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ABSTRACT: We report the thermodynamic and structural properties of anR-containing DNA‚RNA nonamer
hybrid duplex, d(ATGG-3′-3′-RT-5′-5′-GCTC)‚r(gagcaccau). The RNA strand corresponds to the core of
the initiation sequence for the transcript of theerbB-2 oncogene. The tandem anomeric and polarity changes
in the DNA strand result in a slight decrease in thermostability (∆Tm ) -2.8 °C) compared to the
unmodified control hybrid. The three-dimensional solution structure determination of theR-containing
DNA‚RNA hybrid, conducted via restrained molecular dynamics using interproton distance (nuclear
Overhauser enhancement) and furanose ring torsion angle (J-based) restraints, converged to a final ensemble
of structures from unique starting models. In agreement with hyperchromicity and circular dichroism
data, the final average structure derived from this ensemble is consistent with an overall A-like motif
featuring Watson-Crick base pairing and base stacking across the entire sequence, albeit with localized
B-like traits within the DNA strand. Comparative pseudorotation analyses of theJ-coupling data for this
hybrid and its unmodified control reveal a surprising increase in S-puckering for two nucleotides
immediately upstream of the 3′-3′ linkage, and the associated narrowing of the minor groove in this
portion of the hybrid. Other structural perturbations are localized to and diagnostic of the central
R-nucleotide and juxtaposed polarity reversals. The structural information presented here has direct relevance
to the design of future antisense oligonucleotides composed of these modifications.

In the last two decades, the development of antisense
oligonucleotide (ODN)1 drugs designed to selectively inhibit
the production of an unwanted protein by arresting the
translation of its specific RNA message has been intensely
pursued (1-3). To this end, a wide array of modifications
to the phosphodiester backbone, sugar, and base components
that constitute nucleic acids have been engineered in an effort
to enhance several properties thought to be important for
this approach (4, 5); these include the stability of the resulting
ODN‚RNA hybrid, nuclease resistance of the ODN, and the
ability of the ODN to elicit RNase H cleavage of the target
RNA strand.

The central importance of DNA‚RNA hybrids in the
antisense strategy, along with their roles in DNA replication,

transcription, and reverse transcription, has provided strong
impetus for unraveling the interplay between hybrid structure,
thermostability, and efficacy as RNase H substrates. Struc-
tural studies on both natural and modified sequences have
established that DNA‚RNA hybrids adopt an overall topology
that is intermediate between canonical A- and B-forms, in
which the DNA strand is generally thought to be conforma-
tionally flexible while the RNA strand is more rigid and
A-like (6-11). In addition, the thermostability of a DNA‚RNA
hybrid is sensitive to sequence composition (12, 13) and can
be manipulated by chemical modifications to the DNA strand
according to a set of empirical rules (5). However, very few
DNA modificationssnamely, phosphorothioates (14) and
-dithioates (15), and very recently arabinonucleic acids (16)
and boranophosphates (17)shave been shown to invoke
RNase H degradation of the complementary RNA strand.

Featuring a single inversion of stereochemistry at the
anomeric carbon (C1′), R-anomeric ODNs exhibit high
nuclease resistance (18), stable parallel-stranded duplex
formation with complementary DNA and RNA strands (19-
23), and the ability to impede mRNA translation and viral
growth in vitro (24, 25). Recently, interest inR-ODNs as
antisense tools increased with the development of chimeric
R/â-ODNs containing 3′-3′ and 5′-5′ phosphodiester link-
ages (26, 27), which, unlike purelyR-ODNs (28), can elicit
the RNase H-mediated destruction of complementary RNA
strands (29, 30). Moreover, a set of chimeric 16-mers,
featuring stretches of fourâ-anomeric residues separated by
3′-3′-RNt-5′-5′ units and designed specifically against human
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papilloma virus type 16, displayed potent antisense and
antitumor activities in cell lines and animal models (31).

Although we have extensively investigated the thermo-
dynamic, enzymatic, and structural properties of DNA
duplexes containing localized polarity-reversedR-anomeric
residues (30, 32-35), a combined thermodynamic and
structural study of their effects in physiologically relevant
DNA‚RNA hybrids has not been reported. With this goal in
mind, we embarked on a study of a DNA‚RNA nonamer
hybrid, d(ATGG-3′-3′-RT-5′-5′-GCTC)‚r(gagcaccau), in which
the DNA strand features a centralR-anomeric thymidine
flanked by polarity-reversing 3′-3′ and 5′-5′ phosphodiester
linkages, along with its unmodified control hybrid and related
DNA‚DNA and RNA‚RNA duplexes (Figure 1). The RNA
sequence corresponds to a frequently probed antisense target
region in the transcript for theerbB-2 oncogene (36, 37),
whose overexpression is a marker in a number of cancers,
including breast and ovarian (38, 39). The thermodynamic
and structural perturbations to the DNA‚RNA hybrid due to
the tandem changes in anomeric sugar configuration and
reversals in strand polarity and their implications for the
design of antisense ODNs comprising these modifications
will be discussed.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis and Sample Preparation.Solid-
phase syntheses of d(ATGGTGCTC), d(ATGG-3′-3′-RT-5′-
5′-GCTC), and r(gagcaccau), as well as the complementary
strands in the secondary control duplexes, d(GAGCACCAT)
and r(auggugcuc), were performed by standard phosphora-
midite chemistry and subsequently purified according to the
protocols employed in our earlier studies onR-containing
DNA duplexes (32); the synthesis of the alphaT DNA
nonamer proceeded through a 5′-phosphoramidite ofRT, and
2′-O-tert-butyldimethylsilyl protecting groups were used in
the RNA synthesis. Prior to use, the purity (>95%) of each
desalted (gel filtration) ODN sample was confirmed by

denaturing polyacrylamide gel electrophoresis (8 M urea);
1H NMR spectroscopy was also used to verify ODN purity
as well as the stoichiometry of duplex samples. Stock
solution concentrations for the individual ODNs were
determined from theA260 of thermally denatured (85°C)
aliquots using the following molar extinction coefficients
derived from sums of mononucleosideε260 values (40) and
the sequence composition;ε260 values (M-1 cm-1) were as
follows: DNA, 90 800, and RNA, 100 700; complementary
DNA and RNA strands, 100 100 and 94 000, respectively.
In all experiments, hybrid duplexes were prepared in the
following buffer: 50 mM NaCl, 10 mM phosphate, and 0.1
mM EDTA, pH 6.5-7.0. Samples for NMR spectroscopy
were exchanged into either 90% H2O/10% D2O or 99.996%
D2O (Cambridge Isotopes).

