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ABSTRACT: This study focuses on the characterization of the stability and conformation of the antisense
oligodeoxyribonucleotides, d[CGCGTT×TTGCGC] [×) phosphodiester (-O-P(O)2-O-), formacetal (FMA,
-O-CH2-O-), or 3′-thioformacetal linkage (TFMA, -S-CH2-O-)], in DNA‚DNA and RNA‚DNA duplexes
(designated DI-III and RI-III, respectively). NMR analysis of two RNA‚DNA hybrid duplexes containing
a single FMA (the RII duplex) or 3′-TFMA (the RIII duplex) modification has been carried out. The
conformations of these duplexes are compared with that of the unmodified hybrid duplex RI and with
those of the DI-III duplexes. These analyses and comparisons indicate that the residue containing a
3′-FMA linker has a preference for the C2′-endo sugar pucker and adopts a canonical backbone
conformation. In contrast, the residue containing a 3′-TFMA linker has a much increased preference for
the C3′-endo sugar pucker and adopts different backbone conformations in the DNA‚DNA and RNA‚DNA
duplexes. UV and NMR melting studies of the six duplexes demonstrate that the DNA‚DNA duplexes
are more stable than the corresponding RNA‚DNA hybrid duplexes and that both FMA and 3′-TFMA
destabilize the duplex. The 3′-TFMA modified duplex is less stable than the FMA duplex in the context
of DNA‚DNA recognition and is slightly more stable than the FMA hybrid duplex in the context of
RNA‚DNA recognition. These results suggest a correlation between the conformational preference of
backbone modifications and the stability of antisense duplexes. The implications of these studies for
optimized incorporation of FMA and 3′-TFMA linkers into oligonucleotides and for better design of
antisense oligonucleotide analogs are discussed.

The use of antisense oligodeoxyribonucleotides (ODNs)
to regulate gene products through complementary binding
to mRNA targets has attracted intense research effort
(Zamecnik & Stephenson, 1978; Sanghvi & Cook, 1993;
Wagner, 1994; Agrawal & Iyer, 1995). The success of
antisense ODNs relies on their stable duplex formation with
targeted RNA to block specific gene regulation sites or to
induce RNA cleavage by RNase H at the binding site
(Reynoldset al., 1996). To further the progress in this field,
it is of fundamental importance to understand the molecular
basis of binding affinity and sequence specificity achievable
by ODN recognition of RNA sequences. Such knowledge
would permit the development of antisense ODN analogs
which possess improved chemical and biological properties.
Although examples abound for successful application of
antisense strategy to gene regulationin Vitro (Minshull &
Hunt, 1992; Liebhaberet al., 1992), in ViVo antisense
applications have been limited by problems associated with
ODNs containing natural, phosphodiester backbones. These
molecules do not readily diffuse across the lipophilic cell
membrane, and the molecules that do enter the cell are likely
to be rapidly degraded by nucleases, especially by 3′-
exonucleases, or they are trapped in vacuoles within the cells
before reaching their targets (Tidd & Warenius, 1989; Woolf
et al., 1990; Shawet al., 1991; Hokeet al., 1991; Shojiet

al., 1991). These difficulties prevent the accumulation of
sufficiently high cellular concentrations of phosphodiester
ODNs to achieve an effective antisense response.

Several strategies have been adopted to circumvent the
instability and importation problems of natural ODNs. For
instance, many of these strategies involve the use of terminal
lipophilic capping groups or conjugation chemistry (Mano-
haran, 1993; Sinyakovet al., 1995) or modification of base
and sugar residues (Uhlmann & Peyman, 1990; Sanghvi
1993; Sanghvi & Cook, 1994). Substantial progress has been
made toward successful backbone modifications (Uhlmann
& Peyman, 1990; Sanghvi & Cook, 1993), using phospho-
rous (phosphorothioates and methylphosphonates) or non-
phosphorous groups possessing a wide range of bond
geometry and polarity. The backbone properties (nuclease
resistance, stability, and cell permeability) are determined
by the substituent groups and the chirality of the various
linker moieties. While some of these modified backbone
linkages are highly resistant to nuclease degradation (Helene
& Toulme, 1990; Chianget al., 1991), many still suffer from
an inability to reach their RNA targets or from low binding
affinity to target RNA sites (Bennettet al., 1992; Ceruzziet
al., 1990; Shojiet al., 1991). A number of achiral and
neutral backbone designs, such as peptide-nucleic acids
(Nielsenet al., 1991), methylhydroxylamine linkers (Vasseur
et al., 1992; Sanghvi & Cook, 1993), and formacetal
derivatives (Matteucci, 1990) have been reasonably success-
ful in binding properties and inin Vitro experiments,
demonstrating the potential of achiral and neutral backbone
modifications in developing effective antisense agents.
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The rapid development in chemical synthesis and biologi-
cal studies of antisense ODN analogs has led to a library of
molecules with characteristic properties. This progress offers
an opportunity to examine, at atomic resolution, a related
group of modified ODNs in a systematic manner and to
characterize the function of these modified chemical moieties
in nucleic acid recognition (Brownet al., 1994; Gonzalezet
al., 1994, 1995; Cumminset al., 1996; Eriksson & Nielsen,
1996). Although presently the design of the modified
antisense ODN analogs is based mainly on empirical
derivation and qualitative chemical and structural knowledge,
the accumulation of structural and dynamics information on
antisense ODNs should gradually enhance the role of
objective design by molecular modeling. There are several
important questions to be probed concerning the design of
antisense ODNs. For instance, what is the correlation of
the binding properties of antisense ODNs with the type of
chemical modifications or functional groups? What is the
molecular basis for the observed correlation? What is the
conformation of the lowest energy state for local modification
sites and for duplex formation, and are there major differ-
ences between these conformations and the structures of
natural sequences? What is the effect due to differences in
sequence, position and number of modification sites?
Our investigation of antisense ODNs has been focused on

the neutral and achiral formacetal (FMA)1 and 3′-thiofor-
macetal (3′-TFMA or TFMA) backbone linker modifications
(Matteucci, 1990; Joneset al., 1993) in comparison with
natural phosphodiester linkages. A single linker is incor-
porated into DNA dodecamers, between two thymidine (T)
residues located in the center of the sequence (Figure 1).
The modified DNA strands are annealed to the complemen-
tary DNA or RNA strands, resulting in two FMA modified
duplexes DII (complementary DNA strand) and RII (comple-
mentary RNA strand) and two 3′-TFMA modified duplexes
DIII (complementary DNA strand) and RIII (complemen-

tary RNA strand). The unmodified RNA‚DNA (RI) and
DNA‚DNA (DI) duplexes containing phosphodiester linkages
are used as a reference system. We are using this system to
characterize the FMA and 3′-TFMA linkers in the context
of RNA‚DNA or DNA‚DNA duplexes in an effort to address
the questions presented above.

NMR studies of the FMA-containing DNA‚DNA duplex
(DII, T6-OCH2O-T7) demonstrated that the structural adjust-
ments are localized at the modification site and are minimal
relative to the unmodified DI duplex (Gaoet al., 1992). A
close comparison indicates that the T6 sugar of DII contains
slightly more C2′-endo type pucker than the T6 sugar of DI.
In contrast, the 3′-TFMA-containing DNA‚DNA duplex
(DIII, T6-SCH2O-T7), which differs from DII only by one
atom (T6O3′fT6S3′), exhibits substantial structural adjustment
in T6 sugar pucker and in the backbone angles linking T6
and T7 residues. The T6 sugar pucker is averaging between
C2′- and C3′-endo conformations, appearing as an intermedi-
ate, averaged conformation (Gao & Jeffs, 1994a). The
variations in linker backbone angles are revealed by a set of
unusual NOEs involving the linker methylene protons of the
DIII duplex. The theoretical basis for the observations
mentioned above was explored by Vealet al. using quantum
mechanics and molecular dynamics calculations (Vealet al.,
1993; Veal & Brown, 1995). These calculations led to the
generation of a B-type conformation for the FMA linker and
an unusual conformation for the TFMA linker in a TT dimer,
in agreement with NMR results (Gaoet al., 1992; Gao &
Jeffs, 1994a).

