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ABSTRACT: This study focuses on the characterization of the stability and conformation of the antisense
oligodeoxyribonucleotides, d[ICGCGKITTGCGC] [x = phosphodiester (-O-P(&D-), formacetal (FMA,
-O-CH,-0-), or 3-thioformacetal linkage (TFMA, -S-CHO-)], in DNA-DNA and RNA-DNA duplexes
(designated DHII and RI-III, respectively). NMR analysis of two RN®NA hybrid duplexes containing

a single FMA (the RII duplex) or'3STFMA (the RIIl 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 DIl duplexes. These analyses and comparisons indicate that the residue containing a
3-FMA linker has a preference for the G@ndo sugar pucker and adopts a canonical backbone
conformation. In contrast, the residue containing-aBMA linker has a much increased preference for

the C3-endo sugar pucker and adopts different backbone conformations in thelhand RNADNA
duplexes. UV and NMR melting studies of the six duplexes demonstrate that thel@MAduplexes

are more stable than the corresponding RBNNA hybrid duplexes and that both FMA and-BFMA
destabilize the duplex. Theé-IFFMA 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'3FMA linkers into oligonucleotides and for better design of
antisense oligonucleotide analogs are discussed.

The use of antisense oligodeoxyribonucleotides (ODNs) al., 1991). These difficulties prevent the accumulation of
to regulate gene products through complementary binding sufficiently high cellular concentrations of phosphodiester
to mRNA targets has attracted intense research effort ODNs to achieve an effective antisense response.
(Zamecnik & Stephenson, 1978; Sanghvi & Cook, 1993;
Wagner, 1994; Agrawal & lyer, 1995). The success of
antisense ODNSs 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.rous (phosphorothioates and methylphqsphonates) or non-
Although examples abound for successful application of phosphorous groups possessing a wide range of bond
antisense strategy to gene regulatinrvitro (Minshull & geometry and polarity. The backbone properties (nuclease
Hunt, 1992; Liebhabert al, 1992),in vivo antisense resistance, s.tab|I|ty, and cell permeab_|llty) are determ_lned
applications have been limited by problems associated with Py the substituent groups and the chirality of the various
ODNSs containing natural, phosphodiester backbones. Thesdinker moieties. While some of these modified backbone
molecules do not readily diffuse across the lipophilic cell linkages are highly r_eS|stant to nuclease deg_radatlon (Helene
membrane, and the molecules that do enter the cell are likely& Toulme, 1990; Chiangt al, 1991), many still suffer from
to be rapidly degraded by nucleases, especially by 3 an inability to reach their RNA targets or from low binding
exonucleases, or they are trapped in vacuoles within the cellsaffinity to target RNA sites (Benneét al., 1992; Ceruzzet
before reaching their targets (Tidd & Warenius, 1989; Woolf al., 1990; Shojiet al, 1991). A number of achiral and
et al, 1990; Shawvet al., 1991; Hokeet al, 1991; Shojiet neutral backbone designs, such as peptiigcleic acids
(Nielsenet al,, 1991), methylhydroxylamine linkers (Vasseur
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® Abstract published iddvance ACS AbstractBecember 15,1996.  modifications in developing effective antisense agents.

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; Sinyakost 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-
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Ficure 1: Sequences of the antisense duplexes studied. The unmodified top strand is either DNA or RNA to givellsiaril RI-I1I
duplexes. The formacetal of-Bioformacetal linkers are located between T6 and T7 of the DNA strand. HP1 and HP2 are the methylene
protons of the formacetal or-ghioformacetal linkers.

The rapid development in chemical synthesis and biologi- tary RNA strand). The unmodified RNBNA (RI) and
cal studies of antisense ODN analogs has led to a library of DNA-DNA (DI) duplexes containing phosphodiester linkages
molecules with characteristic properties. This progress offers are used as a reference system. We are using this system to
an opportunity to examine, at atomic resolution, a related characterize the FMA and-3FMA linkers in the context
group of modified ODNs in a systematic manner and to of RNA-DNA or DNA-DNA duplexes in an effort to address
characterize the function of these modified chemical moieties the questions presented above.