UV Thermal Denaturation and CD Studies.All UV
thermal denaturation experiments were performed atλ ) 260
nm on a thermostated multicell Cary 3E spectrophotometer
with WinUV software (Varian) using a 0.4°C/min temper-
ature ramp, a signal averaging time of 2 s, and a data
collection interval of 0.1°C. For each duplex, melting
temperatures (Tm) for total strand concentrations (CT) of 10,
20, 40, and 80µM were calculated from a minimum of three
melting curves at each concentration by use of a six-
parameter fitting routine and assuming a two-state, helixT
coil transition (32, 33). The salient thermodynamic variables,
namely, the enthalpy (∆H°) and entropy (∆S°), were
subsequently obtained from van’t Hoff plots of the concen-
tration dependence of theTm according to eq 1, which is
valid for bimolecular association of non-self-complementary
strands (41):

Hyperchomicity profiles were obtained by dividing the
absorbances from wavelength scans (330f 220 nm; 100
nm/min) of the coil and duplex forms acquired at 85 and 5
°C, respectively. Circular dichroism spectra were recorded
on a Jasco J-500A spectropolarimeter at room temperature
(330 f 210 nm; 20 nm/min) using 2 mm cuvettes and are
expressed as∆ε (r) per residue (M-1 cm-1).

NMR Spectroscopy.NMR experiments described below
were performed at 298 K on a Bruker AMX600 NMR
spectrometer at resonance frequencies of 600.1 (1H) and
242.9 (31P) MHz, using 5-mm IDTG-600 triple resonance
(Nalorac Corp.) and broadband inverse (Bruker) probeheads.
The acquisition and processing parameters of the experiments
necessary for resonance assignment and structure determi-
nation are analogous to those described in our earlier studies
(32-34). Of particular importance are the following condi-
tions: For D2O experiments, (i) NOESY spectra were
obtained at mixing times (τm) of 75, 150, and 250 ms with
a 10 s relaxation delay, and very weak presaturation of the
residual HDO signal, (ii) DQF-COSY spectra were resolution
enhanced (0.73 Hz/point) by strip transformation using 45°-
shifted sine-bell multiplication in both dimensions, (iii) 2D
31P-1H correlation spectra (42) were strip-transformed and
processed with 90° shifted sine-bell multiplication in both
dimensions; for H2O experiments: 1-1 jump and return (43)
and WATERGATE (44) NOESY spectra were acquired with
a τm of 150 ms and 4 s relaxation delay. Assignment of 2D

FIGURE 1: Sequences of the control and alphaT DNA‚RNA
nonamer hybrid duplexes and DNA‚DNA and RNA‚RNA second-
ary control duplexes. The DNA and RNA nucleotides are labeled
with upper- and lowercase letters, respectively; theR-anomeric
thymidine is shown in outline type. Arrows indicate the strand
polarity in the 5′ f 3′ direction, with the unusual phosphodiester
linkages in the DNA strand of the alphaT hybrid denoted by head-
to-head (3′-3′) and tail-to-tail (5′-5′) junctions. The sequence
numbering scheme used throughout this paper, shown for the alphaT
hybrid, is in the 5′ f 3′ direction for both strands (i.e., DNA 5′-
A1 to C9-3′; RNA 5′-g10 to u18-3′).

1
Tm

) R
∆H° ln CT + ∆S° - R ln 4

∆H° (1)
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spectra and NOESY cross-peak integration were performed
with SPARKY 3.33 (UCSF). Overall rotational correlation
times, τc, for both control and alphaT hybrid duplexes of
3.3 ( 0.5 ns were obtained from the truncated driven 1D
NOE method (45). 1H and 31P spectra were referenced to
internal DSS and external 85% H3PO4 (capillary in D2O).

Structural Restraints.Empirical restraints were incorpo-
rated into the structure calculations in the form of parabolic,
flat-well pseudoenergy terms (eq 2), wherek is the restraint
force constant andr is the model distance or torsion/bond
angle.

A breakdown of the restraints and associated force constants
employed in the structure determination of the alphaT
DNA‚RNA hybrid is given in Table 1. The source and nature
of each restraint type are briefly described below (see ref
34).

(i) QuantitatiVe Distance Restraints.From lists of cross-
peak volumes and uncertainties obtained from each of the
NOESY data sets in D2O and H2O, interproton distance
bounds for the nonexchangeable and exchangeable protons
were calculated from sets of 30 RANDMARDI runs (MAR-
DIGRAS 3.2;46-48), performed as a function of rotational

correlation time (τc ) 2.5, 3.5, and 4.5 ns) and structure,
assuming isotropic molecular motion, a three-site jump model
for methyl group rotation (49), and the normalization over
all input volumes option. Lower (r2) and upper (r3) distance
bounds for the nonexchangeable protons represent the
averages of the lower and upper bounds from all RAND-
MARDI runs but were widened ((σ) in cases (≈10%) where
the percentage of solutions obtained was below a certain
threshold (i.e., 67%). For distances involving exchangeable
protons, RANDMARDI calculations were performed with
the nonexchangeable distances held fixed and the absence
of exchange, resulting in upper bounds only; lower bounds
were set to 2.0 Å.

