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[3.2.0]bcANA is a D-arabino-configured bicyclic nucleotide with a 2'-0,3’-C-methylene bridge. We here present

the high-resolution NMR structure of a [3.2.0]bcANA modified dsDNA nonamer with one modified nucleotide
incorporated. NOE restraints were obtained by analysis of NOESY cross peak intensities using a full relaxation
matrix approach, and subsequently these restraints were incorporated into a simulated annealing scheme for the
structure determination. In addition, the furanose ring puckers of the deoxyribose moieties were determined by
analysis of COSY cross peaks. The modified duplex adopts a B-like geometry with Watson—Crick base pairing in

all base pairs and all glycosidic angles in the anti range. The stacking arrangement of the nucleobases appears to be
unperturbed relative to the normal B-like arrangement. The 2'-0,3’-C-methylene bridge of the modified nucleotide is
located at the brim of the major groove where it fits well into the B-type duplex framework. The sugar pucker of the
[3.2.0]bcANA nucleotide is O4'-endo and this sugar conformation causes a change in the 6 backbone angle relative to
the C2’-endo deoxyribose sugar pucker. This change is absorbed locally by slight changes in the ¢ and { angles of the
modified nucleotide. Overall, the [3.2.0]bcANA modifications fits very well into a B-like duplex framework and only
small and local perturbations are observed relative to the unmodified dsDNA of identical base sequence.

Introduction

In general, the conformation of the flexible furanose moiety
determines the overall helical structure of dsDNA duplexes.
Thus, the two low-energy deoxyribose conformations, C3'-endo
and C2'-endo, yield two distinctly different duplex types. In
A-form structures, the furanose assumes a C3’-endo (N-type)
conformation, while in B-form structures a C2'-endo (S-type)
conformation is taken.! The energy barrier to interconversion
between these low energy states is rather low? (~2 kcal mol™)
leading to the high plasticity of DNA. A number of factors
influence the conformational ASB equilibrium in dsDNA,
e.g base sequence and environmental effects such as the rel-
ative humidity or ionic strength. When hybridised with RNA,
DNA strands are found in neither A- nor B-form geometries
but rather in intermediate states due to repuckering of the
deoxyriboses.*

Steric and electronic effects, e.g. anomeric and gauche effects,
determine the exact conformational equilibrium of deoxy-
riboses. Thus, substitution of the native deoxyribose ring can
shift the conformational equilibrium. For example, a strongly
electronegative substituent at the C2’'-ribo position shifts the
equilibrium towards N-type conformation as do exchanging the
03’ by a less electronegative atom such as nitrogen as done in
N3'—P5’ phosphoramidates.® Electronegative substituents at
the C2'-arabino position would be expected to shift the sugar
equilibrium towards S-type conformation, however, it has been

T Electronic supplementary information (ESI) available: A table with
atomic charges for the [3.2.0]bcANA modified nucleotide employed in
structure calculation, tables with chemical shift values and selections of
helix parameters for the duplex studied and a figure with the CD
spectra of the [3.2.0]bcANA modified duplex along with the unmodi-
fied reference dsDNA. [Coordinates and restraints employed in calcu-
lations have been deposited in the Protein Data Bank (accession code:
loci)]. See http://www.rsc.org/suppdata/ob/b3/b300848g/
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shown by X-ray crystallography and NMR spectroscopy that
2'-F-arabino modified deoxyriboses assume an O4'-endo con-
formation when incorporated into oligonucleotides, probably
due to steric clashes between the 2’-fluorine and the aromatic
nucleobase proton.”®

The O4'-endo conformation is a high-energy conformation
for native deoxyriboses, and as such it is probably only sparsely
populated in dsDNA duplexes or DNA-RNA hybrids,
although the exact conformation of the deoxyriboses in DNA—
RNA hybrids is still a matter of debate®® The deoxyriboses
may be in fast interconversion between N- and S-type sugar
puckers or may be fixed in O4’-endo conformations. Neverthe-
less, the structure derived on the NMR time-scale will show an
average geometry, which in the former case will resemble an
04'-endo sugar pucker. Thus, modified nucleic acids with a
sugar conformation engineered into an O4'-endo conformation
are potentially interesting as mimics of deoxyriboses in DNA—
RNA hybrids.

In the context of antisense oligonucleotides (AOs), RNases
H are enzymes of interest as they selectively cleave the RNA
strand of DNA-RNA or potentially AO-RNA hybrids." It is
proposed that the ability of these enzymes to distinguish sub-
strates from non-substrates (dssSDNA and dsRNA) is owing to
the difference in minor groove width, with the minor groove of
DNA-RNA hybrids being intermediate to that of dsSDNA and
dsRNA duplexes.!! This minor groove width peculiar for
DNA-RNA hybrids arises structurally because the RNA
strand possesses N-type sugar puckers while the DNA strand
possesses sugar puckers of either mixtures of N- and S-type or
fixed O4'-endo ones.

