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Abstract: Four-stranded nucleic acid structures are central to many processes in biology and in
supramolecular chemistry. It has been shown recently that four-stranded DNA structures are not only limited
to the classical guanine quadruplex but also can be formed by tetrads resulting from the association of
Watson—Crick base pairs. Such an association may occur through the minor or the major groove side of
the base pairs. Structures stabilized by minor groove tetrads present distinctive features, clearly different
from the canonical guanine quadruplex, making these quadruplexes a unique structural motif. Within our
efforts to study the sequence requirements for the formation of this unusual DNA motif, we have determined
the solution structure of the cyclic oligonucleotide d(pCCGTCCGTby two-dimensional NMR spectroscopy
and restrained molecular dynamics. This molecule self-associates, forming a symmetric dimer stabilized
by two G:C:G:C tetrads with intermolecular G—C base pairs. Interestingly, although the overall three-
dimensional structure is similar to that found in other cyclic and linear oligonucleotides of related sequences,
the tetrads that stabilize the structure of d(pCCGTCCGTare different to other minor groove G:C:G:C
tetrads found earlier. Whereas in previous cases the G—C base pairs aligned directly, in this new tetrad
the relative position of the two base pairs is slipped along the axis defined by the base pairs. This is the
first time that a quadruplex structure entirely stabilized by slipped minor groove G:C:G:C tetrads is observed
in solution or in the solid state. However, an analogous arrangement of G—C base pairs occurs between
the terminal residues of contiguous duplexes in some DNA crystals. This structural polymorphism between
minor groove GC tetrads may be important in stabilization of higher order DNA structures.

Introduction has been found recently by electron microscomynd by

Among the different noncanonical DNA motifs, quadruplex generation of quadruplex specific antibodfe3.

DNA structures are probably the most extensively studied. These Moreover, the number of potential applications of quadruplex
structures have attracted considerable attention from manyDNA in supramolecular chemistry and material science is
research areas, ranging from molecular and structural biology €normous, ranging from formation of biosensors and nanoma-
to supramolecular chemistry and nanotechnofoggur-stranded chines to the assembly of different nanostructures like G-Wies,
DNA may play a role in several biological processes, such as Of frayed wiresi? that could provide a basis for developing
telomere integrity, genetic recombination, transcription, or advanced biomaterials. Recently it has been described its
replication (for reviews see refs-b). In addition, this DNA ~ potential use as a transmembrane transpétter, nanoparticle
motif is an attractive target for drug design, especially in cancer assembly;* or as an electrochemical molecular beacon aptasen-
chemotherapy Clear evidence of quadruplex formation in vivo ~ sor®®

The fundamental unit of the G-quadruplex is the G-tetrad,

i'tj‘rfit\'ltgrtgitgfd%“g;i;;&a Rocasolano™. where four guanines are paired through their Wats@rick
(1) Davis, J. TAngew. Chem., Int. E®004 43, 668-98. and Hoogsteen sides. In some cases, guanine quadruplexes
(2) Arthanari, H.; Bolton, P. HChem. Biol. 2001, 8, 221-30. contain unusual tetrads. For example, tetrads consisting only
(3) Suhnel, JBiopolymers2001, 61, 32—51. 16 1718 K L2
(4) Keniry, M. A. Biopolymers200Q 56, 123-46. of adeninéf thyminel”-18and cytosin® have been found within
(5) Phan, A. T.; Kuryavyi, V.; Patel, D. Lurr. Opin. Struct. Biol2006 16,
288-98.
(6) Patel, D. J.; Bouaziz, S.; Kettani, A.; Wang, Y. @xford Handbook of (11) Marsh, T. C.; Vesenka, J.; Henderson,Nticleic Acids Res1995 23,
Nucleic Acid SructuresNeidle, S., Ed.; Oxford University Press: New 69&700
York, 1999; pp 389-453. (12) Protozanova, E.; Macgregor R. B., Biochemistry1996 35, 16638-45.
(7) Hurley, L. H.Nat. Rer. Cancer2002, 2, 188-200. (13) Kaucher, M. S.; HarreII . A, Jr.; Davis, J. J.Am. Chem. So@006
(8) Duquette, M. L.; Handa, P.; Vincent, J. A.; Taylor, A. F.; Maizels@¢nes 128 38-9.

Dev. 2004 18, 1618-29. (14) Li, Z.; Mirkin, C. A. J. Am. Chem. SoQ005 127, 11568-9.

(9) Schaffitzel, C.; Berger, I.; Postberg, J.; Hanes, J.; Lipps, H. J.; Pluckthun, (15) Radl A. E.; Acero Sanchez, J. L.; Baldrich, E.; O'Sullivan, CJKAm.
A. Proc. Natl. Acad. Sci. U.S.£2001, 98, 8572-7. Chem Soc2006 128 117—24

(10) Paeschke, K.; Simonsson, T.; Postberg, J.; Rhodes, D.; Lipps,Nét.J. (16) Patel P. K.; Koti, A. S.; Hosur, R. \Wucleic Acids Resl999 27, 3836~
Struct. Mol. Biol.2005 12, 847-54.
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the scaffold of parallel guanine quadruplexes. Also, tetrads recently, in hybrid complexes between linear and cyclic oligo-

containing WatsonCrick base pairs have been found in
parallef®21and fold-back quadruplex structur®s24In all these

cases, the WatseiCrick base pairs associate through their

major groove side. In the particular case of the G-G—C

nucleotides? self-associating cyclic oligonucleotides appear to

be the best models to study these noncanonical DNA structures.
In this paper we report on the three-dimensional solution

