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ABSTRACT 

 

Telomeric DNA sequences are particularly polymorphic: 

the adopted structure is exquisitely sensitive to the 

sequence and to the chemical environment, for example 

solvation. Dehydrating conditions are known to stabilize 

G-quadruplex structures, but information on how 

solvation influences the individual rates of folding and 

unfolding of G-quadruplexes remains scarce. Here, we 

used electrospray mass spectrometry for the first time to 

monitor bimolecular G-quadruplex formation from 12-

mer telomeric strands, in the presence of common 

organic co-solvents (methanol, ethanol, isopropanol and acetonitrile). Based on the ammonium 

ion distribution, the total dimer signal was decomposed into contributions from the parallel and 

antiparallel structures, to obtain individual reaction rates, and the antiparallel G-quadruplex 

structure was found to form faster than the parallel one. A dimeric reaction intermediate, in 

rapid equilibrium with the single strands, was also identified. Organic co-solvents increase the 

stability of the final structures mainly by increasing the folding rates. Our quantitative analysis 

of reaction rate dependence on co-solvent percentage shows that organic co-solvent molecules 

can be captured or released upon G-quadruplex formation, highlighting that they are not inert 

with DNA. In contrast to the folding rates, the G-quadruplex unfolding rates are almost 

insensitive to solvation effects, but are instead governed by the sequence and by the final 

structure: parallel dimers dissociate slower than antiparallel dimers only when thymine bases 

are present at the 5’-end. These results contribute unraveling the folding pathways of telomeric 

G-quadruplexes. The solvent effects revealed here enlighten that G-quadruplex structure in 

dehydrated and molecularly crowded environments is modulated by the nature of co-solvent 

(e.g., methanol favors antiparallel structures) due to direct interactions, and by the time scale of 

the reaction, with > 200-fold acceleration of bimolecular G-quadruplex formation in the 

presence of 60% co-solvent.  

 

 

Keywords: mass spectrometry, nucleic acids, telomeres, conformational changes, dehydration, 

circular dichroism spectroscopy,  
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INTRODUCTION 

 

Guanine-rich nucleic acids can form particular structures called G-quadruplexes.1-3 The 

statistical over-representation of G-quadruplex-prone sequences at specific locations in the 

genome suggests that their formation could be linked to particular cell functions or 

dysfunctions.4,5 For example, G-quadruplex formation in telomeric DNA, having repeated 

sequences (TTAGGG)n in vertebrates, has been proposed to interfere with telomere capping 

and cell division, and the targeting of telomeric G-quadruplexes with drugs has been proposed 

as an anticancer strategy.6  

 

In G-quadruplexes, guanines form base tetrads, called G-quartets, via Hoogsteen hydrogen 

bonds, and cation coordination between the G-quartets crucially enhances the thermodynamic 

stability of the G-quadruplex. The common structural feature defining a G-quadruplex is the 

presence of at least two stacked G-quartets, but besides this common feature, G-quadruplexes 

are structurally very diverse. They can differ by the number of strands involved, strand 

orientation, and position of the connecting loops.2,3,7-9 The most stable structure depends on the 

sequence, but even a single sequence can form several structures having very similar 

stabilities.7,10 

 

The thermodynamic parameters that would allow predicting G-quadruplex structure and 

stability are therefore far from being completely understood.11 A very common approach to 

unveil species in an ensemble is to perturb the equilibrium, for example by changing the 

temperature. Recent studies have shown that several species (or ensembles of species) have to 

be taken into account to describe equilibrium thermal denaturation of human telomeric G-

quadruplexes.12-15 Besides temperature, G-quadruplex formation equilibria are very sensitive to 

several other factors, such as the exact nucleic acid sequence (loop sequence, as well as the 

addition/suppression of bases at the 5’-end and 3’-end), the nature of the cations present in 

solution, or the presence of co-solutes. The effects of co-solutes have received particular 

attention, the original aim being to mimic cellular crowding conditions. In the case of human 

telomeric DNA, the addition of co-solutes such as PEG (polyethlene glycol) and Ficoll 

(hydrophilic polysaccharide) indeed causes a displacement of the equilibrium of towards 

parallel-stranded structures.16,17 Moreover, organic co-solvents like ethanol18,19 and 

acetonitrile20,21, or ionic liquid media,22,23 were also found to favor of parallel G-quadruplexes, 

and it is now commonly accepted that water release upon G-quadruplex formation is the main 

reason for the equilibrium displacement under dehydrated conditions.20,24,25 

 

In contrast to the effects of dehydration on G-quadruplex formation equilibria, the effects on 

the kinetics of association/dissociation are not well documented. Kinetics studies are expected 
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to bring important insight into the reaction mechanisms. Hud recently showed that ionic liquid 

media dramatically slowed down intramolecular G-quadruplex formation of the human 

telomeric sequence, and this was attributed to the high viscosity of this medium.22 Here, we 

studied the effects of dehydration in non-viscous solvents (methanol, ethanol, isopropanol and 

acetonitrile) on the formation of bimolecular G-quadruplexes consisting of two repeats of the 

human telomeric sequence. In potassium cations, the sequence d(TAGGGT)2 forms a mixture 

of interconverting parallel and antiparallel structures.26,27 In ammonium cation, however, the 

system is predominantly in single stranded form in 100% aqueous solution and displaced 

towards dimer formation in the presence of co-solvent, making it easy to detect and distinguish 

the single strand from the bimolecular G-quadruplex, using mass spectrometry (ESI-MS).28 

Furthermore, as outlined below, the contribution from purely parallel-stranded structures was 

distinguished based on the ammonium ion distribution in the mass spectra. Finally, to get insight 

into the effects of sequence on the parallel/antiparallel structural preference in 100% aqueous 

and in dehydrated environments, we systematically studied the four possible 12-mer variants 

of the telomeric sequence: d(TTAGGG)2, d(TAGGGT)2, d(AGGGTT)2 and d(GGGTTA)2. 