In recent years, a number of chemically conformationally
restricted nucleotides have been synthesised.’*’* In these type
of compounds, the sugar conformation can be engineered by
adding an extra ring to the sugar moiety, thus obtaining bicyclic
sugars.’> Prime interest of these restricted nucleotides has been
given to LNA (Fig. 1), locked in a C3'-endo conformation."
LNA modified oligonucleotides have shown extremely high
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Fig. 1 (a) The chemical structure of a [3.2.0]bcANA nucleoside with
the numbering of protons indicated. (b) The chemical structure of
LNA. (¢) The C2'-endo/C3’-endo interconversion passing through the
04'-endo conformation (the latter shown in a perpendicular view).

affinity towards cognate RNAs and DNAs, with increases in
melting temperatures, AT s, ranging from +3 °C to +10 °C per
LNA nucleotide incorporated.'>!6

Recently, we have synthesised the 2'-0,3’-C-methylene
linked D-arabino-configured bicyclic nucleoside [3.2.0]bcANA
(Fig. 1)." By use of molecular modelling and NMR spectro-
scopy, we have shown that the furanose moiety adopts an O4’-
endo conformation. That is, a conformation identical to that of
2'-F-ANA, however, the rationale for this sugar conformation
is entirely different with the O4’-endo conformation of [3.2.0]-
bcANA being due to the propensity of the fused oxetane ring to
adopt an almost planar geometry.

The hybridization properties of [3.2.0]bcANA were evalu-
ated, and in the context of DNA hybridization it was found that
inclusion of up to four modifications in 9- or 14-mer oligo-
nucleotides entailed almost unaltered melting temperatures,
although four sequential modifications entailed a drop of ~1 °C
per modification.'” For a fully modified poly-T sequence, an
increase in melting temperature of ~2 °C per modification was
observed.

To assess the geometrical constraints of [3.2.0]bcANA when
built into oligonucleotides, we have incorporated [3.2.0]bcANA
once into a nonamer oligonucleotide (see Scheme 1). We
have previously studied the unmodified version of this duplex
and an LNA modified version,'® thus we can compare the struc-
ture of the [3.2.0]bcANA modified duplex with these structures.
By extracting vicinal proton coupling constants, we have
determined the sugar conformations of the 17 deoxyriboses,
and with the use of 'H-'H NOEs, we have determined a
high-resolution structure of the modified duplex.

123456789
SdCTGAT*ATGC
Jd(GACT ATACG
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Scheme 1 The numbering scheme for the [3.2.0]bcANA:DNA duplex
studied. T* denotes a [3.2.0]bcANA modified thymine monomer.

Results
Spectral analysis

The 1D "H NMR spectrum of the sample contains sharp lines
from the expected dsDNA duplex (line widths ~3 Hz). The
NOESY spectra of the duplex display the characteristic
features of a right-handed double helix with all the nucleobases
in the anti conformation. The assignment of proton resonances
in the duplex was performed by standard methods.'”** The
NOESY spectra with short mixing times allowed unambiguous

assignment of all H2' and H2" resonances and the H6' and H6"
resonances in the modified nucleotide, T*5. The latter reson-
ance pair was stereospecifically assigned by the magnitude of
their NOESY cross peaks to the nucleobase proton of T*5. The
chemical shift values and the NOE connectivity pattern of the
imino protons are in accordance with normal Watson—Crick
base pairing, thus justifying the inclusion of Watson—Crick
restraints in the structure calculations. Chemical shifts are tabu-
lated in the Electronic supplementary information t (Table S2).

The chemical shifts of the modified duplex and the corre-
sponding unmodified dsSDNA duplex are in close agreement.
Aside from the central three base pairs, no difference in excess
of 0.03 ppm is observed. In the modified nucleotide, H2' has an
upfield shift of 2.96 ppm compared with unmodified dsDNA
owing to the introduction of an electronegative oxygen at C2'.
Apart from this resonance, no shift of more than ~0.3 ppm is
observed in the central three base pairs, this indicates a close
structural resemblance between the modified and native
duplexes. The largest change in chemical shift is observed for
A4 H2" (Ad =0.31 ppm). Owing to the O4'-endo conformation
of T*5, this proton is located fairly close to T*5 O4’, the dis-
tance being ~3.3 A as compared with ~4.2 A for nucleotides in
S-type conformations.