structure of GCCGTCCGTIas obtained by restrained molec-

repeats of the adeno-associated viral DNA, two conformations ular dynamics calculations based on NMR derived experimental
of the major groove G:C:G:C tetrad are observed, depending constraints. Whereas in diluted conditions all experimental
on the cation present in the samptdn the sodium form the evidence indicates that this oligonucleotide does not adopt a
two G—C pairs align directly opposite to each other, whereas defined structure, at higher oligonucleotide concentration this
in the presence of potassium the alignment of the two base molecule dimerizes by forming intermolecula-G Watson-
pairs is slipped, with the two guanines coordinating the K  Crick base pairs. The two cyclic oligonucleotides are arranged
cation. These two arrangements have been also observed inn an antiparallel way. The core of the dimer consists in two
major groove A:T:A:T tetrads. The slipped alignment was tetrads resulting from the association of twe-G base pairs
found in the dimeric solution structure of the octamer d(GAC- through their minor groove sides. The structure of this oligo-
CAGGT) 2 whereas the direct A:T:A:T alignment has been nucleotide is discussed in comparison with the dimeric structures
observed between the external loops of the propeller-like of dpTGCTCGCT4® and d(GCATGCT}’ which are also
guadruplex structure of d(A§GT,AG3)3), containing four human  stabilized by minor groove G:C:G:C tetrads. Most interestingly,
telomeric repeat& although the overall fold of these three molecules is very similar,
On the other hand, tetrads formed by minor groove alignment a single change in the order of the core residues (GC to CG)
of Watson-Crick base pairs were first found in the crystal- causes the formation of a different G:C:G:C tetrad. Whereas,
lographic structure of d(GCATGC?%) and, more recently, in in previous cases, the interaction between the base pairs occurs
the crystallographic and solution structures of several cyclic through two bifurcated H21(G)O2(C) hydrogen bonds, in the
oligonucleotides. In the case offilCATTCATTCthe dimer is structure of @CCGTCCGTIthe relative position of the two
stabilized by two minor groove A:T:A:T tetrad&2°and inthe ~ base pairs is slipped along the axis defined by the base pairs,
case of G@TGCTCGCTland dpCGCTCATT) the structures  and the interaction occurs through two H21{@)3(G) hydro-
are stabilized by minor groove G:C:G%and G:C:A:Fotetrads,  gen bonds.
respectively. Whereas major groove tetrads (like the G-tetrads) Methods
are mainly planar, in the minor groove association the two base

pairs have a mutual inclination of around °3@10°. It is : !
interesting to notice that major groove tetrads have only been "ePorted by Alazzouzi et & Samples were suspended (in"Nsalt
form) in either BO or 9:1 HO/D,0 (25 mM sodium phosphate buffer,

observed in quadruplexes containing other pure guanine tetrads.pH — 7). All NMR spectra were acquired in Bruker spectrometers

In contrast, minor groove tetrad§ have been found in structuresOperating at 600 and 800 MHz and processed with the XWIN-NMR
where no other kind of tetrad is present. Most probably the gufryare. in the experiments inD, presaturation was used to suppress
inclination between the two base pairs provokes that these tetradshe residual HO signal. A jump-and-return pulse sequetceas
are not compatible with pure guanine tetrads, which are p|anar,emp|oyed to observe the rapidly exchanging protons in 15D H
giving rise to a distinctive DNA fold. experiments. NOES¥ spectra in BO were acquired with mixing times
We are interested in exploring other possible base-pair of 100, 200, and 300 ms. TOCS¥spectra were recorded with the
arrangements susceptible of forming minor groove tetrads asStandard MLEV-17 spin-lock sequence and a mixing time of 80 ms.

well as the sequence requirements for their formation. Although ' 2D €xperiments in kD, water suppression was achieved by including
this motif has been observed in several crystallographic a WATERGATE” module in the pulse sequence prior to acquisition.

Experimental Details. The cyclic octamers were synthesized as

. 3P resonances were assigned from proton-detected heteronuclear
structures of the linear heptamer d(GCATGET}and, more correlation spectré %C resonances were assigned from natural

abundance®C—'H HSQC spectra. The spectral analysis program
SPARKY?®* was used for semiautomatic assignment of the NOESY
cross-peaks and quantitative evaluation of the NOE intensities.

Circular dichroism spectra at different temperatures were collected
on a Jasco J-810 spectropolarimeter fitted with a thermostated cell
holder. CD spectra were recorded at aM oligonucleotide concentra-
tion in H,O or in salt conditions (10 mM N&IPES buffer, pH 7, 100
mM NacCl, and 10 mM MgG). For melting experiments, the samples
were initially heated at 90C for 5 min and slowly cooled to room
temperature and stored at’@ until use.

NMR Constraints. The intrinsic ambiguity between inter- and
intramolecular distances in dimeric structures could be overcome by