In the following, we report the NMR analysis of two
RNA‚DNA hybrid duplexes containing a single FMA (RII)
or 3′-TFMA (RIII) modification (Figure 1) and their com-
parison with the unmodified hybrid duplex RI, whose
conformational analysis has been described previously (Gao
& Jeffs, 1994b). In addition, UV and NMR melting studies
have been carried out on all six duplexes (DI-III and RI-
III) under identical solvent and sample conditions. The
comparison of these results focuses on: (a) the overall
structural features and the relative stability of the six
duplexes; (b) the conformations of the FMA linker and the
TFMA linker in the RNA‚DNA hybrid duplexes (i.e., the
comparison between the residues at the linker site in RII

1 Abbreviations: 1D, one-dimensional; 2D, two-dimensional; FMA,
formacetal; 3′-TFMA, 3′-thioformacetal; COSY, correlation spec-
troscopy; DQF, double quantum filter; J-R, jump-return pulse sequence;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
NOESY, nuclear Overhauser effect and exchange spectroscopy;Tm,
melting temperature; UV, ultraviolet; TOCSY, total correlation spec-
troscopy.

FIGURE 1: Sequences of the antisense duplexes studied. The unmodified top strand is either DNA or RNA to give six DI-III and RI-III
duplexes. The formacetal or 3′-thioformacetal linkers are located between T6 and T7 of the DNA strand. HP1 and HP2 are the methylene
protons of the formacetal or 3′-thioformacetal linkers.
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and RIII and those in the unmodified RI); (c) the local
conformation of the FMA and TFMA linkers in an RNA‚DNA
hybrid duplex Versus in a DNA‚DNA duplex (i.e., the
comparisons of the conformation of a linker in different
environments, represented by DIIVersusRII or DIII Versus
RIII); (d) the structural effect of the antisense strand binding
on the RNA strandVersuson the DNA strand (i.e., the
comparisons among the unmodified strands in RI, RII and
RIII). These NMR results have been used to elucidate the
3D structure of the RIII duplex using molecular dynamics
simulations. The analysis of the high-resolution structural
information has been completed and will be reported
separately (Crosset al., 1996).

MATERIALS AND METHODS

Sample Preparation

The FMA-containing d[CGCGTT-OCH2O-TTGCGC] and
3′-TFMA-containing d[CGCGTT-SCH2O-TTGCGC] strands
were provided by Gilead Sciences and Glaxo Pharmaceuti-
cals, Inc. The unmodified DNA strands, d[CGCGTTTTG-
CGC] and d[GCGCAAAACGCG], were synthesized using
solid phase phosphoramidite protocols and purified as
reported in the literature (Gaoet al., 1992). The RNA strand,
r[GCGCAAAACGCG], was either obtained from Glaxo or
synthesized on a Cruachem PS250 DNA/RNA synthesizer
using phosphoramidite chemistry. The synthesis was carried
out on a 1 µmol scale and the 1-(2-fluorophenyl)-4-
methoxypiperidin-4-yl (Fpmp) was used as the O2′ protecting
group (Beijeret al., 1990; Capaldi & Reese, 1994). Treat-
ment in concentrated NH4OH at 55°C for 14 h cleaved the
RNA oligonucleotide from the solid support resin and
removed base-sensitive protecting groups, while the 5′-(4,4′-
dimethoxytrityl) and the O2′-Fpmp were untouched. The
5′-trityl-positive RNA strand was isolated using a Waters
RCM C18 HPLC column (10× 25 cm) and eluted using the
following gradients: 2-35% B in 5 min; hold at 35% B for
20 min; 35-55% B in 40 min. The flow rate of the mobile
phase was 4 mL/min, and mobile phase A) 0.1 M TEAA
aqueous solution, pH 6.7, and B) CH3CN. The fractions
containing the full-length RNA strand were concentrated by
freeze-drying. The O2′-Fpmp and 5′-trityl groups were
removed by incubation in a sodium acetate buffer at pH 3.25
(Cruachem) for 30 h at ambient temperature with constant
agitation. The reaction mixture was neutralized with a 1 M
tris(hydroxymethyl)aminomethane (TRIS) buffer (Cruachem)
and concentrated by freeze-drying. The dried sample was
dissolved in H2O and applied to the C18 column and eluted
using the following gradients: 2-10% B in 5 min; hold at
10% B for 35-40 min until the peak of interest eluted. The
flow rate and mobile phases were the same as described
above. The fractions of interest were lyophilized and then
dissolved in H2O. The final RNA strand product was
desalted on size-exclusion (Bio-Rad, PG-60) and sodium
exchange (Aldrich, Dowex-50-hydrogen) columns eluted
with H2O.
For NMR experiments, all six duplexes used in this study

were dissolved in 0.1 M NaCl, 10 mM sodium phosphate,
and 0.1 mM sodium EDTA using D2O (99.96%, Cambridge
Isotopes, Inc.) as the solvent for observation of non-
exchangeable protons, or 90% H2O-10% D2O as the solvent
for observation of exchangeable protons. The pH values
were in the range of 5-7 (accurate to(0.1 units), and those

reported in D2O were uncorrected pH meter readings. The
final NMR samples contained 1-2 mM concentrations of
the duplexes.

NMR Experiments

All NMR experiments were conducted on a Bruker AMXII
600 MHz spectrometer. Proton chemical shifts were refer-
enced to the HOD resonance (4.70 ppm at 25°C, temperature
correction factor-0.0109 ppm/°C). NMR data were pro-
cessed using the UXNMR program (Bruker Instruments, Inc.)
and the FELIX 2.30 program (Molecular Simulations, Inc.).
One-Dimensional Experiments of DI-III and RI-III. The

annealing of the modified DNA strands with their comple-
mentary RNA strand were monitored by one-dimensional
(1D) proton spectra at room temperature. The non-selective
spin-lattice relaxation times,T1, were estimated from the
null point in D2O solution at 25°C using an inversion
recovery pulse sequence (Freemanet al., 1980) and 15 s
repetition delays. The results demonstrate that the longest
T1 values, belonging to the adenine H2 protons, are less than
3.9 s and that mostT1 values are less than 2.9 s. In 90%
H2O solution,T1 values are shorter by∼30%.
Imino proton temperature dependent experiments for all

six duplexes were performed with∼1 mM duplex in pH
6.2 H2O buffer. The spectra were obtained using the jump-
return (J-R) pulse sequence, for HOD suppression, with
maximum excitation frequency centered at∼12.8 ppm
(Plateau & Gueron, 1982). Temperature increments/decre-
ments ranged from one to eight degrees and were separated
by a minimum of 10 min of equilibration time. The time
domain data of these 1D temperature dependence experi-
ments consisted of 8192 complex data points over a sweep
width of 13.5 kHz. The NMR melting curves were obtained
by plotting the line widths, at half peak height, of well-
resolved imino proton resonances as a function of temper-
ature (Supporting Information, Figure S1). The imino
protons of T5 and G9 for the hybrid duplexes (RI-III) and
those of T8 and G9 for the DNA‚DNA duplexes (DI-III)
are well-resolved and are used as measurement markers.
Two-Dimensional NMR Experiments of RII and RIII.

Two-dimensional (2D) NMR spectra of hybrid duplexes, RII
and RIII, were collected with a sample concentration of 2
mM. Most 2D NMR data were obtained with simultaneous
detection int2 and TPPI phase cycling (Marionet al., 1983)
in t1 dimension. The States-Ruben-Haberkorn phase
program (Stateset al., 1982) was used for the COSY-35 and
1H-31P correlation spectra. The 2D NOESY spectra of
exchangeable protons were acquired at 15°C (1.3 s relaxation
delay, 100 and 150 ms mixing times, 13.5 kHz spectral
window, and 4096× 512 data size). The strong H2O signal
was suppressed using the J-R pulse sequence with a refocus
delay of 53µs. 2D NOESY spectra of non-exchangeable
protons (4.6 s relaxation delay, 70, 140, 200 and 250 ms
mixing times, 5.1 kHz spectral window, and 2048 or 4096
× 512 data size) were acquired at 25°C. NOESY spectra
were used to trace through space connectivities and to obtain
chemical shifts of all1H resonances. TOCSY (80 and 160
ms isotropic mixing times), DQF-COSY, and COSY-35 data
were obtained with parameters identical to those used for
the NOESY experiments. A proton-detected1H-31P COSY
spectrum was obtained at 25°C with a 2.2 s relaxation delay.
The sweep width was 2000 Hz centered at the HOD
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resonance in the1H dimension (F2) and 1200 Hz (4.55 ppm)
centered at-3.39 ppm in the31P dimension (F1). A 90°
phase-shifted sine bell was used in thet2 andt1 dimensions
of NOESY spectra, while a 0° or 30° phase-shifted skewed
sine bell was used prior to Fourier transformation of various
COSY spectra.
COSY-35 experiments allow the direct evaluation ofJ1′-2′