in nucleic acid recognition (Browat al., 1994; Gonzaleet NMR studies of the FMA-containing DNNA duplex

al., 1994, 1995; Cumminst al., 1996; E_rlksson & Nlelse_n_, (DI, T6-OCH;O-T7) demonstrated that the structural adjust-
1996). Although presently the design of the modified \nents are localized at the modification site and are minimal
antisense ODN analogs is based mainly on empirical rg|ative to the unmodified DI duplex (Gaat al., 1992). A
derivation and qualitative chemical and structural knowledge, ¢|ose comparison indicates that the T6 sugar of DIl contains
the'accumulatlon of structural and dynamics information on slightly more C2-endo type pucker than the T6 sugar of DI.
antisense ODNs should gradually enhance the role of |, ".ontrast. the 3TFMA-containing DNADNA duplex
_objective design_ by molecular modeling. T_here are se_veral (DIIl, T6-SCH,O-T7), which differs from DIl only by one
important questions to be probed concerning the design of 51,0 (T6,,—T6ss), exhibits substantial structural adjustment
antisense ODNs. For instance, what is the correlation of ;| +¢ sugar pucker and in the backbone angles linking T6

the bi.nding prppert_ies of antisepse ODNs with the type of and T7 residues. The T6 sugar pucker is averaging between
chemical modifications or functional groups? What is the ~»_ .04 c3.endo conformations appearing as an intermedi-
molecular basis for the observed correlation? What is the averaged conformation (éao & Jeffs, 1994a). The

conformation of the lowest energy state for local modification variations in linker backbone angles are revealed by a set of

sites arg)d tfor duptlrc]ax forma'?on, at|_1d are tge{ﬁ mzijortdlffer- nusual NOEs involving the linker methylene protons of the
ences between nese conformations an € structures op, duplex. The theoretical basis for the observations

- . ; : : :
natural sequences? What is the effect due to differences INmentioned above was explored by Veahl. using quantum

sequence, position and n_umber of modification sites? mechanics and molecular dynamics calculations (\¢eal.,
Our investigation of antisense ODNSs has been focused ON1 993 Veal & Brown 1995). These calculations led to the

the neutral and achiral formacetal (FMAand 3-thiofor- . . _
. e generation of a B-type conformation for the FMA linker and
macetal ($TFMA or TFMA) backbone linker modifications an unusual conformation for the TFMA linker in a TT dimer,

(Matteucci, 1990,.J0nee’.[ al, 1993) in comparisorn W'th in agreement with NMR results (Gaa al., 1992; Gao &
natural phosphodiester linkages. A single linker is incor- Jeffs, 1994a)
porated into DNA dodecamers, between two thymidine (T) ' o )
residues located in the center of the sequence (Figure 1). In the following, we report the NMR analysis of two
The modified DNA strands are annealed to the complemen- RNA-DNA hybrid duplexes containing a single FMA (RI1)
tary DNA or RNA strands, resulting in two FMA modified o 3-TFMA (RIIl) modification (Figure 1) and their com-
duplexes DIl (complementary DNA strand) and RII (comple- Parison with the unmodified hybrid duplex RI, whose
mentary RNA strand) and twd-FFMA modified duplexes ~ conformational analysis has been described previously (Gao
DI (Comp|ementary DNA Strand) and RII (Comp|emen_ & Jeffs, 1994b) In addition, UV and NMR meltlng studies
have been carried out on all six duplexes <l and RI—

! Abbreviations: 1D, one-dimensional; 2D, two-dimensional; FMA, IIl) under identical solvent and sample conditions. The
formacetal; 3TFMA, 3'-thioformacetal: COSY, correlation spec- comparison of these results focuses on: (a) the overall
troscopy; DQF, double quantum filter; J-R, jump-return pulse sequence; structural features and the relative stability of the six

NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; . ; ;
NOESY, nuclear Overhauser effect and exchange spectros@py; duplexes; (b) the conformations of the FMA linker and the

melting temperature; UV, ultraviolet; TOCSY, total correlation spec- 1 FMA linker in the RNADNA hybrid duplexes i(e., the
troscopy. comparison between the residues at the linker site in RII
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and RIIl and those in the unmodified RI); (c) the local reported in RO were uncorrected pH meter readings. The
conformation of the FMA and TFMA linkers in an RNBNA final NMR samples contained-12 mM concentrations of
hybrid duplex versusin a DNA-DNA duplex (.e., the the duplexes.

