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Supporting Information   

Materials and methods 

All unlabeled oligonucleotides were obtained from Sigma-Aldrich (India), while labeled 

oligonucleotides were obtained from IBA-GmbH (Germany) as high performance liquid 

chromatography (HPLC) purified and lyophilized. Oligonucleotides were dissolved in Milli-Q water to 

make 200 µM stock, which was aliquoted and kept at –20oC. Fluorescently labelled oligonucleotides, 

depending on their purity of fluorescently labeled oligonucleotides, were subjected to ethanol 

precipitation prior to use to remove any contaminating fluorophores.  

The labels are attached by IBA-GmBH by following methods: 

• 5’ Alexa 488 labelling: Alexa 488 can be attached post-synthetically to the 5'- terminus of an 
oligonucleotide via an amino- with a 6-Carbon spacer arm using the following reaction. 
 

 
 
 
 

Schematic 1: Schematic illustration of the reaction used for 5’Labelling of Alexa 488 to DNA strand. 
 
• Internal Alexa 647 labelling:  Postsynthetic labeling of oligonucleotides at internal sites of the 

sequence is possible by substituting the desired deoxythymidine with 5-C6-Amino-2'-
deoxythymidine. 
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Schematic 2: Schematic illustration of the reaction used for internal labelling of DNA strand with Alexa 

647. 

For further details please visit the IBA website: http://www.iba-

lifesciences.com/Services_custom_oligos_custom_DNa_Fluorescent_label_Chemistry.html 

 

I-switch sample preparation  

I-switch samples were prepared by mixing 5 µM of In and In comp in equimolar ratios in 20 mM 

potassium phosphate buffer of pH 5.5 containing 100 mM KCl. The sample was heated to 90oC for 5 

minutes, cooled to room temperature (RT) at 5oC/15 min and equilibrated at 4oC overnight. Prior to 

experiments, the stock solution was diluted in appropriate 1× clamping buffer (120 mM KCl, 5 mM 

NaCl, 20 mM HEPES, 1 mM CaCl2 and 1 mM MgCl2) of desired pH. 

 

Circular dichroism spectroscopy studies 

All circular dichroism (CD) experiments were performed on a JASCO J-815 spectrophotometer 

(JASCO, USA) equipped with a temperature controller.  Prior to the experiment, I-switch samples were 

diluted to 1 µM in 1× clamping buffer of desired pH (120 mM KCl, 5 mM NaCl, 20 mM HEPES, 1 mM 

CaCl2 and 1 mM MgCl2) and equilibrated for 60 minutes at room temperature. The spectra were 

acquired in 1 cm quartz cuvette containing 400 µL of 1 µM of sample. CD spectra were recorded from 

320 nm to 220 nm with 1 nm bandwidth with a scanning speed of 100 nm/second and a response time of 

0.25 second.  An average of 3 successive scans was acquired and subtracted from a baseline 

corresponding to buffer alone.  CD signal at 292 nm at different pH values was recorded and normalised 

to 0-1 by taking CD signal at closed state as Ymax and CD at open state as Ymin and using formula [Y-

Ymin]/[Ymax-Ymin] in OriginPro 8 (OriginLabs, USA). Mean of CD signal at 292 nm from two 

independent experiments and their standard error of mean were plotted for each pH value to obtain a 

normalisedellipticity (Θ) v/s pH plot for each I-switch sample. The CD spectra at pH 5.0 showing a 

peak between 286-288 nm and a negative peak around 248- 251 nm confirmed the formation of i-motif 

for different I-switches. The difference CD spectra of pH 5.0 and pH 8.5 showed a positive peak around 

292 nm, which is characteristic of an i-motif.  

 

Fluorescence spectroscopic studies 

For fluorescence measurements, fluorescently labeled I-switch samples were diluted to 50 nM using 1× 

clamping buffer of the required pH (120 mM KCl, 5 mM NaCl, 20 mM HEPES, 1 mM CaCl2 and 1 mM 

MgCl2). All samples were vortexed and equilibrated for 60 minutes at RT. Experiments were performed 

in a fluorescence cuvette with 1 cm path length containing 400 µL of each sample at different pH. 