 

EXPERIMENTAL METHODS 

 

Oligonucleotides  

All oligodeoxynucleotides were purchased from Eurogentec (Belgium) and used without 

further purification. The sequences were: d(TTAGGG)2, d(TAGGGT)2, d(AGGGTT)2 and 

d(GGGTTA)2 (MW: 3756.5 Da). For all ESI-MS experiment, the sequence dT6 (monoisotopic 

mass 1762.318 Da) was used as an internal standard for normalizing peak intensities. 

Ammonium acetate (BioUltra ∼5 M, for molecular biology) was provided by Fluka (Sigma-

Aldrich NV/SA, Bornem, Belgium), Water was nuclease-free grade from Ambion (Applied 

Biosystems, Lennik, Belgium). Methanol, ethanol, 2-propanol and acetonitrile were provided 

by Biosolve, HPLC grade. 

 

Circular Dichroism (CD) 

CD spectra were recorded on a Jobin Yvon CD6 dichrograph using 1-cm path length quartz 

cells (Hellma, type No. 120-QS, France). The final concentration of single stranded 

oligonucleotide was 5 μM in a buffer containing 100 mM ammonium acetate. For each sample, 

three spectra were recorded from 220 to 350 nm with a scan rate of 0.25 nm/s.  

 

Electrospray mass spectrometry (ESI-MS) 

Electrospray mass spectrometry experiments were performed on a SYNAPT G1 HDMS 

(Waters, Manchester, UK) in negative ion mode The capillary voltage was set to -2.2 kV; cone 

voltage = 30 V; extraction cone = 4 V; source pressure (pirani reading) = 3.15 mbar; source and 
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desolvation temperatures = 40 °C and 60 °C, respectively; trap and transfer voltages = 6 V and 

4 V, respectively. The ion mobility cell is filled with N2 at 0.531 mbar (pirani reading), and an 

electric field is applied to the cell in the form of waves (wave height = 8 V) that pass through 

the cell at 300 m/s. The bias voltage for ion introduction into the IMS cell was 15 V. 

 

To follow the kinetics of dimer formation, the samples were injected at a final strand 

concentration of 5 μM at a rate of 140 μL/h. All kinetics experiments are carried out with the 

sample at room temperature (22±1 °C). The kinetics of dimerization was tested in 20 %, 40%, 

and 60% volume percentage of co-solvent (methanol, ethanol, 2-propanol and acetonitrile), the 

rest of the solvent being aqueous ammonium acetate (100 mM). The single strands, water and 

co-solvent were pre-mixed, and the dimeric G-quadruplex formation was initiated by the 

addition of ammonium acetate. The mass spectral recording was started simultaneously with 

ammonium addition. The sample was homogenized and loaded into the 250-mL syringe, the 

spray was initiated as quickly as possible by manually pushing the syringe, and the flow rate 

was then stabilized at 140 μL/h. The time lapse between ammonium addition and spray 

stabilization is typically 1 min. 

 

Water activity determination 

The water activity in each solvent mixture, in the presence of ammonium acetate, was 

determined by the osmotic stressing method via freezing point depression osmometry using a 

Typ Dig. L osmometer (KNAUER, Berlin, Germany). 

The logarithm of water activities (aw) is calculated from the measured osmolality (mmol/kg):  

 = (RT/Mw ) ln aX
w                       (1)  

where  is the water potential, Mw is the molecular weight of water (0.018 kg/mol), R is the 

gas constant [8.314 J mol–1K–1], and T is the temperature in Kelvin. The relationship between 

water potential and osmolality, assuming independence of the water potential on temperature, 

is calculated as follows:29 

  (in MPa) ＝osmolality (mmol kg-1) / –400               (2) 

The water activity in the mole fraction scale (aX
w) was converted into the water activity on the 

molality scale (am
w) using equation (3): 

ܽ௠ௐ ൌ ܽ௑ௐ ∙ ௑ೈ

௑ೈቀభఴ.బమ
భబబబ

ቁା௑಴ೄቀ
ಾೈ಴ೄ
భబబబ

ቁ
         (3) 
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RESULTS AND DISCUSSION 

 

Distinguishing structural ensembles by ESI-MS 

 

The method to quantitatively monitor the dimer formation kinetics by electrospray ion mobility 

spectrometry has been described in detail elsewhere.28 The folding of G-quadruplexes was 

initiated by the addition of ammonium acetate to reach a 100 mM cation concentration. The 

relative response factors of the dimer vs. the single strand were evaluated using the internal 

standard method.30 The ratio between the response of the dimer (RDimer: sum of peak areas of 

charge states 6-, 5- and 4-) and the response the single strand (RSingleStrand: sum of peak areas of 

charge states 4- and 3-) did not vary significantly with the sequence or with the percentage of 

co-solvent, and hence that the response factors of the parallel and antiparallel structures seem 

identical within experimental error. The consensus value in our experiments was 

RDimer/RSingleStrand = 1.24 ± 0.45.28 We also showed recently that, when electrosprayed in 

moderately harsh conditions, the parallel dimer structure of d(TAGGGT)2 keeps its two 

ammonium ions whereas other structures lose their ammonium ions more easily.28 Detailed 

discussion of ammonium ion binding to G-quadruplexes and stability in the gas phase can be 

found elsewhere.28  

 

Based on this observation, we devised here a method to further partition the total dimer 

concentration into two contributions, based on the ammonium ion distribution of the Dimer5- 

peak, and we validated this method by comparison with circular dichroism (CD) spectra. 

d(TAGGGT)2 was previously reported to form two interconverting bimolecular G-

quadruplexes in K+: parallel-stranded and antiparallel-stranded conformations.26 The parallel-

stranded conformation contains exclusively anti-anti guanine stacking motifs, and is expected 

to display a Type-I CD spectrum (maximum at 260 nm, no peak at 295 nm), corresponding to 

the parallel conformation.31 The antiparallel-stranded conformation, in contrast, contains one 

pair of G-quartets with anti-anti/syn-syn stacking and one pair of G-quartets with and anti-

syn/syn-anti stacking,26 and is therefore expected to display a Type-II CD spectrum (maxima at 

260 nm and 295 nm), actually typical of a “hybrid” conformation.31  

 

Our CD spectra in NH4
+ and in the presence of co-solvents (Figure 1, left) are compatible with 

these two structures as limiting cases. In the presence of 60% co-solvent, Type-II CD spectra 

(with characteristic maxima at both 265 and 295 nm) were obtained for d(GGGTTA)2 in all 

conditions, whereas Type-I spectra (with a maximum at 265 nm) were obtained with 

d(TTAGGG)2 and d(TAGGGT)2. The situation for d(AGGGTT)2 was intermediate. In the 

corresponding mass spectra, the proportion of 2-NH4 containing dimer followed the same trend, 

increasing as the proportion of Type-I structure in the CD spectra increases. The partitioning of 
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the mass spectrometry signal of the dimer into two contributions based on the ammonium ion 

distribution is therefore grounded.  