and J1′-2′′ by measuring the separation (in Hz) between
antiphase or inphase multiplets along the resonance frequency
of H1′ protons, while the passive coupling components in
these cross peaks have been suppressed. The accurate
measurements ofJ3′-2′, J3′-2′′, andJ3′-4′ are prohibited because
the ambiguities from passive coupling are still too significant
in the these multiplets. However, qualitative analysis of the
intensities of the cross peaks due to H3′-H2′ (IH3′-H2′), H3′-
H2′′ (IH3′-H2′′), and H3′-H4′ (IH3′-H4′) couplings in COSY-
35, DQF-COSY, and TOCSY spectra provides the relative
J values for these spin pairs. Cross peaks with greater
intensity usually are associated with largerJ coupling
constants.
Three-Dimensional NOESY-NOESY Experiments.The

three-dimensional (3D) NOESY-NOESY experiments for
RII and RIII were performed in D2O at 25°C according to
a previously described procedure (Boelenset al., 1989; Gao
& Jeffs, 1994b). The 3D spectrum covered a spectral width
of 5.1 kHz in each of the three dimensions and was recorded
with 200 ms of NOE mixing times in both steps of
magnetization transfer and a relaxation delay time of 2.9 s.
The data set consisted of 2048× 100× 220 complex points
in the F3, F2, and F1 dimensions, respectively. A 90° phase-
shifted sine bell function was applied to all three dimensions
to give a final matrix containing 1024× 256× 256 data
points. The 3D spectra were analyzed mainly through the
planes of interest, which intersect, at resonance frequencies
of base and H1′, with the F3 axis, in order to resolve
resonances overlapped in the 2D spectra, especially those
involving the 2′, 3′, and 4′ protons of the RNA strands.

UV Melting Experiments

The thermal melting properties of DI-III and RI-III were
examined utilizing Varian Cary 1E and 3E spectrophoto-
meters. To obtain strictly comparable results, the experi-
ments for the six duplexes were undertaken in parallel.
Concentrated samples were diluted in the aqueous pH 6.2
buffer used for NMR experiments to give 1.0-1.1 absorption
readings at 260 nm in 10 mm path length cells (∼11 µM
total single strand concentration). Samples were heated from
20 to 90°C and then cooled to 20°C at a rate of 0.5°C/
min. The melting cycle measurements were repeated at least
three times. The reported melting temperature (Tm) values
are derived from hyperchromicity curves using a two state,
single strand to duplex transition model.∆G37°C (abbreviated
∆G) values were derived from the UV melting curves by
the nonlinear least-square fitting algorithm implemented in
the Meltwin program (Petersheim & Turner, 1983). The
reportedTm ((0.5 °C) and∆G ((10%) values are average
values of several experimental data sets.

RESULTS

In the following discussion we describe NMR studies of
two RNA‚DNA hybrid duplexes containing a single FMA
or 3′-TFMA backbone linker (RII and RIII) and UV melting
experiment studies of six related duplexes (DI-III and RI-
III, sequences shown in Figure 1). The NMR results are
examined, with reference to the RI and DI-III duplexes (Gao
et al., 1992; Gao & Jeffs, 1994a,b).

NMR Spectra of RII and RIII

A set of 2D and 3D NOESY and COSY spectra was
recorded for the RII and RIII duplexes. The exchangeable
and non-exchangeable proton resonances of the two duplexes
were assigned as described previously (Gao & Jeffs, 1994b).
31P resonances of the two duplexes were observed in a narrow

FIGURE 2: Comparison of NOESY spectra (200 ms mixing time, recorded at 25°C) in the region of base (F2 axis) and H1′ (F1 axis)
resonances for RII (A) and RIII (B). Sequential connectivities between the H1′ of the i residue with its own base proton (cross peaks
labeled with residue numbers) and to its neighboringi + 1 base proton in the duplexes are linked with solid lines for the DNA strands and
dashed lines for the RNA strands. NOEs between adenine H2 protons and adjacent H1′ protons on the same strand and on the complementary
strand are indicated by * (A105/A106*, A105/G9*, etc.).
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0.8 ppm region. Representative NOESY spectra showing
intra- and inter-residue base to sugar H1′ connectivities,
typical of a right-handed duplex, of RII and RIII are given
in Figure 2. The 3D NOESY-NOESY data was used to
assign and to confirm assignments of the DNA and especially
the RNA strand sugar protons. The H4′ of the T6 residue
of RII was a key assignment that was made possible by the
3D data. The1H assignment information is summarized in
Tables 1 and 2 for RII and RIII, respectively.
RII and RIII exhibit 11 Watson-Crick base-paired imino

proton resonances (G H1 and T H3 protons) in the 12-14.1

ppm spectral region (Figure 3) and cytosine amino reso-
nances of H-bonded and non-H-bonded protons in the 6.5-
8.5 ppm region (Tables 1 and 2). The chemical shift
differences between the1H resonances of the modified DNA
strand in RII or RIII and those in the unmodified DNA strand
of RI were calculated and are listed as∆δ1 in Tables 1 and
2, respectively. These comparisons demonstrate that chemi-
cal shift perturbations due to the presence of the non-
phosphate diester linker are mostly related to DNA residues
T6 and T7, revealing localized conformational distortions
at the FMA- or TFMA-modified site. The DNA strand in

FIGURE 3: Selected one-dimensional imino proton spectra as functions of temperature for (A) RI, (B) RII, and (C) RIII. Experimental
conditions and procedures are given in Materials and Methods. These spectra demonstrate that these three hybrid duplexes exhibit similar
melting behavior and their melting is cooperative.

Table 1: Proton Chemical Shifts of RII and a Comparison with the Chemical Shifts of RIa

DNA strand RNA strand

H1/H3/H4b/H4nb H8/H6 H2/H5 H1′ H2′ H2′′ H3′ H4′ H1/H3/H4b/H4nb H8/H6 H2/H5 H1′ H2′ H3′ H4′

dC1δ 7.78 5.98 5.90 2.02 2.47 4.66 4.08 rG101δ 12.76 7.82 5.46 4.59 4.40 4.15
∆δ1c 0.09 0.09 0.01-0.05 0.01 0.01 0.03 ∆δ2c 0.04 -0.03 -0.06 -0.04 -0.03 -0.05

dG2δ 12.97 7.95 5.98 2.69 2.73 4.90 4.36 rC102δ 8.31, 6.78 7.66 5.14 5.45 4.52 4.45 4.36
∆δ1 0.02 0.06 0.02 0.06 0.01 0.01 0.02 ∆δ2 0.03,0.37 0.02 -0.01 -0.01 0.00 0.01 0.00

dC3δ 8.28, 6.43 7.40 5.29 5.95 2.45 2.53 4.73 4.26 rG103δ 12.81 7.55 5.61 4.46 4.40 4.28
∆δ1 -0.04,-0.01 0.03 0.02 0.00 0.06 0.02 0.00 0.02 ∆δ2 -0.01 0.02 0.01 0.02-0.11 -0.10

dG4δ 12.76 7.47 5.95 2.53 2.69 4.68 4.29 rC104δ 8.12, 6.69 7.54 5.19 5.28 4.45 4.40 4.34
∆δ1 0.05 0.02 0.01 0.04 0.01-0.01 0.01 ∆δ2 0.00, 0.02 0.03 0.01 0.02 0.00 0.03 0.01

dT5δ 14.09 7.36 1.16 6.04 2.26 2.61 4.77 4.26 rA105δ 7.90 6.70 5.70 4.47 4.63 4.41
∆δ1 0.00 0.04 0.02 0.00 0.06 0.01 0.00 0.01 ∆δ2 0.02 0.08 0.02 0.00 0.23

dT6δ 13.68 7.50 1.52 6.09 2.23 2.77 4.44 4.17 rA106δ 7.83 7.17 5.72 4.46 4.62 4.42
∆δ1 -0.07 0.04 0.01 0.01 0.020.15 -0.39 -0.03 ∆δ2 0.05 0.09 0.05 0.05 0.04-0.12

dT7δ 13.68 7.47 1.52 6.05 2.17 2.61 4.85 4.18 rA107δ 7.70 7.19 5.65 4.42 4.55 4.08
∆δ1 -0.01 0.03 -0.03 0.00 0.02 0.01 0.04-0.01 ∆δ2 -0.06 0.05 -0.01 0.02 0.03

dT8δ 13.08 7.39 1.61 5.98 2.31 2.56 4.89 4.19 rA108δ 7.81 7.72 5.80 4.42 4.54
∆δ1 -0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 ∆δ2 -0.02 0.06 0.02 0.02 0.09

dG9δ 12.07 7.59 5.82 2.47 2.57 4.86 4.31 rC109δ -d 7.34 5.13 5.24 4.29 4.33
∆δ1 0.02 0.04 0.02 0.04 0.02 0.01 0.02 ∆δ2 - 0.01 0.01 0.04 0.03 0.03

