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Abstract

The four-stranded i-motif (iM) conformation of cytosine-rich DNA has importance to a wide 

variety of biochemical systems that range from its use in nanomaterials to a potential role in 

oncogene regulation. An iM is stabilized by acidic pH that allows hemiprotonated cytidines to 

form a C•C+ base pair. Fundamental studies to understand how the length of loops connecting the 

protonated C•C+ pairs affect intramolecular iM physical properties are described in this report. We 

characterized both the thermal stability and the pKa of intramolecular iMs with differing loop 

lengths, in both dilute solutions and in solutions containing molecular crowding agents. Our 

results showed that intramolecular iMs with longer central loops form at higher pH and 

temperature than iMs with longer outer loops. Our studies also showed that increases in thermal 

stability of iMs when molecular crowding agents are present are dependent on the loop that is 

lengthened. However, the increase in pKa for iMs when molecular crowding agents are present is 

insensitive to loop length. Importantly, we also determined the proton activity of solutions 

containing high concentrations of molecular crowding agents to ascertain whether the increase in 

pKa of an iM is due to alteration of this activity in buffered solutions. We determined that 

crowding agents alone increase the apparent pKa of a number of small molecules as well as iMs, 

but that increases to iM pKa were greater than that expected from a shift in proton activity.
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G4s and iMs are formed from guanine-rich and cytosine-rich sequences, respectively. 

Gellert et al.,1 in 1962 showed that four guanine bases can hydrogen bond with each other to 

form G-tetrads. Later, Arnott et al.,2 in 1974 showed that the array of G-tetrads stack to form 

G4s. The foundation of discovery of iMs was laid in 1963 when Langridge and Rich3 

proposed that cytosines in poly dC could hydrogen bond to form an ordered, hemiprotonated 

structure at low pH. However, it was only in 1993 that the four-stranded structure of iMs 

was determined (Figure 1).4 Curiously, the preponderance of genomic DNA with potential 

G4/iM sequences is found in genes that regulate cell growth.5 G4s and iMs are formed in 
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G/C-rich DNA from promoters of genes involved in cell proliferation, including VEGF, 

kRAS, Bcl-2, pRb, PDGF-A, and MYC.6, 7 Ever since these discoveries, the existence of 

G4s and iMs in living cells has remained a topic of great controversy. In 2013, 

Balasubramanian et al.,8 published one of the first papers that confirmed G4s exist in vivo, 

which has been further supported by several additional reports on G4s in vivo in both DNA 

and RNA.9-13 No similar studies for iMs have been performed, so their existence in vivo is 

still yet to be determined. Unlike G4s, iMs have not yet been considered widely as stable in 

vivo since the pH in the nucleus is believed to be not much different than cytosolic pH 

(~7.3)14, 15 while the pKa of a typical iM is < 7.0. However, recent studies from our lab and 

others16-18 have shown that iMs indeed form at neutral pH when molecular crowding agents 

are present. Since cells and cell nuclei are crowded with biopolymers, this finding suggests 

iMs may be viable in vivo and deserve further study for comparison with the better-

characterized G4 and Watson-Crick B-DNA structures.

In addition to their possible biological relevance, iMs are currently being used as a 

functional agent in biomaterials. Prior examples of iM use include biocompatible pH sensors 

and drug delivery vehicles. These applications take advantage of the iM’s unique topology 

and proton dependence.19-23 For example, Song et al.,22 reported an iM-based gold 

nanomaterial that could deliver the anticancer drug doxorubicin specifically to human 

cervical adenocarcinoma cells cultured in vitro. The drug is intercalated into duplex DNA 

containing mismatching pairs that are attached to a gold nanomaterial. Once the 

nanomaterial reaches the hypoxic cancer cells, the microenvironment’s low pH causes the 

DNA to fold into an iM, releasing the intercalated doxorubicin. The properties of these and 

other nanomaterials are directly linked to iM biophysical properties, such as their thermal 

stability and pKa. Thus, better understanding the properties of iMs with varying 

characteristics will allow better control over the physical properties of iM-based 

nanomaterials.