(17) Patel, P. K.; Hosur, R. Wucleic Acids Resl999 27, 2457-64.
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Structure1995 3, 335-40.
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using similar procedures as were employed in previously calculated including explicit solvent and using the Particle-Mesh-Ewald method
structures of the same fami§3° Most of the cross-peaks could be to evaluate long-range electrostatic interactions. The vacuum structures
directly assigned on the basis of a rough molecular model and taking were placed in the center of a water box with around 3000 water
into accountthe similarities with the dimeric structurel@@GCTCGC T molecules and 16 sodium counterions. The structures were first
Trial assignments were made for the few remaining cross-peaks andequilibrated for 160 ps using standard equilibration proé¢&gke final
used in preliminary structure calculations. When a distance constraint equilibrated structures were then subjected to 10 runs of 500 ps MD
was consistently violated in all the resulting structures, an alternative simulations in water using NMR restraints, periodic boundary condi-
assignment was considered. After several cycles of assignment andtions, and the Particle-Mesh-Ewald metH®&imulations in water were
structure calculation, a consistent set of constraints was obtained. Thoseperformed in the isothermaisobaric ensembleP(= 1 atm,T = 298
cross-peaks that were still ambiguous were not included in the K) using SHAKE in all atoms aha 2 fstime step for integration of
subsequent calculations. These initial calculations were carried out with Newton’s equations. MD-averaged structures were obtained by averag-
qualitative distance constraints (classified as 3, 4, or 5 A). ing the last 250 ps of individual trajectories and further relaxation of
Refined structures were calculated employing more accurate distancethe structure. The same procedure was used to obtain a global MD-
constraints, obtained from NOE cross-peak intensities by using a averaged structure, resulting from averaging 5 ns of independent MD-
complete relaxation matrix analysis with the program MARDIGRAS.  trajectories for each isomer. The AMBER-98 force fféldas used to
No solvent exchange effects were taken into account in the analysis ofdescribe the DNA, and the TIP3P model was used to describe water
NOE intensities in HO, and therefore, only upper limits were used in  molecules'” Analysis of the representative structures as well as the
the distance constraints involving labile protons. Error bounds in the MD trajectories was carried out with the programs Curves ¥mfd
interprotonic distances were estimated by carrying out several MAR- MOLMOL.#°
DIGRAS calculations with different initial models, mixing times, and
correlation times. Three initial models were chosen from the structures
resulting from the “low-resolution” DYANA calculation (vide infra). Monomer—Dimer Equilibrium and Melting Behavior.
Correlation times of 1.0, 2.0, and 4.0 ns were employed, assuming, in Like in other cyclic oligonucleotides previously studied in our
all cases, a sipgle correlatien time for the whole moleeule (isotrppic laboratory, the NMR spectra of pICCGTCCGTI depend
motlon). Experimental intensities were recorded at three different mixing strongly on temperature and oligonucleotide concentration. At
times (100, 200, and 300 ms) for nonexchangeable protons and at 4, temperature and salt concentration, an interconverting

single mixing time (200 ms) for labile protons. Final constraints were equilibrium between two species is observed (see Figure 1)
obtained by averaging the upper and lower distance bounds in all the q. L . P . 9 '
MARDIGRAS runs. A lower limit of 1.8 A was set in those distances This equilibrium is slow O_n the NMR time Sca_le’ so that
where no quantitative analysis could be carried out, such as very weak'€S0nances from both species can be observed simultaneously.

intensities or cross-peaks involving labile protons. In addition to these Since the populations of both species depend on the oligonucle-
experimentally derived constraints, Watsd®rick hydrogen bond  otide concentration, it can be concluded that this is an association
restraints were used. Target values for distances and angles related tequilibrium between a dimeric structure and a monomeric form.
hydrogen bonds were set as described from crystallographic data. ~ Under these circumstances, the equilibrium constants at different

Torsion angle constraints for the sugar moieties were derived form temperatures can be determined from the ratio of the peak areas.
the analysis o8-coupling data obtained from DQF-COSY experiments. CD and NMR data show that the major conformer at low
Since only the sums of coupling constants were estimated, rather looseconcentration (the monomeric form) lacks a well-defined
values were set for the dihedral angle of the deoxyriboseangle structures®

between 11t)an_d_ 170, v betw_een Sand 63, andv, between—65° The melting behavior of the dimeric form offlCCGTCCGTI
and —50°). Additional constraints for ther angles of the backbone . - . . .
is similar to that of the related cyclic oligonucleotide

were used in those cases where stereoespecific assignments/ of H5
P g dpTGCTCGCTP! Exchangeable protons are observed even

H5'" resonances could be made. . . .
Structure Determination. Structures were calculated with the &t leMperatures close to the melting transition, suggesting slow

program DYANA 1.4 and further refined with the SANDER module dissociation kinetics (see Figure 1). Thermodynamic parameters
of the molecular dynamics package AMBER %nitial DYANA for this dimer-random coil equilibrium were estimated from a
calculations were carried out on the basis of qualitative distance van't Hoff analysis of the equilibrium constants at different
constraints. The resulting structures were used as initial models in thetemperatures, determined from the ratio of the peak areas in
complete relaxation matrix calculations to obtain accurate distance each species. At a 25 mM Naconcentration, the estimated
constraints, as described in the previous paragraph. These structure\G°,q5 value is—35 kJ/mol.

were taken as starting peints for the AMBER refinement, (_:onsisting The melting transition was also followed by circular dichro-
of an enneallng protocol in vacuo, followed by long trajector_les where ism The CD spectra at low temperature exhibit a large positive
explicit solvent molecules are included. In vacuo calculations were band around 270 nm and a negative band around 245 nm. Both

performed with hexahydrated Naounterions, which were place around bands disappear proaressively as the temperature is increased
the exterior of the molecule and near the phosphate groups. The PP prog y P !

electrostatic term was calculated using a distance dependent dielectric 4y spieids, 6. . Laughton, C. A.; Orozco, .AM. Chem. S0d997 119,
constant, and the cutoff value for nonbounded interactions was 10 A. 7463-74609.

The temperature and the relative weights of the experimental constraints(45) Dafggny T. E. York, D.; Pedersen, 1. Chem. Phys1993 98, 10089~
were varied during the simulations according to standard annealing (46) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.; Ferguson,

protocols used in our growi3*3 The resulting structures were refined D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A.Am.
Chem. Soc1995 117, 5179-5197.
(47) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,

Results

(40) Borgias, B. A.; James, T. 1. Magn. Reson199Q 87, 475-487. M. L. J. Chem. Phys1983 79, 926.

(41) Gintert, P.; Mumenthaler, C.; Wirich, K. J. Mol. Biol. 1997, 273 283— (48) Lavery, R.; Sklenar, HHURVES, helical analysis of irregular nucleic acids.
98. 3.0; Laboratory of Theoretical Biochemistry CNRS: Paris, 1990.