http://www.iba-lifesciences.com/Services_custom_oligos_custom_DNa_Fluorescent_label_Chemistry.html
http://www.iba-lifesciences.com/Services_custom_oligos_custom_DNa_Fluorescent_label_Chemistry.html
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Samples were excited at 495 nm in a FluoroMax-4 (Horiba Jobin Yvon, USA) and emission spectra 

were collected from 505 nm to 725 nm. Emission at 520 nm (donor, D) was then divided by emission at 

669 nm (acceptor FRET, A) to obtain D/A ratios at various pH values. The D/A ratios at different pH 

points were then normalised to D/A at pH 4.0 An in vitro pH calibration curve was obtained by plotting 

the normalised ratio of donor intensity (D) at 520 nm by acceptor intensity (A) at 669 nm as a function 

of pH. Mean of D/A from three independent experiments and their standard error of mean were plotted 

for each pH value. 

 

 

 

Determination of pHhalf 

Plots of normalised D/A v/s pH for each I-switch werefitted using a Boltzmann distribution in OriginPro 

8. The sample curve and the formula used for fitting were: 

 

                                                                              y = [(A1-A2)/(1 + e(x – x0)/dx)] + A2 

     where: A1 = initial value 

     A2 = final value 

               x0 = mid point of the curve (pHhalf) 

     dx = time constant 

The corresponding pHhalf for each I-switch sample was obtained and reported in Table 1. 

 

Determination of cooperativity 

Cooperativity was determined by fitting plots of normalised D/A values v/s pH for each I-switch using 

DoseResponse curve in OriginPro 8. The sample curve and the formula used for fitting are as follows:  

                                                                                                 

 y =  A1 + [(A2-A1)/(1+10(logx0-x)p)] 

     where: A1 < A2; p > 0 

     bottom asymptote: A1 = 1 

     top asymptote: A2 = 2 

     centre: log x0 
                                                                                                                       .                                                                                                  
.                                                                                                 Hill slope: p = coperativity 

 

The corresponding cooperativity value was obtained and reported in Table 1. 
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Supplementary Table 1: Oligonucleotides, and their corresponding nomenclature,used in this 

study. I-switch samples incorporating a pH responsive segment Cn-Cn-Cn-Cn is referred to as In (n=4 

or 7) when they carry no base modification and fluorescent labels. Thus, I4 was formed by mixing a 1: 1 

mmolar ratio of I4 and I4 comp, I7:: I7 and I4 comp, Interspersed:: Interspersed and I4 comp, Core:: 

Core and I4 comp, End:: End and I4 comp, Consecutive:: Consecutive and I4 comp. Fluorescently 

labeled I-switch assemblies for fluorescent studies indicate the respective fluorophore in the subscript, 

by mixing 1:1 molar ratio of the two strand, where e.g., I4
A488/A647 was formed from mixing 1:1 molar 

ratio of I4
A488

 and I4
A647 comp, I7

A488/A647:: I7
A488

 and I4
A647 comp. Modified I-switches for fluorescence 

studies were made by mixing 1:1 molar ratio of the two labelled strands, using respective 5’Alexa 488 

labeled sequence and I4
A647 comp e.g., dually labelled Interspersed was formed by 5’Alexa 488 labeled 

Interspersed strand and I4
A647 comp, Core:: 5’Alexa 488 labeled Core strand and I4

A647 comp, End:: 

5’Alexa 488 labeled End strand and I4
A647 comp, Consecutive:: 5’Alexa 488 labeled Consecutive strand 

and I4
A647 comp. 

Name Sequence Modification 

I4 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ - 

I7 5′-
CCCCCCCTAACCCCCCCTAACCCCCCCTAACCCCCCCATATATATCC 

TAGAACGACAGACAAACAGTGAGTC-3′ 
- 

I4 comp 5′-GACTCACTGTTTGTCTGTCGTTCTAGGATATATATTTTGTT 
ATGTGTTATGTGTTAT-3′ - 

I4
A488 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 

CGACAGACAAACAGTGAGTC-3′ 5’Alexa 488 labeled 

I7
A488 5′-CCCCCCCTAACCCCCCCTAACCCCCCCTAACCCCCCCATATA 

TATCCTAGAACGACAGACAAACAGTGAGTC-3′ 5’Alexa 488 labeled 

I4
A647

 comp 5′-GACTCACTGTTTGTCTGTCGTTCTAGGA 
TATATATTTTGTTATGTGTTATGTGTTAT-3′ 

 

