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Introduction

The centromere is the chromosomal region on which the kinetochore, a large multiprotein structure, forms and attaches to spindle microtubules and ensures proper chromosome segregation. It is now recognized that both genomic competency and epigenetic mechanisms act together to define the site of kinetochore assembly. [1] Nucleosomes containing the centromere-specific histone H3 variant CENP-A provide the epigenetic mark to establish the centromere-specific chromatin structure. [2] In particular, the characteristic DNA unwrapping at CENP-A nucleosomes may enable these centromeric particles to adopt the three-dimensional chromatin structure required for centromere function. [3] The centromeres of eukaryotic chromosomes are a paradox in that their function is conserved but their tandemly repeated "satellite" DNA sequences evolve rapidly by inevitable recombination processes.

However, the rapid and adaptive evolution of CENP-As involves regions that are predicted to contact centromeric DNA, [4] and this provides compelling evidence that CENP-As evolve in concert with satellite DNAs. [5] Centromeric satellites may have evolved to stabilize centromeric nucleosomes against the pulling forces they undergo during chromosome segregation. These satellite DNAs may have been selected not by their primary sequence but for their ability to form non-canonical DNA structures. [6] Since this effect may be easily unnoticed by sequence analysis tools, structural studies on satellite DNA sequences are necessary to corroborate this hypothesis.

Since human centromeres have been extensively investigated, their alpha-satellite DNA is a useful model to understand the role of satellite DNAs in centromere structure and function. This satellite DNA has evolved highly homogenized higher-order repeats of the basic 171 bp repeat unit at functional centromeres and divergent monomeric repeats at the periphery (centromeric relics) (Figure 1). In humans, there are two types of alpha-satellite monomers: type A and type B (Figure 1), but lower primates have only type A satellites. The type B monomer evolved from type A in the common ancestor of great apes. [7] The differences between A and B types lie in a 17 bp segment called the A/B box. This clustering is considered to be indicative of positive selection. [8] The B box is also known as the CENP-B box because it is the binding site of the centromeric protein CENP-B. Type B monomers have spread to all human centromeres except the Y chromosome, which only has type A monomers. [9] Similarly, the same 17 bp CENP-B box sequence appears in the mouse centromeric minor satellite DNA and not in the mouse Y centromeric repeat DNA. [10] Therefore, this motif has evolved independently in an ancestor of the Mus musculus domesticus.

It has been proposed that CENP-B may function by juxtaposing two distal CENP-B boxes through DNA-protein and protein-protein interactions, [11] but it has also been suggested that the binding of CENP-B may facilitate the folding of CENP-B box C-rich strands into dimeric i-motif structures. [12] Subsequent studies have shown that the C-rich strand of the human satellite III DNA can also adopt the i-motif structure, [13] but it is now known that this human satellite does not belong to the functional centromere.

The i-motif is a four-stranded intercalated structure formed by the association of two parallelstranded duplexes connected by hemi-protonated C:C + base pairs. [14] The two duplexes are intercalated in opposite orientations. Since i-motif formation requires protonation of cytosines, [15] these structures are more stable at acidic pH, although, depending on particular C-rich sequences, they can be observed at neutral pH. [16] I-motifs can also exist at neutral pH under molecular crowded conditions [17] and under transcriptionally induced negative superhelicity. [18] The recent remarkable finding that the transcription of centromeric alpha-satellite DNA during mitosis is required for centromere function [19] supports that negative superhelicity conditions may be common in these regions and, consequently, favor i-motif formation under physiological conditions. In the last few years, i-motifs are attracting a great deal of interest for their implication in biological processes and in DNA-nanotechnology (for recent reviews see [20] ).

In the present study, we determine the solution structure of the A box of the human centromeric alpha-satellite DNA. The structure is a dimeric i-motif resulting from a head-to-tail association of two folded C-rich strands. The discovery of i-motif structures in the two types of alpha-satellite monomers leads us to suggest a potential role of this non-canonical structure in centromeric chromatin organization 

Results

The A box of the human alpha-satellite DNA contains tracts of two cytidines.