(42) Case, D. A. et alAMBER 5; University of California: San Francisco, (49) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 29—32.
CA, 1997. (50) Escaja, N.; Gmez-Pinto, |.; Rico, M.; Pedroso, E.; Goea, C.Chem-

(43) Soliva, R.; Monaco, V.; Gomez-Pinto, |.; Meeuwenoord, N. J.; Marel, BioChem2003 4, 623—-32.
G. A;; Boom, J. H.; GonZaz, C.; Orozco, MNucleic Acids Res2001, (51) GonZ#ez, C.; Escaja, N.; Rico, M.; Pedroso, E.Am. Chem. S0d.998
29, 2973-85. 120 2176-2177.
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Figure 1. (Top) One-dimensional NMR spectra ofpdCCGTCCGTlin
D,0 at 5°C and different oligonucleotide concentrations (25 mM sodium
phosphate buffer, pi 7). (Middle) NMR spectra of @CCGTCCGTIin
H,0O (5 mM oligonucleotide concentration, 100 mM NaCl, pH7) at

with the maximum of the positive band shifting to larger
wavelengths.

NMR Assignment. Sequential assignments of exchangeable
and nonexchangeable protons &#d and3'P resonances were
conducted following standard methods. Some regions of the two-
dimensional NOESY spectrum of i CCGTCCGTIn H,0 are
shown in Figure 2. Many spectral features are common to other
structures of this family studied by NMR. The number of signals
in the spectra indicates that the dimer is symmetric. All intra-
nucleotide H1:-base NOEs are medium or weak, indicating that
the glycosidic angle in all the nucleotides is in amti
conformation. Strong sugar-base sequential connections were
observed between residues—2 3, and therefore 6— 7.
Sequential NOEs between residues>34 (7 — 8) are clearly
observed in the Hibase region but are very weak in the'H2
H2"-base region (see Figure 2). Almost all resonances were
identified, including the stereoespecific assignment of sorrié H5
H5" protons (see Table S1). Interestingly, in the NMR spectra
of dipTGCTCGCTIand in other molecules of the same family
studied by NMR), the H4H5'/H5" protons of the nucleotides
in the first position of the loops present rather unusual chemical
shifts. This effectis notobservedinthe spectrdp@CGTCCGTI

The exchangeable proton spectra are particularly informative
(see Figure 2). Amino protons of all cytosines were assigned
from their NOE cross-peaks with the H5 protons. In the case
of C1(5), these resonances are broad and completely degener-
ated, but in the case of C2(6), the two amino protons present
strong cross-peaks with the imino signal observed at 13.76 ppm.
This signal was assigned to G3(7), and its amino resonances
could be also identified. This NOE pattern is characteristic of
GC Watson-Crick base pairs. It is interesting to note that both
guanine amino protons are shifted downfield (9.37 and 8.02
ppm). One more imino proton is observed in the 10.51 ppm
region, indicating that the thymines in the loops are not base
paired.

Assignment off’P and3C resonances was straightforward
thanks to the good quality of the heteronuclear experiments (see
Figure 3). In particular, the good dispersion®® signals is a
clear indication of a compact and well-structured molecule.

Experimental Constraints and Structure Calculations.In
all dimeric molecules there is an intrinsic ambiguity between
inter- and intramolecular cross-peaks. In the present case, these
ambiguities were resolved easily thanks to the similarities with
other structures of the same family previously studied in our
group?%0 In the few cases where several distances might
correspond with an NOE cross-peak, the final assignment could
be done by carrying out several structure calculations with trial
assignments (see Methods for details). After the complete
relaxation matrix calculation, a total of 338 distance constraints
where obtained. A summary of these constraints is shown in
Table 1 and in Figure 4.

In addition to the NOE-derived information, an analysis of
the J-coupling constants obtained from DQF-COSY spectra was
carried out. The population of the major S conformer, estimated
from the sum ofly» andJ;»+,%2 was in all cases greater than
90%. Vicinal J-coupling constants between Hdnd H5 and
H5" were small in all cases except in residue 1 (and 5). These
J-values together with the pattern of intraresidual NOEs between

different temperatures. (Bottom) CD spectra at different temperatures rangingH3'/H4 and H3/H5" obtained using a short mixing time

from 10 to 90°C (5 uM oligonucleotide concentration, 10 mM BRIPES
pH =7, 100 mM NaCl, 10 mM MgG).

(52) Rinkel, L. J.; Altona, CJ. Biomol. Struct. Dyn1987, 4, 621—49.
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Figure 2. Regions of the NOESY spectrum (150 ms mixing time) gF@CGTCCGTIin H,O (5 mM oligonucleotide concentration, 100 mM NaCl=
5 °C, pH = 7). Watson-Crick base pairing can be established from the Ht822C3, H1G2-H41C3, and H1G2(6yH5C3(7) cross-peaks for the GC
pair. Sequential assignment pathways for nonexchangeable protons are shown.