T labeled with Alexa 
647 

                                Br modified switches for CD spectroscopy  

Interspersed 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Bromocytosines 
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Core 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Bromocytosines 

End 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Bromocytosines 

Consecutive 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Bromocytosines 

                                 Br modified switches for fluorescence spectroscopy  

Interspersed 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled  and 
C are 5’-Bromocytosines  

Core 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-Bromocytosines  

End 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-Bromocytosines  

Consecutive 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-Bromocytosines  

 
 
 

                             Methyl modified switches for CD spectroscopy 

 

Interspersed 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Methylcytosines 

Core 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Methylcytosines 

End 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
Methylcytosines 

Consecutive 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

C are 5’-
methylcytosines 

                             Methyl modified switches for fluorescence spectroscopy  
Interspersed 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 

CGACAGACAAACAGTGAGTC-3′ 
5’Alexa 488 labeled and 

C are 5’-Methylcytosines  

Core 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-Methylcytosines  

End 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-Methylcytosines  

Consecutive 5′-CCCCTAACCCCTAACCCCTAACCCCATATATATCCTAGAA 
CGACAGACAAACAGTGAGTC-3′ 

5’Alexa 488 labeled and 
C are 5’-methylcytosines  
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Supporting Figures 

Basic design of the I-switch 

 

 

 

 

Fig. S1.  pH sensing domain of three representative I-switches (randomly chosen) showing paired 

regions (black lines) and engineered mismatches. The first is a representation of I4, second is a 

representation of Core (5’-Bromocytosine modified switch) while third is arepresentation of End (5’-

Methylcytosine modified switch) 
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In vitro characterization of various modified I-switches using CD spectroscopy 

In vitro folding of the I-switch was characterized using CD spectroscopy. CD spectra taken at pH 5.0 

showed a positive band centered at 285-288 nm and a negative band centered at 248-251 nm 

characteristic of an i-motif. However, at pH 8.5, the same assembly showed a CD spectrum where the 

positive and negative bands shifted to 275-277 nm and 242-246 nm, respectively. The difference 

spectrum of the DNA assembly at pH 5.0 and pH 8.5 gave a trace that showed a positive band centered 

at 292 nm and a negative band centered at 260 nm (Fig. S2a – h) which is consistent with the CD 

signature characteristic of DNA4 i-motifs.1 This type of spectrum is attributed to the formation of C-CH+ 

base pairs, characteristic of i-motif structure.2  The pH dependent structural transition of the DNA I-

switches (Br modified switches and Me modified Switches) was confirmed using CD spectroscopy at 

different pH values.  

 

 

The DNA i-motif forms due tohemiprotonation of cytosine residues. N3 of Cytosine has a pKa of ~4.5, 

which makes it possible to form i-motif at acidic pH (~5.5). To tune the pH sensing properties of i-motif 

based I-switches, specific cytosine residues were replaced with 5’-bromocytosines which has a lopwe 

pKa or 5’-methylcytosines which has a higher pKa than cytosine. The pH profile of the assemblies were 

investigated by measuring the change in CD signal as a function of pH. As the pH increases, the 

structural transition from closed i-motif structure to duplex structure occurs, hence, the number of C-

CH+ bases decreases resulting in a corresponding decrease in CD signal. Different Br modified switches 

namely interspersed, core, end and consecutive showed a pHhalf of structural transition at pH 6.6 ± 0.2, 

7.3 ± 0.2, 6.2 ± 0.2 and 6.8 ± 0.1 respectively. Different Me modified switches, on the other hand, 

showed pHhalf at pH 6.8 ± 0.2, 7.0 ± 0.3, 6.9 ± 0.2 and 7.0 ± 0.2 respectively, while I4 showed a pHhalf at 

pH 6.6. This change in pHhalf of the modified switches from the native I4 clearly suggests tuning the pH 

regime of i-motif formation due to modified cytosines. A plot of the CD signal at 292 nm as a function 
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of pH yielded an inverse sigmoidal curve indicating a pH dependent structural transition. This clearly 

demonstrates tunability of pH sensitivity of I-switches. 
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Fig. S2. In vitro characterization of I-switches using CD spectroscopy. (a-d) Molar ellipticity of each I-

switch at pH 8.5 (black), pH 5.0 (colored) and difference spectra (pH 5.0 – pH 8.5, light gray) for Br 

modified I-switches. (e-h) CD spectra of I-switch at pH 8.5 (black), pH 5.0 (colored) and difference 

spectra (pH 5.0 – pH 8.5, light gray) for Me modified I-switches. (i) Molar ellipticity of I4 at pH 8.5 