(ii) (Deoxy)ribose Ring Torsion Angle Restraints.Begin-
ning with pseudorotation analyses of vicinal1H-1H
J-coupling constants obtained from SPHINX/LINSHA simu-
lations (50) of DQF-COSY cross-peaks, endocyclic sugar
ring torsion angle restraints (ν0-ν4) for the DNA strand were
based on the average value for each individual torsion angle
and its uncertainty calculated from the sugar puckering data
(pseudorotation phase angles and mole fractions plus uncer-
tainties) as previously described (34, 51). Broad N-type
endocyclic torsion angle restraints were applied to each
residue in the RNA strand corresponding to a pseudorotation
angle range of-45° e P e 45° and puckering amplitude,
Φ, of 38°, consistent with the qualitative DQF-COSY data
for these sugars (J1′2′ e 2 Hz; J2′3′ e 6 Hz).

(iii) Watson-Crick Restraints.Heavy-atom Watson-Crick
distance restraints (52) and weak linear (170-190°) hydrogen-
bond angle restraints were applied to all nine base pairs in
the hybrid duplex. The upper bound of theRT-A base pair
distance restraint was increased by 0.3 Å.

(iV) Backbone Torsion Angle Restraints.To maintain
helical right-handedness in the simulated annealing rMD
runs, the following weak and broad backbone torsion angle
restraints were applied (51): R ) -90° to -30°, â )135-
215°, γ ) 30-90°, ε ) 140-300°, and ú ) 150-315°.
Backbone torsions within the unusual 3′-3′ and 5′-5′
linkages were left unrestrained, with the exception of a weak,
broadγt restraint for theR-nucleotide added to the final cycle
of the protocol on the basis of the high proportion of this
rotamer in the structural ensemble from the first cycle, as
well as intraresidue NOE [di(3′;5′) and di(3′;5′′)] and
J-coupling (J4′5′ andJ4′5′′) data for this residue (34, 53).

Structure Determination.All structure generation and
calculations were conducted using subroutines (NUCGEN,
LEaP, and SANDER) within the AMBER 4.1 package and
using the 1994 all-atom nucleic acid parametrization (54,
55). In all cases, charges on the phosphate groups (PO4) were
attenuated to-0.2/nucleotide to mimic the effects of
counterions (51).

Starting Models.A- and B-form starting models for the
control DNA‚RNA nonamer hybrid were generated by
unrestrained energy minimization (1000 steps of steepest
descent plus 4000 steps of conjugate gradient) of initial
models based on canonical Arnott A-RNA and B-DNA right-
handed templates. Starting A- and B-models of the alphaT
DNA‚RNA hybrid were produced from these models by
substitution of the central thymidine with anRT and the 3′-
3′ and 5′-5′ phosphodiester linkages, followed by energy
minimization as above.

Table 1: Statistical Data for the Final Restraints Used in the NMR
Structure Determination of the alphaT DNA‚RNA Hybrida

restraint number k

Quantitative Distance Restraints (RANDMARDI)
(1) nonexchangeables (total) 246 25

(i) intraresidue 163 25
(ii) interresidue (sequential) 81 25
(iii) interresidue (cross-strand) 2 25
〈well〉b (Å) 0.44( 0.61

(2) exchangeables (total) 22 20
〈well〉 (Å) 1.47( 0.81

Endocyclic Torsion Angle Restraints (ν0-ν4)
(1) deoxyribose (pseudorotation analysis) 45 50

〈well〉 (deg) 9.2( 3.1
(2) ribose (broad N-type) 45 50

〈well〉 (deg) 35.4( 15.1

Watson-Crick Restraints
distance 23 25
flat angle 23 10

Backbone Torsion Angle Restraints (R, â, γ, ε, ú)
(1) broad right-handed (rMD only) 72 10
(2) otherc 1 10

Chirality (Angle) Restraints
ribose C2′ (rMD only) 9 10

total (rEM) 405
average restraints per residue (rEM) 22.5

DNA strand 26.9
RNA strand 18.1

a Force constants,k, for the distance and (torsion) angle restraints
are in units of kcal/(mol‚Å2) and kcal/(mol‚rad2), respectively. Average
well-width, 〈well〉 ) (∑|r3 - r2|)/N, and standard deviations are shown.
b If the vicinal intraresidue sugar interproton distances (54) are ignored,
〈well〉 increases to 0.49( 0.64 Å. c A weak, broad (r2 ) 150, r3 )
210°) γt restraint was applied to theR-thymidine during the final stage
of the structure determination (see text).

Erestraint) k(r2 - r)2 r1 e r < r2

Erestraint) 0 r2 e r e r3 (2)

Erestraint) k(r - r3)
2 r3 < r e r4
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Restrained Molecular Dynamics and Energy Minimization.
Using the parameters and protocols described in detail in
our recent study (34), all rMD (30 ps) and rEM calculations
were performed in vacuo with a distance-dependent dielectric
constant (ε ) r), a 30 Å cutoff for nonbonded interactions,
and SHAKE applied to all bonds during the dynamics runs
only. In all rMD runs, a high temperature (600-900 K)
simulated annealing protocol with increased force constants
(5×) was employed during the initial 12 ps to surmount
energy barriers and allow large conformational movement,
followed by equilibration at 300 K for the remainder of the
run. Final structures for each rMD run were obtained by rEM
(200 steps of steepest descent plus 1800 steps of conjugate
gradient) of the averaged coordinates from snapshots (every
0.2 ps) of the last 4 ps of the trajectory.

Structure Determination Strategy. Initially, only quantita-
tive experimental distance restraints for the nonexchangeable
protons, obtained from RANDMARDI calculations using the
starting A- and B-forms of the alphaT hybrid, were employed
in four rMD/rEM runs from both starting models using
different random seed numbers. An average structure for this
first cycle was obtained by averaging the coordinates of the
best seven structures of the ensemble (all-atom RMSD)
0.49 Å), followed by rEM. Interproton distance restraints
were refined against this first structure using RANDMARDI,
and a second cycle of rMD/rEM calculations incorporating
all experimental restraints (Table 1) was conducted using
the A and B starting models and the final structure from the
first cycle. Coordinate averaging of the ensemble of the best
nine structures (three from each starting model; RMSD)
0.73 Å) and rEM yielded the final average structure for the
alphaT DNA‚RNA hybrid. The iterative structure refinement
was terminated at this point on the basis of minimal or no
changes in the crystallographic and sixth-rootR-factors
(CORMA 5.2; 56-58) and global helical parameters
(CURVES 5.1;59) between the final structures for the first
and second cycles (RMSD) 0.61 Å).

