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Fig. 2 shows two examples of T-jump kinetic curves recorded at 

25 °C and pH = 7.5 in 0.15 M NaCl and 0.15 M KCl solutions for two 

different Tel22 concentrations. The kinetic traces obtained in the 

presence of Na
+
 (Fig. 2A) and K

+ 
(Fig. 2B) are very similar. The data 

treatment of equilibrium reactions monitored by T-Jump relaxation 

measurements is compatible with exponential functions only, 

regardless of the number and concentration of reactants and 

products involved. Thus, the kinetic constants were obtained by 

fitting the biexponential kinetic eqn (1) to the relaxation curves: 

           
tktk

eAeAA 21

21

−−
+=                              (1) 

where k1 and k2 are the kinetic constants (s
-1

) that govern the two 

fast reactions.  

Fig. 2.  T-Jump millivolts (mV)- time (t) relaxation curves recorded for Tel22 

G-quadruplex (P) at Cp concentration, (a) CP = 5 μM and (b) CP = 15 μM in the 

presence of (A) 0.15 M NaCl and (B) 0.15 M KCl. λ = 260 nm, pH = 7.5 

(10 mM Tris-HCl, 1 mM EDTA), T = 25 °C, ΔT = 2.5 °C, rise time = 5 µs. 

Continuous red lines were obtained from biexponential fitting of eqn 1 to 

the data pairs.   

The values obtained for k1 and k2 are independent of the Tel22 

concentration (Fig. 3), revealing unimolecular mechanism in both 

Na
+
 and K

+
  buffering ions. Moreover, the average values for k1 and 

k2 were close to each other (Table 1), suggesting the occurrence of 

two concurrent reactions.  

 

 

Fig.  3.   k1 (s
-1

) (●) and k2 (s
-1

) (■) versus Tel22 concentration (CP) plots in the 

presence of (A) 0.15 M NaCl and (B) 0.15 M KCl. pH = 7.5 (10 mM Tris-HCl, 

1 mM EDTA) and T = 25 °C. 

 

 At the same time, the difference in intensity and sign of the 

reaction amplitudes A1 and A2 (Fig. 2), reveal different spectroscopic 

or thermodynamic features and confirm that the two reactions 

involve different Tel22 structural forms in Na
+
 and K

+
 buffers. On 

the basis of these observations, the Scheme proposed includes two 

folded G-quadruplex forms in both Na
+
 and K

+
 ions, hereinafter 

referred to as FiM in equilibrium with triplex forms (see below), 

denoted as Fi′M (i = 1,2 and M = Na
+
 or K

+
) (Fig. 4). 

 

Table 1. Average rate constants, k1 (s
-1

) and k2 (s
-1

) and thermodynamic 

constant, KF = [F1M]/[F2M] (M = Na
+
 or K

+
), obtained for the Tel22 G-

quadruplex  in 0.15 M NaCl and 0.15 M KCl, pH = 7.5 (10 mM Tris-HCl, 

1 mM EDTA) and T = 25 °C.  

  10
-4

 k1 ( s
-1

) 10
-4

 k2 (s
-1

) KF 

Tel22 (NaCl) 5.2 ± 0.1 4.92 ± 0.04 0.39 ± 0.02 

Tel22 (KCl) 5.8 ± 0.2 5.4 ± 0.4 0.23 ± 0.02 

  

In K
+
 solutions, the main conformation of human telomeric DNA is a 

G-quadruplex hybrid-type fold with (3+1) G-tetrad core containing 

three tetrads, one double-chain-reversal loop and two edgewise 

loops. Two structures containing this core with the same type and 

number of loops but differing by their loop arrangement have been 

identified. This feature reveals the existence of different hybrid G-

quadruplex forms for Tel22 under physiological conditions (F1K and 

F2K, Fig. 4, left).
18

 In Na
+
 diluted solutions, the antiparallel basket-

type structure was found for the Tel22 sequence (F1Na, Fig. 4, 

right).
19

 Although the basket form has been acknowledged openly 

as the only folded conformation, recent studies have provided 

convincing evidence for the polymorphism of telomeric sequences 

in Na
+
, with possible interconversion between various structural 

forms.
20

 Noer et al., using single molecule FRET microscopy, have 

identified at least four different G-quadruplex states in Na
+
, an 

unfolded state  and three G-quadruplex related states that can 

convert into each other.
21

 These states are dynamically populated 

with times around 10 s. It seems clear that these states do not 

correspond with those we have observed, because the difference in 

reaction rates is too large.      