dC10δ 8.13, 6.24 7.29 5.09 5.83 2.24 2.45 4.71 4.18 rG110δ 12.71 7.56 5.61 4.33 4.52
∆δ1 -0.01, 0.05 0.03 0.03 0.02 0.04 0.02 0.02 0.02∆δ2 -0.14 0.05 0.03 0.04 0.01

dG11δ 12.97 7.58 5.93 2.46 2.64 4.79 4.28 rC111δ 8.31, 6.78 7.51 5.17 5.46 4.18 4.41
∆δ1 0.26 0.02 0.02 0.03 0.02 0.01 0.02 ∆δ2 -0.03, 0.07 0.02 0.00 0.02 0.10 0.01

dC12δ -d 7.33 5.13 6.11 2.05 2.21 4.42 4.03 rG112δ 7.74 5.78 4.22 4.28 4.20
∆δ1 - 0.02 0.02 0.00 0.03 0.04 0.01 0.02 ∆δ2 0.02 -0.01 0.11 -0.01 0.03

dT6 HP1 (pro-S), HP2 (pro-R): 4.93, 5.03
dT7 H5′ (pro-R), H5′′ (pro-S): 3.70, 4.27 ∆δ1: -0.36, 0.15

aNonexchangeable1H assignments were obtained from a 250 ms NOESY at 25°C. Exchangeable1H assignments were obtained from a 150
ms NOESY at 15°C. bH1 and H3 are imino protons of T and G residues, respectively. H4b and H4n are hydrogen bonded and nonbonded amino
protons, respectively.c ∆δ1(ppm, DNA strand)) (δ, RII) - (δ, RI); comparison of the modified DNA strand with its unmodified counterparts;
∆δ2(ppm, RNA strand)) (δ, RII) - (δ, RI), comparison of the RNA strand of the modified duplex with that of the unmodified duplex. A positive
value indicates that the RII duplex resonance is downfield shifted relative to that of the RI duplex. RI chemical shifts were obtained from Gao and
Jeffs, 1994b.∆δ values larger than 0.1 ppm are highlighted in bold.d The four amino proton resonances belonging to dC12 and rC109 could not
be unambiguously assigned because the imino proton chemical shifts on their base pair partners, rG101 and dG4, respectively, are overlapped.
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RIII displays larger changes for chemical shifts around the
modification site as compared to the shifts observed in the
RII duplex. The sulfur atom in TFMA causes much larger
upfield shifts for the covalently linked T6 H3′ and T7 H5′,5′′
resonances than the FMA group does. The comparison of
the RNA strands in the three duplexes (∆δ2, Tables 1 and
2) shows only trivial and rather scattered changes in the
chemical shifts. The patterns of these changes are similar
in the RNA strands of RII and RIII, indicating that the
influence of the linker in the DNA strand over the comple-
mentary strand is not significant.
To evaluate the effect of hybridization when the target

sequence is a DNA strandVersusan RNA strand, DNA
strand∆ppm(RII-DII) (∆δ3) and∆ppm(RIII-DIII) (∆δ4)
are presented in Table 3. These values should reflect the
change in chemical environment between the DNA‚DNA and
RNA‚DNA duplexes containing the same base sequences.
The majority of the∆δ3 and∆δ4 values fall in a range of
∆ppm(RI-DI) that was reported for the unmodified duplexes
(Gao & Jeffs, 1994b). On the other hand, the linker related
residues are more sensitive to the hybridization, and the RII
and RIII duplexes were observed to respond differently (∆δ3
and∆δ4 differ by more than 0.1 ppm, Table 3). Another
region which shows a large difference upon hybridization
involves the T8 and G9 residues; the difference in chemical
shift positions for the T8 and G9 imino protons between the
DNA‚DNA duplexes and their RNA‚DNA duplex analogs
is more than 0.4 ppm. These hybridization effects are present
in the unmodified and the modified duplexes, suggesting that
the previously observed characteristics associated with

hybridization to an RNA strand persists in the modified
hybrid duplexes.

Through-Bond ConnectiVities and Sugar Conformation of
RII and RIII

The H1′-H2′ and H1′-H2′′ coupling constants (J1′-2′ and
J1′-2′′) in the deoxyriboses obtained from the COSY-35
spectra are provided in Table 4. This information, in
combination with qualitative assessment of the relative
intensities and patterns of H3′-H2′, H3′-H2′, and H3′-
H4′ coupling cross peaks in COSY-35, DQF-COSY, and
TOCSY (Charyet al., 1987), should reveal the sugar puckers
of the DNA strand residues in the two hybrid duplexes. For
a C2′-endo sugar pucker, which is often associated with a
B-form helix, J1′-2′ is larger thanJ1′-2′′; IH3′-H2′ (coupling
cross peak intensity for H3′-H2′) is stronger thanIH3′-H2′′;
andIH3′-H4′ should be weak or non-existent because of a small
J3′-4′ (J < 2 Hz). For a C3′-endo sugar pucker, which is
often associated with an A-form helix,J1′-2′ is less thanJ1′-2′′;
IH3′-H2′ is weaker thanIH3′-H2′′; andIH3′-H4′ is strong because
of a largeJ3′-4′ (J > 5 Hz). For the C2′-endo conformation
the overall intensities of both H3′-H2′ and H3′-H2′′ cross
peaks tend to be lower than those observed for the C3′-endo
conformation in a COSY-35 spectrum in which passive
couplings are partially suppressed (Derome, 1987). A sugar
pucker conformation in between C2′- and C3′-endo would
exhibit a spectral pattern intermediate of the above two
typical spectral patterns. An intermediate spectral pattern
may also arise from an average of multiple conformations
(Gonzalezet al., 1995).

Table 2: Proton Chemical Shifts of RIII and a Comparison with the Chemical Shifts of RIa

DNA strand RNA strand

H1/H3/H4b/H4nb H8/H6 H2/H5 H1′ H2′ H2′′ H3′ H4′ H1/H3/H4b/H4nb H8/H6 H2/H5 H1′ H2′ H3′ H4′

dC1δ 7.70 5.90 5.88 2.07 2.46 4.64 4.04 rG101δ 12.75 7.86 5.53 4.63 4.43 4.20
∆δ1c 0.01 0.01 -0.01 0.00 0.00-0.01 -0.01 ∆δ2c 0.03 0.01 0.01 0.00 0.00 0.00

dG2δ 12.96 7.88 5.95 2.64 2.69 4.88 4.33 rC102δ 8.35, 6.72 7.65 5.15 5.46 4.53 4.44 4.36
∆δ1 0.01 -0.01 -0.01 0.01 -0.03 -0.01 -0.01 ∆δ2 0.07 ,0.31 0.01 0.00 0.00 0.01 0.00 0.00

dC3δ 8.31, 6.44 7.37 5.26 5.92 2.42 2.49 4.72 4.23 rG103δ 12.85 7.53 5.61 4.45 4.40
∆δ1 -0.01, 0.00 0.00-0.01 -0.03 0.03 -0.02 -0.01 -0.01 ∆δ2 0.03 0.00 0.01 0.01-0.11

dG4δ 12.75 7.43 5.92 2.52 2.65 4.64 4.27 rC104δ 8.16,6.71 7.54 5.19 5.27 4.45 4.39 4.33
∆δ1 0.04 -0.02 -0.02 0.03 -0.03 -0.05 -0.01 ∆δ2 0.04,-0.06 0.03 0.01 0.01 0.00 0.02 0.00

dT5δ 14.05 7.38 1.13 5.97 2.38 2.58 4.72 4.22 rA105δ 7.88 6.71 5.72 4.48 4.62 4.39
∆δ1 -0.04 0.06 -0.01 -0.07 0.18 -0.02 -0.05 -0.03 ∆δ2 0.00 0.09 0.04 0.01 0.22

dT6δ 13.66 7.57 1.51 5.89 2.50 2.60 3.48 4.07 rA106δ 7.74 7.12 5.68 4.44 4.57 4.40
∆δ1 -0.09 0.11 0.00 -0.19 0.29 -0.02 -1.35 -0.13 ∆δ2 -0.04 0.04 0.01 0.03-0.01 -0.14

dT7δ 13.71 7.68 1.48 5.91 2.20 2.56 4.67 4.19 rA107δ 7.58 7.06 5.60 4.40 4.51
∆δ1 0.02 0.24 -0.07 -0.14 0.05 -0.04 -0.14 0.00 ∆δ2 -0.18 -0.08 -0.06 0.00-0.01

dT8δ 13.08 7.55 1.56 5.98 2.31 2.55 4.85 4.19 rA108δ 7.74 7.65 5.76 4.43 4.50
∆δ1 -0.03 0.19 -0.03 0.02 0.03 0.01 0.02 0.02 ∆δ2 -0.09 -0.01 -0.02 0.03 0.05