RESULTS

Thermodynamic, Hyperchromicity, and CD Studies. Ther-
modynamic data for the control and alphaT hybrid duplexes,
as well as the DNA and RNA control duplexes; are listed in
Table 2. All data were obtained under the same buffer and

salt conditions employed in the NMR studies of the hybrids
and subsequent structure determination of alphaT. On the
basis of∆H° andTm, the thermostability of this family of
duplexes decreases in the order RNA‚RNA . control
DNA‚RNA g DNA‚DNA g alphaT DNA‚RNA. The
combination of the unnaturalR-anomeric nucleotide and
flanking 3′-3′ and 5′-5′ phosphodiester linkages results in
a relatively minor decrease to the thermal stability of the
alphaT hybrid compared to the control hybrid. The observed
drop in melting temperature for the alphaT hybrid (∆Tm )
-2.8 °C) is quite similar to the effect reported for the same
modifications inserted into each strand of a self-comple-
mentary DNA decamer duplex (∆Tm ) -2.5 °C/strand),
albeit in the presence of increased salt ([NaCl]) 400 mM)
to prevent interference in the melting due to unwanted hairpin
formation (32).

Hyperchromicity and CD analysis of these duplexes
affords a direct comparison of the relative changes in overall
stacking and global conformation within the context of an
identical sequence (Figure 2). For the DNA‚DNA and
RNA‚RNA duplexes we observe typical B- and A-type CD
spectra, respectively, as well as significant differences in the
hyperchromicity profiles. The CD and UV spectra for the
DNA‚RNA hybrids are essentially superimposable and are
consistent with, but not identical to, an overall A-like motif
quite distinct from the classic B-DNA traits. In general, the
thermostability and optical spectroscopic properties of these
duplexes are characteristic of DNA‚RNA hybrids with mixed
sequence (12).

NMR Spectroscopy. Near-complete1H and 31P chemical
shift assignments for the control and alphaT DNA‚RNA
hybrids were attained from standard 2D experiments (NOE-
SY, DQF-COSY, TOCSY, and31P-1H correlation) and
established criteria (60). Chemical shift perturbations between
the control and alphaT hybrids are essentially localized to
the base pair involving theR-anomeric nucleotide and
adjacent residues. These changes include significant shifts

Table 2: Thermodynamic Data for the Control and alphaT
DNA‚RNA Nonamer Hybrids and Related DNA‚DNA and
RNA‚RNA Control Duplexesa

duplex
∆H°

(kJ mol-1)
∆S°

(kJ mol-1 K-1)
Tm (K)

(CT ) 30 µM)

control 252 (7) 0.706 (0.022) 312.9 (0.1)
alphaT 257 (5) 0.732 (0.017) 310.1 (0.2)
DNA‚DNA 268 (9) 0.763 (0.029) 311.1 (0.1)
RNA‚RNA 290 (14) 0.791 (0.045) 326.2 (0.2)

a Thermodynamic data for all duplexes were obtained under the
following buffer conditions: 50 mM NaCl, 10 mM phosphate, and 0.1
mM EDTA, pH 7.0. In each case, the thermodynamic parameters
presented were computed from the slope andy-intercept and their
uncertainties were obtained from a linear regression analysis (Origin-
Graph 5.0) of the van’t Hoff plot (R> 0.998; not shown) incorporating
the standard deviations in the measuredTm values at each strand
concentration. Extrapolation to the approximate NMR concentrations
used (CT ) 2 mM) yieldsTm values of 327.1 (control hybrid) and 323.6
(alphaT hybrid).

FIGURE 2: (A) Hyperchromicity and (B) circular dichroism spectra
for the control DNA‚RNA hybrid (O), alphaT DNA‚RNA hybrid
(b), RNA‚RNA duplex (0), and DNA‚DNA duplex (4). Symbols
indicate every 30th point. Total strand concentrations (CT) of 10
and 80µM were used in the UV and CD experiments, respectively.
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to the imino proton signal forRT5 (Figure 3), several sugar
ring protons in theR-nucleotide, particularly H2′, H2′′, and
H4′, and the31P signals ofRT5 (3′-3′ linkage) and G6 (5′-
5′ linkage); all trends are analogous to those documented
for DNA duplexes containing such modifications (32, 33).
The resonances corresponding to the RNA strand exhibit very
little if any chemical shift differences between the two
hybrids. Continuous H1′-H6/H8 NOESY walks [di(6,8;1′)
f ds(1′;6,8)],2 diagnostic of A- and B-form helices, are
observed in both strands. However, the H2′/H2′′-H6/H8
NOESY pathway [di(6,8;2′) f ds(2′′;6,8)] in the DNA strand
is interrupted betweenRT5 and G6, due to the reversed
orientation of the sugar moiety in theR-nucleotide (vide
infra); this also results in unusual NOE contacts between
sugar protons inRT5 and the preceding nucleotide, G4 [i.e.,
ds(1′;2′,2′′)] (32, 33). The R-nucleotide also features an
expected strong intraresidue H4′ to base interaction [di(6,8;4′)]
(23, 32, 33). Moreover, several classic A-like NOE cross-
peaks were evident, particularly in the RNA strand, includ-
ing strong H2′/H3′ sugar to base interactions [ds(2′;6,8),
di(6,8;3′), ds(3′;6,8)], as well as most sequential and cross-
strand NOE contacts involving adenosine H2 protons [ds(2;1′),
dps(A2+,2;X1-,1′)].

