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Minor groove aligned tetrads resulting from the association of Watson-Crick base pairs stabilize a dis-
tinct class of four-stranded DNA structures, different from G-quadruplexes or i-motifs. These tetrads
can be formed by several arrangements of G-C or A-T base pairs. Here we prove that minor groove tetr-
ads can be also formed by G-T mismatches. In this manuscript we describe the dimeric solution struc-
tures of two cyclic oligonucleotides stabilized by intermolecular G-T non-canonical base pairs. In the
dimeric structure of d<pTCGTATGT>, these mismatches interact to each other giving rise to minor groove
aligned G:T:G:T or mixed G:T:G:C tetrads. Interestingly, the stability conferred by mismatched G-T con-
taining tetrads is similar to that of minor groove tetrads solely formed by G-C Watson-Crick base pairs.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Although many of the non-canonical DNA structures were dis-
covered decades ago, the importance of these structures in Chem-
istry and Biology has become more apparent in the last few years.!
In particular, four-stranded structures have attracted extensive
interest for their implication in biological processes, such as
telomere maintenance or transcription regulation, or in supramo-
lecular chemistry and nanotechnology.? The most studied
four-stranded motif is the G-quadruplex, formed by two or more
planar G-tetrads. On occasions, these quadruplexes may contain
other kind of tetrads, such as those consisting of Watson-Crick
base pairs>~’ or mismatches.®

Minor groove aligned tetrads that result from the association of
Watson-Crick base pairs form a singular class of four-stranded
DNA structures, which differ from G-quadruplexes or i-motifs.
These tetrads, which can be formed by different arrangements of
G-C and A-T base pairs, have been observed in the crystal and
solution structures of several oligonucleotides and as contacts be-
tween different duplexes in higher order crystalline DNA struc-
tures.>1° Until now, five different types of minor groove tetrads
have been observed: A:T:A:T,'''2 G:C:G:C direct,!"'® G:C:G:C
slipped,'* C:G:G:C'> and G:C:A:T.'% Although they have been found
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in folded back linear oligonucleotides,'® they are more easily stud-
ied in cyclic analogues, where the formation of competing duplex-
like structures is impeded by chain cyclization.

Cyclic oligodeoxyribonucleotides have been used to study other
non-canonical DNA structures, such as hairpins,!”!® cruciforms'®
and guanine quadruplexes.2° The availability of synthetic methods
to obtain large amounts of cyclic oligoribo-2'22 and oligodeoxyri-
bonucleotides?> has opened the possibility of using their
interesting molecular recognition properties in a number of fields.
Firstly, cyclic oligonucleotides can be used to target single-
stranded DNA?#?> and RNA2® with higher affinity and selectivity
than their linear counterparts. Secondly, dumbbells can acts as
aptamers2’2® and transcription factor decoys.?®3° Finally, small
cyclic ribodinucleotides, such as c-di-AMP?! and c-di-GMP,3? are
important second messenger signaling molecules that regulate
many processes in bacteria. The recognition of c-di-GMP by its cog-
nate riboswitch has recently been described and the co-crystal
structure determined.>>34 Interestingly, c-di-GMP is recognized
by the riboswitch using canonical and non-canonical base-pairing
as well as intercalation.

The aim of this work is to investigate whether minor groove
tetrads can be also formed by mismatched base pairs. Mismatches
occur in genomic DNA as a consequence of natural processes such
as recombination or replication. Among them, G-T is the most
common mismatch, as it can also arise from cytosine methylation
and deamination. The mismatched bases adopt a wobble structure,
as originally proposed by Crick,3> where guanine is shifted towards
the minor groove while thymine is shifted towards the major
groove, giving rise to two hydrogen bonds: H3T-06G and H1G-
02T (Scheme 1A). G-T base pairs have been observed in crystals
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Scheme 1. (A) The wobble G-T pair. (B) Cyclic oligonucleotides prepared for this
study: d<pCCTTCGGT> and d<pTCGTATGT>.

of A-, B- and Z-DNA with a minimal distortion of the global
conformation and only small changes in the adjacent base pairs.3®
The base pair may be stabilized by additional hydrogen bond con-
tacts through water molecules. This type of mismatch has also
been observed in solution by NMR,?”~3° forming a wobble base pair
with little deformation of the duplex structure.

