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ABSTRACT: G-quadruplex (G4) is one type of higher-order 
structure of nucleic acids and is thought to play important roles in 
various biological events such as regulation of transcription and 
inhibition of DNA replication. Pyrrole–imidazole polyamides 
(PIPs) are programmable small molecules that can sequence-
specifically bind with high affinity to the minor groove of double-
stranded (ds) DNA. Herein, we designed head-to-head hairpin PIP 
dimers and their target dsDNA in a model G4-forming sequence. 
Using an electrophoresis mobility shift assay and transcription 
arrest assay, we found that PIP dimers could induce the structural 
change to G4 DNA from dsDNA through the recognition by one 
PIP dimer molecule of two duplex binding sites flanking both 
ends of the G4-forming sequence. This induction ability was de-
pendent on the linker length. This is the first study to induce G4 
formation using PIPs, which are known to be dsDNA binders. The 
results reported here suggest that selective G4 induction in native 
sequences may be achieved with PIP dimers by applying the same 
design strategy. 

It is known that nucleic acids can form higher-order structures 
including triplex,1 cruciform,2 and i-motif structures.3 A G-
quadruplex (G4) is one such structure and is composed of G-
quartet planes formed by four guanines via Hoogsteen hydrogen 
bonds.4 This structure can be observed in G-rich sequences such 
as telomere and promoter regions of some genes.4 For example, a 
human telomeric DNA has (TTAGGG)-repeating sequences, 
which can form G4 structures and cause telomere end protection 
and telomerase inhibition.5 G4 formation in the promoter region 
of the c-Myc gene leads to regulation of transcription or inhibition 
of DNA replication.6 Consequently, the G4 structure is considered 
to play important roles in various biological events. 

For the past few decades, our group has studied pyrrole–
imidazole polyamides (PIPs), first developed by Dervan and 
coworkers.7 PIPs can sequence-specifically bind to the minor 
groove of double-stranded (ds) DNA based on the pairing rule 
that the antiparallel pair of pyrrole–imidazole can recognize a C–
G base pair, and pyrrole–pyrrole can recognize A–T or T–A base 
pairs.8 PIPs also have strong binding affinity toward dsDNA. For 
example, the DNA-binding domain of natural transcription factor 
Zif268 has a dissociation constant (KD) of around 3 nM; however, 
in many cases, eight-ring hairpin PIP has a KD of <1 nM toward 
its target site.7,9 Therefore, PIPs are programmable dsDNA-

binding molecules with high affinity similar to that of natural 
transcription factors. 

There are abundant G4-forming sequences present in native 
DNAs, but they are usually present as duplex DNAs except for 
telomeric DNA. It remains challenging to selectively induce an 
individual G4 formation in the context of stable dsDNA. Herein, 
we designed and synthesized head-to-head hairpin PIP dimers 
with different linker lengths and their target dsDNA in a model 
G4-forming sequence. We show that PIP dimers with longer link-
ers could induce the structural change from dsDNA to G4 DNA. 
PIP dimers have been reported in some studies. For example, 
head-to-head hairpin PIP dimers were found to function as a 
clamp of nucleosome structure by recognizing two binding sites in 
nucleosomal DNA that had been brought into close proximity 
when the structure was formed.10 In this report, we anticipated 
that PIP dimers would recognize two target sites flanking the ends 
of a G4-forming sequence and would thereby induce G4 for-
mation from dsDNA through their strong binding affinity and 
sequence specificity. 

The strategy underlying this research and the design of com-
pounds are illustrated in Figures 1 and 2. First, we designed the 
monomer PIP structure (1) based on previous reports.10,11 We then 
synthesized three kinds of PIP dimers with different linker lengths 
(Figures 1A and 2). We also designed their target dsDNA with a 
model G4-forming sequence and their binding sites, which 
flanked both ends (Figure 1B). This sequence is known to be able 
to form the parallel-type G4 structure.12 The distance between two 
binding sites is >15 base pairs (>50 Å) in the duplex form, and the 
width and height of the G4 structure are estimated to be 25 Å and 
10 Å, respectively.12 The linker lengths of PIP dimers 2, 3, and 4 
are also estimated to be 24, 11, and 7.4 Å, respectively. Based on 
this information, we considered that these binding sites would be 
separated distantly when the DNA is a duplex and that a PIP 
dimer molecule would bind to either site. However, we also rea-
soned that when the DNA forms a G4 structure, these binding 
sites would be brought into close proximity, allowing one PIP 
dimer molecule to bind to both sites. In other words, we anticipat-
ed that the structural change from dsDNA to G4 DNA could be 
induced by one PIP dimer molecule recognizing both target sites. 