The consensus sequence of the human A box is 5'-TTCCTTTTCPyACCATAG-3' [8] where Py can be C (HS) or T (HST) in the autosomes and the X chromosome, but it is mainly C in the Y chromosome. In this study we have also used two truncated versions of HS (HS1 and HS2) (Figure 2). The residue numbering used in this paper is shown in Figure 2a, and it has been defined arbitrarily for convenient discussion of the NMR spectra and structures.

NMR, CD and mass spectrometry show that the C-rich strand of the A boxes form dimeric i-motifs.

Mass spectra of HS1 and HS2 at different pH conditions are shown in Figure S1 in the Supporting Information. In all cases, dimeric species are clearly detected, and they are more abundant at acidic pH. The isotopic distributions shown in Figure S1 are strikingly identical at the two pH values, showing a separation between consecutive 13 C isotopes consistent with the presence of a dimer (see figure legend). The CD spectra at acidic pH exhibit a positive band at around 285 nm and a negative one around 265 nm, which are characteristic of i-motif structures [21] (Figure 2c). Both bands disappear when the temperature or pH increases, indicating a pH dependent denaturation process. The midpoint pH of this transition provides an apparent pKa value for the overall structure of HS2 of 6.1 (Figure 2d). Melting transitions were monitored by CD obtaining Tm values at pH 4.0 of 26.6 and 30.5 ºC for HS1 and HS2, respectively (Figure S2 in Supporting Information). Under acidic conditions, proton NMR spectra show signals characteristic of non-canonical base pairs (Figure 2b and Figure S2 in the Supporting Information). The signals around 15.4 ppm are distinctive of cytosine imino protons involved in hemi-protonated C:C + base pairs (as well as the signals at around 9.0-10.0 ppm for their amino protons). [14] The sharp signals between 10.0 and 11.5 ppm may correspond to other non-canonical base pairs, most probably wobble T:T base pairs. The signal around 12.7 ppm corresponds to an A:T base pair. This signal becomes broad at pH 4.0 and disappears at pH 4.5 (see Figure S3 in the Supporting Information). Except by this broadening effect, the general features of the NMR spectra are very similar in a wide range of pH (3.5 to 6.5), in sodium and ammonium acetate buffer (the latter required for mass spectrometry experiments), and in a range of oligonucleotide concentrations between 100 μM and 3 mM (Figure S1 and S4 in the Supporting Information). This indicates that the species observed in the NMR and CD experiments are the same dimeric species observed in the mass spectrometry experiments.

Assignment of the NMR spectra and general structural features.

The NMR spectra of the oligonucleotides HS, containing the main variant of the full human A box, together with its truncated versions (HS1 and HS2), are shown in Figure 2b. In the three cases, NMR spectra are very similar. This resemblance is also observed in the two-dimensional spectra (see Figure 3a and Figures S5-6,9 in the Supporting Information), where almost identical NOE patterns between exchangeable protons are observed. This indicates that the three constructions are dimers with the same symmetry and stabilized by the same base pairs (number of C:C + , etc.), with only residues 1 to 10 involved in base pair formation. This strong similarity allowed us to focus in the NMR spectra of HS1 and HS2 for resonance assignments.

Sequential assignment of exchangeable and non-exchangeable protons was conducted following standard methods (assignment lists are shown in the Supporting Information). The number of major signals found in the NMR spectra of HS2 and HS1 were 10 and 12, respectively, indicating the two subunits in the dimeric structures are magnetically equivalent. Additional broad and low intensity signals are observed in the spectra recorded at 5 ºC. These signals become sharper and more intense at higher temperature, becoming majoritary at T > 25-30 ºC, which indicates that correspond with the unfolded species. This behavior, illustrated in Figure S7 in the Supporting Information for the cytosine H5-H6 cross-peaks, is characteristic of equilibrium between the folded and unfolded species, which is slow in the NMR time scale.