Pseudorotation Analysis.It is well established that through-
bond J-coupling constants between protons on adjacent
carbon atoms provide an excellent probe of the conforma-
tional dynamics of furanose rings in nucleic acids (61). On
the basis of four key vicinal coupling constantssJ1′2′, J1′2′′,

J2′3′, andJ2′′3′selucidated by DQF-COSY cross-peak simula-
tions using standard methods (34, 62), puckering information
for the deoxyribose moiety of each nucleotide in the DNA
strands of the alphaT and control DNA‚RNA hybrids (Table
3) was deduced by the pseudorotation analysis method
pioneered by Altona and co-workers (61, 63). In this
approach, where one assumes that the observedJ-couplings
reflect a rapid two-state equilibrium between N- and S-type
sugar puckers, solutions for the puckering amplitude (Φ),
pseudorotation phase angle (P), and mole fractions of both
conformers (fN and fS) are obtained from contour plots of
the salientJ-coupling constants as a function of theP andf
for one (major) conformer at a range ofΦ values and at a
fixed value ofP for the other (minor) conformer;Φ andP
represent the maximum displacement of atoms in the ring
from planarity and which ones are displaced, respectively.
Analogous to our results for theR-containing DNA decamer
duplex (34), we find that theR-anomeric thymidine exhibits
a strong tendency for adopting a distinct S-pucker in the C3′-
exo to C4′-endo range with a slightly reduced amplitude.
An approximately equal proportion of N- and S-conformers
is predicted for theâ-anomeric nucleotides at the ends of
the DNA strand (A1, T8, and C9). However, the puckering
behavior of the residues on either side of the modified central
nucleotide are distinctly different. Nucleotides upstream of
RT5 and the 3′-3′ linkage (T2, G3, and G4) display
increasing S-pucker character (C1′-exoto C2′-endo), whereas
G6 and especially C7 show a marked preference for the
N-conformer (C2′-exo to C3′-endo). The H3′-H4′ cross-
peak data for this hybrid are in qualitative agreement with
these results, in accordance with the sensitivity ofJ3′4′ to
sugar ring conformation (data shown).3 Analogous pseu-
dorotation analyses of theJ-coupling data for the deoxyribose
sugars in the control hybrid reveals whether these trends are
solely due to sequence effects (Figure 4). Clearly, both G3
and G4 experience a very dramatic increase in S-character
in going from the control to the modified hybrid, whereas
the shift toward the N-pucker conformation for G6 and C7
is less pronounced. In all cases, the coupling data could not
be explained by a single intermediate conformation (i.e., O4′-
endo, P ) 90°). Moreover, RANDMARDI-derived intraresi-
due H1′-H4′ distances across the DNA strand are much
larger (3.1( 0.2 Å excludingRT5) than the value predicted
for the O4′-endopucker (≈2.2 Å; 60), consistent with no
significant population of this conformer. With respect to the
RNA strand, the miniscule or completely absent H1′-H2′
DQF-COSY cross-peaks across the sequence are diagnostic
of a high proportion of N-puckering; the severe resonance
overlap among the ribose sugar protons precludes a com-
prehensive pseudorotation analysis.

NMR Structure of the alphaT DNA‚RNA Hybrid.Driven
by the experimental interproton distance and furanose ring
torsion angle restraints, the structure determination of the
alphaT DNA‚RNA hybrid resulted in convergence from
different starting points into an ensemble of structures
(RMSD ) 0.73 ( 0.22 Å),4 from which a final average
structure was calculated (Figure 5A). The final hybrid
structure features low distance and torsion angle restraint

2 We use the nomenclature of Wu¨thrich (60) to represent interproton
(NOE) distances. For two nuclei A and B,di(A;B) denotes an
intraresidue distance;ds(A;B) represents a sequential (same strand)
contact between nonlabile protons, where A and B are in the 5′ and 3′
nucleotides;dps(A2+,2;X1-,1′), signifies the cross-strand distance
between the H2 of adenosine at position 2 in one strand (+) and the
H1′ of the nucleotide (X) in the opposite strand (-) across from position
1.

3 The deoxyribose H3′-H4′ DQF-COSY cross-peaks increase in
magnitude with increasingfN; this cross-peak is vanishingly small in
the case of theR-nucleotide.

FIGURE 3: Imino region of 1-1 jump and return1H NMR spectra
of the control (1.0 mM) and alphaT (0.89 mM) DNA‚RNA hydrids
at 283 K. The chemical shift change for the imino proton of the
central thymidine is shown with a dashed line. Exchange-broadened
imino protons at the ends of the duplexes were not assigned. In
both cases, virtually identical resonance patterns were observed
down to micromolar concentrations, consistent with duplex forma-
tion under optical conditions (data not shown;32, 33).
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energies,ENOE and Etors, and violations,∆dav and ∆νav,
compared to the starting A- and B-models, particularly the
latter (Table 4). Moreover, only two distance violations over
0.5 Å were observed for the final structure, both in the
terminal A1 residue, and no torsion angle violations above
5° were seen. In addition, the final alphaT hybrid structure
exhibits low CORMAR-factors (Rx ) 4.1-5.3%) for the
nonexchangeable interproton cross-peak data across the series
of NOESY spectra in D2O (Table 5).

Consistent with the hyperchromicity and CD results
discussed earlier, the global secondary structure of the alphaT
hybrid is closer to that of an A-form, as judged by pairwise
RMSDs with the minimized starting models employed in
the structure determination (Table 4). Furthermore, the
R-anomeric nucleotide fits snugly into the helix, with the
unusual linkages facilitating normal Watson-Crick hydrogen
bonding and base stacking, and a concomitant reversal in
the orientation of the sugar moiety (Figure 5B).

Analysis of the Final alphaT DNA‚RNA Structure.In the
following subsections we discuss the pseudorotation phase
angles, glycosidic and backbone torsion angles, and selected
global helical parameters from the final alphaT DNA‚RNA
hybrid structure collected in Figure 6.