To investigate whether PIP dimers can truly induce the G4 
formation from dsDNA, we first performed an electrophoresis 
mobility shift assay (Figure 3). According to a previous report, the 
bands of G4 DNA and dsDNA should be distinguishable.13 In this 
assay, KCl was added to the DNA solution to stabilize the G4 



 

Figure 1. Schematic image of this research. We designed PIP dimers with different linker lengths (A) and their target dsDNA (B, left). We 
anticipated that the formation of the G4 structure from dsDNA would be induced by one PIP dimer molecule recognizing two binding sites 
flanking the G4-forming sequence (B). 

 

Figure 2. Chemical structures of the monomer PIP 1 and PIP di-
mers 2–4. The linker lengths of 2, 3, and 4 were estimated to be 
24, 11, and 7.4 Å, respectively. 

structure, and PEG 200 was also added to create molecular crowd-
ing conditions.13,14 After annealing of the G-rich strand and C-rich 
strand in the presence of K+ and PEG 200, the DNA solution was 
incubated at 37 °C for 3 h with or without compounds 1–4, and 
each sample was resolved by native gel electrophoresis. As a posi-
tive control, DNA solution including a G-rich strand and poly-T 
strand (i.e., the complementary sequences of the G4-forming re-
gion were all replaced with T) was used. The mobility indicated 
that a G4 structure was induced by PIP dimers with longer linkers 
2 and 3, although the DNA totally formed a double-stranded 
structure in the absence of any compounds. The band induced by 
2 was found to depend on K+ and PEG, which suggests the for-
mation of G4 (Figure S6).13,14 

The intensity ratio of each band shown in Figure 3B was calcu-
lated using ImageJ software and the ratios are listed in Table 1.15 
As shown in this table and the gel images in Figure 3B, the G4 
DNA ratio increased as the linker length became longer and the 
compound equivalents increased. This dependency on the linker 
length is consistent with our expectation (Figure 1B). That is, if 
the linker length were much shorter than the size of the G4 struc-
ture, one PIP dimer molecule would bind to either target site in 

the form of G4 DNA, which means that the PIP dimer would not 
have the driving force to induce G4 formation from dsDNA. 

We also observed two slightly slower migrating bands than that 
of dsDNA, as indicated by blue arrows (in lanes 6–8, 11–13, and 
14–16) and by the green arrow (faint in lane 15 and darker in lane 
16). We considered that these bands were derived from one-PIP-
binding dsDNA and two-PIPs-binding dsDNA, respectively, be-
cause the band of one-binding DNA became stronger as that of 
dsDNA got weaker, and similarly, the band of two-binding DNA 
became stronger as that of one-binding DNA became weaker. The 
reason why such bands were not distinguished with monomer PIP 
1 may be that 1 has a smaller molecular weight than 2–4 and its 
molecular size is also smaller than that of any of the dimers. As a 
result, it seems that the PIP dimers with longer linkers could in-
duce G4 formation from dsDNA. 

To confirm the G4 induction by PIP dimers, we next performed 
a transcription arrest assay (Figure 4). According to previous re-
ports, transcription with T7 RNA polymerase is arrested by a G4 
structure to produce a truncated RNA in addition to a full-length 
RNA.16,17 Therefore, we checked whether PIP dimers could cause 
a structural change from dsDNA to G4 DNA by detecting the 
production of truncated RNA. In this assay, we used the dsDNA 
with the same sequence as the dsDNA used in the band shift assay 
connected to the T7 promoter with a spacer sequence between 
them (Figure 4A). The truncated RNA at the T nearest to the G4-
forming sequence was 49 nt, and the full-length RNA was 81 nt. 
After annealing and incubation as used in the band shift assay, 
DNA solution was added to the transcription solution, and this 
was followed by the transcription reaction, template DNA diges-
tion, denaturing of transcripts, and finally urea-denaturing gel 
electrophoresis. As in the band shift assay, the intensity ratio of 
each band was calculated using ImageJ software and the results 
are listed in Table 2.15 