Sequential contacts with A10 and T1 allowed the assignment of C9 and C2. The stacking order could be followed by H1'-H1' connectivities between C2-C8, C2-C9 and C3-T7 (Figure 3c), and other NOEs such as H6C9-H1'C2, H6C3-H1'T7, H6C2-H1'C9, etc (Figure S8 in the Supporting Information). Sequential sugar-aromatic cross-peaks were found between thymine loop residues, allowing the assignment of T5, T6 and T7. The remaining thymine spin system did not present sequential connectivities and it was assigned to T4. In the case of HS1, some sequential NOEs were observed for residues A10C11 and to a less extension for C11C12. No sequential NOEs were observed for residues 13 to 16 in HS, suggesting that these residues are disordered in solution. According to the H6/8-H1' NOE intensities all the glycosidic angles are anti.

The exchangeable proton spectra exhibit two signals at 15.68 and 15.32 ppm, indicative of hemiprotonated C:C + base pairs (Figure 2b). Each of these signals presents four cross-peaks with amino protons in the 8-10 ppm range (Figure 3a). This indicates that the two C:C + base pairs occur between non magnetically equivalent cytosines. NOEs between amino protons of C2 and C8 with H2'/H2" of the same residue are clearly observed (Figure 3a). Since these cross-peaks are characteristic of i-motifs and they occur through the major groove formed by antiparallel oriented neighbor strands, the only possible orientation between both subunits is head-to-tail, with the minor grooves occurring between intra-molecular strands. This orientation is confirmed by the H1'-H1' contacts mentioned above, and amino-H2'H2" contacts between C9 and T7, and C3 and T1 (Figure 3a). All the exchangeable and non-exchangeable NOEs are consistent with the following stacking order: A10-T1-C9-C2-C8-C3-T7. Additional NOEs between amino protons of C9 and methyl of T7, and amino protons of C3 and methyl of T1 confirm that C3-C9 base pair are located at the end of the cytosine stack. This location is also supported by the exchangeable protons of C3 and C9, which exhibit broader lines and disappear at lower temperatures than those of C2 and C8 (Figure S2 in the Supporting Information).

Several thymine imino protons are found between 10.5 and 11.5 ppm. The signals at 11.36 and 11.17 exhibit strong cross-peaks between them, indicating the formation of a T:T base pair. A number of contacts with the neighboring residues allow the assignment of these signals to the imino protons of T1 and T7, respectively (Figure 3a). Cross-peaks with C3 and C9 protons indicate that T1:T7 base pair is directly in contact with the C3:C9 base pair. At pH 3.6, an intense cross-peak between H8A10 with a thymine imino proton is observed, indicating the formation of a Hoogsteen base pair (Figure 3b). This imino proton was assigned to T6, since the assignment to T4 or T5 gave rise to strong constraint violations during the structural calculations. Moreover, a number of NOEs between protons of T1 and T6 with T7 and A10 were clearly detected, indicating that the T6:A10 Hoogsteen base pair is on top of T1:T7 (Figure 3). At higher pH, the signal of H3T6 becomes broader and disappears at pH 4.5. The only other signals affected in this range of pH are H2 and H8 of A10. The effect of pH in their chemical shifts is shown in Figure S3 in the Supporting Information. The pH titration curves exhibit a sigmoidal dependence with a midpoint value of 4.1, consistent with reported pKa values for adenine protonation in position N1. This apparent pKa value is slightly higher than in the free mononucleotide (pKa = 3.5). [22] As mentioned above, the exchangeable proton spectra of HS1 indicate that C11 and C12 are not involved in the core of intercalated cytosine pairs. Sequential sugar-base NOEs suggest that C11 stacks on top of A10. The lack of sequential NOEs for the remaining residues at the 3'-end of HS, and the fact that no exchangeable protons are observed for residues 13 to 16, indicate that these residues are mainly disordered.

Sugar conformation can be deduced from qualitative analysis of DQF-COSY spectra. H1'-H2'/2" cross-peaks for residues T4 to T7, and A10 are consistent with J1'2' and J1'2" coupling constants in the range of 7-10 and 6-7 Hz, respectively. This indicates that the sugar conformations of these residues are in the general South domain. However, residues T1 and C2 exhibit very small J1'2', indicating that these deoxyriboses adopt a North conformation. No direct experimental evidence of the sugar conformation of C3, C8 and C9 was obtained due to signal overlap.

Solution structure of HS2.