In this work, we provide kinetic evidence for at least four species 

(F1Na, F2Na, F1′Na and F2′Na) in equilibrium in solution of Na
+
, in a 

similar way as in the presence of K
+
 ions. Considering that the 

F1M ↔ F2M interconversion is rather slow,
7, 22

 we propose that k1 

and k2 correspond to the much faster reactions F1K 
��

↔ F1′K, 

F2K 
��

↔ F2′K, F1Na 
��

↔ F1′Na and F2Na 
��

↔ F2′Na (microsecond time 

scale). Being monomolecular reactions in nature, k1 and k2 are the 

overall {forward (kfi) + backward (kdi)} kinetic constants and 

therefore the equilibrium constants, K = kfi/kdi, of the FiM ↔ Fi′M 

reactions cannot be determined.   

Thus, the point is how to explain the similar rates of the 

FiM ↔ Fi′M equilibrium for different G-quadruplex structures in 

different buffer ions.  

Hydrophobic interactions determine the fast reaction rates 

FiM ↔ Fi′′′′M 

To determine the type of interaction that governs the FiM ↔ Fi′M 

conversion, we can compare the main features of our reactions 

(microsecond time scale and buffer ion) with the processes involved 

in the formation of G-quartets (H-bonding and specific ionic 

interactions M
+
•••O, see Fig. 1B) and of G-quadruplex structures 

(stacking of successive planes of four guanine residues arranged as 

a square planar G-quartet).  
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Fig.  4.   Representation of Tel22 G-quadruplex with two major folded conformations  (F1M and F2M (M representing K
+
 and Na

+ 
ions), in equilibrium with 

the G-triplex structures F1′M and F2′M, respectively. Loops are coloured red; anti and syn guanines are coluored green and pink, respectively. The 

F1M ↔ F2M equilibria between G-quadruplexes occur through the random coil. Other long-live intermediates should not be ruled out. 

 

Regarding G-quartets, the rates of H-bonding formation and 

dissociation fall into picoseconds.
23

 An important isse is that 

hydrogen bonds are weak enough so as to continuously dissociate 

and reform at room temperature. Some of the most significant 

biological processes, such as DNA replication and protein folding, 

are feasible due to the reversible nature of hydrogen-bond 

formation.
24

 According to Eigen, coordination of  Na
+
 and K

+ 
ions to 

the O atoms, similar to G-quartets interactions, occurs in 

nanoseconds.
25, 26

 This outcome has enabled us to exclude H-

bonding and M
+
•••O interactions as the effects observed by T-

Jump.  

As for G-quadruplexes, channel, loop and phosphates are main 

regions where the ion binding may occur. Ida and Wu have 

reported that the residence time of Na
+
 ions inside the channel of 

the antiparallel bimolecular G-quadruplex (G4T4G4) is 20 ms, 

whereas the residence time of Na
+
 ions in the loop is 220 µs, the 

latter value being comparable with our results.
27

 However, the 

slower mobility of K
+
 ions relative to Na

+
 ions

28
 together with the 

difference in the loops of the Na
+
 and K

+
 conformations and the 

topologically more complex Na
+
-stabilized fold

5
 should yield 

different k1 and k2 constants in Na
+
 and K

+
 media, contrary to our 

observations. Actually, the kinetics and thermodynamics of  

formation of quadruplexes have been found cation-dependent.
5, 12

 

Lastly, the electrostatic binding cation/DNA phosphate, which leads 

to a mobile cloud, yields rate constants close to diffusion-

controlled.
29

 In conclusion, according to literature data, none of the 

interactions that govern the formation of G-quartets or the release 

of ions from G-quadruplex described so far, evolve in the 

microsecond timescale and are independent of the type of ion, as 

occurs in our case.  

Although the type of ion, Na
+
 or K

+
, affects the conformational 

equilibria of G-quadruplex (F1M ↔ F2M) and facilitates the 

FiM ↔ Fi′M equilibria due to the decrease in electrostatic 

repulsion, the monocation species is not involved in the rate-

determining step and has no influence on the reaction rates. 

According to Record
30, 31

 and Kool,
29

 the observation that the k1 and 

k2 constants are the same order in Na
+
 and K

+
 solutions confirms 

that the hydrophobic effects are larger than other stabilizing 

stacking effects, such as electrostatic and dispersion effects. 

Therefore, we can conclude that hydrophobic stacking interactions 

are key to these reactions.   