As shown in Figure 4, an increase in the amount of truncated 
RNA was observed with 2, although a few truncated RNAs were 
produced in the samples without any compounds (lanes 2 and 10). 
It was found that there was little production of this RNA in the 
absence of K+ or in the presence of Li+, which suggests that this 
RNA would be produced by transcription arrest at G4 (Figure 
S7).16 This result means that more G4 DNAs were present in the 
samples with 2 compared with those without any compounds, 
which is also consistent with the results of band shift assay. 
Above the band of the full-length RNA (81 nt), another slightly 
longer band of RNA was observed. As indicated in a previous 
report, this may be because T7 RNA polymerase can slip during 
transcription on the template DNA to produce RNAs 8–10 nt



 

Figure 3. Electrophoresis mobility shift assay. (A) DNA sequences used in this assay. The blue regions are the G4-forming sequences, and 
the red regions are the binding sites of PIPs. For the positive control (lanes 1 and 9), the complementary sequences of the G4-forming re-
gion (3ʹ-CCCACCCACCCACCC-5ʹ) were all replaced with T. (B) Results of native gel electrophoresis. G4 DNA formation was induced 
by PIP dimers and was dependent on the linker length and concentration of compounds. Lanes 1 and 9: positive control for G4 formation. 
Lanes 2 and 10: without any compounds. Lanes 3–5, 6–8, 11–13, and 14–16 relate to compounds 1, 2, 3, and 4 at 1.0, 2.0, and 5.0 eq, re-
spectively. 

Table 1. Band Intensity Ratios of G4 DNA, PIP-Binding dsDNA, and dsDNA in each Lane (%) of Figure 3B. 

 Monomer PIP 1 
 

2 (Longer linker) 
 

3 (Medium linker) 
 

4 (Shorter linker) 

Lane 3 4 5 6 7 8 11 12 13 14 15 16 
G4 DNA 0 0 0 

 

19 25 31 

 

10 11 11 

 

1.8 1.7 2.1 

PIP-binding dsDNA 
100a 100a 100a 

12 16 30 33 53 89 47 80 (9.3)b 98 (59)b 

dsDNA 69 59 39 57 36 0 51 18 0 
aThe bands of dsDNA and PIP-binding dsDNA could not be distinguished because they had almost the same mobility. 
bValues inside parentheses indicate the ratio of two-dimers-binding dsDNA (shown by the green arrow in Figure 3B). 

 
Figure 4. Transcription assay. (A) DNA sequences used in this assay. The T7 promoter was connected to the DNA used in the band shift 
assay with a spacer. (B) Results of denaturing gel electrophoresis of transcripts. Each transcript was identified based on its length predicted 
from the template DNA design (full-length: 81 nt, truncated: 49 nt). The ratio of truncated RNA was increased with 2. Lanes 1 and 9: sin-
gle-stranded RNA ladder. Lanes 2 and 10: without any compounds. Lanes 3–5, 6–8, 11–13, and 14–16 relate to compounds 1, 2, 3, and 4 
at 1.0, 2.0, and 5.0 eq, respectively. 



Table 2. Band Intensity Ratios of Run-off Transcripts, Truncated Transcripts, and PIP-Arrested Transcripts in each Lane 
(%) of Figure 4B. 