permitted the stereospecific assignment of some of th# H5 values are even lower when only atoms in the bases are
H5'5% and indicates that the backbone anglein these considered (see Table 1). The final AMBER energies and NOE
nucleotides is in a singlgauche conformation. In addition, terms are reasonably low in all the structures, with no distance
the good quality oP'P—1H correlation spectra (shown in Figure  constraint violation greater than 0.5 A. Due to the large number
3) permitted us to obtain dihedral angular constraints for the of experimental constraints this oligonucleotide structure is
anglesp ande of the backbone. All théP—Hs,s: coupling particularly well-defined. Only the cytosines in the second
constants are small, indicating tfigorsion angle is mainly in position of the loops (residues 1, 5, 9, and 13) are less defined
trans Also, none of thé®!P—1Hz coupling constants is larger  than the rest of the molecule, as shown by the order parameters
than 10 Hz, and consequently, tkeangles are not in a  of some of their torsion angles (see Table S3).
gauche* conformatior3 Description of the Structures. The resulting structure is a
All these experimental constraints were used to calculate the dimer consisting of two molecules offlCCGTCCGTarranged
structure by using restrained molecular dynamics methods. Initial in an antiparallel way. As expected from the complete degenera-
structures were calculated with the program DYANA and then tion of the signals in the NMR spectra, the dimer is symmetric.
refined with the AMBER package following two steps: first This symmetry is reflected in the geometrical parameters (see
an annealing protocol in vacuo and then a long restrained Table S3). The two octamers associate with each other by
molecular dynamics calculation including the solvent explicitly. forming four intermolecular WatserCrick base pairs (see
Except for the C1(5) and the corresponding ones in the Figure 5). These base pairs form two G:C:G:C tetrads by
symmetry related subunit, all residues in the final structures are aligning their minor groove sides. All glycosidic angles argi,
very well-defined, with an rmsd of 0.5 A (see Figure 5). These with values ranging from-110° to —152. In addition to the
six Watson-Crick hydrogen bonds, each tetrad is stabilized by
(53) Wijmenga, SProgr. Nucl. Magn. Reson. Spectrod@98 32, 287—387. two additional intermolecular hydrogen bonds between one of
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Figure 3. Heteronuclea?’P—1H correlation spectrum of @CCGTCCGTIin D,O (5 mM oligonucleotide concentration, 100 mM NaCl= 5 °C, pH =
7). H3(i))—P( + 1) and Pi{)—H5'/5"(i) cross-peaks are indicated.

Table 1. Experimental Constraints and Calculation Statistics of protons are very close to the sugar moiety of the opposite
dipCCGTCCET guanine. Unusually strong NOEs can be observed between these
experimental distance amino protons and the guanine 'Hihd H4 (see Figure 2). Like
constraints in other minor groove tetrads, the two base pairs are not in the
total number 338 same plane (see Figure 5) but have a mutual inclination of
intraresidue 113 L .
sequential 74 around 40. The central -G step exhibits a rise of 2.8 A and
range> 1 151 a twist value of 42. Some other local helical parameters are
intramolecular 226 shown in Table 2.
intermolecular 112 ] ) ) )
The structure is very well packed, with the thymines in the
fmsd @ first position of the loops forming two caps at both ends of the
g” ag”-gggzgg EZZS’S atortis g-ggi 8-8;§ stacks of G-C base pairs and interacting with each other
backbone Y 0.3 0.07 A through hydrophobic contacts between their methyl groups. The
all heavy atoms 05301A glycosidic angles of these residues present values arobe’.
residual violations average range _ All deoxyribose rings are in the general S-domain, a_dopting
sum of violation () 6.9 6.807.08 in most cases a _C—Zéndo_ (_:onformatlon. Only the deo>,<yr|boses
max violation (A) 0.3 0.270.31 of nucleotides in position 3 (and 7) adopt an '@#4do
NOE energy (kcal/mol) 40 3842 conformation, with pseudorotation phase angles of aroufid 90

A list of backbone angles is provided in the Supporting
Information (Table S3). Most of the backbone angles are also
the amino protons of G3 and the N3 of the guanine in the well-defined and, in general, present values usually found in
adjacent base pair. This hydrogen bond is responsible for theright-handed double-stranded DNA. The main exception is the
unusual chemical shifts observed for the guanine amino protons. angle between residues 4 and 5 (8 and 1), which is in a
The amino proton resonating at 9.37 ppm is forming the gauchet+ conformation. This angle, together with theof C1
Watson-Crick hydrogen bond, while the other proton (8.02 (and 5), is responsible for the chain reversal. The resulting tight
ppm) is involved in the hydrogen bond with N3. Both amino turn causes several phosphate groups to be very close to each

aAll except residues 1, 5, 9, and 13.
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Figure 4. Schematic representation of (top) intra- and (bottom) intermolecular distance constraints. Constraints are classified in three catedimies accor
to their upper distance limit.

other; i.e., the distances between phosphorus atoms located irDiscussion

residues 3-4 and 78 are especially short. This close proximity

between two strands gives rise to two extremely narrow grooves A Very Well-Defined Solution Structure. The dimeric
with a width of aroun 1 A (considering P-P distane 7 A and solution structure of fpCCGTCCGTIs very well-defined. Such

a sum of van der Waals radii of 5.8 A). The width of the other a high definition is a direct consequence of the number and
two grooves is similar to that of the major groove in a B-DNA quality of the distance constraints (around 40 per nucleotide).
duplex (see Figure S1 in the Supporting Information). The distribution of these constraints is even more important. A
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Figure 5. (Top) Stereoscopic views of the superposition of the 10 refined structurdp@C&TCCGTI The axis of the molecule runs perpendicular to
the view plane. (Bottom) Stereoscopic view of the average structure (lateral view). Red and blue indicate different molecules —jiteosppate backbone
is indicated in darker colors.