dG9δ 12.10 7.59 5.81 2.44 2.55 4.83 4.28 rC109δ -d 7.29 5.09 5.20 4.28 4.30
∆δ1 0.05 0.04 0.01 0.01 0.00-0.02 -0.01 ∆δ2 - -0.04 -0.03 0.00 0.02 0.00

dC10δ 8.18, 6.26 7.27 5.07 5.80 2.21 2.42 4.69 4.15 rG110δ 12.79 7.51 5.58 4.30 4.51
∆δ1 0.04, 0.07 0.01 0.01-0.0 10.01-0.01 0.00-0.01 ∆δ2 -0.06 0.00 0.01 0.00 0.00

dG11δ 12.96 7.56 5.91 2.43 2.62 4.78 4.26 rC111δ 8.35, 6.72 7.50 5.16 5.43 4.07 4.40
∆δ1 0.25 0.00 0.00 0.00 0.00 0.00 0.00 ∆δ2 0.01, 0.01 0.01-0.01 0.00 0.00

dC12δ -d 7.31 5.10 6.10 2.02 2.16 4.40 3.99 rG112δ 7.72 5.79 4.10 4.28 4.17
∆δ1 - 0.00 -0.01 -0.01 0.00 -0.01 -0.01 -0.02 ∆δ2 0.00 0.00 -0.01 -0.01 0.00

dT6 HP1 (pro-S), HP2 (pro-R): 4.84, 5.24
dT7 H5′ (pro-R), H5′′ (pro-S): 3.54, 4.38 ∆δ1: -0.52, 0.26

aNonexchangeable1H assignments were obtained from a 200 ms NOESY at 25°C. Exchangeable1H assignments were obtained from a 150
ms NOESY at 15°C. bH1 and H3 are imino protons of T and G residues, respectively. H4b and H4n are hydrogen bonded and nonbonded amino
protons, respectively.c ∆δ1(ppm, DNA strand)) (δ, RIII) - (δ, RI); comparison of the modified DNA strand with its unmodified counterparts;
∆δ2(ppm, RNA strand)) (δ, RIII) - (δ, RI), comparison of the RNA strand of the modified duplex with that of the unmodified duplex. A
positive value indicates that the RIII duplex resonance is downfield shifted relative to that of the RI duplex. RI chemical shifts were obtained from
Gao and Jeffs (1994b).∆δ values larger than 0.1 ppm are highlighted in bold.d The four amino proton resonances belonging to dC12 and rC109
could not be unambiguously assigned because the imino proton chemical shifts on their base pair partners, rG101 and dG4, respectively, are
overlapped.
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Based on the discussion above, we analyzed, in detail, the
coupling data of the T residues, which are adjacent to the
linker site, in the DNA strand of the RIII duplex, because
this sequence exhibits better resolved resonances (Table 4).
The corresponding RII spectral data were then examined on
a comparative basis. For the T residues in RIII the COSY
data revealJ1′-2′ andJ1′-2′′ of the sugar moieties in T5, T7,
and T8 are about the same within experimental errors (Table
4). TheIH3′-H2′ andIH3′-H2′′ are about equal for T5, whereas
for T7 and T8,IH3′-H2′ > IH3′-H2′′. The IH3′-H4′ for T5, T7,
and T8 are of medium intensities. Overall these data indicate
deviation of these T sugar rings from the C2′-endo confor-

mation and even an increased contribution of the C3′-endo
type conformation in T5 sugar pucker compared to that in
T7 and T8 sugars. For the corresponding T residues in RII,
the J1′-2′ values are consistently greater than those of RIII
(Table 3). TheIH3′-H2′ and IH3′-H2′′ of RII are much lower
than those of RIII, while theIH3′-H4′ are moderately strong.
These data suggest that the RII T5-T8 sugar puckers contain
less contribution from C3′-endo than their counterparts in
RIII. J1′-2′ and J1′-2′′ of the G and C residues in RII and
RIII are within 0.5 Hz of each other in most cases, and their
H3′-H4′ cross peaks are barely detected in the COSY
experiments (with the possible exception of C10 of RIII),
indicating that they haveJ3′-4′ ≈ 2.5 Hz (the resolution of
the experiments in the F2 dimension). The sugar puckers
of these residues of the DNA strands of RII and RIII are
slightly more influenced by C3′-endo conformations than
those found in standard B-form DNA.
The overall distribution of preferred sugar conformations

for the DNA strand of RIII and RII is compared, through
coupling constants (Table 4), with that of RI (with the
exception of T6 which is discussed later). The differences
betweenJ1′-2′ andJ1′-2′′ are small in RIII (∼1 Hz), in contrast
to some large differences (e.g., 1.4 Hz in C3 and 2 Hz in T8
residues) observed in the RI duplex. This difference is most
likely attributable to the presence of a TFMA linker in the
DNA strand of RIII, which prefers a more C3′-endo
conformation for the adjacent DNA residues. The coupling
constants of RII are less well defined for some of the residues
(Table 4), but the available data indicate that the contribution
of the C3′-endo conformation within sugar puckers of the
DNA strand in the three hybrid duplexes is in the order of
RIII > RI ≈ RII.

Table 3: 1H Chemical Shift Comparisons of the Modified DNA Strands in RII, RIII, DII, and DIII. Hybridization Effectsa

H1/H3/H4b/H4nb H8/H6 H2/H5 H1′ H2′ H2′′ H3′ H4′
dC1∆δ3 0.30 0.23 0.26 0.21 0.21 0.09 0.14

∆δ4 0.20 0.12 0.22 0.24 0.17 0.05 0.05
dG2∆δ3 0.05 0.13 0.21 0.15 0.11 0.05 0.13

∆δ4 -0.02 0.05 0.15 0.06 0.08 0.03 0.11
dC3∆δ3 0.08, 0.09 0.20 0.03 0.38 0.54 0.23 0.01 0.19

∆δ4 0.06, 0.09 0.15 0.00 0.33 0.49 0.19 -0.01 0.15
dG4∆δ3 -0.07 -0.31 0.03 -0.01 -0.03 -0.18 0.03

∆δ4 -0.11 -0.36 0.01 -0.03 -0.06 -0.23 -0.02
dT5∆δ3 0.10 0.26 -0.16 0.14 0.25 0.11 0.06 0.12

∆δ4 0.13 0.24 -0.20 0.06 0.32 0.06 -0.03 0.07
dT6∆δ3 -0.17 0.24 0.03 0.03 0.20 0.10 -0.04 0.15

∆δ4 -0.18 0.20 0.00 -0.07 0.28 0.02 -0.15 0.03
dT7∆δ3 -0.07 0.19 0.01 0.08 0.15 0.11 0.10 0.09

∆δ4 -0.10 0.34 -0.04 -0.03 0.25 0.06 0.03 0.06
dT8∆δ3 -0.46 0.24 0.05 0.28 0.39 0.22 0.13 0.18

∆δ4 -0.49 0.33 0.00 0.27 0.35 0.19 0.07 0.16
dG9∆δ3 -0.47 -0.16 0.12 -0.06 0.04 0.01 0.06

∆δ4 -0.45 -0.17 0.10 -0.06 -0.01 -0.05 0.04
dC10∆δ3 0.04,-0.06 0.11 -0.14 0.25 0.44 0.23 0.03 0.15

∆δ4 -0.05,-0.07 0.08 -0.16 0.21 0.39 0.19 -0.01 0.11
dG11∆δ3 0.01 -0.16 0.12 -0.01 0.06 -0.05 0.08

∆δ4 -0.09 -0.21 0.09 -0.05 0.02 -0.07 0.04
dC12∆δ3 0.08 -0.09 0.09 -0.01 0.15 0.07 0.13

∆δ4 -0.01 -0.23 0.04 -0.02 0.07 0.02 0.06
dT6 HP1 (pro-S), HP2 (pro-R): ∆δ3: 0.13, 0.09

∆δ4: -0.12, 0.25
dT7 H5′ (pro-R), H5′′ (pro-S): ∆δ3: 0.17, 0.05

∆δ4: -0.13, 0.33
aChemical shifts are from Tables 1 and 2 and those of DII and DIII are from Gao et al. (1992) and Gao and Jeffs (1994a).∆δ3(ppm, DNA

strand)) (δ, RII) - (δ, DII); and∆δ4(ppm, DNA strand)) (δ, RIII) - (δ, DIII). A positive value indicates that the resonance of the modified
DNA strands in RII or RIII is downfield shifted compared to that in the DII or DIII duplex.∆δ3 - ∆δ4 > 0.1 ppm are highlighted in bold. Note
the exceptionally large differences in the T8 and G9 imino proton resonances (values highlighted).bH1 and H3 are imino protons of T and G
residues, respectively. H4b and H4n are hydrogen bonded and nonbonded amino protons, respectively.