The three dimensional structure of HS2 was calculated on the basis of 300 experimental distance constraints by using restrained molecular dynamics methods, and following standard procedures used in our group [23] . A summary of the distance constraints is shown in Table S4 and Figure S14 in the Supporting Information. Except for T4 and the corresponding residue in the symmetry related sub-unit, all residues are well defined, with an RMSD of 0.8 Å (Table S4). The final AMBER energies and NOE terms are reasonably low in all the structures, with no average distance constraint violation>0.7 Å. Atomic coordinates of HS2, have been deposited in the PDB (accession number 2MRZ).

The resulting structure is a dimer, consisting of two molecules of d(TCCTTTTCCA) arranged headto-tail (see schematic representation in Figure 4e). As reflected by the number of signals in the NMR spectra, the dimer is symmetric. The two decamers associate with each other by forming four intercalated hemi-protonated C:C + base pairs (C2-C8 and C3-C9, and their symmetry related counterparts), sandwiched by two intermolecular T1:T7 base pairs. The structure is capped by two intermolecular T6:A10 Hoogsteen base pairs, and the unpaired T5. The base-paired cytidines present the characteristic sugar-sugar contacts between adjacent strands through the minor groove. The two sides of C:C + stacks correspond with the cytosine located at 3'-end of the C-tracts (3'E type of i-motif structures [20] ). The two T:T base pairs, contiguous to the C:C + core stack, follow the same pattern of alternate base pair between parallel oriented strands (Figure 4c). This feature confirms the ability of thymines to fit into intercalative C:C + structures. [24] However, the Hoogsteen AT base pairs occur between antiparallel oriented strands and do not follow the alternate base pair motif (Figure 4d). In spite of this, extensive stacking interactions occur between T6:A10 and T1:T7 base pairs. As shown in Figure 4a, residue T4 and its symmetry related one are mainly disordered.

All glycosidic angles are anti, with values ranging from -110º to -150º, with the exception of cytosines at the 3'-end of the tracts (C8, C9 and their symmetric counterparts) which adopt a high anti glycosidic conformation of around -80º to -90º. Sugar pucker of T1, C2, C3 and C9 are in the North domain, C8 adopts an East conformation, and the remaining residues are in the general South domain. The dihedral torsion angles are shown in Table S5 in the Supporting Information. 

Solution structure of the human A box (HS)

As mentioned above, all the NMR evidences indicate that the structure of HS1 and HS are very similar to that of HS2. In fact, most signals in HS1 and HS2 spectra are almost identical (see Figures 3, andFigures S5, S6 and S9 in the Supporting Information). Only some weak sequential cross-peaks between A10C11C12 were detected in HS1's NOESY spectra, suggesting that C11 and C12 are relatively disordered, and they are not involved in additional base pairs. Interestingly, the CD melting experiments show that addition of these two residues reduces the thermal stability of HS1 vs. HS2 (Figure S2 in the Supporting Information). This is probably due to the presence of two consecutive cytosines, which are partially charged at pH 4. Although dangling ends are usually stabilizing in duplex structures, the opposite effect has been observed in non-canonical structures. [25] In the case of HS, the NMR spectra indicate the structure is stabilized by the same base pairs as HS1 and HS2 (see Figure S9 in the Supporting Information), and that the 3'-terminal tail (residues A13 to G16) is completely disordered. Taking together the NMR spectra and the mass spectrometry data mentioned above, we can conclude that the major structure of the complete human A box is the dimer represented in Figure 5b. The structure consists of two well-defined loops (residues 1 to 10) that interact with each other through the formation of four intercalative C:C + , two T:T and two A:T Hoogsteen base pairs with the remaining residues (11 to 16) being mainly disordered. The small broad signals observed in the cytosine imino regions at low temperature suggest the formation of an additional species. This minor species, which may be a different dimer or a higher order multimer, has a very low population of less than 10% according to the signal intensities, and it is only observed at low temperature. 

The structure of the main variant of the human A box (C9T9).