 No PIPs 
 

Monomer PIP 1 
 

2 (Longer linker) 
 

3 (Medium linker) 
 

4 (Shorter linker) 

Lane 2 10 3 4 5 6 7 8 11 12 13 14 15 16 
Run-offa 93 96 

 

91 90 83 

 

87 84 81 

 

94 93 88 

 

98 90 78 

Truncated 7.4 3.8 6.6 6.6 8.1 13 16 19 6.4 7.0 7.3 2.3 2.6 2.9 

PIP-arrested 0 0 2.7 3.6 8.5 0 0 0 0 0 4.9 0 7.6 20 
aThis is the total ratio of full-length RNA and longer RNA produced by slippage of T7 RNA polymerase (observed above the full-length 
RNA band).

longer or shorter.16 We also observed another band below that of 
the truncated RNA in lanes 5 and 16 (shown by the green arrow in 
Figure 4). Judging from its estimated length and the dependency 
on compound equivalents, this RNA may have been produced by 
transcription arrest by PIPs binding at their target sites. Although 
it was already confirmed that the transcription by RNA polymer-
ase II was effectively arrested by PIP binding18, some studies 
reported that the transcription by T7 RNA polymerase was not 
arrested by noncovalent PIP binding.19,20 However, we think that 
this result is not contradictory to previous reports19,20 because the 
transcription condition in this assay was not same as in these re-
ports; for example, we removed spermidine, which is a transcrip-
tion activator, and reduced the amount of Mg2+, which is an essen-
tial factor for transcription, to show clearly the effects of PIPs on 
transcription. As a result, we could detect an increase in the 
amount of truncated RNA with PIP dimer 2, which indicates the 
induction of a G4 DNA by this compound. 

In summary, we designed three kinds of head-to-head hairpin 
PIP dimers with different linker lengths, and their target dsDNA 
with a model G4-forming sequence between two target sites under 
the expectation that PIP dimers can induce G4 DNA formation 
from dsDNA because of their strong binding affinity and se-
quence specificity. An electrophoresis mobility shift assay 
showed that the induction of G4 formation was achieved with PIP 
dimers and that their induction abilities depended greatly on their 
linker length. G4 induction with PIP dimers was confirmed using 
a transcription arrest assay, which showed that the amount of 
truncated RNA produced by the G4 structure was increased by the 
PIP dimer with the longer linker. Combining the results of these 
two experimental approaches, we conclude that PIP dimers can 
induce the structural change from dsDNA to G4 DNA by recog-
nizing two binding sites flanking the G4-forming sequence. 

In this report, as a proof of concept, we designed DNA sub-
strates with the model G4-forming sequence to simplify this re-
search. G4-forming sequences in native genomic DNAs are gen-
erally more complicated.21 For example, in this research, the nu-
cleotide-forming loop structure of the G4 comprised one T in each 
loop but has two or more nucleotides with a different composition 
in each loop in native sequences. Additionally, consecutive G-
tracts involving G4 formation are not always four runs of three 
guanines, but could be four or more runs of two, three, or more 
guanines. However, for G4 induction using the approach de-
scribed here, such complexity may not be important because the 
most important factors are the size of the G4 structure and the 
duplex sequences flanking both ends, and we could easily adjust 
the target sequences of PIPs based on the pairing rule. Conse-
quently, it is possible that PIP dimers can be applied to the induc-
tion of the G4 structure in native sequences by editing the target 
sequences of PIPs to appropriate lengths. Moreover, it is also 
possible that the induction of other higher-order structures of 
DNA may be achieved using PIP dimers and the same strategy. 
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S1. Experimental Section 

General information of synthesis 

The reagents and solvents were purchased from standard suppliers and used without further 

purification. Analytical reversed-phase high performance liquid chromatography (HPLC) 

was performed on a Jasco Engineering PU-2089 Plus pump and Jasco Engineering UV-2075 

Plus detector (254 nm) using a Chemcobond 5-ODS-H reversed-phase column (4.6 × 150 

mm, ChemcoPlus) heated to 40 °C. As the eluent, acetonitrile (MeCN) and 0.1% 

trifluoroacetic acid (TFA) in water were used at a flow rate of 1.0 mL/min in a linear gradient 

of 0-100% MeCN for 40 min. MALDI-TOF mass spectroscopy was carried out with the 

Microflex system (Bruker). 