Table 4: Coupling Constants of DNA Sugar Protons in the Hybrid
Duplexesa

RIII RII RI

residue J1′-2′ J1′-2′′ J1′-2′ J1′-2′′ J1′-2′ J1′-2′′

dC1 6.1 6.5 7.5 7.4 6.3 6.3
dG2 7.2 6.7 6.8 (o) 7.5 (o) 7.3 6.5
dC3 6.0 6.0 7.1 5.1 (o) 7.1 5.7
dG4 6.5 6.5 (o)b 8.7 (o) 5.6 (o) 7.3 6.5
dT5 6.8 6.7 7.0 9.0 (o) 7.5 7.3
dT6 6.2 6.4 8.8 6.7 7.5 6.5
dT7 6.1 6.3 7.5 9.0 (o) 7.7 6.7
dT8 6.6 6.9 7.8 7.5 8.5 6.5
dG9 7.1 6.9 7.5 7.5 8.0 6.0
dC10 6.7 6.3 6.9 6.3 6.5 5.9
dG11 6.6 6.3 7.6 7.4 7.3 6.3
dC12 7.4 6.3 7.4 7.4 6.9 6.1
aCoupling constants were measured from COSY-35 spectra. RIJ1′-2′

andJ1′-2′′ values are from Gao and Jeffs (1994b). Error estimation is
(0.5 Hz. J values for terminal residues are less reliable due to the
inherent flexibility of these residues.b (o): Peaks are partially or
completely overlapped, andJ is estimated.
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For the RNA sugar residues of RIII or RII, with the
exception of G112, H1′-H2′ cross peaks are not detected
in either DQF-COSY or COSY-35 experiments, indicating
J1′-2′ < 2.5 Hz. In addition,IH3′-H4′’s are medium to strong.
These data suggest that the RNA strands of RIII and RII
remain in the C3′-endo type conformation when they form
complementary duplexes with DNA strands containing an
FMA or a TFMA linker. These results are consistent with
the analysis of the RNA strand sugar conformation in the
unmodified RI and other studies of natural RNA‚DNA hybrid
duplexes (Salazaret al., 1993; Gao & Jeffs, 1994a; Gonzalez
et al., 1994). Thus, the linkers studied have little effect on
the sugar pucker conformation of the target RNA strands.

Sugar Pucker of the Modified T6 Residues

The COSY-35, DQF-COSY, and TOCSY data exhibit
C3′-endo characteristics that are more evident for the RIII
T6-TFMA than RII T6-FMA and RI T6-PO4. TheJ1′-2′ andJ1′-2′′
of the T6 residue are nearly equal for RIII given the(0.5
Hz error limit but are different in RII withJ1′-2′ ) 8.8 and
J1′-2′′ ) 6.7 Hz (Figure 4 and Table 4) and RI withJ1′-2′ )
7.5 andJ1′-2′′ ) 6.5 Hz. Because in a standard C3′-endo
conformation an H1′-H2′ cross peak would not be detected
(J1′-2′ < 2 Hz), these data indicate that RIII T6 sugar pucker
is not in a pure C3′-endo form, but that it contains a
significant population of this form (Gonzalezet al., 1995).
Comparatively, the RII T6 sugar pucker is more C2′-endo
like than the RIII T6 sugar pucker and is closer to that of RI

because itsJ1′-2′ is larger thanJ1′-2′′ and IH3′-H2′′ is not
detectable in the COSY-35 spectra unlike that of RI (Gao &
Jeffs, 1994b; Figure 4 of this paper).

OVerall NOE Analysis

The NOE patterns of the DNA strands containing an FMA
or a 3′-TFMA modification are similar for the RII and RIII
duplexes (Figure 2) and are also comparable to those of the
RI duplex. A detailed analysis of the NOESY cross peak
patterns of RI in comparison with the canonical B- and
A-form duplexes of the same sequence has been described
previously (Gao & Jeffs, 1994b). Following these analyses,
the conformation of the DNA strand in RII and RIII are
shown to be more close to a B-type than to an A-type helix,
although deviations from canonical B-form exist. The
presence of non-phosphate diester backbone linkers in RII
and RIII is shown to have only minor, mainly localized
effects (Vide infra). The spectral variations from a B-form
helix are detectable. For instance, in the T residues of RII
and RIII, the intraresidue H6 to H3′ NOEs are medium in
intensity. In contrast, the distance between these two protons
in model B-form DNA would be∼4.5 Å and should give a
weak to very weak NOE. On the other hand, in model
A-form DNA, the distance would be 2.5-2.8 Å and would
correspond to strong or medium intensity NOE peaks.
Therefore, the medium intensity peaks for the T H6 to H3′
NOEs indicate that these residues are neither in a standard
B- nor an A-form.

FIGURE 4: Expanded COSY-35 spectra of RII (top panels) and RIII (bottom panels) showing the H1′-H2′, H1′-H2′′, H3′-H2′, and
H3′-H2′′ multiplet antiphase cross peaks of the T6 sugar residue. All spectra were plotted with the same spectral width “+” indicates the
positive phase, and “-” indicates the negative phase of the multiplets. The cross peak connecting RII T6 H3′ and H2′ is extremely weak
and that connecting H3′ and H2′′ is absent.
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The NOE patterns of the RNA strands of RIII and RII are
quite similar (Figure 2). In all three hybrid duplexes (RI-
III), the RNA strand H8/H6 to H1′ NOEs are weak in
intensity as expected for an A-form helix. The interresidue
NOE connectivity is intact, demonstrating that hybridization
to the modified DNA strands does not disrupt the normal
A-type structure of the RNA strands. For the A-tract residues
of RIII and RII, moderate NOEs are present between A H2
and H1′ protons of 3′ residues of the same strand (H2i/
H1′i+1), while weak to moderate NOEs are present from A
H2 to H1′ protons in the 3′-direction of the complementary
strand (H2i/H1′j+1) (Figure 2). The relatively stronger cross
strand H2/H1′ NOEs than those intra-strand NOEs reflect
features of an A-type RNA. The cross strand H2/H1′ NOEs
also exhibit increased intensity from A105 to A108, indicat-
ing progressively closer contacts between these proton pairs.
Weak NOEs, that have about the same intensity as the H8/
H6 to H1′ interresidue cross peaks, exist between A H2
protons of adjacent residues (H2i/H2i+1) for both duplexes.
These NOEs are slightly stronger than what is expected for
an A RNA (H2/H2 distance) 4.8 Å and H8/H6 to the
sequential H1′ distance) 4.6 Å). This demonstrates that
the RNA strands of RII and RIII are mostly A-form-like with
co-existence of some non-A-form patterns. The only sig-
nificant changes in NOE intensities in the RNA strands occur
in RNA residues near the modified linkers as discussed
below.

NOEs InVolVing Linker HP1 and HP2 Protons

The methylene protons of the FMA or the TFMA linkers
(HP1 and HP2) exhibit many contacts with nearby sugar
protons (Figure 5). The analysis of these NOEs and
qualitative modeling using a dinucleotide unit permit the
stereospecific assignments of HP1 (pro-S) and HP2 (pro-
R). These linker protons provide probes for the local
conformation of the modified backbone and the immediately
adjacent residues, T6 and T7, in the FMA-modified RII and
the TFMA-modified RIII. A comparison of the spectral
regions of the 70 ms mixing time NOESY of RII- and RIII-
containing NOEs to HP1 and HP2 is shown in Figure 5 and
these results are summarized in Table 5. Inspection of these
spectra indicates that there are major differences in the
structures of RII and RIII in the linker region. These
differences are reflected in several important interproton
contacts. (a) Linker protons to T6 H4′: There is an absence
of NOEs between T6 H4′ and HP1 or HP2 in RII, whereas
in RIII there are weak NOEs from T6 H4′ to both HP1 and
HP2. (b) Linker protons to T6 H3′: In RII there is a medium
intensity NOE between HP2 and T6 H3′ and a weak NOE
between HP1 and T6 H3′, while in RIII the corresponding
NOEs are only slightly different with both NOEs in medium
intensity. (c) Linker protons to T7 H5′ and H5′′: In RII the
NOE of HP1 and T7 H5′ (pro-R) is medium in intensity,
whereas that between HP1 and T7 H5′′ is weak in intensity.
HP2 shows a weak NOE only to T7 H5′. In RIII, four cross
peaks were observed correlating HP1 and HP2 with T7 H5′
and H5" with medium to weak intensities.
The NOE patterns exhibited by the FMA and 3′-TFMA

linker protons in the comparison DNA‚DNA duplexes (DII
and DIII) have been reported previously (Gao & Jeffs,
1994a). The comparison of this information for the same
modification in the context of a different complementary
strand,i.e., RII VersusDII and RIII VersusDIII, is sum-

marized in Table 5. This analysis reveals structural require-
ments by the DNA or RNA strands imposed upon the
modification linker site in the complementary strand. The
NOE patterns of linker-backbone protons for the FMA
modified RII and DII are generally similar. In contrast,
significantly different NOE patterns are present for the 3′-
TFMA-modified RIII and DIII. Especially, there are only
weak NOEs between both linker protons and T6 H4′ in RIII,
but these NOEs are strong in DIII. The relative intensities
of the NOEs connecting the linker protons with T6 H3′ and
T5 H5′ also vary in RIII and DIII (Table 5). The overall
NOE pattern of RIII is close to those of RII and DII instead.
Additionally, it is noticed that linker proton resonances in
DIII are sensitive to temperature change and are resolved
better at lower temperatures. This behavior was not observed