As shown in Figure S10a in the Supporting Information, mass spectrometry data show that the oligonucleotide HST forms dimeric structures at neutral pH. The NMR spectra of HST, shown in Figure 2b and Figure S10b in the Supporting Information, exhibit the characteristic signals of C:C + base pairs. NMR melting experiments indicated that HST has a similar thermal stability as HS (Figure S11 in the Supporting Information). The analysis of the 2D spectra clearly shows that the dimer is symmetrical (the two subunits are equivalent) and is stabilized by the formation of four C:C + base pairs. Two imino signals at 15.41 and 15.13 ppm, corresponding to the hemiprotonated C:C + base pairs, exhibit four cross-peaks with cytosine amino protons, indicating that the C:C + base pairs occur between non-equivalent residues. Spectral assignment of the cytosine core can be carried out by standard methods and shows that these pairs are C2-C11 and C3-C12 (see Figure S12 in the Supporting Information). The only possible arrangement of a symmetric dimer with these base pairs is a head-to-tail association of the two subunits, with the stacking order T1-A13-C2-C12-C3-C11-T4-A10. This order could be confirmed by a number of inter-strand H1'-H1' cross-peaks along the minor groove, and inter-strand amino-H2'H2" cross-peaks through the major groove. This indicates that the core of C:C + base pairs in the dimeric structures of HS and HST are very similar, with the role of cytosines C8 and C9 in the main variant (HS) being substituted by C11 and C12 in the C9T9 variant (HST) (see Figure 5c and Figure S13 in the Supporting Information).

In spite of these similarities in the core, the NMR spectra indicate that there are significant differences in the loop regions. Of particular relevance are the two signals around 13 ppm, indicative of formation of two A:T base pairs, which corresponds with four base pairs in the dimer. The NOE cross-peaks between the imino at 13.08 ppm and adenine H2 and amino protons indicate the formation of a Watson-Crick or reverse Watson-Crick base pair. A number of NOEs with the neighbor C2:C11 base pair suggest that this A:T pair is intermolecular and corresponds with T4:A13 (Figure 5c and Figure S13 in the Supporting Information). The imino signal at 12.95 ppm exhibits a strong cross-peak with the H8A10, indicating the formation of a Hoogsteen base-pair. With the experimental data available, this imino resonance could be assigned to T1 or T14, giving rise to the base pairs T1:A10 or T14:A10, respectively. Model calculations with these two possibilities and the experimental distance constraints derived from unambiguously assigned NOEs indicate that a Hoogsteen T14:A10 base pair gives rise to better structures (no significant distortions, and lower distance constraints violations). Unfortunately, the long loops in HST prevent the extraction of enough unambiguous distance constraints from the NMR spectra. Although we can not provide a full picture of the structure of the loops, we can conclude that the structure is a head-to-tail association of two subunits stabilized by four hemiprotonated C:C + base pairs and four A:T base pairs, as shown schematically in Figure 5c. A plausible model based on the experimental information available is shown in Figure S13 in the Supporting Information. 

Discussion

The structures of the A box and B box of the human alpha-satellite are examples of self-recognition in DNA sequences. In a previous study, Gallego et al. [12] showed that the B box forms an i-motif resulting from the dimerization of two folded C-rich strands in a head-to-head way. The dimer is stabilized by a tract of five C:C + hemiprotonated base pairs capped at one end by a G:T:G:T minor groove tetrad and a A:A base pair at the other side. On the other hand, we show here that the A box also forms a dimeric i-motif. In this case, the two folded C-rich strands associate in a head-to-tail way and interact through formation of four C:C + base pairs, and other additional interactions that differ in each of the two main A box variants. In the main variant, the C:C + core is extended at each side by T:T base pairs, which follow the same pattern of intercalated base pairs between parallel oriented strands. The structure is capped at both ends by Hoogsteen A:T base pairs between antiparallel oriented strands and an unpaired thymine. In the second variant, the C9T9 mutation provokes a rearrangement of the i-motif core, which consists now of C2-C3 and C11-C12 tracts. Consequently the loops in HST structure are much larger than in HS (Figure 5). Stacking order between C:C + base pairs is 3'E in HS and 5'E in HST. However, considering that the closing T1:T7 extends the i-motif core of HS, both structures can be seen as having the same 5'E intercalation topology. These T:T base pairs in HS are substituted by A:T base pairs in HST, most probably in a reverse Watson-Crick conformation. This difference is consistent with a recent report by Lieblein et al., showing that adenines next to a C:C + base pairs favor 5'E conformations in i-motifs. [26] Interestingly, both structures are capped by Hoogsteen A:T base pairs between antiparallel oriented strands.