Analysis of COSY spectra

For S-type deoxyriboses, large coupling constants are expected
for H1'-H2" and smaller coupling constants for H1'-H2' and
vice versa for N-type deoxyriboses. Consequently, the H1'-H2"
DQF-COSY cross peak of an S-type sugar has a fine structure
which splits the peak into 16 components, whilst the H1'-H2’
cross peak has a much simpler fine structure. In contrast, for an
N-type sugar, the H1'-H2" cross peak has a simple fine struc-
ture, whilst the H1'-H2' cross peak is either of low intensity or
absent due to cancellation of antiphase peaks.

Qualitatively, the H1' to H2" and H2" DQF-COSY cross
peaks of the [3.2.0]bcANA modified duplex have the appear-
ances of predominantly S-type deoxyribose conformations (see
Fig. 2). The coupling constants of the sugar protons were
obtained by analysis of the DQF-COSY spectrum and are
given in Table 1. The DQF-COSY spectrum back calculated
with these coupling constants resembles the experimental
spectrum very well as shown in Fig. 2. Subsequently, the deoxy-
ribose conformations were analysed assuming a two-state
NS equilibrium and the fraction of S-type sugar conform-
ations as well as the pseudorotation angles obtained are
included in Table 1. Overall, fairly uniform deoxyribose con-
formations are observed along the duplex, with all deoxyribose
sugars possessing in excess of 85% S-type conformation. These
results are in agreement with those obtained for the unmodified
duplex of identical base sequences as all deoxyribose sugars in
this duplex also have predominant S-type sugar puckers.'®

The modified nucleotide

As for the modified [3.2.0]bcANA sugar, unfortunately com-
plete resonance degeneracy between the H1’ and H2’ protons
precluded determination of the Ji; .y, coupling constant in the
duplex sample. At the monomer level, a geometry optimisation
of the [3.2.0]bcANA nucleoside carried out at the HF/6-31G*
level yielded an O4'-endo sugar conformation (P =90°, @, =
38°). This geometry gives a H1'H2' torsion angle of 44.4°,
which in turn yields Jy; 4 = 2.5 Hz using a state-of-the-art
Karplus relationship.?*2* This coupling constant is in accord-
ance with the experimental one,'” thus validating the O4'-endo
sugar pucker of the modified nucleoside.

Duplex structure calculations

A total of 40 structures were calculated for the [3.2.0]bcANA
modified duplex employing a simulated annealing protocol as
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Fig. 2 Comparison of the H1’ to H2'/H2" regions of the experimental (left) and the calculated (right) DQF-COSY spectra for the [3.2.0]bcANA
modified duplex. In the calculated spectrum, the 15 cross peak pairs simulated are indicated. Weak cross peaks in the experimental spectrum are from

traces of single-stranded species.

Table 1 Coupling constants for the sugar protons in the d(CTGA-
T*ATGC)-d(GCATATCAG) duplex and the sugar conformations
derived

JiwHz  Jyy/Hz  Jyy/Hz  Jy/Hz %S¢ PS/°¢
Cl1 6.4 6.9 0.6 1.1 91(7)  197(9)
T2 9.2 5.8 3.8 0.9 95(6)  174(15)
G3 10.0 5.5 4.1 0.8 97(6) 169 (10)
A4 9.8 52 4.8 1.2 95(6)  162(10)
T*Sb
A6 8.9 5.7 44 2.2 86(8)  167(14)
T7 9.0 5.9 3.9 1.2 93(8)  177(15)
G8 8.7 5.5 4.7 1.0 91(9)  167(23)
9«
G10 8.7 5.6 1.1 1.0 97(5  181(8)
Cll 8.9 5.3 3.9 0.9 95(6)  175(9)
Al2 8.9 54 5.6 1.3 87(9) 161 (18)
T13 9.4 5.7 5.1 1.8 89(9)  164(14)
Al4 7.3 6.3 4.7 1.2 85(12) 189(17)
T15 8.1 5.6 4.2 1.1 90(9)  181(12)
Cl6 8.3 5.5 3.2 0.9 93(8)  179(15)
Al7 8.4 5.8 4.8 0.9 91 (10) 177(18)
G18¢

“The coupling constants were derived from the H1'-H2" and H1'-H2"
cross peaks in the selective DQF-COSY spectrum using CHEOPS. The
J,» coupling constants returned were between —14.2 and —15.0 Hz,
values typical for deoxyribose. The sugar conformations were calcu-
lated using a randomised version of the PSEUROT program. In
PSEUROT calculations, the puckering amplitudes were fixed at 35°.
The standard deviations are given in brackets. * The [3.2.0]bcANA
nucleotide was not included in the CHEOPS calculations due to the
restricted conformation. ¢ No coupling constants were obtained for C9
and G18 due to spectral overlap. ¢ Percent S-type sugar conformation
calculated using PSEUROT. ¢ Pseudorotation angle calculated for the
S-type sugar conformation.