 

Synthesis of the precursor PIP 5 to monomer PIP 1 and PIP dimers 2-4 

The synthesis of the basic structure of PIPs 1-5 was performed with Fmoc-N-methylpyrrole-

oxime resin (82 mg, 26.6 μmol/0.1 g) by Fmoc solid phase synthesis on automated solid 

phase synthesizer PSSM-8 (Shimadzu), as described previously1,2. After the capping of N-
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terminal of the PIP with acetic anhydride, PIP was cleaved from resin with N,N-dimethyl-

1,3-propanediamine (Dp) by shaking at 45 °C for 3 hrs. The reaction solution was dropped 

into diethyl ether, and the resulting powder was collected by centrifugation and dried in vacuo. 

The dried compound was dissolved into dichloromethane (DCM), and then TFA was added 

to the solution (DCM:TFA = 5:2) for the Boc-deprotection of the amine in the γ-turn. After 

the stirring at room temperature for 30 min, DCM and TFA were evaporated. The residue 

was dissolved into DCM/MeOH mixed solvent (1:1) and then dropped into diethyl ether. 

After the centrifugation and drying, the collected crude sample was purified by reversed-

phase column chromatography using the CombiFlash Rf with 4.3 g C18 RediSep Rf 

reversed-phase flash column (Teledyne Isco, Inc). As the mobile phases, MeCN and 0.1% 

TFA in water were used. Finally, the precursor PIP 5 was obtained as off-white powder. HPLC 

and MALDI-TOF mass spectroscopy were carried out to identify the synthetic compound. 

 

Synthesis of monomer PIP 1 

The precursor PIP 5 was dissolved into DMF, and then the solution was dropped into 20% 

acetic anhydride in DMF and shaken at room temperature for 70 min. The reaction solution 

was dropped into diethyl ether and the resulting powder was collected and dried in vacuo. 

The crude sample was purified by reversed-phase HPLC on a Jasco Engineering PU-2080 

Plus pump, Jasco Engineering UV-2075 Plus detector (254 nm), Jasco Engineering MX-

2080-32 mixer and Jasco Engineering DG-2080-54 degasser using a Chemcobond 5-ODS-H 

reversed-phase column (4.6 × 150 mm) heated to 40 °C. As the eluent, MeCN and 0.1% TFA 

in water were used at a flow rate of 1.0 mL/min in a linear gradient of 21-61% MeCN for 30 

min. As the result, monomer PIP 1 was obtained as off-white powder. HPLC and MALDI-

TOF mass spectroscopy were performed to identify the synthetic compound. 
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Synthesis of PIP dimer 2 with the longer linker. 

The precursor PIP 5 was dissolved into DMF. After N,N-diisopropylethylamine (DIEA) was 

added, N-hydroxysuccinimide (NHS) ester of the longer linker (Bis-PEG5-NHS ester, Quanta 

BioDesign) in DMF was also added and shaken at room temperature for about 12 hrs. After 

that, the synthetic compound was recrystallized with diethyl ether and purified by reversed-

phase HPLC on a Jasco Engineering PU-2080 Plus pump, Jasco Engineering UV-2075 Plus 

detector (254 nm), Jasco Engineering MX-2080-32 mixer and Jasco Engineering DG-2080-

54 degasser using a Chemcobond 5-ODS-H reversed-phase column (4.6 × 150 mm) heated 

to 40 °C. As the eluent, MeCN and 0.1% TFA in water were used at a flow rate of 1.0 mL/min 

in a linear gradient of 23-63% MeCN for 30 min. Finally, PIP dimer 2 was obtained as off-

white powder. HPLC and MALSI-TOF mass spectroscopy were performed. 

 

Synthesis of PIP dimer 3 with the medium linker. 

The condensing agent (HCTU, Peptide) and the medium linker (PEG2-(CH2CO2H)2, 

BroadPharm) were dissolved into DMF and DIEA was also added. After the activation of 

carboxylic acid, the precursor PIP 5 in DMF was added and shaken at room temperature over 

12 hrs. After that, the synthetic compound was recrystallized with diethyl ether and purified 

by reversed-phase HPLC on a Jasco Engineering PU-2080 Plus pump, Jasco Engineering 

UV-2075 Plus detector (254 nm), Jasco Engineering MX-2080-32 mixer and Jasco 

Engineering DG-2080-54 degasser using a Chemcobond 5-ODS-H reversed-phase column 

(4.6 × 150 mm) heated to 40 °C. As the eluent, MeCN and 0.1% TFA in water were used at 

a flow rate of 1.0 mL/min in a linear gradient of 23-63% MeCN for 30 min. Finally, PIP 

dimer 3 was obtained as off-white powder. HPLC and MALSI-TOF mass spectroscopy were 

performed. 
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Synthesis of PIP dimer 4 with the shorter linker. 