 

Our reaction model will assume that these structures are the two possible end points of the 

folding. The Type-I and Type-II dimers will be noted DI and DII, respectively. Based on the CD 

spectra, we assumed that d(GGGTTA)2 dimers formed only the Type-II dimer, and thus we 

further hypothesized that, for a given solvent mixture, the relative peak areas in the ammonium 

distribution of [d(GGGTTA)2]2
5- (in blue in Figure 1) represent the signature of the Type-II 

dimer DII. For the other sequences, the fraction of Type-I dimer, DI, is given by the proportion 

of the 2-NH4 peak minus the non-parallel contribution to the 2-NH4 peak, i.e. with Equation (4), 

where ܣሺ݊NHସሻ is the area of the dimer peak containing n ammonium ions in the sequence of 

interest, and ܣ൫݊NHସ,ୋୋୋ୘୘୅൯ is the area of the dimer peak containing n ammonium ions in the 

same conditions for the sequence d(GGGTTA)2. 

 
ሾ஽಺ሿ

ሾ஽ሿ೟೚೟ೌ೗
ൌ ஺ሺଶேுరሻ

஺ሺଶேுరሻା஺ሺଵேுరሻା஺ሺ଴ேுరሻ
െ ൤

஺ሺଵேுరሻା஺ሺ଴ேுరሻ

஺ሺଶேுరሻା஺ሺଵேுరሻା஺ሺ଴ேுరሻ
ൈ

஺൫ଶேுర,ಸಸಸ೅೅ಲ൯

஺൫ଵேுర,ಸಸಸ೅೅ಲ൯ା஺൫଴ேுర,ಸಸಸ೅೅ಲ൯
൨   (4) 

 

Notably, by this procedure it is possible to monitor the formation of the two types of dimer. 

Thus, kinetic parameters of the individual folding of the dimers can be evaluated, allowing us 

to get deeper insight into the complex folding mechanism of the human telomeric G-

quadruplexes.  
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Figure 1. The structure formed after 1-day folding in 60/40 (v:v) EtOH/aqueous NH4OAc 

100 mM depends on the sequence, and the ammonium ion distribution of the Dimer5- species 

(mass spectra on the right) is correlated with the amount of parallel structure (peak at 265 nm 

in the CD spectra on the left). A = d(GGGTTA)2: the ammonium ion distribution is used to 

calculate the last term of Equation (4). In B = d(AGGGTT)2, C = d(TAGGGT)2 and D = 

d(TTAGGG)2, the fraction of parallel structure deduced from the mass spectra is given by 

the 2-NH4 peak, minus the contribution of the GGGTTA-like structure. 
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Bimolecular G-quadruplex formation mechanism  

 

Representative quantitative results of kinetics experiments, partitioning the dimer into two 

contributions, are shown in Figure 2A and Figure 3. Supporting information Figure S1 shows 

the effect of co-solvent percentage on bimolecular quadruplex formation. In most cases, the 

temporal evolution shows that a significant amount of Type-II structure is already formed 

during the dead time of the experiment (≈ 1 min), whereas the Type-I structure forms on the 

time scale of the experiment (minutes to hours). The Type-II dimers can therefore be further 

partitioned into two ensembles, based on their kinetics of formation. The fast-forming ensemble 

will be noted D0. This kind of intermediate was not considered in Phan’s previous model,26 

possibly because it cannot be distinguished from the single strands on the NMR time scale due 

to fast interconversion. 

 

Several reaction mechanisms can be considered (ss stands for the single strand): 

ss  D0 (fast); ss  DI (slow); ss  DII (slow) (5a) 

ss  D0 (fast); D0  DI (slow); D0  DII (slow) (5b) 

ss  D0 (fast); ss  DI (slow); D0  DII (slow) (5c) 

ss  D0 (fast); ss  DII (slow); D0  DI (slow) (5d) 

ss  D0 (fast); D0  DII (slow); DII  DI (slow) (6) 

ss  D0 (fast); D0  DI (slow); DI  DII (slow) (7) 

 

The program Dynafit 3 (BioKin Ltd., Watertown, MA)32, which numerically solves the set of 

differential rate equations derived from a given model (see Supporting Information S2), was 

used to extract rate constants from evolution of the concentration of Type-I and Type-II dimer 

as a function of reaction time, and to evaluate the different models. Because D0 appears in fast 

equilibrium with the ss on the time scale of our experiments, mechanisms (5a-5d) fit the data 

in the same way (although they differ molecularly), and only the rates take different absolute 

values depending on the mechanism definition. While in most datasets DI forms slower than 

DII, it is the opposite in some datasets, depending on the sequence and the co-solvent. As a 

consequence, models (6) or (7) were not adequate to fit all the data, and were discarded.  
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Figure 2: (A) Example of data fitting (single strand: d(TAGGGT)2, dimer formation in 60% 

iPrOH). (B) Bimolecular G-quadruplex formation model. The parallel (DI) and antiparallel 

(DII) G-quadruplex structures are represented according to Phan & Patel,26 with anti bases 

in light grey and syn bases in dark grey. The D0 ensemble represents a less well-ordered 

dimeric intermediate, which could contain G-quartets and cations. 