Table 2. Local Helical Parameters for the Dimeric Structure of d(bCCGTCCGTU

shift Dx (A) slide Dy (A) rise Dz (A) tilt 7 (deg) roll p (deg) twist (deg)
step average SD average SD average SD average SD average SD average SD
C2/G3 0.9 0.1 -0.2 0.1 2.8 0.02 10.3 0.7 —115 1.1 41.8 0.4
G3/T4 —8.3 0.2 -1.5 0.1 7.4 0.2 —48.1 1.4 10.7 0.8 —24.2 1.7
Ce/G7 0.9 0.1 —-0.2 0.1 2.8 0.03 10.7 0.7 —12.8 1.3 41.7 0.6
G7/T8 —-8.3 0.1 -1.6 0.1 7.4 0.2 —49.5 1.2 10.4 1.5 —24.5 1.4
T12/G11 8.3 0.04 -1.9 0.1 6.9 0.2 50.3 1.2 131 0.7 —26.7 0.6
G1l1/C10 —-0.7 0.1 —-0.3 0.1 2.8 0.04 —10.6 0.7 —-12.5 1.5 42.4 0.5
T16/T15 8.3 0.1 —-2.0 0.1 6.7 0.2 49.8 1.2 15.3 1.7 —26.5 1.2
G15/C14 -0.7 0.04 -0.3 0.1 2.8 0.04 —10.6 0.6 —-11.4 0.8 42.6 0.6

Table 3. Atomic rmsd’s (A) between the Structures of Several Oligonucleotides Stabilized by Minor Groove Tetrads?

d<pTGCTCGCT> d<pCATTCATT> d<pCGCTCATT> d<pCCGTCCGT>
d<pTGCTCGCT 1.2 2.4 1.2
d<pCATTCATT> 0.8 2.6 1.8
d<pCGCTCATT> 11 0.6 1.7
d<pCCGTCCGP 0.8 0.9 1.0
d(GCATGCT) 0.7 0.9 1.0 0.9

aUpper: rmsd between all ClLower: rmsd between the Cbf the nucleotides involved in the tetrads.

total of 151 distance constraints are neither intraresidual nor plex structures stabilized by minor groove aligned tetrads. The
sequential (112 of them are intermolecular). This is almost half strong similarity between the structures of the family is apparent
of the total number (see Table 1). Such a distribution of distance from the rmsds between the sugg@hosphate backbone of
constraints is more typical of a globular protein than of a DNA ' several members of the family shown in Table 3. In particular,
fragment, where most of the constraints are intranucleotide or the packbone rmsd betweep@CGTCCGTanddpTGCTCGCT
sequential. In general, these intraresidual and sequential conig 1 g8 A This strong similarity confirms that minor groove

straints are less informative than long-range ones. Also, the 5igheq tetrads impose important restrictions on the three-
repetitive sequence reduces the complexity of the NMR spectra, dimensional structure of the quadruplex

facilitating the extraction of many distance and angular con- o ]

straints from spectral regions that are normally very crowded. ~©Oneofthemaindifferencesinthe structure@adCGTCCGT!

For example, the H/H5'/5" region could be analyzed exhaus- compared to the previous ones is the pronounced twist between

tively, including the stereospecific assignment of som&%5  the two consecutive GC pairs (Figure 6). The stacking between

resonances and the estimation of salngs' coupling constants.  the two central GC base pairs and also between these pairs
Comparison with Other Structures of the Family. The with the capping thymines is not as favorable in this structure

structure of CCGTCCGTbelongs to the family of quadru-  as in that of @ TGCTCGCTlor d(GCATGCT).
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Figure 6. Details of the stacking interaction betweenr-G base pairs in
the structure of PTGCTCGCTIA) and dpCCGTCCGTIB). Details of
the interaction with the capping thymines are shown in panels (C) and (D).

Unusual values for the chemical shifts of the'lddd H3/5"
protons of residues in the first position of the loops (T4 and T8
inall cases) are observed inthe NMR spectrdpTéCTCGCT)
dipCATTCATTL and dpCGCTCATT These unusual down-
field shifts are due to the proximity of the purine bases in
position 6 and 2, respectively, in the three-dimensional structure,
andthey are notobserved inthe NMR spectrdp@CGTCCGTI
In this case, the residues in the equivalent position are
pyrimidines, and the shift induced by their ring current effects
is smaller than that in purines.

Structural Polymorphism of Minor Groove Tetrads. In
spite of the similar global fold, the nature of the minor groove
tetrad and the type of interactions that stabilize them is very
different in each case. In A:T:A:T and G:C:A:T tetrads, the

stabilization comes from the presence of a cation in the center .

of the molecule, probably coordinating the O2 atoms of the
surrounding thymine€3°In G:C:G:C tetrads, this stabilization

is due to extra hydrogen bonds between the adjacer@ BGase
pairs. Comparison of the structure ap@CGTCCGTwith the
dimeric structures of the cyclic octamepd GCTCGCTJand

the linear heptamer d(GCATGCT) shows that there are two
possible arrangements of<& base pairs through their minor
grooves. Whereas in the two latter cases the tweQ3airs
aligndirectly opposite each other, inthe structurép@CGTCCGT]

the relative position of the two base pairs is strongly shifted
along the axis defined by the Watse@rick base pairs. Such

a shift has a strong influence in the pattern of hydrogen bonds
that stabilizes the tetrads. While in the direct G:C:G:C tetrad

the interaction between the base pairs occurs through two

bifurcated H21(G)-0O2(C) hydrogen bonds, in the “slipped”
G:C:G:C tetrad the interaction occurs through two H2HKG)
N3(G) hydrogen bonds.

Two different alignments between-«& base pairs have been

also observed when the association occurs through their major

groove. In the direct alignment, the tetrad is stabilized by two
H6C—-06G and H6C-N7G bifurcated hydrogen bonds. In the
slipped alignment, however, the stabilization comes from cation
coordinatior?® as shown in Figure 7.