The precursor PIP 5 was dissolved into DMF. After DIEA was added, NHS ester of the shorter 

linker (N,N’-disuccinimidyl glutarate, Wako) in DMF was also added and shaken at room 

temperature for over 24 hrs. After that, the synthetic compound was recrystallized with 

diethyl ether and purified by reversed-phase HPLC on a Jasco Engineering PU-2089 Plus 

pump and Jasco Engineering UV-2075 Plus detector (254 nm) using a COSMOSIL 5C18-

MS-II reversed-phase column (4.6 ID × 150 mm, nacalai tesque). As the eluent, MeCN and 

0.1% TFA in water were used at a flow rate of 1.0 mL/min in a linear gradient of 23-63% 

MeCN for 30 min. Finally, PIP dimer 4 was obtained as off-white powder. HPLC and 

MALSI-TOF mass spectroscopy were performed. 

 

Electrophoresis mobility shift assay 

The DNAs used in this assay (G-rich strand, C-rich strand and poly-T strand) were purchased 

from Sigma-Aldrich. 2 DNA strands (G-rich one and C-rich one) were annealed in 10 μL 

buffer containing 10 mM Tris・HCl (pH 8.0), 30 mM KCl, 50 mM NaCl and 20 w/v% PEG 

200 by 95 °C heating for 5 min and following gradual cooling to 35 °C for 60 min (-1 °C 

/min) with Thermal Cycler. For the positive control, G-rich one and poly-T one were used 

with the buffer containing 10 mM Tris・HCl (pH 8.0), 100 mM KCl and 40 w/v% PEG 200. 

The concentration of each DNA strand was 200 nM. After the annealing, 1 μL 10% DMSO 

in water with or without compounds 1-4 was added and then incubated at 37 °C for 3 hrs 

(compounds: 1.0, 2.0 or 5.0 eq). Each sample was mixed with 6 × Blue/Orange Loading Dye 

(Wako) and resolved by native polyacrylamide gel electrophoresis with 12% gel containing 

1 × TBE and 50 mM KCl, and running buffer containing 1 × TBE and 50 mM KCl. Loaded 

amount was 3.0 μL and electrophoresis was performed by 100 V for 80 min at 4 °C. After 

the electrophoresis, gels were stained with SYBR Gold (Invitrogen) for 20 min and then 
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imaged on an FLA-3000 Fluorescent Image Analyzer (Fujifilm). 

 

Transcription arrest assay 

2 DNA strands used in this assay were purchased from Sigma-Aldrich. They were annealed 

in 5 μL buffer containing 10 mM Tris・HCl (pH 8.0), 40 mM KCl, 10 mM NaCl and 10 

w/v% PEG 200 by 95 °C heating for 5 min and following gradual cooling to 35 °C for 60 

min (-1 °C /min) with Thermal Cycler. After the annealing, 1 μL 10% DMSO in water with 

or without compounds 1-4 was added and then incubated at 37 °C for 3 hrs (compounds: 1.0, 

2.0 or 5.0 eq). After that, 2.5 μL of this DNA solution and 7.5 μL transcription solution were 

mixed and transcription reaction was performed for 60 min at 37 °C. The final reaction buffer 

contained 10 mM Tris・HCl (pH 8.0), 40 mM KCl, 10 mM NaCl, 10 w/v% PEG 200, 5 mM 

MgCl2, 5 mM DTT, 2.5 mM NTPs (Takara Bio Inc.), 50 nM dsDNA, 25 U T7 RNA 

polymerase (Takara Bio Inc.) and 10 U RNase inhibitor (Takara Bio Inc.). After the 

transcription, 10 U DNase I (Takara Bio Inc.) and 65 mM CaCl2 solution (for the activation 

of DNase I) were added. Final concentration of CaCl2 was 5 mM, and DNA strands were 

digested at 37 °C for 60 min. Each sample was mixed with 2 × RNA Loading Dye (New 