described in the Experimental section. Twenty random sets of
initial velocities for each of the two starting structures (A- and
B-type geometries) were used. All structures converged to one
family of structures, with an all-atom RMSD of 1.11 A for all
base pairs and 0.91 A for non-terminal base pairs (see Fig. 3).
The final ensemble of structures features low distance restraint
energies and low distance violations compared with the starting
structures (see Table 2). The average sum of violations for the
40 structures is 5.85 A and no violations larger than 0.22 A were
observed in any of the calculated structures.
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Fig. 3 A superposition of the 40 structures calculated for the
[3.2.0]bcANA modified duplex from either A-type or B-type starting
geometries. For clarity, hydrogen atoms are not shown.

General description of the structure

The calculated family of structures is in the domain of B-type
helices as demonstrated by RMSD values of 1.8 A between the
calculated structure and the energy minimised B-form starting
structure and 1.5 A between the structure and the structure of
the unmodified dsDNA." In the structure, all glycosidic angles
are in the anti conformation and Watson—Crick base pairing is
maintained for all base pairs. The duplex is regular as shown by
the nearly straight helix axis as calculated by CURVESS5.2.26%7
The helix axis pierces the nucleobases as is common for
duplexes in the B-type domain. Other indications of the B-like
appearance of the structure are the narrow and deep minor
groove (average width ~6.1 A) and intra-strand phosphorous
distances of ~7 A. A stereo view of the duplex is shown in Fig. 4.



Table 2 Structural parameters for the NOE derived structure

Structure E \yper/kcal mol ™! Eyxor/kcal mol ™! Adav/f\ RMSD vs NMR/A
A-type -21.5 5042 0.481 3.00 (0.44)

B-type —48.1 818.4 0.111 1.83(0.47)

NMR -0.5 24.2 0.018 0.91 (0.41)"

“ Force field (Eyyprr) and restraint (Exog) energies, average restraint violations (Ad,,) and pairwise atomic RMSDs for the starting structures and the
NMR structure. All-atomic RMSDs were calculated for all atoms of the seven internal base pairs. Where applicable, standard deviations are included
in brackets. * Atomic RMSDs for the 40 structures calculated from A-form and B-form starting geometries.

Fig. 4 Stereo view of the structure of the [3.2.0]bcANA modified duplex (left). For clarity, only hydrogens on the modification are shown.
The colouring scheme is: The nucleobases, blue; the sugar—phosphate backbone, red; and the [3.2.0]bcANA 2'-0,3'-C bridge, yellow. Detailed view
of T*5 showing the O4’-endo sugar conformation (right). The atoms are coloured individually.

The B-like appearance of the [3.2.0]bcANA modified duplex
is corroborated by its CD spectrum (included in the Electronic
supplementary informationt). This spectrum displays the
characteristics of B-type duplex geometries, ie. no negative
band at ~210 nm, a negative band at ~250 nm and a positive one
at ~270 nm, these two bands having approximately equal
magnitude.

In the structure, the modified [3.2.0]bcANA nucleotide
adopts an O4'-endo sugar conformation (P = 86°, @, = 34°),
and the 2'-0,3’-C-methylene bridge of T*5 is located at the
brim of the major groove (see Fig. 4). There it fits snugly in a
pocket created by one of the non-bridging phosphate oxygens
of A6, O5' of TS5, and the nucleobase protons of T5 and A6,
with the oxymethylene bridge being in van der Waals contacts
with these atoms.

The nucleobase of T*5 stacks with A4’s nucleobase while
there is no overlap with the base of A6. This stacking arrange-
ment is perfectly similar to what is usually observed for B-type
duplexes and is also what is observed for other ApT and TpA
base steps in this duplex. In accordance with other B-type
duplex structures, we observe no inter-strand stacking.