Thermal Stability . It is interesting to compare the stability
of the different types of minor groove tetrads. Experiment@l
values have been estimated for the dimeric structures of
dPTGCTCGCTP dipCATTCATTLP® and dpCGCTCATTLEC
These values are32, —13, and—9 kJ/mol, respectively. The
relative stability between the structures derives from different
interactions within each tetrad, since the structures of all the
dimers are very similar. G:C:G:C, with direct hydrogen bonds

2012 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007

between the base pairs, is more stable than A:T:A:T and G:C:
A:T, which are stabilized by coordinating a Ndon. The
experimentahGvalue for the dimeric structure ofgtCCGTCCGT!
obtained in this work {35 kJ/mol) is very similar to that of
dipTGCTCGCT]indicating a similar stability of the two minor
groove G:C:G:C tetrads.

This similar stability observed in the dimeric structures of
dipCCGTCCGTI and dpTGCTCGCTI contrasts with the
dramatic differences observed in their monomeric forms. In a
previous study we found that, at low oligonucleotide concentra-
tion, dpTGCTCGCTTorms a dumbbell-like structure that melts
with a Ty, of 51 °C.5% However, the NMR and CD spectra of
the monomeric form of pCCGTCCGTIclearly indicate that
this molecule has no detectable structure. This difference in
stability reflects the tendency, observed in other DNA hair-
pins455and dumbbell§® for the sequence £-XX-G-3' to form
two-residue loops, whereas the sequerieB8-XX-C-3' prefers
to adopt loops of four residues.

Thedimeric structures of iCCGTCCGTanddpTGCTCGCTI
can be envisioned as examples of hairfliirpin association,
like the dimeric structure of the linear heptamer d(GCATGCT).
The comparison between the relative stabilities of the dimeric
and monomeric forms off @lCCGTCCGTiand dpTGCTCGCTI
clearly shows that the rules governing the stability of monomeric
DNA hairpins do not necessarily apply to the structures formed
by multiple hairpin association. Conclusions extracted from
thermodynamic studies on single DNA hairpins should not be
directly extrapolated to biological processes where hairpin
hairpin interaction might be involved, like DNA repeat expan-
sions®7:58 Our finding that sequences that do not tend to form
monomeric hairpins can adopt stable hairpinlike structures
through dimerization should be taken into account when
analyzing the propensities of different sequences to form hairpins
or slipped structures.

Minor Groove Interactions in Higher-Order DNA Struc-
tures. To our knowledge, this is the first time that such a shifted
association through the minor groove side of G base pairs
has been found in solution. However, similar minor groove
tetrads have been found between symmetry-related molecules
in crystallographic structures of several DNA and DNRNA
hybrid duplexe$?8° Hydrogen bonding between HN2 and N3
of terminal guanines in neighboring molecules is a common
interaction that contributes to stabilize the crystal packirfg.

In many cases, these terminal guanines are not base paired and
invade the minor groove of an adjacent duplex, giving rise to a
base triplef3%4 In other cases, the guanine HN2 and N3

(54) Hilbers, C.; Heus, H.; van Dongen, M.; Wijmenga, S. The hairpin elements
of nucleic acid structure: DNA and RNA folding. INucleic Acids and
Molecular Biology Eckstein, F., Lilley, D. M. J., Eds.; Spinger-Verlag:
Berlin, 1994; pp 56-104.

(55) Blommers, M. J.; Walters, J. A.; Haasnoot, C. A.; Aelen, J. M.; van der
Marel, G. A.; van Boom, J. H.; Hilbers, C. VBiochemistry1989 28,
7491-8.

(56) Ippel, J. H.; Lanzotti, V.; Galeone, A.; Mayol, L.; van den Boogaart, J. E.;
Pikkemaat, J. A.; Altona, CJ. Biomol. NMR1995 6, 403—22.

(57) Mirkin, S. M. Curr. Opin. Struct. Biol.2006 16, 351—8.

(58) Wells, R. D.; Dere, R.; Hebert, M. L.; Napierala, M.; Son, L.N&icleic
Acids Res2005 33, 3785-98.

(59) Wahl, M. C.; Sundaralingam, M. A-DNA duplexes in the crystalOkford
Handbook of Nucleic Acid SructureNeidle, S., Ed.; Oxford University
Press: New York, 1999; pp 389153.

(60) Subirana, J. A.; Abrescia, N. Giophys. Chem200Q 86, 179-89.

(61) DiGabriele, A. D.; Steitz, T. AJ. Mol. Biol. 1993 231, 1024-39.

(62) Wing, R.; Drew, H.; Takano, T.; Broka, C.; Tanaka, S.; Itakura, K;
Dickerson, R. ENature198Q 287, 755-8.

(63) Ramakrishnan, B.; Sundaralingam, 84.Biomol. Struct. Dyn1993 11,
11-26.
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G
Figure 7. The four G:C:G:C tetrads known: (A) Direct minor groove G:C:G:C tetrad observed in the dimeric solution structufgEGETCGCT; (B)

slipped minor groove tetrad found in the solution structure @CGCGTCCGT] (C) and (D) direct and slipped major groove G:C:G:C tetrads observed in
the quadruplex structure of d(GGGCTTTTGGGE).