Sequences that form iMs are usually derived from their corresponding G4 sequences that 

were located using Quadfinder24 and/or Quadparser.25 The default search in both 

Quadfinder and Quadparser is the sequence of G3+N1-7G3+N1-7G3+N1-7G3+, where N stands 

for the loop residues and G for guanines. This default sequence has been based on multiple 

systematic studies that have shown that lengthening any loop of the G4 will decrease the 

thermal stability of the G4s, influence the type G4 formed, and increase the potassium 

dependence of G4 formation.26-30 This search algorithm has also been used to find potential 

iMs on the opposite strand; however, the most stable G4 and iM formed from the same DNA 

duplex sequence of the c-MYC gene do not share the same loop lengths with the iM having 

much longer loops than its G4 counterpart.31 Studies performed with DNA hairpins32-35 

show a decreased thermal stability with increasing loop length; however, hairpins can reach 

up to twenty bases in length and still be stable at physiological temperatures.32, 34 The loop 

length effects in iMs have not been well characterized, and are the subject of this report.

To determine the optimal loop length to use in finding potential iMs, we examined the effect 

of loop length on an iM’s structural stability. We determined the effects of loop length in 

dilute and molecular crowded buffers that more closely mimic intracellular 

conditions.18, 36-40 We examined 16 different oligonucleotide sequences (oligos) differing in 
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both loop length and position (Table 1; Figure 1). Polyethylene glycol (PEG) was employed 

as the crowding agent since it is the most commonly used molecular crowding agents in the 

literature on both iMs and G4s.18, 36-40 We used 40% PEG (w/w) to mimic cells since 

biomolecules can occupy 20 – 40% of cell volume.17, 18, 41 Using circular dichroism (CD) 

spectroscopy and ultraviolet (UV) absorbance spectroscopy, we determined the thermal 

stability and pKa of each oligo under dilute and molecular crowded conditions, where the 

size of PEGs used varied in average molecular weight from 300 to 3350. We did not go 

beyond 3350 since at least one previous report17 states that PEGs with sizes above 4000 can 

bind to DNA secondary structures. Earlier studies reported that a high percentage (>30%) of 

other hydrophilic molecules, including PEG, shifted the apparent pH of buffered 

solutions.42-46 To observe the effect of PEG on apparent pH, we analyzed five pH indicators 

and cytidine monophosphate to determine their pKa values with and without PEG. Any 

increase in the pKa of iMs greater than those arising from a change in proton activity (as 

observed with the indicators and cytidine monophosphate) can be attributed to PEG’s 

crowding effect. By obtaining key details about iM sequence-dependent physical properties, 

our results may help guide the creation of novel iM-based nanomaterials with carefully 

tuned pH responses. Further, our results provide guidance for adjusting search algorithms to 

find potential iMs in genomic DNA sequences other than those that are complementary to 

G4 sequences.

Materials and Methods

Oligos

All DNA oligos (Table 1) were synthesized through standard solid-phase chemistry by 

Midland Certified Reagent Company, Inc. (Midland, TX, USA). All other reagents were 

purchased from Fisher Scientific (Waltham, MA, USA). The oligos were stored in 10 mM 

Tris, 1 mM EDTA buffer (pH 8.0) until use. The oligo sequence chosen (5’-CCC T CCC T 

CCC T CCC-3’) is a non-physiological one chosen to minimize variables. The loop length 

substitutions were thymine repeats of varying length (1, 3, 5, 10, 15, and 20 thymines). 

Unless specifically stated otherwise, final solutions for all experiments were 4 µM DNA in 

30 mM sodium cacodylate buffers of varying pH (5.4 to 8.0) either with or without 40% 

PEG of sizes as indicated in the text. Solutions were initially heated to ~ 80 °C for ten 

minutes and then cooled to room temperature to remove any multimeric duplex DNA 

present.

pKa Determination

To determine the pKa for iM folding (i.e., the pH at which 50% of the oligo is folded into 

the iM), CD spectra of DNA solutions at 20 °C were collected from 250-320 nm on an Olis 

DSM 20 Circular Dichroism (CD) instrument fitted with a peltier heat block (Olis, Inc. 

