

presence of the side chain substituents was 

determined to be of utmost importance as no 

side-chains (and thus no charge) lead to 

complete inactivity. Pb-161, Pb-163 and Pb-

168 were determined to be the most active 

and G-quadruplex selective of the series and 

were all shown to stabilize both ribosomal 

and telomeric G-quadruplex DNA two-fold 

compared to the reference compound Ml-

206. 
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Analogs of these two scaffolds showed 

potential to be active and selective binders of 

ribosomal G-quadruplexes. Their preliminary 

results demonstrating them as promising 

therapeutic drugs or tools to study the G-

quadruplex, its functions and its link to 

diseases further. Although, much more work 

will be required to actualize this, much less to 

make them selective to a unique G-

quadruplex.  
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Supporting Material 
Primer Extension Assay  

 
Supporting Figure 1: A) Primer Extension Assay at 25uM compound concentration on Non G-quadruplex, 

ribosomal G-quadruplex and telomeric G-quadruplex Oligonucleotides. Reactions with 0.5U/ul Taq DNA 

polymerase were run for ten minutes using 25uM of compound in a reaction buffer on three different types of 

TET-labelled DNA from S. Pombe, two of which form G-quadruplexes. The reactions were then halted using a 

20mM EDTA/95% formamide mix. The DNA was made single stranded by heating at 95˚C for five minutes 

followed by incubation on ice for two minutes. Samples were loaded onto a 10% polyacrylamide gel visualized 

by Typhoon scanner 9400 on Alexa setting 532 nm. Compounds Pb-190 and Pb-195 are not included. B) Primer 

Extension Assay of the Reference compound Ml-206 at 25uM on non-G-quadruplex DNA. The reaction was 

carried out as in A but only on non G-quadruplex Oligonucleotide. 
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Supporting Figure 2: A) Primer Extension Assay at 2.5uM Compound Concentration on Non-G-quadruplex 

Oligonucleotide. Reactions were carried out as in supporting figure 1 A, the only changes being the compound 

concentration used and the samples were run only on non G-quadruplex oligo (S. Pombe). B.1) Quantification 

of the full product synthesised in A after 10 minutes reaction time. After visualization of the gel by Typhoon 

scanner 9400 at Alexa setting 532 nm, A quantification of the full product band in A was done using 

Imagequant TL version 8 and converted to percentage. DMSO was used as the control compound and Ml-206 

as the reference. The blue bars were the Scaffold 1 Compounds while Orange are Scaffold 2. B.2) 

Quantification of the primer remaining from A after ten-minutes reaction time. A quantification of the 

primer band in A was done using Imagequant TL version 8 and converted to percentage. DMSO is used as the 

control compound and Ml-206 as the reference. The green bars were the Scaffold 1 Compounds while Yellow 

are Scaffold 2. Compounds Pb-190 and Pb-195 are not included in any of the figures. 
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