Helix parameters

Helix parameters and the global helix axis were calculated using
CURVESS.2 (a table with a selection of helical parameters is
included in the Electronic supplementary information f; Table
S3). The global helix axis is fairly straight with a slight bend at
the T2pG3—-C16pA17 base pair step (~11°), this shows that the
single [3.2.0]bcANA nucleotide is incorporated into the dSSDNA
duplex without introducing global incoherences. X-displace-
ment, Y-displacement, inclination, and tip are the helix param-
eters with which the global helix axis is determined. Con-
sequently, these parameters allow a direct comparison between
A- and B-type duplex forms and the structure determined. The
values for X-displacement and inclination are near the values
expected for a B-type duplex. Y-displacement and tip offer no

discrimination between different duplex forms, however, these
parameters serve as to describe the regularity of the duplex,
with only slight variations along the duplex (up to 0.3 A for
Y-displacement and 9.2° for tip). As for the remaining helix
parameters, most only show fairly slight variations along the
duplex, however, with the T2pG3-C16pA17 base pair step dis-
playing a number of extreme values, e.g roll of 11°, buckle of
20°, tilt of —8° and opening of —6°. Large values for roll, indi-
cating bending of the helix axis, are usual for TpG-CpA base
pair steps? and the negative value of opening shows that the
bend is towards the major groove. Propeller twist is negative for
all base pairs except for C1-G18, with an average value of
—9.5°. The average value for rise is 3.1 A which is close to the
value for a standard B-type duplex (3.4 A), a slightly lower
value for rise (2.8 A) is observed in the T*5pA6-T13pA14 step.
For twist, the average value is 32.8°, which is a slight unwinding
relative to standard B-DNA, however, slight unwinding appears
to be common for many NMR derived structures.?

Backbone geometry

Due to the intrinsic paucity of NOE restraints in the DNA
phosphate backbone, the backbone geometry of the duplex is
less precisely determined than the geometry of the nucleobases
in the structure. Rather, the backbone geometry is determined
by the force field employed and by the constraints imposed by
the placement of the nucleobases, for stacking and base pairing,
and the sugars. Most of the sugar—phosphate backbone torsion
angles reside in the domains of the standard genus for B-type
DNA duplexes. A few exceptions are observed in the unmodi-
fied DNA strand, with two a-angles residing in the gauche+
range (T13 and A17) and two y-angles in the trans domain (C11
and T13), these deviations from standard values are a con-
sequence of the malleability of the DNA backbone as encoded
in the force field of Cornell er al*® As for the modified
[3.2.0]bcANA nucleotide, the change in the J-angle brought
about by the locked O4'-endo sugar conformation is counter-
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Table 3 Backbone torsion angles for the [3.2.0]bcANA modified nucleotide (T*5) and its neighbouring nucleotides, together with the glycosidic

angles, pseudorotation angles and puckering amplitudes (all in degrees)

Residue a s y 0 e ¢ x P Dpax
A4 —69 —139 43 148 180 —91 —100 181 35
T*5 -175 -191 65 85 164 —66 —136 86 34
A6 —56 -179 45 126 178 -95 —120 140 32

acted by slight changes in the ¢- and {-angles (see Table 3). The
glycosidic angles, y, are found in anti conformations for
all nucleotides as was expected by inspection of the NOESY
spectra. For the modified nucleotide, we find a glycosidic angle
of —136°. This magnitude of the glycosidic angle appears to be
favourable for positioning the nucleobase in a geometry suitable
for Watson—Crick base pairing for nucleotides with O4'-endo
sugar puckers.”®3! For the unmodified nucleotides, the average
glycosidic angle is —117°, close to the standard B-type value of
—108°.

Sugar conformations

All deoxyribose sugars in the structure have S-type conform-
ations, with pseudorotation angles between P = 112° (C16) and
P = 194° (T13) for non-terminal residues and an average
pseudorotation angle of P = 149°. These sugar conformations
are in general agreement with the results obtained by analysis
of the sugar coupling constants (see above). The pseudo-
rotation angle of the modified [3.2.0]bcANA nucleotide is 86°
and the puckering amplitude 34°. These values are in good
agreement with the values determined by ab initio calculations,
thus validating the force field employed in the structure calcu-
lations as suitable in reproducing the geometry of the
[3.2.0]bcANA nucleotide.

Discussion

The [3.2.0]bcANA modified duplex exhibits NMR spectral fea-
tures typical of a right-handed DNA helix possessing an overall
B-like geometry with all nucleobases in anti conformations and
forming normal Watson-Crick base pairing. Comparing the
chemical shifts of this modified duplex with the corresponding
unmodified one,'® we observe only the slightest of changes
(less than 0.03 ppm) except for the AdpT*5pA6-fragment,
where shifts of up to ~0.3 ppm are observed (H2' of T*5 obvi-
ously has a large upfield change owing to the electronegative
02’ atom introduced). This invariance in chemical shifts
demonstrates that only local and slight structural changes are
taking place upon incorporation of the [3.2.0]bcANA nucleo-
tide. Particularly, the chemical shift invariance of the adenines’
H2 protons is notable. With the H2 proton of adenines being
sited near the centre of the duplex, chemical shift changes of
these protons are indicators of changes in base stacking.
Thus, it appears that, probably, no major changes in nucleobase
stacking are occurring upon modification of the TS nucleotide.
This is consistent with the B-like stacking arrangement we
observe.