(i) Deoxyribose Ring Conformation.Analysis of the final
alphaT hybrid structure obtained with all experimental
restraints and the structure after the first cycle of the protocol,
in which only the NOE restraints were enforced, revealed
only minimal changes to the sugar ring conformation across
the entire molecule. This indicates that the distance and
torsion angle restraints are in good agreement, despite the
quite different behavior of interproton NOEs andJ-coupling
constants in the presence of conformational exchange. In
general, the ribose sugars in the RNA strand reside in the
C3′-endo (N-pucker) window of the pseudorotation cycle,
consistent with a canonical A-type structure. However, in
the DNA strand of the final average structure, the terminal
nucleotides (i.e., A1, T8, and C9) exhibit pseudorotation
phase angles intermediate between N- and S-puckers, while
T2-G4 and G6/C7 increasingly gravitate toward values
diagnostic of canonical B- and A-motifs, respectively. This
behavior exactly follows the pseudorotation anlysis results
presented above and is also consistent with per-residueRx

factors against the starting A- and B-models, as well as

4 Note that the apparent fraying at the ends of the duplex in the
ensemble is actually due to subtle differences in global conformation
emanating from local perturbations at the center of the helix due to the
modifications, as judged by superimposing the structures in short
segments (1-3 base pairs). While the structures reported here are
representative of the global fold generated in the vast majority of rMD
test runs with a variety of parameters, structures occasionally varied
in RMSD up to≈1.3 Å, yet the local agreement was excellent.

Table 3: Coupling Constant and Pseudorotation Data for the alphaT and Control DNA‚RNA Hybridsa

residue J1′2′ (Hz) J1′2′′ (Hz) J2′3′ (Hz) J2′′3′ (Hz) J2′2′′ ((0.5 Hz) Φm (deg) (( 1°) P (deg) fS

alphaT Hybrid
A1 6.8( 0.5 6.1( 0.4 6.0( 0.4 4.5( 0.7 -14.0 37 135-170 0.54-0.66
T2 9.2( 0.7 5.8( 0.7 6.2( 0.5 < 2.5 -14.0 36 130-155 0.79-0.93
G3 9.4( 0.5 5.7( 0.4 5.7( 0.4 < 2.5 -14.0 36 140-170 0.81-0.95
G4 9.8( 0.5 5.7( 0.4 5.7( 0.4 < 2.5 -14.5 36 140-170 0.85-0.98
RT5 8.3( 0.5 3.0( 0.7 6.0( 0.5 < 2.5 -17.0 33 200-225 0.80-1.00
G6 3.5( 0.7 7.1( 0.5 6.2( 0.5 6.7( 0.7 -14.0 36 -15-30 0.23-0.35
C7 3.0( 0.7 7.2( 0.5 6.6( 0.5 8.5( 0.7 -14.0 37 -15-30 0.10-0.24
T8 6.4( 0.7 6.4( 0.7 6.4( 0.5 5.5( 0.7 -14.0 37 120-165 0.46-0.56
C9 6.5( 0.5 6.8( 0.4 6.7( 0.4 5.5( 0.7 -14.5 37 115-145 0.49-0.57

Control Hybrid
A1 6.6( 0.5 6.4( 0.4 6.1( 0.4 5.3( 0.7 -14.0 37 135-175 0.50-0.59
T2 9.2( 0.5 5.8( 0.7 6.2( 0.5 < 2.5 -14.0 36 130-160 0.79-0.91
G3 nd nd nd nd nd nd nd 0.46( 0.15
G4 5.5( 0.5 6.5( 0.7 6.3( 0.5 6.0( 1.0 -14.5 36 130-185 0.40-0.53
T5 6.9( 0.5 6.4( 0.4 6.2( 0.4 4.5( 1.0 -14.5 36 130-170 0.54-0.67
G6 nd nd nd nd nd nd nd 0.51( 0.15
C7 4.9( 0.7 7.2( 0.5 6.5( 0.5 6.9( 0.7 -14.5 37 -10-45 0.23-0.41
T8 6.5( 0.5 6.5( 0.7 6.2( 0.5 nd -14.5 36 130-190 0.50-0.65
C9 6.5( 0.5 6.8( 0.4 6.7( 0.4 5.5( 0.7 -14.5 37 115-145 0.49-0.57

a Pseudorotation analyses were performed graphically using contour plots of the individual coupling constants as a function offS (fN) andPS (PN)
at variousΦ values assuming the following:â-anomeric sugars A1-G4, T8, C9,PN ) 18° andΦN ) ΦS; high N â-anomeric sugars G6 and C7,
PS ) 153° and ΦN ) ΦS; RT5, PN ) 0° and ΦN ) 37°. The range of pseudorotation angles listed correspond to the solutions for the major
conformer (PN for G6 and C7;PS for the others). For both G3 and G6 in the control hybrid, the1H NMR signals for H2′ and H2′′ are completely
degenerate, precluding a complete pseudorotation analysis;fS values for these sugars were estimated from the sum ofJ1′2′ andJ1′2′′ (∑1′) derived
from resolution-enhanced DQF-COSY cross-peaks, assuming a two-state equilibrium in whichPN ) 18°, PS ) 153°, andΦN ) ΦS ) 37° (i.e., fS
) [∑1′ - 9.3]/6.8). nd, not determined. The expected coupling constants (in hertz) for the O4′-endopucker (P ) 90°, Φm ) 36°) are as follows:
J1′2′ ) 8.5, J1′2′′ ) 7.1, J2′3′ ) 8.4, J2′′3′ ) 3.0, andJ3′4′ ) 6.7 (63).

FIGURE 4: Plots of the mole fraction of S-conformer determined
by pseudorotation analysis ofJ-coupling data per deoxyribose
residue for the control (O) and alphaT (b) DNA‚RNA hybrids.
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RANDMARDI distances for intraresidue and sequential base
(H6/H8) to sugar protons (H2′, H2′′, H3′) that are highly
sensitive to the nature of the sugar pucker and duplex
secondary structure (60; data not shown). Hence, as the
conformational dynamics increase, the conformation of the
sugar in the model is pushed into an increasingly intermediate
pucker because the restraints cannot be reconciled by a single
conformer. This also validates the use of pseudorotation
analysis ofJ-coupling data as a structure-independent ap-
proach to describing the conformation and dynamics of the
deoxyribose moieties. In agreement with the experimental
(J) pseudorotation results, the pseudorotation phase angle
of the R-anomeric is larger (P ) 222°) than values typical
of â-anomers in normal B-DNA.