To investigate the compatibility of G-T base pairs with minor
groove tetrads, we have studied the structure and stability of the
cyclic octamers d<pCCTTCGGT> and d<pTCGTATGT> (Scheme 1B).

2. Results and discussion
2.1. Complex formation and thermal denaturation

1D imino proton NMR spectra shown in Figure 1C clearly indi-
cate that the two cyclic octamers adopt well defined structures.
The imino signals observed between 13.0 and 14.0 ppm indicate
the formation of G-C Watson-Crick base pairs, whereas the sharp
signals between 11.0 and 12.5 ppm suggest the formation of G-T
mismatches. The broader imino signals between 10.0 and
11.0 ppm correspond to the unpaired thymine imino protons.
NMR melting experiments (Fig. 1C) indicate that the structure
adopted by d<pCCTTCGGT> is not very stable. In contrast, imino
signals of d<pTCGTATGT> can be observed above 45 °C, indicating
that this structure is remarkably stable.

Melting transitions were also monitored by CD spectroscopy at
different oligonucleotide concentrations, ranging from 65 to
500 pM. In all cases, the CD spectra at low temperature exhibit a
large positive band around 260-270 nm and a negative band
around 245 nm. Both bands disappear as the temperature in-
creases (Fig 1A). At oligonucleotide concentrations similar to those
employed in the NMR experiments, melting temperatures of the
d<pCCTTCGGT> and d<pTCGTATGT> are 34 °C and 55 °C, respec-
tively. The formation free energies (25 °C) resulting from the anal-
ysis of the melting curves are —24 kJ/mol for d<pCCTTCGGT> and
—40 kJ/mol for d<pTCGTATGT> (Table 1).

NMR spectra of both oligonucleotides exhibit a strong depen-
dence on oligonucleotide concentration ( Fig. 1D). Also, melting
transitions are concentration dependent (Fig. 1B). These data indi-
cate that the structures are not monomeric. The similarity with
the NMR spectra of other cyclic oligonucleotides of the same family,
including the chemical shifts of some key signals as well as a num-
ber of characteristic NOE cross-peaks,!? led us to conclude that both
molecules adopt dimeric structures in solution. Note that the con-
formational constraint induced by the cyclization impedes the for-
mation of higher order structures with Watson-Crick base pairs.'®

2.2. NMR assignment

The assignment of most resonances of the NMR spectra of
d<pCCTTCGGT> and d<pTCGTATGT> could be carried out following
standard techniques (see Tables SI1 and SI2 in Supplementary
data). With the exception of some split signals in the spectra of

d<pTCGTATGT> that will be discussed below, the number of reso-
nances in the spectra of both molecules corresponds to eight nucle-
otides, indicating that the dimers are symmetric. Residues 1-8 are
magnetically equivalent to residues 9-16 (see Scheme 1B and Fig. 4
for numbering). In the following discussion the equivalent residues
are indicated in brackets. The assignment of non-exchangeable res-
onances was facilitated by the strong similarities with previously
studied dimeric structures stabilized by minor groove tetrads.
The exchangeable proton spectra are particularly informative.
Intermolecular G-C Watson-Crick base pairs are assessed by the
NOE contacts H5C—NH2C H1G—NH2G. In both cases, the presence
of G-T mismatches is confirmed by the characteristic chemical
shift of the H-bonded imino protons H3T and H1G, which resonate
between 10 and 12.5 ppm, and the cross-peaks between them. H3T
and H1G could be distinguished by the NOE cross-peaks of H1G
with their own amino protons (Fig. 2).