The structural similarity between the [3.2.0]bcANA modified
duplex and the corresponding unmodified duplex is also
demonstrated by CD spectroscopy with the spectra of the
two duplexes being virtually undistinguishable. Likewise, the
modified and unmodified duplexes have identical melting
temperatures.*?

Our analyses of the deoxyribose sugar conformations in the
[3.2.0]bcANA modified duplex show that all deoxyribo sugars
adopt almost pure S-type sugar puckers. This is consistent with
the B-like appearance as indicated by analyses of NOESY
spectra.

In this context, the high-resolution structure of the [3.2.0]-
bcANA modified duplex possesses the general appearance of
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a B-type duplex as indicated by the base planes being
nearly perpendicular to the helix axis, by a number of
helical parameters as described above, and by sugar conform-
ations in the S-type range of the pseudorotation cycle. In addi-
tion, we find an average minor groove width of 6.1 A, which is
near the value expected for a B-type duplex. In the corre-
sponding unmodified dsDNA duplex, an identical minor
groove width was observed.”® Thus, the incorporation of
the [3.2.0]bcANA nucleotide appears to leave the structure
of the duplex strikingly unperturbed relative to the unmodified
dsDNA as is also shown by the B-like sugar—phosphate
backbone.

The[3.2.0]bcANA modified nucleotide adopts an O4'-endo
furanose conformation in the NMR structure. This con-
formation is determined mutually by the force field applied
in the calculations and by the NMR derived distance res-
traints, and is in good agreement with the conformation of
the modified nucleoside as calculated by ab initio methods.
The fixed sugar conformation of the modified nucleotide
imposes a change of ~50° for the d-angle of T*5, this change
is absorbed by the DNA backbone by slight changes in the
e- and (-angles of T*5. This is identical to what is also
observed for other modified nucleotides adopting O4'-endo
conformations.”®

The 2'-0,3'-C-methylene bridge of the modified nucleotide
is located at the brim of the major groove, where it sterically
fits well between its own nucleobase and the 3'-flanking one
(see Fig. 4). Even though the oxymethylene bridge makes van
der Waals contacts with neighbouring nucleotides, it appears
to leave both the nucleobase stacking arrangement and the
sugar—phosphate backbone unaltered relative to normal
B-DNA.

The O4'-endo sugar conformation is interesting in as much
as it is a high-energy conformation in the pseudorotational
pathway for deoxyriboses, defining the energy barrier to inter-
conversion between C2'-endo and C3'-endo conformations (see
Fig. 1).2 In DNA-RNA hybrids, the deoxyribo nucleotides are
repuckering between C2'-endo and C3’-endo sugar conform-
ations, and from structural studies, it appears that the O4'-endo
conformation is a good mimic of the average deoxyribose sugar
pucker in this case.?"*

Some other modified nucleic acids possess O4'-endo puckers,
eg 2'-F-ANA and [3.3.0]bcANA, a close analogue of
[3.2.0]bcANA with a 2'-0,3’-C-ethylene bridge. Both of these
nucleotide analogues were incorporated into dsSDNA duplexes
and studied by X-ray crystallography and NMR spectro-
scopy.”®3! In common for these structures is that the modified
nucleotides only perturb the duplex structure locally and only
slightly. That is the duplexes retain an overall B-like appear-
ance. As for our [3.2.0]bcANA NMR structure, the changes in
the ¢ backbone torsion angle brought about by the O4'-endo
sugar conformation of the modified nucleotides are absorbed
by the DNA phosphate backbone by changes in the ¢ and
{-torsion angles of the modified nucleotides. This demonstrates
the high malleability of the DNA phosphate backbone and its
unique capability to absorb perturbations with only minimal
distortion of the global duplex structure resulting.

LNA is a nucleotide analogue locked in a C3’-endo (N-type)
sugar conformation. We have previously studied a number of
LNA modified dsDNA duplexes and have found that LNA
nucleotides perturb the duplex structure towards an A-type