Bogart, GA, USA). An integration time as a function of high voltage was used. The CD 

signals observed at 298 nm were then plotted against pH, and then Equation 1 was applied to 

obtain pKa and the cooperativity parameter.
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Equation 1

Thermal Stability and Denaturation of iMs

Melting of iMs between 20 °C to 80 °C were determined by monitoring CD signals and/or 

UV absorbance at 1 °C intervals for all oligos (4 µM) at pH 5.4 with and without 40% PEG. 

After verifying iM melting on the CD, repeated thermal melts were also performed on a 

Cary 100 UV-Visible spectrometer (Agilent Technologies, Santa Clara, CA, USA) at 260 

nm. The thermal denaturations were similar with either spectrometer. With an assumed two-

state equilibrium model (as suggested by a isodichroic point at ~ 280 nm), we determined 

the melting temperature (Tm). All fractions were normalized such that the data ranged from 

0 and 1 prior to fitting. The change in free energy at 37 °C (ΔG°37 °C) was calculated by 

equation 2, where [N] and [U] are the concentrations of the iM and random coil forms of 

DNA, respectively, R is the gas constant, and T is physiological temperature (310 K).47 In 

addition, to ensure the iMs formed were indeed intramolecular, a range of DNA 

concentrations (0.6 µM, 4 µM, and 20 µM) were analyzed for all oligos. All oligos were 

found to have the same Tm and ΔG°37°C regardless of concentration, suggesting all oligos 

form an intramolecular iM structure.

Equation 2

Relation of Measured pH to Proton Activity

The method of Gaboriaud45 was used to compare apparent pH with proton activity in PEG 

solutions. The pH was measured by a high performance, micro glass-body, Tris-compatible, 

combination pH electrode with a platinum junction and 3 M potassium chloride filling 

solution (Model pHE-11, GeneMate, BioExpress, Kaysville, UT, USA). Five pH indicators 

were used: bromothymol blue; 4-nitrophenol; 3,4-dinitrophenol; methyl red; and phenol red. 

In addition, to directly compare to iMs, cytidine 5’-monophosphate was also used. The pH 

titration of each indicator was performed on a Cary 100 UV-Vis spectrometer over a 

wavelength range of 230– 800 nm. Each indicator was made with a 30 mM sodium 

cacodylate buffer with or without 40% PEG-300 or PEG-3350. The sample size was 3 mL, 

and 0.05 M NaOH was titrated into the sample at increments of 0.02 to 0.10 mL, dependent 

on the magnitude of the previous pH change. Once the spectra no longer changed with pH, 

the maximum absorbance values of the acidic form of each indicator, corrected for dilution 

factors, were plotted against their respective measured pH to determine the pKa.

Results and Discussion

pKa Determination

The pKa of each oligo is given in Table 2 with representative graphs shown in Fig. 2. The 

trend in pKa values observed for Mod2 is distinctly different from that of the other loop 
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modifications (Mod1 and Mod3). Mod2 oligos are able to maintain iM structure at higher 

pH and with longer loop lengths than the other modifications. For example, with ten bases in 

their respective loops, Mod2T10 has a pKa of 6.62 while Mod1T10 and Mod3T10 have a 

pKa of 6.13. The pKa remains the same for the Mod2 oligos until more than ten bases have 

been added to the loop. These data suggest that the length of the central loop has less of an 

effect on the pKa than the outer loops. The cooperativity parameter of all oligos, determined 

by fitting to Equation 1, did not change significantly (~ 3 for all iMs formed), indicating that 

extending the loops does not affect how the iM unfolds when shifting from an acidic to a 

more basic pH. These findings suggest that central loops (e.g., Mod2) shorter than fifteen 

bases and outer loops (e.g., Mod1 and Mod3) shorter than ten bases are potentially viable in 

vivo. This is remarkably different from the results for G4s where, in the absence of other 

structural features in the loop, loop lengths are usually limited to seven bases to be 

potentially viable in vivo.

Effects of PEG on Apparent pH

Given our16, and others’,17, 18 data on the effect of PEG on iM pKa, we investigated the 

difference between the pH determined by electrode measurement and the activity of protons 

in the PEG solutions as detected by small molecules. We examined five well-known pH 

indicators and cytidine monophosphate by monitoring the change in UV-Vis absorbance 

with change in pH in 30 mM sodium cacodylate buffer with and without 40% PEG-300. 

