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d(CGGTGGT) forms an octameric parallel G-quadruplex via stacking of unusual G(:C):G(:C):G(:C):G(:C) octads
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Supporting information S1: Influence of the concentration of KCl and comparisons between pH = 7.0 and 4.5

The CD spectra of CGGTGGT obtained at different ionic strength/pH combinations show that the higher positive band at 260 nm and the deeper minimum at 290 nm occur in the spectrum recorded at pH 7.0 in 1.0 M K+ buffer (Figure S1). Using a higher K+ concentration (1 M) therefore further favors the formation of the structure characterized by the negative band at 290 nm. However, no clear influence of pH can be deduced.
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Figure S1: CD spectra of CGGTGGT annealed at 6 mM using 0.1 and 1.0 M K+ buffers at pH 4.5 and 7.0. 


Supporting information S2: Kinetics of octamer formation studied by ESI-MS

Method

A Q-TOF Ultima Global mass spectrometer (Waters, Manchester, UK) was used. Temperatures of ESI source and nitrogen desolvation gas were 80 °C and 100 °C, respectively. The source voltages were optimized for the best compromise to observe the single strand, tetramer and octamer: Cone = 80 V, RF Lens 1 = 80 V, collision energy = 10 V, source pressure = 3.06 mbar. For the kinetics experiments, the reference strand dT6 was added to the dCGGTGGT strand, so as to follow the intensities of the reactant (dCGGTGGT single strand, noted G1), the intermediates (dimer = G2, trimer = G3, tetramer = G4 = 1Q) and the product (octamer = G8 = 2Q) relative to that of the reference. The spectra were smoothed (mean function, 2 ( 12 channels), background-substracted (polynomial order = 50, 0.1% below curve, tolerance 0.010), centroided (peak width 20 channels, reconstructed area of the top 80% of the peak), and recalibrated using the reference as a lock mass (dT62- monoisotopic peak at m/z = 880.1530). 

The relative response factors of the monomer, the tetramer 1Q and the octamer 2Q were obtained by data processing as described elsewhere (25). Briefly, for each stoichiometry observed for dCGGTGGT, one charge state was selected based on the absence of possible overlap with other stoichiometries: G12- (four most intense isotopes), G23- (no ammonium adducts, to avoid overlap with [G4•(NH4)n]6-), G34- (no adducts), G45- (sum of all peaks from 0 to 4 NH4+ adducts), and G89- (uneven charge state to avoid overlap with tetramer, sum of all peaks from 2 to 9 NH4+ adducts). By assuming that the electrospray response of each CGGTGGT stoichiometry and dT6 are proportional throughout the experiment, and by using the mass balance equation applied to CGGTGGT (the total strand concentration being equal to 80 µM), the relative response factors of each stoichiometry can be determined. These response factors are then used to recalculate the concentration of each stoichiometry at each time point. The user’s choice of the charge state and/or adducts considered has no influence on the final results in terms of concentrations, because the calculated response factors provide the necessary correction (25).
Results

We followed the kinetics of octamer formation from the CGGTGGT solution to monitor tetramer and octamer formation as a function of the time elapsed after ammonium acetate addition. This experiment is performed with an internal standard, and therefore also allows to ascertain the relative response of each species. 

Typical ESI-MS spectra recorded after different reaction times (1 h, 24 h and 17 days) are shown in Figure S2(a-c). The relative intensity of the monomer (G1) decreases with time, the relative intensity of the tetramer (G4) first increases, then decreases, while the relative intensity of the octamer (G8) increases slowly, but nevertheless remains lower than the intensity of the tetramer (Figure S2(d)). Next, the mass balance equation procedure is used to calculate the relative response factors of the monomer, tetramer and octamer. The dimer and trimer response factors could not be evaluated because there are not enough independent equations to calculate them (their intensity variation profile is close to that of the monomer). Because they were minor species in the spectrum, they were ignored in the mass balance equation. We found that, in our experimental conditions, the response of the tetramer G4 (=Q1) is 8-fold larger than the response of the octamer G8 (=2Q), 2.9 times larger than the response of the monomer G1. Figure S2(e) is obtained from Figure S2(d) After correction of the relative intensities by the relative response of each species (R(G1)/R(G4) = 0.348, R(G8)/R(G4) = 0.125), evolution of the concentrations of each species as a function of time shows that the octamer becomes the major species after ≈ 80 h, and is formed at > 80% after 168 h (7 days). 