geometry. Thus the incorporation of LNA nucleotides in
dsDNA entail more dramatic structural changes than does the
incorporation of [3.2.0]bcANA nucleotides. In particular, in a
dsDNA duplex with one LNA nucleotide incorporated, we
found that the nucleotide 3'-flanking the LNA nucleotide
possessed ~40% N-type sugar conformation,* no such perturb-
ation of neighbouring nucleotides is observed in the
[3.2.0]bcANA modified dsDNA duplex. The 86 + 8% S-type
sugar conformation found for A6 in this work is well in
line with the amount of S-type conformation determined
for unmodified dsDNA duplexes. In X-ray crystallographic
structures, the incorporation of O4’-endo modified analogues
(2'-F-ANA or [3.3.0]bcANA) leaves the bulk of the dsDNA
unperturbed, that is the overall duplex geometry is B-like, !
however, incorporation of two LNA nucleotides in a dsDNA
duplex propels the entire duplex into an A-type geometry with
all deoxyriboses having N-type sugar puckers,® ie. a more
dramatic effect than in solution. Similarly, incorporation of two
terminal RNA nucleotides in dsDNA alter the entire duplex
geometry to A-type with the deoxyriboses having N-type sugar
puckers as determined by X-ray crystallography.** As both
ribonucleotides and LNA nucleotides contain a 2'-ribo oxygen
(and [3.2.0]bcANA does not), this may be the key factor trigger-
ing the crystallisation in A-type of RNA and LNA modified
dsDNAs; an alternative possibility is that a single nucleobase
positioned in an A-like stacking arrangement can trigger a
conformational B to A shift throughout a duplex in order to
maximise stacking interactions. However, the observation that
04'-endo fixed nucleotides cannot induce a B to A shift shows
that it is fairly subtle structural changes and energetics that
trigger such a conformational shift.

In a biological context, DNA-RNA hybrids are interesting
as RNase H cleaves the RNA strand of such hybrids. In the
antisense approach, one of the possible mechanisms is that the
antisense oligonucleotide (AO) binds to the cognate mRNA
and the AO-mRNA hybrid is recognised by RNase H with
subsequent cleavage and silencing of the mRNA. As the O4'-
endo sugar pucker appears to be a mimic of a repuckering
deoxyribose, nucleic acid analogues engineered to possess this
sugar conformation are structurally interesting in the context
of RNase H recognition. 2’-F-ANA-RNA hybrids act as sub-
strates for RNase H with subsequent scission of the RNA
strand.’” In a homo-thymine-homo-adenylate 14-mer duplex
context, a [3.2.0]bcANA-RNA hybrid did not elicit RNase H
activity, nor did the corresponding [3.3.0]bcANA-RNA
hybrid.*® Structural studies have shown that the latter analogue
also possesses an O4'-endo sugar conformation.** This indi-
cates that factors beside sugar conformations are important for
RNase H recognition. This could for example be a steric inter-
action between the 2'-0,3'-C-bridge and the enzyme or
that slight changes in the sugar—phosphate backbone of the
modified strand alter the interactions between the hybrid and
the primer grip of RNase H* and hence positions potentially
scissile RNA phosphates in non-optimum geometries for cleav-
age. Moreover, it should be noted that no general conclusions
on the RNase H substrate properties of bcANAs can be drawn
as so far as only the rather unusual homo-thymine sequence has
been studied.

In conclusion, we have determined the structure of a non-
amer dsDNA duplex with a single [3.2.0]bcANA modification
incorporated. Altogether the O4’-endo conformation of the
[3.2.0]bcANA modified nucleotide (T*5) is compatible with the
B-form duplex geometry of dsDNA and consequently, the
overall duplex geometry is B-type. The additional 2'-0,3'-C-
methylene bridge of T*5 fits snugly into the B-form framework
of the duplex and the modified nucleotide is well accom-
modated in the duplex. The small changes imposed in the
sugar—phosphate backbone due to the O4’-endo sugar pucker
of T*5 are absorbed locally by changes in the ¢ and {-angles of
T*S.

Experimental

Sample preparation

The d(CTGAT*ATGC) oligonucleotide was synthesised as
described elsewhere.!” The unmodified complementary oligo-
nucleotide was purchased from DNA Technology, Arhus,
Denmark. Both oligonucleotides were purified by site-exclusion
on a Sephadex G15 column. The duplex was obtained by dis-
solving equimolar amounts of the complementary strands in
0.5 mL of 10 mM sodium phosphate buffer (pH 7.0), 0.05 mM
NaEDTA and 0.01 mM NaNj;. The numbering scheme used for
the duplex is shown in Scheme 1.

For experiments carried out in D,0O the solid duplex was
lyophilised three times from D,0 and redissolved in 99.96%
D,0 (Cambridge Isotope Laboratories). A mixture of 90% H,O
and 10% D,0O (0.5 mL) was used for experiments examining
exchangeable protons. The final concentration of the duplex
was 2 mM.