 

 

Structurally speaking, rearrangement from DII to DI or vice versa does not necessarily require 

complete strand separation, and it makes sense to imagine that D0 can be an ensemble of ill-

ordered bimolecular intermediate. Similar mechanisms involving incomplete strand and cation 

incorporation have been proposed previously for tetramolecular33,34 and intramolecular10,35-38 

G-quadruplexes. Figure 2B shows the reaction model (Eq. 5b) chosen to fit all data, and the 

definition of the equilibrium and rate constants reported in the remaining of the text. We propose 

that D0 is in rapid equilibrium with the single strand ss, and that well-ordered G-quadruplexes 

DI and DII form more slowly from D0. The details of model implementation in Dynafit are given 

in Supporting Information S2. The fitting lines displayed in Figure 2A and Figure 3 were 

obtained using this model.  

 

Experiments at different strand concentrations were carried out to demonstrate the model’s 

consistency. Simple second-order reactions can be confirmed by showing that 1/[SS] vs t plot 

are linear, However, the mechanism here is too complex (fast formation of D0, then parallel 

reactions having different rates) to enable us to derive an easy analytical solution to this kinetic 

problem. For this reason, we proofed the mechanism by running dynafit numerical simulations 
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on experiments performed as a function of the single stranded concentration (Supporting 

Information S3). 

 

 

 

Figure 3. Effect of sequence and co-solvent on bimolecular G-quadruplex formation, in 

60% co-solvent. The sequence d(TAGGGT)2 (top row) shows a preference for the parallel 

structure in EtOH, iPrOH, and ACN, but the formation of the parallel structure is slower 

than the formation of the Type-II structure. The sequence d(AGGGTT)2 shows a preference 

for Type-II structures in all co-solvents. Total dimer concentration is in black, parallel dimer 

is in red, and non-parallel dimer is in blue. The lines represent the data fittings obtained with 

the model shown in Figure 2B (in red, Type-I parallel dimer DI, in blue, Type-II dimers D0 

and DII).  
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Effect of base sequence and co-solvent on final structures 

 

Figure 3 illustrates that, while the total dimer concentration is almost steady state, the 

proportions of parallel and non-parallel dimer change much more significantly, and that DI 

forms more slowly than DII. These effects were investigated from a thermodynamics and 

kinetics point of view. This section will discuss the thermodynamics aspects.  

 

The Dynafit data analysis provides the equilibrium constant:  

஺,଴ܭ ൌ
ሾ஽బሿ

ሾ௦௦ሿమ
 (8) 

and four rate constants, from which all equilibrium constants are deduced: 

௙,ூܭ ൌ
ሾ஽಺ሿ

ሾ஽బሿ
ൌ

௞೑,಺
௞ೠ,಺

 (9) 

௙,ூூܭ ൌ
ሾ஽಺಺ሿ

ሾ஽బሿ
ൌ

௞೑,಺಺
௞ೠ,಺಺

 (10) 

 

The concentrations of each species were recalculated from the equilibrium constants and from 

the mass balance equation applied to the single strand. Figure 4 shows how the final state 

depends on the sequence, nature of co-solvent, and percentage of co-solvent. Strictly speaking, 

these equilibrium constants describe a steady state, as it is possible that reactions occurring on 

a much longer time scale than the experiments (e.g., months) could further change the 

proportions compared to the apparent asymptotic values. In practice, the mass spectra recorded 

one or several days after reaction showed the same amount of total dimer as after one hour. We 

assume that the steady state concentrations reflect the final state at room temperature.  

 

To complement mass spectrometry experiments, we also perform melting experiments 

monitored by UV-vis spectrophotometry at 295 nm, but the results are inconclusive. In 

particular, the experiments are complicated by organic co-solvent evaporation as the 

temperature increases, and the data interpretation is complicated by (1) the low abundance of 

bimolecular quadruplex at 20% and 40% co-solvent (the mass spectrometry data showing 

relative abundances of single strands and bimolecular structures are more conclusive in that 

respect), (2) by the fact that rates and equilibrium positions change as a function of the 

temperature, and (3) by hysteresis observed for some of the experiments due to slow reaction 

rates, consistent with our room temperature measurements and persisting at higher temperature. 

We therefore decided to focus only on the comparison of room temperature measurements. 

 

For d(GGGTTA)2 (representative kinetics results shown in Supporting Information S4) some 

non-parallel dimer is formed in 100% H2O, and the addition of co-solvent further increases the 

dimer concentration, except in the case of acetonitrile in which a decrease of dimer content is 

first observed at 20% acetonitrile. The latter behavior might suggest that several forms might 
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exist in the (D0+DII) ensemble, but these forms cannot be distinguished with the present 

experimental approach.   

 

 

 

The propensity to form parallel dimer (DI) increases when terminal bases are placed on the 5’-

end rather than on the 3’-end (d(GGGTTA)2 < d(AGGGTT)2 < d(TAGGGT)2 < d(TTAGGG)2). 

Base stacking (and in particular thymine stacking) at the 5’-end rather than at the 3’-end favors 

the parallel conformation. The propensity to form parallel structures also increases as the 

percentage of co-solvent increases, in line with the known effects of dehydration on G-

quadruplexes. More surprisingly, for the sequences containing 5’-thymines, the structural 

preference also depends on the nature of the co-solvent: ethanol, isopropanol, and acetonitrile 

 

 

Figure 4. Percentage of strand in each form when the steady state defined in Figure 2B is 

attained, at 22 °C, as a function of the sequence (from top to bottom row: d(TTAGGG)2, 

d(TAGGGT)2, d(AGGGTT)2 and d(GGGTTA)2) and co-solvent (from left to right: 

methanol, ethanol, isopropanol, and acetonitrile). The total single strand concentration was 

5 µM in all experiments.  
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tend to favor the parallel DI, whereas methanol tends to favor the antiparallel DII. The trends 

extracted from the mass spectrometry data are consistent with the circular dichroism spectra 

recorded in the same conditions (Supporting Information S5). 

 

 

Folding/unfolding rates, and free energy landscapes 

 

From each kinetics experiment, one equilibrium constant and four rate constants are obtained. 