Figure 3(b) in the main text presents the same data as Figures S2(e), but in fraction of strand in each form (i.e. taking into account that there are four strands per tetramer, and eight strands per octamer). 
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Figure S2. Kinetics of dCGGTGGT octamer formation in ammonium acetate. The total strand concentration in the ageing solution was 6 µM (left at RT). The total dCGGTGGT concentration injected was 80 µM, with 10 µM dT6 as internal reference. (a-c) ESI-MS spectra obtained after 1h, 24h, and 17 days, respectively. (d) Time evolution of the intensity ratio of each species relative to the reference. (e) Time evolution of the concentrations of single strand, tetramer, and octamer, after correction for the relative response of each species (R(G1)/R(G4) = 0.348, R(G8)/R(G4) = 0.125).


Supporting information S3: Kinetics of octamer formation studied by NMR

In order to monitor the structural behaviour of CGGTGGT during the time and in different media conditions, we reacquired the 1H NMR spectrum of CGGTGGT at different time points after the annealing procedure and at different combinations of K+ concentration and pH. Comparison of 1H NMR spectra recorded in 100 mM K+, pH 7.0 at 1h, 17h, 4 days and 43 days after the annealing evidenced the decreasing of signals attributable to the single stranded species and the concurrent appearance of new signals in the imino and aromatic regions of the spectra (Figure S3, spectra on the left). From these data it was clear that in 100 mM K+ buffer at pH 7.0, CGGTGGT folds into more than one quadruplex species that coexist with tiny amount of the unfolded ODN. The selection towards a single quadruplex species was observed when the 1H NMR spectra of CGGTGGT were acquired, at the same time points, in 1.0 M K+ buffer at pH 7.0 (Figure S3, spectra on the right)).
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Figure S3. One-dimensional 1H-NMR spectra of 4 in H2O/D2O 9:1 (25 °C, pH 7.0) containing 100 mM K+ ions (on the left) or 1 M K+ ions (on the right).


Supporting information S4: Influence of the pH and of the K+ concentration on the 1D NMR spectra
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We did not observe any variation by changing the pH of the medium from 7.0 to 4.5 (Figure S4), either in 100 mM K+ (left), or in 1 M K+ (right). The 1H NMR data were in agreement with the CD data: the 1D NMR data confirmed that the best medium for the structural study of the quadruplex structure(s) formed by CGGTGGT requires 1.0 M K+, and that the change of pH from 7.0 to 4.5 does not affect the folding of the structure.

Figure S4. Superimposition of 1H-NMR spectra of CGGTGGT in H2O/D2O 9:1 at pH 7.0 (black) or 4.5 (red) containing 100 mM K+ (on the left) or 1.0 M K+ ions (on the right). 

Supporting information S5: 1D projection of 2D NOESY spectrum of CGGTGGT taken at 5.66 ppm corresponding to C1 H1' protons
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Figure S5. 1D projection of 2D NOESY spectrum (25 °C, 200 ms mixing time) of CGGTGGT taken at 5.66 ppm, corresponding to C1 H1' protons (see main text for discussion).