2.3. Structural features derived from NMR data

In the case of d<pCCTTCGGT> imino-imino cross-peak arises
from H3T3(11) and H1G14(6) (Fig. SI1). The two amino protons
of G6(14) are degenerate and resonate at 5.8 ppm, indicating that
they are not involved in hydrogen bonds. However, these amino
protons exhibit NOE contacts with the imino and amino protons
of the neighboring G7(15). Watson-Crick base pairs occur between
G7(15) and C10(2). Other additional contacts, including H1' of
G7(15) with H21/H22 of G15(7), can only be assigned as intermo-
lecular and they are consistent with the formation of a slipped
G7:C10:G15:C2 minor groove tetrad.'*

Interestingly, the NMR spectra of d<pTCGTATGT> are somewhat
more complex. Although many features of the spectra are similar
to those of d<pCCTTCGGT>, some resonances are split, in particular
most of the exchangeable protons, and a few of the non-exchange-
able ones (Fig. 2 and Table SI2). The NMR spectra are consistent
with an equilibrium between two conformers in slow exchange
on the NMR time scale. Since the splitting only affects some reso-
nances, and it is observed at different oligonucleotide concentra-
tions (Fig. 1D), we conclude that both conformers are symmetric
dimers of very similar structure. The distinct structural features
between them can be assessed mainly on the basis of exchangeable
proton contacts. In both cases, the characteristic pattern of NOEs
for G-C and G-T base pairs is observed (Fig. 2). The additional con-
tacts: H1'G3(G11)-H1/H21/H22G11(G3) and H1'G7(G15)-H1/
H21/H22G15(G7), for the first species, and H1'G3'(G11')-
H22G15(G7') and H1'G7'(G15')-H22G11/(G3’) for the second one
(denoted with primes) clearly indicate the formation of two
slipped tetrads: G7:C10:G15:C12 and T6:G11:G3:T14 for the first
species, and G7:T14:G11:C2 and T6:G15:G3:C10 for the second
one, as will be discussed below. The signals of both species show
similar intensities, indicating that their populations are approxi-
mately equal. Coalescence between the signals of the two forms
is not achieved before the melting, showing that the equilibrium
between both species is slow on the NMR time scale over the entire
temperatures range (Fig. 1C). Different experimental conditions,
like moderate changes in the pH or ionic strength (data not
shown), do not appear to alter the relative populations between
these two conformers.

Many spectral features are characteristic of dimeric structures
stabilized by minor groove tetrads. All intra-nucleotide H1’-base
NOEs are medium or weak, indicating that the glycosidic angle in
all the nucleotides is in an anti conformation. Also, sequential
NOE sugar-base cross-peaks are observed for residues 2(10)-
3(11)-4(12) and 6(14)-7(15)-8(16), but these sequential NOEs
are not observed for the residues in the second position of the
loops, 1(9) and 5(13). A number of NOE contacts between the
methyl groups of T4(12) and T8(16) and the adjacent base pairs
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Figure 1. (A) CD spectra of d<pCCTTCGGT> (500 uM) (left) and d<pTCGTATGT> (330 uM) (right) at different temperatures. (B) Melting curves of d<pCCTTCGGT> at different
oligonucleotide concentrations. (C) 1D NMR spectra of d<pCCTTCGGT> (2 mM) (left) and d<pTCGTATGT> (1 mM) (right) at different temperatures. (D) 1D NMR spectra of
d<pCCTTCGGT> (left) and d<pTCGTATGT> (right) at different oligonucleotide concentration (T =5 °C). Buffer conditions for all experiments: 25 mM sodium phosphate,

100 mM Nacl, 50 mM MgCl,, pH 7.

indicate that these thymines are stacked on top of the G-C or G-T
base pairs. In the case of T4 of d<pCCTTCGGT>, in which this stack-

ing occurs on top of a guanine residue, anomalously low chemical
shifts for H4’, H5 and H5” are observed.
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Table 1
Thermodynamic parameters for the formation of the dimeric species of

d<pCCTTCGGT> (500 uM oligonucleotide concentration) and d<pTCGTATGT>
(330 uM oligonucleotide concentration)
Parameters d<pCCTTCGGT> d<pTCGTATGT>
AHe (kJ/mol) —146 -214
AS° (J/mol K) —412 —585
AGjgs (Kj/mol) -24 —40

Buffer conditions: 25 mM sodium phosphate pH 7, 100 mM NacCl, 50 mM MgCl,.