Changes in the pKa observed for these indicators in PEG solutions were attributed to a 

change in proton activity, since molecular crowding should not significantly affect the pKa 

of small molecules such as the indicators. As shown in Table 3, the observed pKa of 

indicators consistently increased by 0.25 upon the addition of 40% PEG-300 to the buffer. 

We also tested the indicators with 40% PEG-3350 to see if the pKa is affected by the size of 

PEG; no additional differences in pKa were noted, suggesting the change in activity is linked 

to the percentage of PEG (w/w) in solution and not on PEG size.

Effects of PEG on iM pKa

The pKa of all oligos shows an increase upon adding PEG (Table 2); however, the increase 

in pKa is not different between oligos of different loop lengths or positions. The lack of a 

difference in pKa between these oligos suggests that the increase in pKa caused by 

molecular crowding conditions is not dependent on loop length. Based on our oligos, the 

increase in pKa is likely associated with the number of C-C+ bonds, which all these iMs 

have in common. In addition, there was no significant change in the cooperativity of the iMs 

with addition of PEG-300 (~ 3 in both dilute and crowded buffers). The increase in pKa with 

40% PEG-300 (+0.40 ± 0.07) is larger than the change observed with small molecules 

(+0.25 ± 0.03; Table 3), suggesting that a change in proton activity alone does not account 

for the change of iM pKa. We suggest that the additional increase in pKa corresponds to the 

physical effects of molecular crowding, inhibiting the unfolding of the structure.

Next, we examined the effect of varying PEG size on pKa with T1, Mod1T3, and Mod1T10. 

Mod1 oligos were chosen, as they are symmetric with Mod3 oligos, and they have distinct 

differences in thermal stability and pKa among short (1 base), medium (3-5 bases), and long 

(10 bases) loops. The pKa increased by ~ 0.4 when adding PEG-300 and by ~ 0.7 when 
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adding PEG-3350, showing that PEG size has a direct influence on the pKa of iMs. This 

increase is constant across all loop lengths tested, further suggesting that the pKa increase 

from crowding agents is not dependent on loop length. We conclude that the changes in pKa 

we observed are due to molecular crowding alone since the change in proton activity (as 

determined from the indicators to be +0.25) is the same for both PEG-300 and PEG-3350 

(Table 3). We also calculated the excluded volume for each PEG-DNA complex between 0 

and 40% PEG (Table S1), using the approach of Spink and Chaires.48 The Tm increase 

correlates well with excluded volume over the PEG size and loop lengths used, but the pKa 

does not, suggesting that excluded volume alone cannot explain the effects that PEG and 

loop length have on the pKa of an iM.

Thermal Denaturation of Folded i-Motifs

Thermal denaturations were performed on all folded oligos from Table 1. From the recorded 

spectra, the melting temperature (Tm) of each oligo was determined (Table 4; Fig. 3). All 

oligos were found to have the same Tm and ΔG°37°C across a range of DNA concentrations 

(0.6 – 20 µM), suggesting all oligos form an intramolecular iM structure. The trends 

observed for the Tm’s of Mod1 and Mod3 are similar as loop length increases; however, 

these Tm values are distinctly lower than Mod2 oligos of the same loop length. Mod2 oligos 

can incorporate loops much longer than Mod1 and Mod3. For example, the Mod2 oligos can 

have loops up to five bases long and not incur a change in the thermal stability. The trends in 

Tm found for these oligos suggest that longer central loops are more stable in iMs than in G4 

oligos, displaying a trend more similar to those observed by DNA hairpins. In the Mod1 and 

Mod3 oligos, which behave similar to G4 oligos, the loop (Fig. 1 B & D) may be sterically 

hindered by the other loop, leading to destabilization. On the other hand, the central loop 