(black), pH 5.0 (dark gray) and difference spectra (pH 5.0 – pH 8.5, light gray). 
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In vitro characterization of I-switches using fluorescence spectroscopy 

All the I-switches contain four C-rich segments, each of which, in turn, contains four cytosine residues, 

(C4TAA)3C4  that is base paired to form a mismatched duplex with a complementary G-rich strand. In 

the design of the I-switch, at neutral and basic pH, both C-rich and G-rich strands form a mismatched 

duplex keeping the donor fluorophore (Alexa 488) and acceptor fluorophore (Alexa 647) at distances 

which are non-optimal for FRET. At acidic pH, the mismatched duplex dissociates, allowing the C-rich 

strand to fold into an i-motif, bringing the two fluorophores into close proximity, thus enabling FRET3. 

This structural transition was monitored using pH-dependent fluorescence measurements.  Dually 

labeled I-switches were assembled as described previously and then diluted to 50 nM in 1× clamping 

buffer of desired pH. The sample was then excited at 495 nm and emission spectra acquired from 505 

nm to 725 nm. The emission at 520 nm (donor) is then divided by emission at 669 nm (FRET acceptor) 

to obtain D/A. The D/A ratios were then normalised to D/A at pH 4.0 and a plot of normalised D/A v/s 

pH was obtained. The emission spectra at pH 5.0 and pH 8.5 clearly show a decrease in the donor 

emission intensity and a corresponding increase in FRET acceptor intensity with the increase in acidity 

of the solution (Fig. S3 a-h).  
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Fig. S3. In vitro characterization of I-switches in vitro using fluorescence spectroscopy. (a-d) 

Fluorescence spectra (505 nm- 725 nm) of various Br modified I-switches at pH 5.0 and pH 8.5. (e-h) 

Fluorescence spectra (505 nm- 725 nm) of various Me modified I-switches at pH 5.0 and pH 8.5. 
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Determination of pHhalf for the I-switches 

The normalised D/A v/s pH plot for individual I-switches was fitted using a Boltzmann curve. The fit is 

obtained using the following formula:  

y = [(A1-A2)/1 + e(x – x0)/dx] + A2 

     where: A1 = initial value 

     A2 = final value 

     x0 = mid point of the curve (pHhalf) 

     dx = time constant  

The value given by the factor x0 gives the value of the pHhalf for all the switches. Two representative 

examples are noted below:  

 

Fig. S4. Determination of pHhalf. Representation of two randomly chosen D/A v/s pH traces fitted using 

Boltzman curve and their corresponding parameters for (a) Br modified switches and (b) Me modified 

switches. 
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Determination of cooperativity for the modified I-switches 

The normalised D/A v/s pH plot obtained for individual I-switches was fitted using a DoseResponse 

curve. The fit is obtained using the following formula:  

y =  A1 + [(A2-A1)/(1+10(logx0-x)p)] 

     where: A1 < A2; p > 0 

     bottom asymptote: A1 = 1 

     top asymptote: A2 = 2 

     centre: log x0 
                                                                                                                       .                                                                                                 
where Hill slope: p = cooperativity 

 

 

 

 

 

 

 

 

 

 

Fig. S5. Determination of cooperativity.  Representation of two randomly chosen D/A v/s pH traces 

fitted using DoseResponse curve and their corresponding parameters for (a) I4
A488/A647 and (b) I7

A488/A647 
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Determination of dynamic range for the modified I-switches 

The normalised D/A v/s pH plot for individual I-switches was fitted using a Boltzmann curve. The 

dynamic range of the I-switches is calculated corresponding to 10% to 90% of total signal change.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6. Determination of dynamic range.  (a&c) Representation of two D/A v/s pH traces fitted using 

Boltzman curve and their corresponding dynamic range for (a) End variant of Br-I-switches and (c) End 

variant of Me-I-switches; (b&d) Representation of two derivative plots for (b) End variant of Br-I-

switches and (d) End variant of Me-I-switches. The green box shown below the derivative plots 

represents the dynamic range (10%-90% of total signal change) for the particular switch.  
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