2.4. Structure calculation

The presence of several species in slow exchange, where some
of their signals are degenerated, impedes the extraction of accurate
distance constraints from a number of NOE cross-peaks. However,
the NMR data is sufficient to build reliable models of these struc-
tures (see Table SI3 for a list of unambiguously assigned NOE
cross-peaks). Models of the dimeric structures of d<pCCTTCGGT>
and the two species of d<pTCGTATGT> were constructed on the ba-
sis of the average dimeric structure of d<pCCGTCCGT>.!* After per-
forming the appropriate mutations for each molecule with the
program sysvL, the three models were submitted to 1 ns runs of
state-of-the-art molecular dynamics calculations with the AmBER
package (see Section 4 for details). No distance constraints or
hydrogen bond constraints were included in these calculation. In
spite of that, the three trajectories are stable (see Fig. 3) and con-
verge to structures that are consistent with the experimental data.
Thus, in addition to the above-mentioned NOEs, corresponding to
exchangeable protons involved in base pairs, the calculated
structures are consistent with the key observed NOEs shown in Ta-
ble SI3.

Resulting models are shown in Figure 4, and present many fea-
tures in common with other members of this family of structures.
In all cases, the oligonucleotides adopt a symmetric dimeric struc-
ture in which the two circles run antiparallel to each other. The
structures are stabilized by two stacks of intermolecular G-C and
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Figure 3. RMSD along the trajectories of d<pCCTTCGGT> (red), the first species of
d<pTCGTATGT> (black) and the second species of d<pTCGTATGT> (green). The
RMSDs are calculated with respect to the initial structure for all heavy atoms except
those of the second residues of the loops which exhibit an increased mobility.

G-T base pairs that exhibit a mutual inclination of around 30-
40°. The thymines located in the first position of the loops form
two caps at both ends of the stacks. Residues in the second position
of the loops are solvent exposed.

2.5. The structure of d<pCCTTCGGT>

The dimer formed by d<pCCTTCGGT> is stabilized by one
slipped minor groove G:C:G:C tetrad and two additional wobble
G-T base pairs. Although the spatial arrangement of these G-T
base pairs resembles that of a direct G:C:G:C minor grove tetrad
found, for example, in the dimeric structure of d<pTGCTCGCT>""
(Fig. 5), in this case there are no hydrogen bonds between the gua-
nines of two G-T base pairs. The lack of additional stabilizing inter-
action between the two mismatches is reflected in the low thermal
stability of this dimer, which is 16 kJ/mol less stable than the ones
formed by d<pTCGTATGT> (Table 1).

In light of the structure, none of the two G6(14) amino protons
are involved in hydrogen bonds. These amino protons are not ex-
posed to the solvent, but buried in the center of the structure. This
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Figure 2. Exchangeable proton region of NOESY spectrum (150 ms) of d<pTCGTATGT> at 2 mM oligonucleotide concentration showing some key contacts in bold. Labels of
signals corresponding to the second conformer are shown in red and denoted with primes.
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Figure 4. Structures resulting from the molecular dynamics calculations: (A) d<pCCTTCGGT>, (B) first species of d<pTCGTATGT>, and (C) second species of d<pTCGTATGT>.
(Left) Details of the two tetrads that stabilize each dimer. (Middle) Average structures. (Right) Schemes of the dimers. Red and blue indicate different molecules. The sugar-

phosphate backbone is indicated in darker colors.

is consisting with their chemical shifts (5.8 ppm), and the number
of NOEs observed with the amino protons of the neighboring
G7(15).