FIGURE 5: Comparison of the key NOEs involving HP1 and HP2
of RII and RIII. (A) The T6T7 dinucleotide in RIII drawn in
stereopair to illustrate the linker HP1, HP2, and adjacent protons
(Crosset al., 1996). (B, C) 70 ms mixing time NOESY experiments
recorded in D2O at 25 °C for RII and RIII. NOE cross peaks
connecting HP1 and HP2 (F2 axis) with T6 H3′, T6 H4′, T7 H5′,
and T7 H5′′ (F1 axis) are shown by solid lines with the corre-
sponding resonance assignments given along the F2 and F1 axes.
“X” marks the chemical shift position in two dimensions where an
NOE would be expected to occur.

Table 5: NOE Comparison at the Linker Sitea

duplex linker CH2 T6 H3′ T6 H4′ T7 H5′ (pro-R)
DIII: DNA ‚DNA HP1 (pro-S) w s w-
3′-S-CH2-O HP2 (pro-R) w- s- w
RIII: RNA ‚DNA HP1 (pro-S) w w m
3′-S-CH2-O HP2 (pro-R) m w w
DII: DNA ‚DNA HP1 (pro-S) w nd m
3′-O-CH2-O HP2 (pro-R) m nd w
RII: RNA‚DNA HP1 (pro-S) w nd s-
3′-O-CH2-O HP2 (pro-R) m nd w

aNOE intensity: w, weak; m, medium; s, strong; nd, not detected.

NMR of Antisense RNA‚DNA Hybrid Duplexes Biochemistry, Vol. 36, No. 2, 1997407



in the RIII duplex, which exhibits two well-resolved linker
proton resonances at all temperatures used in this study.

Temperature Dependent UV and NMR Experiments

The UV hyperchromicity of all three hybrid duplexes (RI-
III) was measured and is displayed in Figure 6A. The
melting curves show a generally cooperative process and the
UV-derivedTm’s of both RII and RIII are about 3°C less
than that of RI, although theTm of RIII is slightly higher
than that of RII (Figures 6A,B). The∆G values (Figure
6C) derived from the UV melting data (Petersheim & Turner,
1983) follow the same pattern as theTm’s with RII and RIII
being less stable to about the same degree as compared to
RI.
For comparison purposes, the UV measurements for the

three DNA‚DNA duplexes (DI-DIII) were also carried out
using a similar set of experimental conditions (Figure 6A).
Tm’s derived from these UV data (Figure 6B) are consistent
with what was reported previously (Gaoet al., 1992; Gao
& Jeffs, 1994a). The stability of these duplexes decreases
in order of DI> DII > DIII. The ∆G values (Figure 6C)
also indicate that DIII is the least stable of the three
DNA‚DNA duplexes.

When RNA‚DNA hybrid and DNA‚DNA duplexes are
compared, the hybrid duplexes exhibit broader UV transitions
and are always less stable than their DNA‚DNA counterpart
by 5.2-6.6°C in Tm or by 1.0-2.1 kcal/mol in∆G (Figures
6D,E). The destabilization effect in the hybrid duplexes
appears to be the smallest in the 3′-TFMA-modified duplexes
(∆Tm and∆∆G in Figure 6D,E).

The local melting behavior of each individual base pair
was monitored by NMR imino proton line broadening at
elevated temperatures for the three hybrid duplexes RI-III
to give sharp temperature transitions (Figure S1 of the
Supporting Information). These experiments complement
the information on global melting obtained from UV melting
profiles. In NMR experiments, the imino peaks for T6 and
T7, which are linked by the FMA or TFMA linkers, broaden
at the same time as other imino protons broaden (Figure 3).
T5 and G9 imino protons are well-resolved; the temperature
values of their transitions points are the basis for the NMR
melting temperature (Tm,NMR), which is 52( 1 °C for RI.
The linker containing hybrid duplexes (RII and RIII) melt
at about 1°C lower temperatures than that of the unmodified
RI. The NMR melting of the three hybrid duplexes follows
a similar trend to that of the UV melting, but theTm
difference between the modified and the unmodified duplexes
is slightly smaller in the NMR results.

For the three related DNA‚DNA duplexes, the microscopic
melting behavior of the linker sites were compared based
on the imino proton signal broadening. In these duplexes
all Watson-Crick base paired imino protons disappeared
simultaneously. There is significant difference in the imino
proton melting transition temperatures. In DI, the marker
T8 and G9 imino protons melt out at 54( 1 °C, while in
DII they melt out at 52.5( 1 °C compared to 51( 1 °C in
DIII. These results agree well with the trend observed in
the UV melting experiments, with the NMRTm’s about 1 or
2 °C lower than the UVTm’s.

DISCUSSION

OVerall Structural Characterization and Stability

The NMR spectral comparisons of the modified RII and
RIII duplexes with the unmodified RI duplex (Gao & Jeffs,
1994b), which include comparisons of the differences in
chemical shifts, sugar proton couplings and NOE spectral
data, indicate that the presence of a modified backbone
linkage in RII and RIII do not cause major spectral variation.
Similar to the RI duplex, the conformation of the RII and
RIII duplexes are heterogeneous and characterized by DNA
strands that are more B-form like and RNA strands that are
more A-form like. Furthermore, the recognition of the DNA
and RNA strands are compromised by the adoption of some
non-A and non-B helical conformations, as reflected in varied
NOE intensities and theJ values of sugar protons compared
to those of canonical A- or B-form structures. These results
further demonstrate a general conformational preference of
RNA‚DNA duplexes to be in a hybridized form, in agreement
with what has been reported in the literature (Salazaret al.,
1993; Ratmeyeret al., 1994; Gonzalezet al., 1995). The
NOE patterns characteristic of the A4‚T4-tract are similar in
the three hybrid duplexes (RI-III), suggesting that backbone
modifications in this region do not disrupt the groove
structure of consecutive A residues in an RNA strand.

FIGURE 6: (A) Representative UV melting curves for both the
hybrid and DNA duplexes. The absorbance at 260 nm has been
normalized. (B) Comparison of the UV melting temperatures of
all six duplexes derived from melting curves of each duplex. (C)
Comparison of the∆G37°C values of all six duplexes obtained from
fitting the UV melting curves using the Meltwin 2.1 program
(Petersheim & Turner, 1983). (D) Comparison of theTm differences
between DNA‚DNA and RNA‚DNA duplexes containing the same
linker between T6 and T7. (E) Comparison of the∆G37°C differences
between DNA‚DNA and RNA‚DNA duplexes containing the same
linker between T6 and T7.
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The UVTm and∆G data and the NMR melting of all six
duplexes (Figures 6) indicate that these duplexes melt
cooperatively and that the unmodified DNA‚DNA duplex
is the most stable. The modified DNA‚DNA duplexes are
more stable than their hybrid duplex counterpart and the
helical stability decreases in order of DI> FMA-DII > 3′-
TFMA-DIII > RI > 3′-TFMA-RIII ≈ FMA-RII. A single
FMA modification causes about 3°C drop inTm or 0.9 kcal/
mol loss in∆G in both DNA‚DNA or RNA‚DNA duplexes
(comparison of DII with DI or RII with RI in Figures 6B,C).
This shows that the destabilization effects of the FMA linker
in the two types of duplexes are about the same. In contrast,
the 3′-TFMA linker destabilizes the DNA‚DNA duplex (4
°C drop inTm or 1.6 kcal/mol reduction in∆G, DIII Versus
DI) more than the RNA‚DNA duplex (3 °C drop inTm or
0.5 kcal/mol in∆G, RIII VersusRI) (Figure 6B,C).
The energy differences due to hybridization have been

compared. The energy cost for the unmodified RNA‚DNA
hybrid duplex RI is 6.5°C drop inTm or 2.1 kcal/mol in
∆Gwhen compared with the unmodified DNA‚DNA duplex
DI (Figure 6D,E). The FMA-modified pair of duplexes RII
and DII exhibit parallel behavior [∆Tm(DII-RII) ) 6.6 °C;
∆∆G(DII-RII) ) 2.1 kcal/mol]. The energy gap is smaller
for the 3′-TFMA modified duplexes RIII and DIII with a
∆Tm ) 5.2 °C and∆∆G ) 1.0 kcal/mol. If taking the
destabilization of the hybrid duplexes in general (the differ-
ences between RI and DI) into consideration, the 3′-TFMA
linker actually slightly stabilizes the unstable, modified
RNA‚DNA hybrid duplex, possibly because the 3′-TFMA
linker prefers a more RNA like, A-form conformation as
compared to the 3′-FMA or phosphodiester linker.
The lowerTm of the hybrid RI duplex than that of DI is

consistent with what is expected based on the literature
information (Ratmeyeret al., 1994; Lesnik & Freier, 1995).
According to Lesnik and Freier, the duplex sequence in this
study belongs to the type which contains a mixed composi-
tion with one strand containing an A4-tract and the other
strand containing a T4-tract. The Tm’s of this type of
sequences have been shown to be lower for the RNA‚DNA
hybrid duplexes than the DNA‚DNA duplexes.