G-triplex structures in equilibrium with G- quadruplexes 

A particular type of reaction governed by hydrophobic interactions 

occurs in the microsecond time scale and can be studied by T-jump, 

namely, on-slot ↔ off-slot equilibrium reactions of intercalation 

(on) and dissociation (off) of an aromatic ligand between the DNA 

base-pairs.
32-34

 These features have enabled us to establish  

parallelism between the observed mechanism of Tel22 in solution 

and the intercalation reaction. According to Fig. 4, three Guanines 

linked to the terminal strand in the G-quadruplexes are prone to 

dissociate (off) and link (on) to the G-quartet by fast on-G ↔ off-G 

equilibria determined by stacking interactions between each 

guanine and the adjacent G-leaflets. These interactions are 

responsible for the k1 and k2 constants in the presence of K
+
 and Na

+ 

ions. This type of reaction is common to all conformations and 

could justify the non-dependence of the reaction rate on both the 

conformation, structural form and type of buffer cation.   

Hydrophobic stacking interactions can also be present in another 

type of intermediates, such as quadruplex  dimers or hairpins. For 

dimerization, such reaction would be bimolecular, 2Fi ↔ (Fi)2, and 

the rate constants k1 and k2 would depend on the oligonucleotide 

concentration, in contrast to our results.  

Hairpin-like structures have been suggested as intermediates in 

folding processes from single-stranded guanine (G)-rich DNA.
18,29

 

Chang et al. have identified two Watson−Crick base-pairing 

topologies of hairpin structure as well as the Hoogsteen H-bonding 

patterns of the WT22 G4 structure induced by addition of K
+
 ions.

22
 

The kinetics associated with the potassium ion-induced hairpin-to-

G4 transition are very slow, and fall into the 4800 s time scale,  the 

unfolding of the hairpin structure being the rate-determining step 

for formation of WT22 G4. Therefore, folding and unfolding of 
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single-stranded guanine (G)-rich DNA to form hairpin structures in 

microseconds should be discarded.   

On the other side, also Sponer et al. have simulated the theoretical 

interconversion between hairpins involved in folding of human 

telomeric sequence quadruplexes with sub-µs scale rearrangement 

between them.
35

 We have excluded the reactions observed in this 

work to occur between hairpins in equilibrium, mainly because 

interconversion between hairpins implies rearrangement of H-

bonding, whose  lifetime is of some picoseconds.
23

 Moreover, to be 

able to record appreciable T-jump kinetic traces, the absorbances of 

the reactant and the reaction product must differ appreciably at the 

particular wavelength used; we believe that the absorbance of the 

simulated hairpins will be very similar and therefore the amplitude 

of the kinetic traces would be negiligible or even vanish.    

Therefore, equilibria of G-quadruplex ↔ G-triplex type, such as 

those proposed in Fig. 4, could be consistent with the type of 

interaction and the experimental observations.  

As reported in the Introduction section, the FiM G-quadruplex 

structures in K
+
 and Na

+ 
buffers are supported by literature data.

17,18
 

Additionally, recent computational studies support the triplex 

structures proposed for Fi′M. Molecular Dynamics calculations by 

Sugiyama et al. have suggested that, in potassium media, folded 

Human Telomeric F1K and F2K structures are formed through 

intermediate species.
36

 Random coils may form to a first stage 

hairpins and triplexes, and afterwards the latter can form type-1 

and type-2 G-quadruplex structures (similar to F1K and F2K). All of 

the intermediates would be in equilibrium in a way such that F1K 

and F2K can interconvert to each other only through the random 

coil form, which entails slow interconversion. The G-triplex 

structures suggested by these authors are similar to F1′K and F2′K 

(Fig. 4, left). That is, F1´K and F2’K could be intermediate species in 

the F1K↔ F2K equilibria.  

Moreover, Sponer et al., based on Molecular Dynamics simulations, 

have reported that several triplexes (such as F1′K) remain stable in 

the microsecond time scale.
37

 Our experimental observations 

concur with this time scale and with the existence of short-lived 

intermediate G-triplex species, not only in the presence of K
+
 ions, 

but also in the presence of Na
+
 ions. This way, F1’Na and F2’Na 

would be intermediate G-triplexes also in the equilibrium 

F1Na ↔ F2Na (Fig. 4, right). Fig. 4 outlines schematically a parallel 

behaviour as a function of the type of salt employed with the 

different structural forms.    

In addition to k1 and k2, the equilibrium constant between the 

folded conformations, KF = [F2M]/[F1M], can also be assessed. 