(Fig. 1 C) does not encounter such steric hindrance in our iM models, and would not in other 

iM systems unless 5` and/or 3` overhangs are present. All enthalpies of folding determined 

by Van’t Hoff analysis of Tm data were approximately −5.0 kcal/mol per C-C+ bond, which 

corresponds well with previously published melting enthalpies of iMs,49 and suggests little 

or no bonding interactions arise due to the loops. When loops were lengthened, the entropy 

of folding decreased from −0.11 kcal/mol/K for a loop length of one to −0.20 kcal/mol/K for 

a loop length of twenty, regardless of loop location. As a better indicator of biological 

viability, we calculated standard state ΔG° of folding for each oligo at the physiological 

temperature of 37 °C (ΔG°37 °C in Table 4). Of all iMs examined, Mod2 iMs were most 

biologically viable, showing a negative ΔG°37 °C up to a loop length of twenty thymines 

(Mod2T20). The ΔG°37 °C for Mod2 oligos becomes less negative when the central loop is 

longer than five bases; however, the ΔG°37 °C values still suggest that long central loops 

could exist in vivo. In contrast, iMs formed by the Mod1 and Mod3 oligos become 

unfavorable at 37 °C when there are more than five thymines in the loop, suggesting long 

outer loops are not biologically viable.

Multiple studies16-18 have shown that adding a molecular crowding agent increases the Tm 

of select iMs. We studied the effects of molecular crowding on the Tm and folding as a 

function of loop length (Table 4; Fig. 3). The melting temperature of all oligos increases in 

the presence of 40% PEG-300 as shown in Table 4; however, the magnitude of this increase 

in Tm is dependent on which loop is elongated. For example, in 40% PEG-300, when the 
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loops of the Mod1 or Mod3 oligos are elongated, the Tm increases by 6 – 8 °C, but if the 

loops of the Mod2 oligos are elongated, the Tm increases by 9 – 12 °C. These different 

trends in PEG solutions suggest that longer central loops are more stable in molecular 

crowded conditions than their outer loop counterparts. We again interpret this as the central 

loop not being sterically hindered by the other loops (Fig. 1 B-D), which allows for Mod2 

oligos to fold into and retain the iM structure more readily than their Mod1 or Mod3 

counterparts. The enthalpy of folding did not change significantly between the dilute buffer 

and 40% PEG-300 solutions. The ΔG°37 °C observed under crowding conditions shows a 

similar trend to the Tm values, with ΔG°37°C of the Mod1 and Mod3 oligos ranging from −2 

to +3 kcal/mol and ΔG°37°C of the Mod2 oligos ranging from −4 to −1 kcal/mol.

We used the oligos T1, Mod1T3, and Mod1T10 to further examine the changes in melting 

temperature as the size of PEG increased (Table 5). The thermal stability of all oligos 

showed an increase in Tm in different PEG solutions until the PEG size was greater than a 

molecular weight of 600, which is in agreement with a previous study.17 At PEG sizes 

above 600, the Tm remains constant. We surmise that the PEGs < 600 can readily fit into the 

space the iM needs to fold, preventing the iM from folding. However, the physical crowding 

of PEG outside of the space the iM folds still forces the iM together, thus the increase in Tm 

is a combination of these two effects. The PEGs > 600 cannot fit easily into the folding 

space, and thus does not hinder iM folding. In addition, unlike pKa, the excluded volume 

(Table S1) correlated very well with the observed increase in Tm as PEG size and loop 

length increased. Consequently, the increase in the Tm comes purely from the physical 

crowding of the space around the iM by PEG.

Conclusion

In this paper, we demonstrated that iMs with five or more thymidines in the central loop can 

form at higher pH than those with loops near the termini of the iM-forming regions. We also 

established that the increase in pKa of iMs (+0.40) when PEG is added is independent of 

loop length and position. From our indicator studies, we found that a portion of this increase 

in pKa upon adding PEG is from a change in proton activity, but crowding appears to 

contribute additional iM stability at higher pH. Our studies also demonstrated that the 

thermal stabilities of the iMs with three or more bases in the central loop are much higher (~ 