Conformation of the FMA Linker in RII

The FMA linker in DII, which incorporates a methylene
group to replace the charged PO2

- group between T6 and
T7 residues, has been characterized in detail by NMR and
molecular mechanics/dynamics calculations (Gaoet al., 1992;
Veal et al., 1993). The conformation of the T6 sugar is
observed to be predominantly C2′-endo and the backbone
orientation of this linker is similar to that of a phosphate
group in canonical B-DNA. In this study, the FMA linker
in the RII duplex exhibits NOESY and COSY spectral
characteristics which are comparable with those observed
for the FMA linker in DII, suggesting the linker conformation
in RII is about the same as that in DII. The conformations
of the T6 and T7 sugar moieties connected to the linker are
similar in RI and RII with the T6 sugar ring containing
slightly more C2′-endo character in RII than in the unmodi-
fied RI. A similar trend in sugar pucker conformation is
also observed in DII and DI duplexes (Gaoet al., 1992).
These results demonstrate that the FMA linker prefers to
adopt a conformation which is close to that of the canonical
B-form sugar phosphate backbone in both DNA‚DNA and

RNA‚DNA duplexes (DII and RII). This conformation [ú
(C3′-O3′-C-O5′) ) ∼-90°], however, deviates from the
∼-60° energy minimum computed from model compounds
by incremental rotation of theú equivalent torsion angle,
while holding theR (O3′-C-O5′-C5′) equivalent torsion
angle at -60° (Veal et al., 1993). This unfavorable
stereoelectronic configuration is a possible structural factor
which destabilizes the FMA RII duplex, although other
factors, such as structural restraints imposed by the helix,
van der Waals contacts, solvation, and electrostatic interac-
tions, in concert may all contribute to the observed confor-
mation of the FMA linker. The quantum mechanical model
of the FMA linker predicts a destabilization energy of 1-3
kcal/mol for rotation of C-O-C-O angle from-60 to
-90° (Veal et al., 1993), in agreement with the 2.1 kcal/
mol difference between the∆G values of RI and RII derived
from the UV melting experiments (Figure 6C).

Conformation of the 3′-TFMA in RIII

The sugar and backbone conformations of 3′-TFMA-
modified DIII are drastically different from those presented
by FMA in DII (Gao & Jeffs, 1994a). The 3′-TFMA linker
between the T6 and T7 residues in DIII is associated with
an increased contribution from C3′-endo sugar pucker and
the adoption of unusual backbone torsion angles (Gao &
Jeffs, 1994a; Veal & Brown, 1995) compared to those
observed in DII. In this study, the TFMA linker in the RIII
duplex exhibits a COSY spectral pattern, which is similar
to that observed for the TFMA linker in DIII, suggesting
that the T6 sugar conformational equilibrium of RIII is also
shifted toward C3′-endo puckers. The NOESY spectral
characteristics for the TFMA linker of RIII are somewhat
different from those observed in DIII, suggesting a different
backbone conformation in RIII compared to that in DIII.
Comparisons of the TFMA proton related NOEs with those
expected for a canonical backbone conformation indicate that
the TFMA linker torsion angles in RIII fall in a range closer
to what is expected for canonical A- or B-DNA. The
difference in backbone conformations between DIII and RIII
should reflect the structural requirement when an antisense
DNA strand hybridizes with a DNA or an RNA strand. The
3′-TFMA linker in a DNA strand is better accommodated
when hybridized with an RNA strand to form a hybrid
RNA‚DNA duplex. This may be because the conversion of
the T6 sugar from a C2′-endo like conformation to one that
is more C3′-endo like is more favorable in the hybrid duplex
as compared to the DNA‚DNA duplex. In the hybrid duplex,
all of the DNA sugar moieties appear to have more C3′-
endo character, especially in the T-tract of the DNA strand
(Table 4), than their counterparts in the DNA‚DNA duplex
[Table 2 in Gao and Jeffs (1994b)]. Therefore, the conver-
sion of T6 to a more C3′-endo like sugar pucker by the 3′-
TFMA group in RIII is less energetically costly (Veal &
Brown, 1995). The unusual conformations observed for the
3′-TFMA moiety in DIII is a compromise between the
preferred sugar and backbone conformation of the 3′-TFMA
linker and the structural requirements of the DNA‚DNA
duplex. These conclusions can also be drawn from compar-
ing∆G andTm values, which show that RIII is just as stable
as RII; while, DIII is less stable than DII (Figure 6A-C
and Figure S1). In fact, the TFMA linker in DIII could not
find a stable form at low temperatures as demonstrated by
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the broad resonances and chemical shift averaging of the
methylene proton resonances of this group.
The stability of hybrid duplexes are highly sequence

dependent (Lesnik & Freier, 1995). In the previous work
of Joneset al. (1993), a hybrid duplex between a 15-mer
RNA oligonucleotide and a complementary DNA oligo-
nucleotide containing alternating 3′-TFMA and phosphodi-
ester backbone linkers has a UV derivedTm that was 5°C
higher than that of an unmodified, comparison hybrid duplex.
In contrast, RIII, which contains a single 3′-thioformacetal
substitution, has aTm that is 3 °C less than that of the
unmodified RI hybrid duplex. These observations may be
reconciled if we assume that there is a preference for
structural homogeneity. Multiple 3′-thioformacetal substitu-
tions may stabilize hybrid duplex formation by converting
the entire substituted DNA strand to an A-type helix that
can bind to a complementary RNA strand with higher
affinity. On the other hand, the DNA strand of RIII retains
some features of B-type helical structure, judging by the NOE
patterns andJ-coupling described above. This places the
DNA strand of RIII in a higher energy state than that of the
unmodified RI because of a conflict between the molecular
forces wanting to remain in a B-like helix and those at the
single linker site wanting to convert to a more A-like form.
This structural heterogeneity in RIII may contribute to a
lower Tm as compared to RI.
Structural Implications for ImproVed Antisense ODN
Design
In this series of studies, we have examined the stability

and conformation of oligonucleotides which incorporate an
FMA or a 3′-TFMA linkage in replacement of the phos-
phodiester backbone linker in DNA‚DNA or RNA‚DNA
duplexes. The information obtained from the characteriza-
tion and comparison of these sequences provides a molecular
basis for the design of the next generation of antisense
oligonucleotides. Our results indicate that the conformations
of a modified backbone are predominantly dependent on two
requirements: the adoption of the lowest energy state for
that chemical moiety and the fitting of the modification into
the global structure of the target sequences. It is highly
desirable that the replacement moieties of the natural groups
be able to adopt a low energy conformation which mimics
the conformation of the unmodified molecules. Judging by
this standard, the 3′-TFMA substitution in a DNA strand
drives a more RNA-like conformation that is preferred in
the RNA hybridization and thus, this linker is a promising
model for antisense targeting RNA sites. But the FMA linker
confers a more B-DNA conformation to the modified
sequence and thus, this linker is a preferred choice for DNA
binding. In addition to the consideration of the local
conformational preferences, the comparison of our results
with related studies in literature (Joneset al., 1993) suggests
that the distribution of the modification sites to achieve an
overall homogeneous structural environment is also an
important concern in optimization of antisense oligonucle-
otide design. Not only the local conformation but also the
global structure of an antisense duplex, as a result of
cumulative effect of chemical modifications, affects the RNA
binding. An enhanced effect may be attained by placing
linkers at the right position and by separating linkers with
the right number of intervening residues, although such
information for a specific linker in a specific duplex remains
to be elucidated.
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