interaction occurs without disruption of the<& base pairs, like quadruplexes. Such structures have been found in pure DNA
forming G:C:G:C tetrads with a similar structure to the slipped crystals and, more recently, in several bisintercalative complexes
minor groove tetrad reported heiebs involving acridine derivative&-72 In these complexes, the
The slipped minor groove tetrads found in the context of a acridine derivatives do not intercalate in the usual way but
crystallographic network are more common between DNA interact with the terminal nucleotides of four DNA duplexes
duplexes that crystallize in the B-form. However, direct minor forming a large intercalation platform between two G:C:G:C
groove tetrads have been also found in A-form DNA struc- tetrads. The overall shape of these platforms resemble many
tures®® In A-form DNA the minor groove is wider than that in ~ features of the dimeric structure offCCGTCCGT] such as
B-DNA, and this might facilitate the interaction. the relative angle between base pairs which is in most cases
Interestingly, in the case of a DNARNA chimeric duplex around 30—40°. The structure of theses complexes have
of sequence d(CCGGC)r(G)d(CCGG) containing a single 2 attracted significant interest because some of the intercalating
hydroxyl group per strand, the only ribonucleotide is involved drugs involved in them are potent topoisomerase inhibitors.
in the tetrac®” In this case, the minor groove G:C:G:C tetrad is  Interestingly, in most cases these structures have been found in
direct (like that in Figure 7), and it is located in the middle of crystals containing Cd ions®®7° Such counterions might be
the duplex. This result indicates that minor groove tetrads can relevant to increasing the stability of minor groove tetrads, since
be formed with at least one of the four nucleotides being ribo-. cobalt hexamine residues have also been found relevant to the
However, our studies of association between cyclic and linear stabilization of the crystal lattice in one of the crystallographic
oligonucleotides suggest that minor groove tetrads containing structures of the dimeric linear heptamer d(GCATGET).
ribonucleotides must be much less stable than those formed by It must be also mentioned that GCGC tetrads have been
four dexoyribonucleotide® recently observed in ordered nanostructures based on GC
Minor groove G:C:G:C tetrads have been also found involving pairing. High-resolution scanning tunneling microscopy studies
terminal G and C residues that do not form base pairs with their in adlayers formed by coadsorption of guanine and cytosine at
own duplex but with symmetry related ones, forming junction- a graphite surface have revealed the formation of well-ordered
periodic structures in the solid/liquid interfateSuch structures

(64) Tippin, D. B.; Sundaralingam, Micta Crystallogr., Sect. 2996 52, 997—
1003

(65) Dickerson, R. E.; Goodsell, D. S.; Kopka, M. L.; Pjura, PJEBiomol.
Struct. Dyn.1987, 5, 557-79.

(66) Tereshko, V.; Subirana, J. Acta Crystallogr., Sect. 0999 55, 810-9.

(67) Ban, C.; Ramakrishnan, B.; Sundaralingam,MMol. Biol. 1994 236,
275-85.

(68) Adams, A.; Guss, J. M.; Denny, W. A.; Wakelin, L. A&cta Crystallogr.,
Sect. D2004 60, 823-8.

(69) Adams, A.; Guss, J. M.; Collyer, C. A.; Denny, W. A.; Wakelin, L. P.

Nucleic Acids Re200Q 28, 4244-53.

(70) Thorpe, J. H.; Hobbs, J. R.; Todd, A. K.; Denny, W. A.; Charlton, P.;

Cardin, C. JBiochemistry200Q 39, 15055-61.

(71) Teixeira, S. C.; Thorpe, J. H.; Todd, A. K.; Powell, H. R.; Adams, A,;

Wakelin, L. P.; Denny, W. A.; Cardin, C. J. Mol. Biol. 2002 323 167—
71.

(72) Yang, X. L.; Robinson, H.; Gao, Y. G.; Wang, A. Biochemistry2000
39, 10950-7.

have been attributed to alternate arrangements of GC base pairs
though their major and minor groove sides.

Implications in Biology. Tetrads formed by association of
Watson-Crick base pairs have been invoked in processes where
homologous DNA recognition is required, such as genetic
recombination® Since long ago, the association of DNA
duplexes through minor groove contacts has been proposed as
an initial step in recombination prior to strand exchaffgdinor

(73) Xu, S.; Dong, M.; Rauls, E.; Otero, R.; Linderoth, T. R.; Besenbacher, F.
Nano Lett2006 6, 1434-8.

(74) McGavin, SJ. Mol. Biol. 1971, 55, 293-8.

(75) Wilson, J. H.Proc. Natl. Acad. Sci. U.S.A979 76, 3641-5.
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groove tetrads may be responsible for the four-stranded struc-slipped structures that occur in sequences containing repeats
tures observed in poly(CA)oly(TG) fragment® and for some have been also connected with expansions and deletions of the
unusual fold-back structures recently observed in some palin- repeating track! Systematic thermodynamical studies have been
dromic repeats! On the basis of biochemical data, it has been carried out to determine the sequence requirements for stable
suggested that such fold-back structures induce RecA-indepenDNA hairpins formation, but their relative stability does not
dent homologous recombinatidhElectrophoretic analysis of explain the expansion tendency of the different rep&ats.

these repeats indicates the presence of quadruplex structures, \we nave shown here and in previous studies that a quadruplex
but several biophysical data suggest that these quadruplexes arg).med by minor groove association of WatseBrick base pairs
different than the usual G-quadruplex. The dimethyl sulfate is a robust DNA motif that does not require guanine-rich
(DMS) binding experiments are especially interesting, as the g ences. These minor groove tetrads may stabilize the
lack of methylation in the guanine N7 is an indication of the association of DNA hairpins or slipped structures in cellular

ptres?nce ofTﬁ-tetrg ds, S|tr_me tg € ';Z IEI not taccl:ess;lbflelénbtheks ®NA. The occurrence of such structures in sequences containing
structures. € observation by ukia et al. ot fold-bac repeats within the cell may disturb the DNA metabolism and

quadruple.x. strgctl;res n Wh'Ch all the guanines are sensitive to be responsible of the genetic instabilities associated with DNA
DMS modificatiof” may indicate the presence of minor groove .
repeats and the subsequent disé8se.

G:C:G:C tetrads. It should be noticed that, in major groove G:C: . . i o
G:C tetrads, either direct or slipped, the N7 position is buried _ C0ordinates. Atomic coordinates have been deposited in the
(see Figure 7), and therefore, these tetrads are not consistenfotein DataBank (AccessionNumberPDB: 2HK4; RCSB038436).

with the lack of DMS protection of the guanine N7. The complete assignment list has been deposited at the BMRB.
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