15 °C) than their outer loop counterparts when no 5` or 3` overhangs are present, displaying 

behavior more similar to DNA hairpins than G4s. When the iMs are in molecular crowded 

conditions, we found those with outer loops exhibit a Tm increase by 6 – 8 °C while those 

with central loops exhibit a Tm increase by 9 – 12 °C. Together, these trends show that not 

all loops can be considered equal in iM formation and indicate that iMs with long central 

loops have a higher melting temperature and pKa than previously thought. Adjusting loop 

length may allow for better control of the physical properties of iM-based nanomaterials 

since we have demonstrated that small changes to the loop lengths greatly affect the pH and 

temperatures where iM formation occurs. In addition, we also have shown that iMs with 

long central loops are potentially viable in vivo at physiological temperature, even with loop 

lengths of 20 bases; however, performing similar studies with 5’ and 3’ overhangs present is 

needed before this can be readily assumed for iMs in genomic DNA. This finding suggests 

that the optimal search algorithm for locating potential iM-forming sequences in genomic 
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databases may need to be adjusted to be different from algorithms used for finding potential 

G4 sequences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Textual Footnotes

DNA Deoxyribonucleic Acid

RNA Ribonucleic Acid

iM i-Motif

C Cytosine

G4 G-Quadruplex

G Guanine

T Thymine

VEGF Vascular Endothelial Growth Factor

kRAS Kirsten Rat Sarcoma Viral Oncogene Homolog

Bcl-2 B-Cell Lymphoma 2

pRb Retinoblastoma Protein

PDGF-A Platelet-derived Growth Factor Subunit A

MYC V-Myc Avian Myelocytomatosis Viral Oncogene Homolog

PEG Polyethylene Glycol

CD Circular Dichroism
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Figure 1. 
Representative folding of a random coil into an iM for oligos differing by loop length and 

position: (A) a reference structure (T1) where all loops contain one thymine (colored 

spheres); (B) first (green; Mod1 oligos), (C) central (blue; Mod2 oligos), and (D) third 

(yellow; Mod3 oligos) loops have 3-20 thymines.
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Figure 2. 
Determination of pKa of Mod2 oligos by monitoring the CD signal at 298 nm under (A) 

dilute buffer conditions and (B) molecular crowded conditions (40% PEG-300). The pKa for 

these and the Mod1 and Mod3 oligos are recorded in Table 2.
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Figure 3. 
Thermal denaturations of Mod2 oligos in (A) dilute buffer and (B) molecular crowded 

conditions (40% PEG-300). Both Mod1 and Mod3 showed similar trends. The Tm data 

obtained is recorded in Table 4.
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Table 1

Oligos used and their respective sequences, where X is the location and number of the thymine repeats (3, 5, 

10, 15, 20) in the loop modification

Name 5’-Sequence-3’

T1 CCC T CCC T CCC T CCC

Mod1TX CCC X CCC T CCC T CCC

Mod2TX CCC T CCC X CCC T CCC

Mod3TX CCC T CCC T CCC X CCC
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Table 2

The pKa of all oligos in 30 mM sodium cacodylate ± 40% PEG-300. The ΔpKa are also shown to emphasize 

the difference upon adding 40% PEG-300.

pKa No PEG pKa 40% PEG ΔpKa

T1 6.67 ± 0.01 7.03 ± 0.05 0.36

Mod1T3 6.66 ± 0.01 7.04 ± 0.05 0.38

Mod1T5 6.25 ± 0.04 6.71 ± 0.12 0.46

Mod1T10 6.14 ± 0.02 6.54 ± 0.05 0.40

Mod1T15 nd.* nd.* nd.*

Mod1T20 nd.* nd.* nd.*

Mod2T3 6.66 ± 0.03 7.16 ± 0.05 0.50

Mod2T5 6.68 ± 0.04 7.14 ± 0.05 0.46

Mod2T10 6.62 ± 0.02 6.98 ± 0.07 0.36

Mod2T15 6.33 ± 0.02 6.71 ± 0.06 0.38

Mod2T20 5.98 ± 0.05 6.48 ± 0.06 0.50

Mod3T3 6.70 ± 0.03 7.00 ± 0.06 0.30

Mod3T5 6.27 ± 0.02 6.63 ± 0.08 0.36

Mod3T10 6.12 ± 0.02 6.42 ± 0.05 0.30

Mod3T15 nd.* nd.* nd.*

Mod3T20 nd.* nd.* nd.*

*
Tm of oligo ≤ 20 °C, thus pKa not determined at 20 °C.
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Table 3

pKa determination for five pH indicators and cytidine monophosphate with two different sized PEGs at 40% 