The free energy differences between the stable states (minima in the free energy surface) can 

be computed from the equilibrium constants (Eq. 11-13). Similarly, in the framework of the 

transition state theory, the free energy differences between D0 and the transition states D‡
I and 

D‡
II (saddle points in the free energy surface leading to DI and DII, respectively) can be 

computed from the rate constants (Eq. 14-15). The respective free energies of each species are 

equal to their partial molar free energies, and hence to their standard chemical potentials. 

 

ሺ଴ሻ°ܩ∆ ൌ െRT	lnܭ஺,଴ ൌ ሺD଴ሻ°ߤ െ  ሺssሻ  (11)°ߤ	2

ሺூሻ°ܩ∆ ൌ െRT	ln ௙,ூܭ ൌ ሺD୍ሻ°ߤ െ  ሺD଴ሻ  (12)°ߤ

ሺூூሻ°ܩ∆ ൌ െRT	lnܭ௙,ூூ ൌ ሺD୍୍ሻ°ߤ െ  ሺD଴ሻ  (13)°ߤ

ሺூሻ‡°ܩ∆ ൌ െRT	ln ݇௙,ூ ൌ ൫D୍°ߤ
‡൯ െ  ሺD଴ሻ  (14)°ߤ

ሺூூሻ‡°ܩ∆ ൌ െRT	ln ݇௙,ூூ ൌ ൫D୍୍°ߤ
‡ ൯ െ  ሺD଴ሻ  (15)°ߤ

 

Equations (11-15) were used to calculate the free energy landscapes. All free energy differences 

were normalized relative to the free energy of the single strands, i.e. we arbitrarily set 

that	ߤ°௥௘௟ሺssሻ ൌ 0. This procedure allows comparing all systems and all conditions with regard 

to their respective single strands. Figure 5 shows examples of free energy landscapes, for 

different sequences and solvents, and the full dataset is shown in Supporting Information Figure 

S6. In 0% co-solvent, except for d(GGGTTA)2 for which they were determined experimentally, 

the free energy differences were obtained by extrapolation of graphs of ln(K or k)=f(ln(aW)) for 

the different co-solvents with quadratic curves, and finding the common intercept at ln(aW) 

corresponding to 100% H2O solution, supporting that the analysis utilized here is reasonable. 

 

Figure 5 illustrates the variety of free energy landscapes and how they are influenced by the 

percentage of co-solvent, the base sequence, and the nature of the co-solvent. Increasing the 

percentage of co-solvent generally decreases the free energy of all energy minima compared to 

the corresponding single strands. The only exception is d(GGGTTA)2 in acetonitrile, as 

mentioned above. The relative free energy of the transition states also decreases upon addition 

of co-solvent, with again acetonitrile presenting an exception. Volume percentages of 20% or 

40% often increase the free energy of the transition states to a higher value than in pure water, 
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rendering the formation of DI and DII very slow, and the determination of the rate constants 

impossible. The relative free energy of the transition state is always lower than the free energy 

of the single strands, confirming the existence of a conformational switch pathway between DI 

and DII that would be faster than the separation into single strands.  

The sequence d(TTAGGG)2 displays the same behavior in all co-solvents (see Figure 5A for 

the free energy landscape in ethanol, and supporting information Figure S1 for the 

corresponding kinetics data). Upon co-solvent addition, the free energy of D0 is decreased 

compared to the single strands, but the free energy of DI and DII decrease by a larger amount. 

In all co-solvents except methanol, the free energy of the parallel structure DI is lower than the 

antiparallel DII. This is consistent with the previous studies showing such co-colvents induced 

a conformational transition from the antiparallel to the parallel.17,21,39 A possible explanation is 

that co-solvents other than methanol bind preferentially to the parallel DI compared to the 

antiparallel DII. Further evidence for co-solvent binding effects will be discussed below.  

 

Furthermore, the kinetic analysis revealed that the free energies of the transition states are also 

lowered by a larger amount than the free energy of D0, resulting in acceleration of the formation 

of both DI and DII upon co-solvent addition. However, the free energy barrier of formation of 

 

 

Figure 5. Representative free energy landscapes (at room temperature and 1 atm) for the 

bimolecular G-quadruplexes, in the presence of increasing volume percentages of co-

solvent (color code in panel C). For each system, the chemical potential of reference 

௜°௥௘௟ߤ) ൌ 0) corresponds to the free single strands in the same conditions. 
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DI is larger than that of formation of DII. Therefore, although the parallel structure DI is the 

most stable in co-solvent mixtures, its formation is kinetically disfavored (the only exception 

being at 20% or 40% acetonitrile for d(TTAGGG)2 and d(TAGGGT)2, the latter case being 

shown in Figure 5F). Similar observations had been made previously for d(TAGGGT)2 in 

aqueous KCl, with thermodynamically favored parallel structures and kinetically favored 

antiparallel structures.26 A possible explanation is that the parallel structure is kinetically 

disfavored for entropic reasons: the probability of occurrence of the “correct” base 

rearrangement is lower for the parallel structure than for the antiparallel structure. As all-anti 

guanine base conformation has no particular reason to be disfavored in unfolded strands, we 

postulate that the reason rather lies in the low probability of having the TTA loop exploring 

conformations compatible with the parallel structure. Co-solvent presence was found to 

accelerate all rearrangements equally well, so even in the presence of co-solvents, the parallel 

structure usually remains kinetically disfavored. Further exploration of the relative 

contributions of activation enthalpy and activation entropy to reaction rates will require 

performing temperature-dependent kinetics experiments. 

 

Let us now examine the effect of the sequence, illustrated here by comparing the effect of 

ethanol addition on bimolecular G-quadruplex formation of d(TTAGGG)2, d(TAGGGT)2, 

d(AGGGTT)2 and d(GGGTTA)2 (Figures 5A, 5E, 5B and 5C, respectively). Compared to their 

respective single strands (µi°rel = 0), the species DII is the most influenced by the sequence, and 

the relative free energy of DII systematically decreases from d(TTAGGG)2 to d(GGGTTA)2. 