England Biolabs). As the ladder sample, 0.5 μL of Low Range ssRNA Ladder (New England 

Biolabs) was mixed with 4.0 μL of the loading dye. After the denaturalization of samples and 

the ladder sample by 95 °C heating for 5 min and following immediate cooling with ice water 

for 5 min, each sample was resolved by urea-denaturing polyacrylamide gel electrophoresis 

with 10% gels containing 1 × TBE and 7 M urea, and running buffer containing 1 × TBE. 

Loaded amount was 4.0 μL and electrophoresis was performed by 180 V for 60 min at room 

temperature. After the electrophoresis, gels were stained with SYBR Gold (Invitrogen) for 

20 min and then imaged on an FLA-3000 Fluorescent Image Analyzer (Fujifilm). 
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S2. Supporting Scheme, Figures and Tables 

Scheme S1. Synthetic scheme of PIP 1-5. 

 

 

 

 

 

 

 

 

 

 



S7 

 

Figure S1. Chemical structure, HPLC chart and mass spectrum (inset; magnified figure of 

the target peak) of the precursor PIP 5. 
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Figure S2. Chemical structure, HPLC chart and mass spectrum (inset; magnified figure of 

the target peak) of monomer PIP 1. 
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Figure S3. Chemical structure, HPLC chart and mass spectrum (inset; magnified figure of 

the target peak) of PIP dimer with the longer linker 2. 
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Figure S4. Chemical structure, HPLC chart and mass spectrum (inset; magnified figure of 

the target peak) of PIP dimer with the medium linker 3. 
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Figure S5. Chemical structure, HPLC chart and mass spectrum (inset; magnified figure of 

the target peak) of PIP dimer with the shorter linker 4. 

 

 

 

 

 

 

 

 

 

 



S12 

 

Figure S6. Dependency of the band induced by PIP dimer 2 on K+ and PEG, confirmed by 

electrophoresis mobility shift assay. This result suggests that the band should be G4 DNA. 

Sample preparation was conducted as described above, but slightly modified. Lane 1: 

positive control for G4 formation. Lane 2–9: samples with (+) or without (–) 30 mM KCl, 

with (+) or without (–) 20 w/v% PEG 200, and with (+) or without (–) 5.0 eq of PIP dimer 2. 
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Figure S7. Dependency of the truncated RNA induced by PIP dimer 2 on K+, confirmed by 

transcription arrest assay. This result suggests that the RNA should be produced by the 

transcription arrest at G4 structure. Sample preparation was conducted as described above, 

but slightly modified. Lane 1: single-stranded RNA ladder. Lane 2–9: samples with (++, 40 

mM; +, 20 mM) or without (–) KCl, with (++) or without (–) 40 mM LiCl, and with (+) or 

without (–) 5.0 eq of PIP dimer 2. 
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Table S1. DNA sequences used in band shift assay. 

Strand Sequence 

G-rich 5’-GCGGTTTAATGTGAAATGGGTGGGTGGGTGGGTAAACTCTTATACGCG-3’ 

C-rich 5’-CGCGTATAAGAGTTTACCCACCCACCCACCCATTTCACATTAAACCGC-3’ 

Poly-T 5’-CGCGTATAAGAGTTTATTTTTTTTTTTTTTTATTTCACATTAAACCGC-3’ 

 

Table S2. DNA sequences used in transcription assay. 

Strand Sequence 

Template 

5’-GCGGTTTAATGTGAAATGGGTGGGTGGGTGGGTAAACTCTTATACGCG- 

-TTGTAACATCGTCGTTAGTCGGTACTTCATCCCTATAGTGAGTCGTATTAGGTATC-3’ 

Complementary 

5’-GATACCTAATACGACTCACTATAGGGATGAAGTACCGACTAACGACGATGTTACAA- 

-CGCGTATAAGAGTTTACCCACCCACCCACCCATTTCACATTAAACCGC-3’ 
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