NMR experiments

NMR experiments were performed on either a Varian UNITY
500 or a Varian INOVA 800 spectrometer at 25 °C. NOESY
spectra with mixing times of 50, 100, 150 and 200 ms were
acquired sequentially without removing the sample from the
magnet at 800 MHz in D,O using 2048 complex points in t, and
a spectral width of 8000 Hz. A total of 800 t, experiments, each
with 32 scans and a dwell-time of 4.8 s between scans, were
recorded using the States phase cycling scheme. The residual
signal from HOD was removed by low-power presaturation.
Furthermore, an inversion recovery experiment was performed
at 800 MHz. A NOESY spectrum in H,O was acquired at
800 MHz using the WATERGATE pulse sequence with spectral
widths of 16000 Hz using 2048 complex points, 512 t; experi-
ments, each with 48 scans. A TOCSY spectrum with a mixing
time of 90 ms was obtained at 500 MHz. In addition, a selective
DQF-COSY spectrum was acquired at 500 MHz using a pulse
sequence in which the first pulse was replaced with an E-BURP
type selective pulse*' in order to enhance the digital resolution
in F1. This spectrum was acquired with spectral widths of 5000
Hz in F2 and 1200 Hz in F1, respectively, and a total of 720 t,
experiments, each with 64 scans, with 2048 complex points in t,.

The acquired data were processed using FELIX (version 98,
MSI, San Diego, CA). All spectra were apodised by skewed
sinebell squared functions in F1 and F2 and baseline corrected
using the FLATT algorithm in F2 and the automatic baseline
flattening algorithm in F1.

The H1' to H2" and H2" regions of the DQF-COSY spectra
were used as input to CHEOPS to obtain J coupling constants
for the H1’, H2’, H2", and H3’ deoxyribose ring protons.*
The deoxyribose conformations were derived by use of
PSEUROT®* assuming a fast two-state equilibrium between
two conformations (N- and S-type) in a manner as previously
described.*

Distance restraints

The upper and lower parts of each of the NOESY build up
spectra were integrated separately with FELIX, yielding eight
peak intensity sets. The integrated peak intensities were
corrected for saturation effects using the T, relaxation times
obtained from the inversion recovery experiment. The
RANDMARDI procedure® of the complete relaxation matrix
analysis method MARDIGRAS* was used to calculate the
interproton distances from the peak intensity sets. In the calcu-
lations, an absolute noise level of the same order of magnitude
as the smallest integrated cross peak was used. A relative inte-
gration error for each peak was set at 10% of the integrated
peak intensity throughout the calculations. In the calculations,
an isotropic correlation time of 2.0 ns was applied. In the
RANDMARDI procedure, 30 different intensity sets were
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generated from each experimental data set based on the
given noise level and integration error, and MARDIGRAS
calculations were performed on all of them. The distances
resulting from all generated intensity sets were combined
into a single distance bound file by averaging the distances
returned for each peak intensity set, with the upper and
lower bounds, respectively, being the average distance = one
standard deviation. Prior to inclusion in calculations, an
additional 0.3 A was added to all upper bounds. After this,
the average flat well width obtained was 0.72 A. The pro-
cedure described resulted in a total of 291 distance res-
traints for inclusion in the structure determination. A break
down of these restraints is shown in Fig. 5. In addition
to the restraints described above, 22 restraints mimicking
Watson—Crick base pairing were included. Target values for
these restraints were taken from crystallographic data." No
restraints were included to restrain the sugar—phosphate
backbone.

Fig. 5 The distribution of the NOE restraints obtained from
RANDMARDI calculations. The numbers of intra-nucleotide,
sequential and cross-strand restraints are indicated.

Structure calculations

All calculations were performed with the AMBERS suite of
programs*’ on SGI/O2 workstations employing the force field
of Cornell et al.*® A simulated annealing procedure was utilised
to obtain the NMR structure of the [3.2.0]bcANA modified
duplex. Two different starting structures (A- and B-form
duplexes), obtained with the nucgen module of AMBERS,
were used. The appropriate nucleotide was modified to a
[3.2.0]bcANA nucleotide and atomic charges for the modified
nucleotide were calculated using the RESP procedure (A Table
showing atomic charges for the thymidine [3.2.0]bcANA
nucleoside is included in the Electronic supplementary
information 1).*

Each structure was initially restrained energy minimised
before being subjected to 28 ps of molecular dynamics in time-
steps of 1 fs: 5 ps at 800 K followed by cooling to 300 K over 23
ps, over the first picosecond of simulation, the NOE force con-
stants were ramped up from 5 kcal mol™" A2 to 200 kcal mol ™'
A2 held at this value for 4 ps and gradually lowered to 50 kcal
mol~' A2 during the remaining 23 ps of simulation. Finally, a
further restrained energy minimisation was carried out. A
distance dependent dielectric constant, ¢ = 4r, was used and the
non-bonded cut-off was 16 A.
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