Comparatively, the relative free energies of D0 and DI vary much less from sequence to 

sequence. Very similar trends are observed in isopropanol and acetonitrile. Therefore, parallel 

structures are thermodynamically favored in the presence of 5’-bases (especially 5’-TTA and 

5’-TA) because the antiparallel structures are higher in free energy, and not because the parallel 

structures have lower free energy. In other words, terminal bases on the 3’-end rather than on 

the 5’-end tend to stabilize antiparallel structures. Similar effects are found in intramolecular 

telomeric G-quadruplex structures: in potassium solution, an antiparallel structure is 

predominantly formed by dGGG(TTAGGG)3T, a hybrid structure is formed by 

dTAGGG(TTAGGG)3, while mixtures of these structures are formed by the 

dAGGG(TTAGGG)3 sequence.7 

 

The situation in methanol contrasts with that of the other solvents (compare for example 

d(TAGGGT)2 in methanol in Figure 5D and in ethanol and acetonitrile in Figures 5E and 5F). 

The antiparallel structures are stabilized by a similar extent upon methanol addition, 

independently of the sequence. Furthermore, compared to other co-solvents, methanol presents 

the greatest degree of stabilization of antiparallel structures. Again, the preference for 

antiparallel structures in methanol is not due to a destabilization of the parallel structures, but 
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to a greater stabilization of the antiparallel ones.  

 

 

Effects of cation capture, water release, and co-solvent binding on equilibrium and rate 

constants 

 

Parsing the respective effects of hydration, cation binding, and co-solvent interaction is made 

challenging by the fact that it is impossible to change only one variable at a time experimentally. 

To partition the effects of co-solvent capture or release on the free energy landscape compared 

to water release or cation capture, each equilibrium is written by explicitly mentioning the 

number of water W, co-solvent CS, and cations M released upon product formation: 

 

a A    b B + w W + s CS + m M+ (16) 

 

where w, s, and m are the numbers of W, CS, and M taken up through the reaction. These 

values can be positive or negative. In the framework of the transitions state theory, the transition 

state is in quasi-equilibrium with the reactant. Therefore, the following treatment applies both 

when B is a stable product and when B is a transition state.  

 

The corresponding equilibrium constant is: 

௘௤ܭ ൌ
൭
ೌಳ
ೌಳ
⊝൱

್

൭
ೌಲ
ೌಲ
⊝൱

ೌ ∙ ൬
௔ೈ
௔ೈ
⊝൰

∆௪

൬௔಴ೄ
௔಴ೄ
⊝ ൰

∆௦

൬௔ಾ
௔ಾ
⊝൰

∆௠

  (17) 

 

The standard activities of each species are often omitted in the expression of the equilibrium 

constants. In Equation (17), we wrote them explicitly to draw the attention to the choice of the 

standard state. For the solutes (A, B and the cation M), the standard state is unitary molarity. 

Rigorously, when the solvent is a mixture, it is more correct to define unitary molality (1 

mol/kg) as the standard state. For the solvents (W and CS), however, there is a choice between 

choosing unitary mole fraction (e.g., ܽௐ
௑⊝ ൌ 1 in pure water) or unitary molality (e.g., ܽௐ

௠⊝ ൌ

55.5 in pure water) as the standard state.  

 

Here, because we monitor a chemical reaction as a function of the mixture and not a colligative 

property of the mixture, and because we consider W and CS explicitly as reactant/product 

molecules, we chose unitary molality as the standard state for all species. Further discussion of 

the importance of the choice of the standard state and its implications is provided in Supporting 

Information S7. The most important point, if the reader attempts to compare our results with 

other publications, is to note that the values of w, s, and m deduced from the quantitative 
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analysis described below (which is the same as in previous papers40,41 will depend on the choice 

of the standard state. 

 

The apparent equilibrium constants (ܭ௘௤,௔௣௣ ) defined above (Equations 8-10) have been 

determined from molar concentrations: 

௘௤,௔௣௣ܭ  ൌ
஼ಳ

್

஼ಲ
ೌ  (18) 

 

Replacing (18) into (17), and writing explicitly the chosen standard states in the activities, we 

obtain: 

௘௤ܭ ൌ ௘௤,௔௣௣ܭ ∙
ఊಳ
೘್

ఊಲ
೘ೌ ∙ ሺܽ௠ௐሻ∆௪ሺܽ௠஼ௌሻ∆௦ሺܽ௠ெሻ∆௠  (19) 

 

The effects of different co-solvents can be discussed by measuring ܭ௘௤,௔௣௣ as a function of the 

water activity, ܽ௠ௐ. The latter is determined from osmometry measurements (see methods). If 

(16) thoroughly represents the chemical reaction, then ܭ௘௤ is independent on the conditions, 

and therefore its derivative with regard to ܽ௠ௐ is zero. Hence, 
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డ	௟௡	௔೘ೈ
െ ∆݉ డ	௟௡		௔೘ಾ

డ	௟௡	௔೘ೈ
  (20) 

 

In transition state theory, the rate constant k is equal to the quasi-equilibrium rate constant K‡ 

multiplied by a constant, and therefore Equation (20) is also applicable. A linear decrease of 

lnܭ௘௤,௔௣௣ as a function of ln	ܽ௠ௐ is usually interpreted as a predominant effect of the first term 

in Equation (20), with release of water upon formation of B from A (∆0 < ݓ). Furthermore, the 

superimposition of the curves corresponding to all co-solvents suggests that the co-solvent is 

merely a spectator in the chemical reaction.  

 

Figure 6 presents the graphs of the logarithm of equilibrium and rate constants as a function of 

݈݊	ܽ௠ௐ for d(AGGGTT)2, a sequence giving predominantly a Type-II structure in all solvents. 

Again, with the general framework of Equations (16-20), ܭ௘௤,௔௣௣ can be either an equilibrium 

constant (B standing for the products D0, DI or DII), or a rate constant (B standing for a transition 

state D‡
I or D‡

II). The graphs for all other sequences are shown in Supporting Information S8. 