2.6. The structure of d<pTCGTATGT>

On the other hand, the dimers formed by d<pTCGTATGT> are
stabilized by two slipped minor groove tetrads. The fact that a
single transition is observed in the CD denaturation curves, and
that proton NMR signals from the two species exhibit similar
intensities, clearly show that both dimers have a very similar
formation free energy. These two conformers correspond with
two possible arrangements of the two circles. In one of them the
slipped tetrads are formed by G7:C10:G15:C2 and G3:T14:
G11:T6. In the other conformer, the two circles are rotated 180°
with respect to each other, and form two slipped G:C:G:T tetrads
(G3:C10:G15:T6 and G11:C2:G7:T14). In both conformers the
number of G-T and G-C base pairs is the same, and the interaction
between the base pairs in all the tetrads occurs through two hydro-
gen bonds H2G-N3G between the two guanine residues. Since the
chemical environment of all the protons is almost identical, we
must conclude that both conformers adopt structures that, locally,
are very similar and contain equivalent stabilizing interactions.
This explains the degeneration of the chemical shifts of most pro-
tons in both species and the energetic equivalence between the
two conformers.

In the calculated structure of d<pTCGTATGT>, the G-T mis-
matches are not the standard wobble G-T base pairs, but are
slightly distorted and exhibit bifurcated hydrogen bonds between
the guanine amino proton and H1 with thymine O2. The two guan-

ine amino protons of d<pTCGTATGT> involved in G-T base pairs
resonate between 6.6 and 8.7 ppm, whereas unpaired amino
protons usually present lower chemical shifts. The low field shift
of the two guanine amino protons is an experimental confirmation
of the presence of bifurcated hydrogen bonds. Such pattern of
hydrogen bonds is not common in G-T base pairs, but it has been
observed before in a DNA duplex containing tandem G-T
mismatches.*°

It is interesting to compare the formation free energy of
d<pTCGTATGT> with other structures of the same family. Although
the buffer conditions are not identical, the formation free energy of
d<pTCGTATGT> is in the same range as that of dimeric structures
stabilized by G:C:G:C or C:G:G:C minor groove tetrads.'® Since
G:C:G:C and C:G:G:C minor groove tetrads have been found in
quadruplex structures formed linear oligonucleotides,'!* this re-
sult suggests that mismatched G-T minor groove tetrads may con-
fer enough stability to enable the formation of similar structures in
linear oligonucleotides.

2.7. Minor versus major groove G:T:G:T tetrads

G:T:G:T tetrads have been previously observed in the context of
G-quadruplexes® and i-motif structures.*! Balasubramanian et al.
observed G:T:G:T tetrads in interlocked parallel quadruplexes
formed by the sequence d(GGGT).2 These tetrads consist of two
G-T mismatches, with H3T-O6G and H1G-04T hydrogen bonds,
that interact through their major groove sides forming two addi-
tional hydrogen bonds between one of the amino protons of G
and 04T (Fig. 5B). On the other hand, a G:T:G:T tetrad that resem-
bles the minor groove slipped G:T:G:T tetrad found in this work
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Figure 5. (A) Minor groove tetrads stabilized by GC base pairs. (B) Comparison of GT base pairs in major (left) and minor (right) groove tetrads.

has been observed in the solution structures of two oligonucleo-
tides related to the centromeric pyrimidine strand.?! At low pH,
the oligonucleotides d(TCCCGTTTCCA) and d(CCCGTTCC) form
hairpins that dimerize in solution through the formation of C-C*
intercalated base pairs. The GTTT loops form two wobble G-T base
pairs, with H3T-0O6G and H1G-02T hydrogen bonds. The guanines
of these G-T base pairs interact to each other through two hydro-
gen bonds H2G-N3G. Although the resulting minor groove tetrad
observed in this structure is similar to the slipped G:T:G:T tetrad
found in the structure of d<pTCGTATGT>, no bifurcated hydrogen
bonds are observed in the former. The G:T:G:T tetrad observed in
the loop of the i-motif hairpins studied by Gallego et al.*! is formed
by canonical wobble G-T mismatches. Interestingly, both G:T:G:T
tetrads are not planar but there is a mutual inclination between
the two G-T mismatches. In contrast, the major groove G:T:G:T
tetrad observed in interlocked G-quadruplexes is presumably
planar.?