T:T base pairs are well accommodated in i-motif structures [27] and they have been observed in loops connecting C-tracts. [28] A:T base pairs are not so common, but they have been also observed in monomeric [13,[28][29] and tetrameric i-motifs. [30] In some cases, adenine protonation affects the structure [13,31] and the stability of the i-motif. Generally, this effect is destabilizing since protonation at N1 position disrupts Watson-Crick base pairs. [13,31] In our case, adenine protonation in N1 results in stabilization of an A:T Hoogsteen base pair, probably due to acidification of the adenine amino protons, enabling them to form stronger hydrogen bonds. This stabilization of Hoogsteen base pair upon adenine protonation has been reported in some RNA molecules, like the hairpin ribozyme. [22b] As usual in i-motif structures, the C:C + pairing provokes the formation of four grooves; two major grooves and two extremely narrow minor grooves. Interestingly, in all these structures the minor grooves are intra-molecular, as reported in other dimeric i-motif structures. [24,27,32] This is in contrast with the dimeric i-motif formed by d(5mCCTTTACC), [33] where the minor groove is inter-molecular.

All these dimeric structures show that C:C + intercalative base pairs constitute a robust motif for selfrecognition between DNA sequences. Interestingly, the structures of HS and HST obtained in this study exemplify how the sequences connecting short C-tracts are able to undergo large structural re-adjustments to maintain the intercalated C:C + core and preserve dimerization. The ability of diverse (and apparently unrelated) sequences connecting C-tracts to form stable i-motifs makes the identification of these dimeric motifs at primary sequence level very difficult.

Recent in vivo evidence for phasing of humans and rice CENP-A nucleosomes on centromeric satellites has shown that nucleosome positioning is a physical requirement for centromere formation. [3a, 34] Moreover, human, mouse, rice and Drosophila centromeres contain blocks of CENP-A nucleosomes that are interspersed with blocks of canonical histone H3 nucleosomes, [2a, 35] and although the folding of this centromeric chromatin is still unresolved, it is assumed that CENP-A nucleosomes self-associate laterally and exclude histone H3 containing nucleosomes to form a lattice on the surface of the chromosome primary constriction. The flexibility observed in the DNA regions located at the entrance and the exit of CENP-A nucleosomes may be the physical feature that facilitates the lateral interactions. [3] In humans, the phasing of CENP-A nucleosomes on alpha-satellite DNA places the A box and the CENP-B box at the entrance and exit of the nucleosome. [3a] In mice, the CENP-B box of the centromeric minor satellite also appears at the end of nucleosome core particles. [36] Moreover, the binding of CENP-B to CENP-A nucleosomes does not protect the CENP-B box from nuclease digestion. [37] Therefore, these regions remain accessible in each CENP-A nucleosome. It is important to mention that although the mouse Y centromeric satellite does not contain CENP-boxes, it also has a sequence able to form an i-motif in an equivalent position (Figure S15 in the Supporting Information).