Note that not all data follow the same trend as d(AGGGTT)2, and the sequence effect on the 

kinetics will be discussed further below.  

 

Panels B-D in Figure 6 help interpret the data visually, regarding the relative contribution of 

each term of Equation (20). The relative scaling is identical in all panels of Figure 6. Panel B 

shows the expected slopes for different values of ∆ݓ. The second term in Equation (20) is hard 
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to estimate. However, as the contribution of specific interactions of nucleic acids with other 

species (W, CS and M) is explicitly taken into account in the other terms, only electrostatic 

contributions to the activity coefficients remain. These activity coefficients will change with 

the dielectric constant of the solvent. Assuming that they change similarly for the reactant A 

and the product B because both are nucleic acids, the second term will be neglected.  

 

  

 

 

Figure 6. Evolution of the equilibrium constants and rate constants (defined in Figure 2B) 

as a function of the water activity, for the formation of bimolecular G-quadruplex from 

sequence d(AGGGTT)2. (A) Equilibrium constant of formation of D0. (B-D) On same 

vertical scaling, theoretical slopes and trends that would correspond to (B) the release of 1, 

3, 5 or 10 water molecules, (C) the uptake of one ammonium cation (m = -1), or (D) the 

uptake of one cosolvent molecule (s = -1), in reaction (13). Curves in panels C and D were 

obtained from AIOMFAC simulations. (E-H) Rate constants of formation/unfolding of the 

antiparallel dimer DII and the parallel dimer DI. 
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G-quadruplex formation is accompanied by the binding of monovalent cations.42 This includes 

cations specifically coordinated between G-quartets, and cations binding in the phosphates’ 

vicinity. We therefore cannot ignore that changing the solvent composition also changes the 

activity coefficients of cations.43,44 We used the program AIOMFAC45,46 to simulate how the 

co-solvent and cation activities vary as a function of the water activity in our experimental 

conditions. The calculation details are given in Supporting Information S9. The outputs for 

ln	ܽ௠ெ and ln	ܽ௠஼ௌ as a function of ln	ܽ௠ௐ are shown in Figures 6C and 6D, respectively. 

Experimentally, we decreased the molar concentration of NH4
+ when increasing the co-solvent 

percentage to compensate for the anticipated changes in activity coefficients. Panel 6C shows 

that this was partially the case, but the cation activity still slightly increases as the water activity 

decreases. Quantitatively, a negative slope of -1 in the lnܭ௘௤,௔௣௣ vs. ln	ሺܽௐ
௠ሻ can be due either 

to the uptake of one cation (m = -1) or to the release of one water molecule (w = +1). Within 

experimental error, cation capture effects cannot be distinguished from water release effects. 

Because only tightly coordinated ammonium cations can be detected in the moderately harsh 

ESI-MS conditions used here,28,47 the number of ammonium ions preserved in the ESI-MS 

spectra is not indicative of the value of m, so the relative contributions of water release and 

cation capture to the dependency of equilibrium and rate constants on water activity cannot be 

parsed here.  

 

Simulations in Figure 6D show that the effect of co-solvent on the curvature is more dramatic: 

in the range of water activities probed here, co-solvent capture leads to a negative curvature. 

The fact that co-solvent activity is zero in pure water (and hence ݈݊		ܽ௠஼ௌ is equal to -∞) points 

to a limitation of using Equations (16-20): as the co-solvent is explicitly involved, they are only 

valid in the presence of co-solvent, and therefore do not allow extrapolating what happens in 

the absence of co-solvent. Nevertheless, negative curvature in the ln	ܭ௘௤,௔௣௣ vs. lnܽ௠ௐ graphs 

could be interpreted qualitatively as indicating solvent capture upon reaction, and positive 

curvature as solvent release.  
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Co-solvents interact with the G-quadruplex forming nucleic acids 

 

Co-solvent addition stabilizes the parallel and the antiparallel G-quadruplexes, as well as the 

intermediates. Is this due only to dehydration or do the solvent molecules interact with the G-

quadruplexes? If s = 0 in all reactions (no co-solvent capture or release), then (1) the data 

would superimpose for the different co-solvent (provided that the ammonium ion capture is 

similar in all co-solvents), and (2) the ln	ܭ௘௤,௔௣௣ vs. lnܽ௠ௐ graphs would appear linear within 

experimental error. This is not the case here: a curvature can be seen in several graphs of Figures 

6 and S8, and the curvatures differ from one solvent to another. Co-solvents are therefore not 

just acting like spectator co-solutes in the system; they interact with the single strands and the 

G-quadruplexes.  

 

Besides the curvature of the graphs in Figure 6 and S8, the fact that different final structures are 

obtained in methanol than with the other solvents points to a different type of direct interaction 

between the co-solvent and the DNA strands. Such dependency on the co-solvents has been 

observed in previous reports for co-solvents effects on DNA G-quadruplex and duplex.21,24,40 

In these reports, it was proposed that co-solvents had chemical interaction with DNA molecules. 

 

The nature of the interaction (net capture or release, at different steps of reaction mechanism 

5b) depends on the nature of the co-solvent. For ethanol and ispropanol, there is no significant 

net release or capture of co-solvent between the single strand and the final structures, but this 

hides more complex phenomena along the reaction pathway. The results indeed indicate the 

release of ethanol or isopropanol upon formation of the intermediate (Figure 6A), followed by 

a re-capture upon formation of the transition state to the final structures (Figures 6E and 6G). 

It also means that the initial release of co-solvent upon intermediate formation is compensated 

by the release of many more water molecules, otherwise increasing the co-solvent percentage 

would not stabilize the intermediate D0.  Methanol differs from ethanol and isopropanol in that 

there is no apparent release upon formation of the intermediate from the single strands. As a 

result, methanol is the medium in which the intermediate D0 is the most stable. As a result, the 

kinetic barrier to D‡
I remains high (compare Figure 5D, MeOH and 5E, EtOH).  