3. Conclusions

In summary, we have shown that, like canonical Watson-Crick
base pairs, G-T mismatches can be involved in minor groove tetr-
ads. These tetrads can result from the association of two G-T base
pairs or the combination of a G-C and a G-T base pair. In both
cases the arrangement of the two base pairs is very similar to the
slipped minor groove G:C:G:C tetrad described previously. Overall,
the dimeric structures formed by slipped minor groove G:C:G:T or
G:T:G:T tetrads are very similar to other structures stabilized by
minor groove tetrads, and exhibit a similar stability to those
formed by G:C:G:C or C:G:G:C tetrads.

4. Experimental section

The cyclic octamers were synthesized as reported by Alazzouzi
et al.2® and purified by HPLC or PAGE. Cyclic oligonucleotides
were characterized by enzymatic digestion, that gave the right pro-
portion of nucleosides, and MALDI-TOF mass spectrometry
(d<pCCTTCGGT>: M calculated = 2437.38 amu, m/z = 2437.37 amu,
d<pTCGTATGT>: M calculated = 2476.39 amu, m/z = 2473.38 amu).

Samples for NMR were suspended (as Na* salts) in either D,0 or
9:1 H,0/D,0 (100 mM NacCl, 10 mM MgCl,, sodium phosphate buf-
fer, pH 7).

4.1. Circular dichroism

Circular dichroism spectra were collected on a Jasco J-810 spec-
tropolarimeter fitted with a thermostated cell holder. For melting
experiments, the samples were initially heated at 90 °C for 5 min,
and slowly cooled to room temperature and stored at 4 °C until
use. CD melting experiments were recorded at 0.5 °C/min at the
maximum wavelength. At this temperature change rate no differ-
ence is observed between the melting and annealing profiles. CD
spectra were recorded at concentrations of the complexes ranging
from 300 to 500 uM. The spectra were normalized to facilitate
comparisons. Thermodynamic parameters were calculated from
single melting curves, by representing InK versus 1/T (for
0.15<x<0.85).42

CD(t) — CDdenat(t) X

(6= CDstruc(f) — CDdenat(f) ~*~ 2co(1 — x)?
AH® 1 AS®
InK=-"f7+%

4.2. NMR spectroscopy

All NMR spectra were acquired in Bruker spectrometers operat-
ing at 600 MHz or 800 MHz, equipped with cryoprobes and
processed with the TOPSPIN software. In the experiments in D,0,
presaturation was used to suppress the residual H,O signal.
A jump-and-return pulse sequence*® was employed to observe
the rapidly exchanging protons in 1D H,O experiments. NOESY
spectra in D,O were acquired with mixing times of 100 and
250 ms. TOCSY spectra were recorded with the standard MLEV-
17 spin-lock sequence and a mixing time of 80 ms. In 2D experi-
ments in H,O, water suppression were achieved by including a
WATERGATE** module in the pulse sequence prior to acquisition.
NOESY spectra in H,O were acquired with a mixing time of
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150 ms. The spectral analysis program sparky*> was used for semi-
automatic assignment of the NOESY cross-peaks.

4.3. Model building and molecular dynamics calculations

Models of the dimeric structures of d<pTCGTATGT> and
d<pCCTTCGGT> were built from the dimeric structure of
d<pCCGTCCGT>, previously calculated in our group.' The appropri-
ate residues were mutated with the program sysyL, preserving the
geometry of the original model, and then minimized in vacuo.
The structures were immersed in a water box of around 3000 water
molecules. The whole system was then submitted to the standard
equilibration protocol used in our group*® and to a long run of
1 ns of unconstrained molecular dynamics calculation with the
molecular dynamics package amper.*” The AMBER-98 force-field*®
was used to describe the DNA, and the TIP3P model was used to
simulate water molecules.*® The Particle Mesh Ewald method was
used to evaluate long-range electrostatic interactions.’® The last
25 ps of each trajectory were averaged and then minimized. The
analysis of the final structures as well as the molecular dynamics
trajectories was carried out with the program mormor.>!
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