The function of mammalian CENP-Bs in natural centromeres still remains mysterious. On the one hand, higher-order alpha-satellite repeats containing CENP-B boxes and the CENP-B itself appear to be required for de novo centromere formation in human artificial chromosome assays, [1,38] and it has been shown that CENP-B provides a parallel pathway for kinetochore formation. [2c] On the other hand, CENP-B is not an essential centromeric protein because it is absent from functional centromeres that lack CENP-B boxes (human and mouse Y centromeres and human neocentromeres). Moreover, CENP-B null mice are viable and do not show mitotic or meiotic defects. [39] Recently, using both CENP-A chromatin immunoprecipitation followed by sequencing analysis and artificial chromosome assays, Willard's group has been able to demonstrate that it is not just the presence of CENP-B boxes but rather the pattern of CENP-B boxes and A boxes within the higher-order repeat array that contributes to de novo centromere formation [1] . Therefore, a hierarchical mechanism of chromatin folding based on CENP-B boxes and A boxes interactions may determine the three-dimensional structure of the centromere. The discovery of i-motif structures in the two types of alpha-satellites (A box and B box) strongly reinforces the idea that this non-canonical DNA structure may have a role in the structural organization of the centromere. The biochemical data discussed above together with our structural findings are consistent with the centromeric nucleosome organization shown in Figure 5. Thus, it is expected that the higher stability of CENP-B box or A box i-motif homo-dimers versus CENP-B box/A box i-motif hetero-dimers would prevent out-of-register interaction of higher-order repeat units and, in turn, would determine the ordered spatial arrangement of the centromeric chromatin in metaphase chromosomes. Moreover, the high stability of the i-motifs may confer an enhanced resistance against the pulling forces felt by the centromeric chromatin during chromosome segregation. In this sense, it is interesting to note the recent report by Famulok et al, showing how DNA nanocircles containing C-tracts can be arranged in well-defined assemblies through formation of intermolecular i-motifs. [40] Likewise, i-motifs may induce the assembly of more complex multicomponent DNA architectures in the cell. All together, these results support our initial hypothesis that centromeric alpha-satellite DNA may have been selected not by their primary sequence but by their ability to form i-motif structures. If this were the case, the "centromere paradox" may well be explained by shared secondary structures without shared primary structures.

Experimental Section

Sample preparation. Oligonucleotides were purchased from Integrated DNA Technologies, IDT, Coralville, IA, USA. Samples for NMR experiments were dissolved in either D2O or 9:1 H2O/D2O. Experiments were performed either with no buffer added or in 25 mM sodium phosphate buffer, and 100 mM NaCl. Experiments were carried out at different pHs, ranging from 3.5 to 7. pH was adjusted by adding aliquots of either concentrated solution of DCl or NaOD.

NMR experiments. All NMR spectra were acquired in Bruker spectrometers operating at 600 and 800 MHz, equipped with cryoprobes and processed with the TOPSPIN software. In the experiments in D2O, presaturation was used to suppress the residual H2O signal. A jump-and-return pulse sequence [41] was employed to observe the rapidly exchanging protons in 1D H2O experiments. NOESY spectra in D2O and 9:1 H2O/D2O were acquired with mixing times of 50, 150, and 250 ms. TOCSY spectra were recorded with the standard MLEV-17 spin-lock sequence and a mixing time of 80 ms. In most of the experiments in H2O, water suppression was achieved by including a WATERGATE module in the pulse sequence prior to acquisition. The spectral analysis program SPARKY [42] was used for semiautomatic assignment of the NOESY cross-peaks and quantitative evaluation of the NOE intensities.

Circular Dichroism spectroscopy. Circular dichroism spectra at different temperatures were recorded on a Jasco J-810 spectropolarimeter fitted with a thermostated cell holder. CD spectra were recorded in 25 mM sodium phosphate buffer, pH 4, with 100 mM NaCl (100 μM oligo concentration). CD melting curves were recorded at the wavelength of the larger positive band, 285 nm, with a heating rate of 0.5 ºC•min -1 . Titration experiments were performed by recording the absorbance at λ = 285 nm and different pH values. pH was adjusted by adding aliquots of concentrated solutions of DCl or NaOD.

Mass spectrometry. All ESI-MS experiments were carried out in the negative ion mode on an Exactive ESI-Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). The ESI spray voltage and capillary voltage used were -2.75 kV and -20 V, respectively. The capillary temperature was set to 150 ºC. Tube lens and skimmer voltage were fixed to 180 V and -10 V, respectively. All the oligonucleotides analysed were dissolved at 100 μM in 100 mM NH4OAc buffer at pH 7 and pH 4, and were injected at a flow rate of 4 μL min -1 . NMR constraints. Initial calculations were performed with qualitative distance constraints (classified as 3, 4 or 5 Å) and the resulting structures were then refined by employing more accurate distance constraints obtained from a complete relaxation matrix analysis with the program MARDIGRAS. [43] Error bounds in the interprotonic distances were estimated by carrying out several MARDIGRAS calculations with different initial models, mixing times and correlation times, as described in previous works. In addition to these experimentally derived constraints, hydrogen bond and planarity constrains for the base pairs were used in the initial DYANA calculations. Target values for distances and angles related to hydrogen bonds were set to values obtained from crystallographic data in related structures. [44] Due to the relatively broad line-widths of the sugar proton signals, J-coupling constants were not accurately measured, but only roughly estimated from DQF-COSY cross-peaks. Loose values were set for the sugar dihedral angles δ, ν1 and ν2 to constrain deoxyribose conformation to North or South domain.