(ii) Glycosidic (ø) and Backbone (R, â, γ, δ, ε, and ú)
Torsion Angles.In the RNA strand, the conformation about
the glycosidic bond, which reflects the relative orientation

of the base and sugar moieties, and the six backbone torsion
angles are highly consistent with values for the canonical
A-RNA duplex. In broad terms, values for these structural
parameters range from one extreme to the other in the DNA
strand, with the trends in the sugar puckering behavior across
the sequence discussed above mirrored in the behavior ofø
andδ. Glaring exceptions to this are apparent for the central
RT5, namely, a dramatic change inø and shifts inR from
g- to g+, γ from g+ to t, andε from t to g-. While the radical
shift in ø can be purely attributed to the change in
stereochemistry at C1′ (20, 34), the altered backbone torsions
are characteristic of the unnatural 3′-3′ and 5′-5′ phos-
phodiester linkages (34). Moreover, homo- (J4′5′′) and het-

FIGURE 5: (A) Overlay of the ensemble of the best nine rMD/rEM structures (gray) and the final structure of the alphaT DNA‚RNA hybrid
in which RT5 is shown in green, the remainder of the DNA strand is in blue, and the RNA strand is in red (A1-u18 base pair at top). (B)
View into the minor groove of the final alphaT DNA‚RNA structure depicted in the same color scheme used above; P (yellow) and O4′
(magenta) atoms in both strands are shown in CPK format (0.5×).

Table 4: Energies, Restraint Violations, and Pairwise All-Atom
RMSDs for the Starting Models and Final NMR Structure of the
alphaT DNA‚RNA Hybrida

structure
EAMBER

(kcal/mol)
ENOE

(kcal/mol)
Etors

(kcal/mol)
∆dav
(Å)

∆νav
(deg)

RMSD
vs B
(Å)

RMSD
vs final

(Å)

A -868.2 1848.7 104.7 0.27 10.3 4.5 1.5
B -870.4 3609.7 265.3 0.39 21.8 3.6
final -794.8 101.6 1.28 0.067 0.44

a Values for the energies and restraint violations were obtained from
one-step rEM computations using the final 405 restraints (no backbone
restraints were included);∆dav and ∆νav correspond to the average
distance and torsion angle deviations from the upper (ifr > r3) or lower
(if r < r2) bounds. The initial unminimized canonical A- and B-models
of the control hybrid differ by an RMSD of 5.0 Å.

Table 5: Crystallographic (R) and Sixth-Root (Rx) R-Factors for the
Starting Models and Final NMR Structure of the alphaT DNA‚RNA
Nonamer Hybrida

τm (ms) structure Rintra Rinter Rtotal Rx
intra Rx

inter Rx
total

75 A 0.361 0.626 0.418 0.090 0.111 0.095
B 0.492 0.849 0.569 0.106 0.227 0.137
final 0.267 0.254 0.265 0.053 0.053 0.053

150 A 0.358 0.561 0.405 0.090 0.098 0.092
B 0.438 0.800 0.521 0.087 0.181 0.115
final 0.230 0.260 0.237 0.044 0.049 0.046

250 A 0.344 0.524 0.382 0.081 0.084 0.082
B 0.403 0.695 0.464 0.078 0.153 0.100
final 0.214 0.255 0.223 0.040 0.043 0.041

a Total crystallographic (R ) ∑|ao(i) - ac(i)|/∑|ao(i)|) and sixth-
root (Rx ) ∑|ao(i)1/6 - ac(i)1/6|/∑|ao(i)1/6|) R-factors (58) are listed in
separate columns in boldface type. For each NOE data set,R-factors
were calculated assuming aτc of 3.5 ns, and the total number of unique
interproton cross-peak volumes employed in the CORMA calculations
are as follows:τm ) 75 ms, 167;τm ) 150 ms, 220;τm ) 250 ms,
256.
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eronuclear (JH3′P) three-bond couplings, obtained from simu-
lations of the relevant31P-1H correlation cross-peaks (34,
53, 64), corroborate the results forγ andε; specifically, a
largeJH3′P (≈ 8 Hz) is consistent with theε- rotamer, and
an intermediate value ofJ4′5′′ (≈ 6 Hz) is indicative of an
≈50:50 population ofγ+ andγt (data not shown). Although
theR (5′-5′) andú (3′-3′) torsion angles of theR-nucleotide
are silent by NMR, all of the localized backbone perturba-
tions in this hybrid are highly analogous to those reported
for [d(GCGAAT-3′-3′-RT-5′-5′-CGC)]2 (34). Moreover,
time-averaged rMD trajectories on the latter further indicate
that the 5′-5′ linkages are highly fluxional, while the 3′-3′
linkages are relatively static (J. M. Aramini, A. Mujeeb, and
M. W. Germann, unpublished results).

(iii) Helicoid Parameters and Minor-GrooVe Width.
Selected global helical parameters that are among the most
highly discriminatory of A- and B-motifs, namely, the

x-displacement from the helical axis (dx), inclination (η),
and rise (Dz), are consistent with the picture that the alphaT
hybrid adopts global conformation toward that of, but not
identical to, canonical A-RNA; the latter features significant
dx into the minor groove, large positiveη, and low Dz. The
minor-groove width, determined via interstrand phosphorus
distances (65), is intermediate between those of canonical
A-RNA and B-DNA. The dichotomous B- and A-like traits
of the residues prior to and following the modifications in
the DNA strand are yet again manifest in terms of a narrower
minor groove in the 5′- portion of the molecule (with respect
to the DNA strand) and a wider minor groove in the 3′-
region.