(w/w) in 30 mM sodium cacodylate buffer

pKa
4-Nitro-
phenol

pKa
Bromo-
thymol

Blue

pKa
3,4-

Dinitro-
phenol

pKa
Methyl

Red

pKa
Phenol

Red

pKa
Cytidine
Mono-

phosphate

Lit. Value* 7.1 7.1 5.4 5.0 7.9 4.3

No PEG 7.10 ± 0.04 7.07 ± 0.03 5.31 ± 0.02 5.04 ± 0.04 7.98 ± 0.05 4.35 ± 0.06

PEG-300 7.33 ± 0.04 7.35 ± 0.04 5.52 ± 0.04 5.32 ± 0.03 8.27 ± 0.02 4.57 ± 0.04

PEG-3350 7.35 ± 0.06 7.36 ± 0.04 5.53 ± 0.02 5.28 ± 0.03 8.25 ± 0.02 4.61 ± 0.02

ΔpKa 0.24 0.28 0.22 0.26 0.28 0.24

ΔpKa (Avg.) 0.25 ± 0.03

*
References50-55
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Table 4

The Tm and AG37 °C of all oligos in 30 mM sodium cacodylate ± 40% PEG-300. The ΔTm and ΔΔG37 °C are 

also shown to emphasize the difference upon adding 40% PEG-300.

Tm (°C)
No PEG

Tm (°C)
40% PEG

ΔTm
(°C)

ΔG°37°C
(kcal/mol)
No PEG

ΔG°37°C
(kcal/mol)
40% PEG

ΔΔG°37°C
(kcal/
mol)

T1 54.9 ± 0.4 58.5 ± 0.5 3.6 −2.2 −2.9 −0.7

Mod1T3 47.7 ± 0.4 53.3 ± 0.5 5.6 −0.9 −2.0 −1.1

Mod1T5 41.9 ± 0.3 48.8 ± 0.4 6.9 −0.6 −1.3 −0.7

Mod1T10 29.2 ± 0.5 37.5 ± 0.5 6.2 0.7 0.0 −0.7

Mod1T15 19.5 ± 0.4 25.8 ± 1.0 6.3 3.4 1.6 −1.9

Mod1T20 15.0 ± 0.5 21.0 ± 0.5 6.0 4.5 2.3 −2.2

Mod2T3 54.7 ± 0.3 66.7 ± 0.7 12.0 −2.3 −3.3 −1.1

Mod2T5 54.5 ± 0.6 64.0 ± 0.6 9.5 −2.7 −4.0 −1.3

Mod2T10 47.1 ± 0.2 55.8 ± 0.8 8.7 −1.6 −2.8 −1.2

Mod2T15 40.6 ± 0.1 49.8 ± 0.7 9.2 −0.7 −1.7 −0.9

Mod2T20 36.3 ± 0.6 46.2 ± 0.8 9.9 −0.6 −1.5 −0.9

Mod3T3 47.0 ± 0.4 55.4 ± 0.3 8.4 −0.8 −2.0 −1.3

Mod3T5 38.9 ± 0.6 45.5 ± 0.9 6.6 −0.3 −0.9 −0.7

Mod3T10 26.9 ± 0.1 34.3 ± 1.3 7.4 1.1 0.3 −0.8

Mod3T15 13.2 ± 0.3 21.2 ± 1.4 8.0 5.6 3.2 −2.4

Mod3T20 10.2 ± 0.2 17.9 ± 0.3 7.7 5.5 3.2 −2.2
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Table 5

Tm of three iMs across different sized PEGs at 40% (w/w) in 30 mM sodium cacodylate at pH 5.4

Tm (°C)
T1

Tm (°C)
Mod1T3

Tm (°C)
Mod1T10

No PEG 54.9 ± 0.4 47.7 ± 0.4 29.2 ± 0.5

PEG-300 58.5 ± 0.5 53.3 ± 0.5 37.5 ± 0.5

PEG-600 59.1 ± 1.4 56.7 ± 0.9 44.0 ± 1.2

PEG-1500 65.3 ± 0.3 55.3 ± 1.0 47.4 ± 0.5

PEG-3350 65.0 ± 0.5 58.0 ± 0.5 48.8 ± 1.5
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