Figure 2 shows that, even though the amplitudes A1 and A2 vary 

with the Tel22 concentration, the A2/A1 ratio remains constant and 

is reproducible for each buffer and Tel22 concentration. Since the k1 

and k2 constants are close to each other, the A2/A1 ratio provides at 

25 °C the KF values 0.23 and 0.39, respectively, for the  equilibrium 

constants, F1K ↔ F2K in 0.15 M KCl and F1Na ↔ F2Na in 

0.15 M NaCl (Table 1). Very close KF values have been reported for 

interconversion between two stable folding conformations with 

similar sequence and under close conditions.
4
 Burrows et al. have 

demonstrated that in KCl solution the hybrid-1 dominates over 

hybrid-2 for the human telomeric sequence 5′-TAGGG(TTAGGG)3TT-

3′, being KF = 0.45 at 37 °C, pH 7.9 in 50 mM KCl.
38

 Likewise, these 

authors have suggested the formation of triplex structures.   

Conclusions 

The T-jump technique has allowed us to characterise kinetically and 

thermodynamically the processes that occur in dilute aqueous 

solutions of Human Telomeric DNA containing both Na
+
 and K

+
 ions 

in near physiological conditions. We have shown that this is a very 

complex system, in which at least four different forms, two G-

quadruplexes and two G-triplexes, coexist in equilibrium in both Na
+
 

and K
+
 buffers. The reaction is governed by hydrophobic Guanine-

Guanine interactions, regardless of the type of buffering ion and 

Tel22 conformation. 

Experimental 

Sample preparation. Dried d[AGGG(TTAGGG)3] DNA 

oligonucleotide, labeled “Tel22”, was purchased from Thermo 

Fisher Scientific Inc. Stock solutions were prepared with nuclease-

free water in buffers containing 10 mM Tris-HCl, 1 mM EDTA at pH 

= 7.5 and 0.15 M of either NaCl or KCl. The formation of the G-

quadruplex was carried out by heating oligonucleotide solutions up 

to 90 °C for 6 min and slowly cooling down to room temperature. 

The solutions were then incubated overnight at 4 °C. The 

concentration of the single stranded oligonucleotide was 

determined by measuring at 90 °C the absorbance at 260 nm using 

the absorptivity value 228500 M
-1

cm
-1

. To ensure the formation of 

the G-quadruplex from the d(AGGG(TTAGGG)3 sequence and that 

the equilibrium between all of the possible species in solution was 

reached, the study of these processes was conducted after 

overnight incubation of the Tel22 sequence.        

CD spectra were recorded on a MOS-450 spectrophotometer (Bio-

Logic SAS, Claix, France) over the 220–340 nm range at 25 °C, using  

1 cm path-length cells with black quartz sides to mask the light 

beam.  The buffer baseline was collected and subtracted from the 

sample spectra.   

Fast kinetic measurements were performed with a Dialog T-jump 

instrument built according to the Riegler et al. prototype, in 1.0 cm 

path-length cells, working in the absorbance mode.
39

 The system is 

perturbed in microseconds with a sudden 20 kV discharge. The cell 

was thermostatted at 22.5 °C and, following the discharge, a 

sudden 2.5 °C increase in temperature occurs in 2.5 µs for  

[NaCl] = 0.15M in a standard cell, R = 100 Ohm. The relaxation 

occurs at the final temperature 25 °C, for which the kinetic 

parameters are calculated. The changes were monitored in the 

microsecond timescale at 260 nm, where Tel22 displays maximum 

absorption. 

The kinetic curves, collected with an Agilent  54622A oscilloscope 

(Santa Clara, CA, USA), were transferred to a PC and were evaluated 

with the Table Curve program of the Jandel Scientific package (AISN 

software, Richmond, CA, USA). To corroborate the k1 and k2 values 

obtained, the mV versus time data pairs were also analised using 

two fitting programs: Origin and Bio-Kinet 32 software (Bio-Logic 

Science Instruments). In all three cases, the k1 and k2 values were 

obtained by iteration until convergence was attained. The k1 and k2 
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values obtained were reproducible regardless of the program used. 

In view of the high reproducibility for all of the concentrations and 

programs, we came to the conclusion that the difference obtained 

between the k1 and k2 values, though not very large, suffices to be 

fitted by a biexponential function and the values obtained are 

reliable. Moreover, the time constants were averaged out from 6-

10 repeated kinetic experiments.  
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Schematic representation of one of the G-quadruplex equilibrium (type-1)-G-triplexes observed in the microsecond timescale in 

Human Tlomeric DNA at pH 7,5, 0.15 M KCl. The Triplex is a short-lived intermediate involved in the equilibrium between type-1 

and type-2 G-quadruplexes, the ramdom coil structure being a long-lived intermediate. Other long-live intermediates should not be 

ruled out. Similar behavior is observed in the presence of 0.15 M NaCl.  
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