 

Acetonitrile differs from all other co-solvents, by the fact that acetonitrile is released upon G-

quadruplex formation. Note that the missing data at 20% ACN are due to a much slower 

formation of G-quadruplex than detectable; and therefore to lower kf value than measurable. 

The of acetonitrile release upon G-quadruplex formation might be linked to the fact that 

acetonitrile is leading to a different final structure than PEG 400 for the sequence 

dA(GGGTTA)3GGG, as determined from NMR data,20 despite both show the CD trace of a 

parallel structure. Our results also suggest that acetonitrile binding to single stranded forms of 



22 

 

G-rich oligonucleotides is worthy of further investigation. In summary, our results highlight 

that differences in co-solvent binding between the initial state, the intermediates, and the final 

G-quadruplex states (and not only co-solvent binding to the final state) must be considered to 

interpret co-solvent effects on G-quadruplex structure.  

 

 

Factors influencing the G-quadruplex folding kinetics 

 

On the contrary to what happens in viscous co-solvents,22 the formation of the final G-

quadruplex structures is accelerated by the addition of non-viscous solvents. Whether for DI or 

DII, the rates of G-quadruplex folding (kf’s) are more influenced by the co-solvent than the rates 

of G-quadruplex unfolding (ku’s), i.e. compare Figures 6E with 6F, or 6G with 6H. In terms of 

solvent and/or cation capture or release, the transition state therefore seems closer to the final 

folded G-quadruplex than to the intermediate D0. The rate limiting step of the whole folding 

might involve solvent and cation reorganizations. When considering the effect of co-solvent on 

the apparent formation kinetics from the single strands, the effect of co-solvent on the first 

equilibration step (KA,0) multiplies with the effect on kf, because the rate-limiting step is the 

slow transition from D0 to DI or to DII. Both evolve in the same way, so the co-solvent effects 

on the whole folding process are amplified. The net acceleration of bimolecular G-quadruplex 

formation from single strands, obtained by switching from 100% water to 60% organic co-

solvent, is over 200-fold. This demonstrates the importance of the chemical environment in 

modulating the folding of DNA G-quadruplexes.  

 

The unfolding rates are not significantly influenced by the sequence; they are consistently faster 

for the antiparallel dimer than for the parallel dimer. This is confirmed by dissociation 

experiments monitored by ESI-MS, in different co-solvents (Supporting Information Figure 

S10). The formation of the antiparallel dimer is kinetically favored in the presence of co-

solvents, for all sequences. The unfolding rate of the antiparallel dimer depends little on the 

sequence. In contrast, the unfolding rate of the parallel dimer depends greatly on the sequence. 

For d(AGGGTT)2, the unfolding rates of the parallel and antiparallel dimers are similar by 

comparing ku,I and ku,II in Figures 6F and 6H, respectively). In contrast, each additional thymine 

on the 5’-end slows down the unfolding of the parallel bimolecular structure, i.e. lowers ku,I as 

shown in Figure S8. The thermodynamic preference for the parallel dimer increases as flanking 

thymines are added on the 5’-end is therefore due to an effect on the unfolding kinetics of the 

parallel structure. A recent molecular modeling study has shown that thymines of in the parallel 

intramolecular G-quadruplex structure formed by dAGGG(TTAGGG)3 engage into hydrogen 

bonds forming pentads and hexads.48 Similar participation of the 5’-thymines in hydrogen 

bonding network of our parallel G-quadruplexes might similarly explain our kinetics results. 
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CONCLUSIONS 

 

Mass spectrometry monitoring of bimolecular telomeric DNA G-quadruplexes reveals details 

of their folding mechanism, and offers insight in the co-solvents and sequence effects on the 

equilibrium and dynamics. The proposed folding mechanism involves the collapse of two single 

strands into a bimolecular intermediate in rapid equilibrium with the single strands, followed 

by rearrangements on a slower time scale into antiparallel and parallel structures. With few 

exceptions, antiparallel structures form faster than parallel structures (even when the 

contribution of the intermediate is subtracted), but parallel structures unfold more slowly than 

antiparallel structures. We show here for the first time that thymine bases on the 5’-end slow 

down the unfolding rate of parallel structures. This contributes rationalizing the role of the 

sequence in the polymorphism of telomeric DNA sequences. Besides sequence effects, the 

chemical environment, modulated here by changing the amount and nature of organic co-

solvent, also influences polymorphism. Organic co-solvents favor the formation of the 

bimolecular intermediate, and accelerates the folding of that intermediate into the final 

structures. In contrast, co-solvents do not significantly influence the unfolding rates of parallel 

and antiparallel dimers. Based on an integrated discussion of the relative contributions of water 

activity, co-solvent activity and cation activity changes when the co-solvent volume fraction is 

changed, we demonstrate that co-solvent capture or release upon assembly and structural 

reorganization must be taken into account in the G-quadruplex formation mechanisms. Organic 

co-solvents are therefore not only “spectator” co-solutes. Notably, our results suggest net 

acetonitrile release upon G-quadruplex formation from the single strands..These results 

highlight that, for nanotechnology applications requiring dehydrated conditions, possible 

interactions of co-solutes with each state (unfolded, intermediates, transisition states and final 

structures) can influence the structure and dynamics of G-quadruplex based responsive 

materials. They also highlight that, in the quest for mimicking physiological conditions by using 

co-solutes to study the folding biophysics of biologically relevant sequences such as the 

telomeric sequence or other important G-quadruplexes, the nature of the co-solute plays an 

important role as it can bind to different state in different manners. Decomposing the reaction 

pathways is distinct steps, for example using mass spectrometry and, in a near future, ion 

mobility spectrometry separations, will be important to elucidate G-quadruplex folding 

mechanisms. 
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Additional kinetics data showing the effect of co-solvent percentage, the particular case of 

d(GGGTTA)2, concentration-dependent experiments and dissociation experiments; commented 

Dynafit script, circular dichroism spectra, complete dataset of Free energy landscapes and 

equilibrium and rate constants vs. water activity, details of the AIOMFAC simulations and 

additional discussion of the choice of standard state are available as supporting information free 

of charge at http://www.pubs.acs.org  
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