Structure calculations. Structures of HS2 were calculated with the program DYANA 1.4 [45] and further refined with the SANDER module of the molecular dynamics package AMBER 7.0. [46] Initial DYANA calculations were carried out on the basis of qualitative distance constraints. The resulting structures were used as initial models in the complete relaxation matrix calculations to obtain accurate distance constraints, as described in the previous paragraph. These structures were taken as starting points for the AMBER refinement, consisting of an annealing protocol in vacuo, followed by trajectories of 500 ps each in which explicit solvent molecules were included and using the Particle Mesh Ewald method to evaluate long-range electrostatic interactions. Non-experimental constrains used in the initial DYANA calculations were removed in the AMBER refinement. The specific protocols for these calculations have been describe elsewhere. [23] The AMBER-98 force field [47] was used to describe the DNA, and the TIP3P model was used to simulate water molecules. Structural models of HST were built with the program DYANA with experimental constraints derived from the assigned NOEs, and additional hydrogen bonds and planarity constraints for different possible combinations of AT base pairs (in either Hoogsteen or Watson-Crick conformations). The resulting structures with less residual violations and geometrical distortions were considered as the final models. Analysis of the representative structures as well as the MD trajectories was carried out with the programs Curves V5.1 [48] and MOLMOL. [49] 

Figure 1 .

 1 Figure 1. Structure of the centromeric alpha-satellite DNA showing the position of the A and B boxes.

Figure 2 .

 2 Figure 2. a) Sequences of the oligonucleotides studied. b) Exchangeable protons region of the NMR spectra of the centromeric sequences in 25 mM NaPi, 100 mM NaCl buffer at pH 4.0 (HS, HS1 and HS2) and pH 4.5 (HST) T=5 ºC (Oligo concentrations: [HS2] = 2.0 mM, [HS1] = 2.0 mM, [HS] = 0.8 mM and [HST] = 0.8 mM). c) CD spectra of HS2 at different temperatures (Buffer conditions: 25 mM NaPi, 100 mM NaCl pH=4) ([HS2] = 100 μM). d) pH titration of HS2 at T=5ºC ([HS2] = 100 μM).

Figure 3 .

 3 Figure 3. Regions of NOESY spectra of HS2 at pH 3.6 and T=5 ºC ([HS2] = 2.9 mM). a) Four panels with exchangeable proton regions of NOESY spectra of HS2 in 90/10 H2O/D2O (mixing time 150 ms). b) Detail of NOESY spectra of HS2 in 90/10 H2O/D2O (mixing time 50 ms) showing a Hoogsteen NOE pattern. c) Region of the NOESY spectra of HS2 in D2O, showing characteristic H1'-H1' correlation.

Figure 4 .

 4 Figure 4. Dimeric structure of HS2. a) Stereo view of the ensemble of the 10 calculated structures. b) Stereoview of the average structure. c) Detail of the stacking interaction between C:C + and T:T base pairs. d) Detail of the stacking interaction between T:T and the capping Hoogsteen A:T base pair. e) Schematic representation of the dimeric structure of HS2. Colour code: cytosines in the two sub-units are shown in blue and cyan, respectively; well-defined thymines and adenines in the two sub-units are shown in magenta and green, respectively; no well-defined residues in grey; and backbone in black. Hydrogen bonds are indicated in yellow.

Figure 5 .

 5 Figure 5. a) Model for nucleosome bundling in centromeric chromatin. B/A boxes of the alpha-satellite DNA (in red) would maintain the structural organization of the centromere by forming dimeric i-motif structures, like those found in vitro for the two main variants of the alpha-satellite A box, shown schematically in panels HS (b), and HST (c).
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