DISCUSSION

Using conventional restrained molecular dynamics driven
by interproton distance and furanose ring torsion angle

FIGURE 6: Plots ofP, ø, backbone torsion angles (R, â, γ, δ, ε, andú), selected global helicoid parameters (x displacement, inclination, and
rise), and minor groove width for the final structure of the alphaT DNA‚RNA hybrid duplex. In graphs of parameters plotted per residue,
data for the DNA and RNA strands are depicted as closed and open circles, respectively. For each parameter, the average values for
canonical A-RNA and B-DNA duplexes of the same sequence are shown as dotted and dashed lines, respectively. The polarity reversals
shuffle the order of the atoms along the backbone necessitating the following definitions for theú andR torsion angles which characterize
the conformation of the 3′-3′ and 5′-5′ linkages (34): ú(R-1) ) C3′(R - 1)-O3′(R - 1)-P(R)-O3′(R), ú(R) ) O3′(R - 1)-P(R)-O3′-
(R)-C3′(R), R(R) ) C5′(R)-O5′(R)-P(R + 1)-O5′(R + 1), andR(R+1) ) O5′(R)-P(R + 1)-O5′(R + 1)-C5′(R + 1), where (R - 1) and
(R + 1) represent the nucleotides preceding and following theR-nucleotide. The minor groove width corresponds to the minimum interstrand
P-P distance minus 5.8 Å (65).
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restraints deduced from the complete relaxation matrix
approach and pseudorotation analysis, we have elucidated
the average solution structure of a DNA‚RNA nonamer
duplex containing anR-anomeric thymidine and juxtaposed
3′-3′ and 5′-5′ phosphodiester linkages at the center of the
DNA strand. In agreement with CD and UV hyperchromicity
data, the hybrid adopts an overall right-handed A-like
structure, with the polarity-reversedR-nucleotide correctly
positioned for preservation of Watson-Crick base pairing
and stacking throughout the duplex. A comparison of the
pseudorotation properties of the deoxyribose moieties in the
alphaT and control hybrids, however, reveals a dramatic
increase in the percentage of S-character for two nucleotides
immediately preceding the 3′-3′ linkage and a more subtle
shift toward the N-pucker for the two residues following the
5′-5′ linkage. This is complementary to our earlier structural
studies on self-complementary DNA duplexes, systems
featuring highfs deoxyribose sugars, in which the profound
effect of the 5′-5′ linkage could be easily observed (32-
34). Other structural perturbations in the alphaT hybrid
localized to theR-nucleotide and unusual linkages include
the reversal in the orientation of the sugar ring forRT5 with
respect to the other nucleotides in the DNA strand as well
as altered torsion angles in the malleable phosphodiester
backbone.

Placing the results presented in this paper within the
context of the current picture of the thermodynamics and
structural properties of DNA‚RNA hybrids and the influence
of the latter on RNase H action, we can draw some important
conclusions relevant to the design of antisense ODNs
containingR-anomeric and 3′-3′ and 5′-5′ phosphodiester
linkages. First, it has been widely demonstrated that one of
the factors correlated with DNA‚RNA stability is the
puckering state of the DNA strand. In general, sugar and/or
backbone modifications that promote an increase in the
N-character of the sugar components within the DNA strand
translate into increased thermostability (5). In this light, we
predict that, while the 5′-5′ linkage appears to be a favorable
modification, the dramatic and undesireable shift in sugar
puckering upstream of the 3′-3′ linkage may at least partially
account for the lower thermodynamic stability of the modi-
fied hybrid compared to the control and that modifications
that alleviate or counteract the effects of this linkage would
result in increased hybrid stability. Second, the fluxional
nature of a number of deoxyribose residues predicted by the
NOE (alphaT) andJ-coupling (control and alphaT) data
cannot be adequately described by a single structure. This
is in accordance with the prevailing dogma, which favors
the description of the deoxyribose puckering behavior in
terms of an equilibrium between N (C3′-endo) and S (C2′-
endo) conformers rather than residing in an intermediate (i.e.,
O4′-endo) window of conformation (7, 10, 11, 13, 66, 67),
although this has been a point of contention (6, 9). In this
context, molecular dynamics with time-averaged restraints
(MDtar) and ensemble approaches have been shown to be
possible routes for satisfying the NMR data due to dynamic
substituents in such molecules (7, 10, 11); we are currently
using the final alphaT hybrid structure as the starting point
for further structural calculations using MDtar. Finally, the
modifications in the alphaT hybrid result in local alterations
to the minor groove width of the duplex coincident with the
relative B- to A-like traits observed across the DNA strand.

However, the actual importance of DNA‚RNA minor-groove
width on the action of RNase H (6) is unclear in light of
mounting evidence suggesting an induced-fit model of
substrate-enzyme interaction (68-70). Interestingly, se-
quences with alternatingâ-stretches and singleR-nucleotides
separated by polarity reversals can elicit RNase H cleavage
of complementary RNA strands in vitro (30, 31). In the
structure of the alphaT hybrid presented here, the reversal
of the orientation of theR sugar results in a displacement of
the O4′ away from its normal position in the wall of the
minor groove (Figure 5B). Since RNase H is a minor-groove-
binding protein and modifications to the DNA strand that
protrude into this groove are detrimental to catalysis (6, 71,
72), we think that the reversal of sugar ring orientation may
be more important for the documented inability of fully
R-anomeric ODNs to induce RNase H activity, rather than
the global structure ofR-ODN‚â-RNA hybrids (22). A recent
report of the RNase H substrate properties of arabino-
ODN‚RNA hybrids (16), in which the subsituent at C2′ juts
into the major groove, adds further credence to this notion.

We are currently applying the thermodynamic and struc-
tural insights gained from the modified DNA‚RNA hybrid
presented here, as well as related ODNs that have revealed
the adverse effects of the combination ofRC and the polarity
reversals in both DNA and DNA‚RNA duplexes (33;
Aramini and Germann, unpublished results), into the design
of R-containing ODNs against theerbB-2 target.
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