Supporting information S6: Details of molecular modeling 

Methods

One of the two “monomer G-quadruplex” of 2Q was built using the coordinates of the NMR solution structure of [d(TGGTGGC)]4 tetramolecular quadruplex (PDB entry number 1EMQ) (30) as starting point. The four 5'-end T residues were replaced by deoxycytidines, while 3'-end C residues were replaced by deoxythimidines, then the G2(:C1):G2(:C1):G2(:C1):G2(:C1) octad was built by aligning the four C1 around the G2-tetrad plane in such a way that each C1 had its 3'-OH close to the 5'-phosphate of the flanking G2, and its N3 and NH2 atoms close enough to the purine ring of G2 (belonging to the anti-clockwise-adjacent strand) to form hydrogen bonds with G2-NH2 and G2-N3 atoms, respectively. Finally, each strand was completed by joining the C1 3'-OH with the G2 5'-phosphate. The coordinates of C1 and G2 atoms were then energy-minimized by using 1000 cycles of steepest descent method followed by conjugate gradient calculation until convergence at 0.001 rms was reached. Atoms of G3-T7 bases were kept frozen throughout the minimization. The resulting minimized structure was used to obtain the second “monomer quadruplex” by copy & paste. The 2Q model was then finally assembled by aligning the two identical quadruplexes head-to-head on top of each other with the standard B-DNA rise (3.4 Å) and twist (36°). 

The whole system was then subjected to 1000 cycles of steepest descent energy minimization followed by 2 ns of restrained molecular dynamics at 298 K. From the last nanosecond of the dynamic run, 11 different structures were selected on the basis of their low energies, proper covalent geometries and overall 4-fold symmetry. The selected structures were then subjected to restrained energy minimization with steepest descent and conjugate gradient methods until convergence to an rms gradient of 0.1 Kcal·mol-1 was reached. In these calculations 526 distance, 144 hydrogen bond, and 32 glycosidic torsion angle constraints were used according to NMR data. NOE cross peaks were integrated and the intensities were translated into interproton distances using the intranucleotide C1-H5/C1-H6 cross peak intensity as the reference (2.46 Å). Cross peaks involving non-exchangeable protons were classified as strong (20 Kcal mol-1 Å-2 force constant), medium (10 Kcal mol-1 Å-2) and weak (5 Kcal mol-1 Å-2) on the basis of their relative intensities and the interproton distances were restrained to 1.8-3.0, 2.5-4.0 and 3.5-5.5 Å, respectively. Hydrogen bonds restraints were defined using upper and lower distance limits of 2.0 and 1.7 Å for hydrogen-acceptor distances, and 3.0 and 2.7 Å for donor-acceptor distances (100 Kcal mol-1 Å-2). Glycosidic torsion angles of guanosines were constrained to a range of -160°/-70° (200 Kcal mol-1 Å-2) as required for a G-quadruplex having all Gs in the anti orientation as arose from NOESY spectra. All restraints were finally removed and a further unrestrained energy minimization was performed as described above. The average RMSD value was 0.55.

Results

Figure S6, showing two orthogonal views of the 2Q model, evidences that the overall topology of each Q tetramer is largely similar to that of the tetramolecular quadruplex formed by TGGTGGC (see Figure 8 in ref. (30)). In particular, the 2Q model confirms that the presence of the central T-tetrad causes a small decreasing in the intertwining of the helices (30). Space filling views evidence that the surface of the 2Q structure is very compact regardless the presence of two stacked octads. These are seen to determine only a slight increase in the thickness of 2Q. Moreover, the coordinating cations (a glimpse of a potassium ion is caught in the top view) are seen to be well hidden inside the quadruplex core, thus resulting almost inaccessible to the solvent.

[image: image3.emf]
Figure S6. Two orthogonal views of the 2Q structure of CGGTGGT. A different color was used for each ODN strand. Potassium ions appear as red crosses. (top) The ODN backbone was rendered as colored ribbon. (bottom) The structure is visualized using space-filling views.

Figure S7 shows the stacking of tetrads at G3-T4 (a) and T4-G5 (b) steps. The stacking at G2-G3 (Figure 5(d) in main text) and T4-G5 steps are seen to be poor, while it is good at G3-T4 step, where the six membered ring of G3 bases is seen to stacks well over the pyrimidine ring of T4 bases. Furthermore, the methyl protons of T4 are seen under the five membered ring of G3 in agreement with the strong shielding effect observed in the 1H-NMR spectrum. A close view to Figure S7(a) evidences that the stacking between G3 and T4 bases is not exactly the same in all the four strands, thus explaining, at some extent, the loss of magnetical equivalence between T4H6 protons observed in 1H-NMR spectra.
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Figure S7. Stacking of tetrads at G3-T4 (a) and T4-G5 (b) steps.