comparisons of the conformation of a linker in different

environments, represented by DErsusRIl or DIll versus ~ NMR Experiments

RII; (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, RIl and
RIIl). 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

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@5temperature
correction factor—0.0109 ppnf/C). NMR data were pro-
cessed using the UXNMR program (Bruker Instruments, Inc.)
and the FELIX 2.30 program (Molecular Simulations, Inc.).

separately (Crosst al., 1996). One-Dimensional Experiments of Blll and RI—Il. The
annealing of the modified DNA strands with their comple-
MATERIALS AND METHODS mentary RNA strand were monitored by one-dimensional
_ (1D) proton spectra at room temperature. The non-selective
Sample Preparation spin—lattice relaxation timesJ, were estimated from the

The FMA-containing d[CGCGTT-OCK-TTGCGC] and null point in DO solution at 25°C using an inversion
3-TFMA-containing d[CGCGTT-SCKO-TTGCGC] strands ~ "€covery pulse sequence (Freemenal, 1980) and 15 s
were provided by Gilead Sciences and Glaxo Pharmaceuti-"€Petition delays._ The results d_emonstrate that the longest
cals, Inc. The unmodified DNA strands, d[CGCGTTTTG- T, values, belonging to the adenine H2 protons, are less than
CGC] and d[GCGCAAAACGCG], were synthesized using 39s and.that mosI; values are less than 2.9 s. In 90%
solid phase phosphoramidite protocols and purified as H2O solution, T values are shorter by30%.
reported in the literature (Gasi al, 1992). The RNA strand, Imino proton temperature dependent experiments for all
r{GCGCAAAACGCG], was either obtained from Glaxo or Six duplexes were performed witkl mM duplex in pH
synthesized on a Cruachem PS250 DNA/RNA synthesizer 6.2 HO buffer. The spectra were obtained using the jump-
using phosphoramidite chemistry. The synthesis was carriedreturn (J-R) pulse sequence, for HOD suppression, with
out on a 1umol scale and the 1-(2-fluorophenyl)-4- maximum excitation frequency centered afl2.8 ppm
methoxypiperidin-4-yl (Fpmp) was used as the frdtecting (Plateau & Gueron, 1982). Temperature increments/decre-
group (Beijeret al,, 1990; Capaldi & Reese, 1994). Treat- Mments ranged from one to eight degrees and were separated
ment in concentrated NJOH at 55°C for 14 h cleaved the by @ minimum of 10 min of equilibration time. The time
RNA oligonucleotide from the solid support resin and domain data of these 1D temperature dependence experi-
removed base-sensitive protecting groups, while tHd & - ments consisted of 8192 complex data points over a sweep
dimethoxytrityl) and the O2Fpmp were untouched. The width of 13.5 kHz. The NMR melting curves were obtained
5'-trityl-positive RNA strand was isolated using a Waters by plotting the line widths, at half peak height, of well-
RCM C;5 HPLC column (10x 25 cm) and eluted using the  resolved imino proton resonances as a function of temper-
following gradients: 235% B in 5 min; hold at 35% B for ~ ature (Supporting Information, Figure S1). The imino
20 min; 35-55% B in 40 min. The flow rate of the mobile  protons of TS and G9 for the hybrid duplexes (Ril) and
phase was 4 mL/min, and mobile phase=20.1 M TEAA those of T8 and G9 for the DNANA duplexes (DHI11)
aqueous solution, pH 6.7, and8 CHsCN. The fractions are well-resolved and are used as measurement markers.
containing the full-length RNA strand were concentrated by ~ Two-Dimensional NMR Experiments of RIl and RIII
freeze-drying. The OZFpmp and 5trityl groups were Two-dimensional (2D) NMR spectra of hybrid duplexes, RII
removed by incubation in a sodium acetate buffer at pH 3.25 and RIIl, were collected with a sample concentration of 2
(Cruachem) for 30 h at ambient temperature with constant mM. Most 2D NMR data were obtained with simultaneous
agitation. The reaction mixture was neutralizedhatl M detection int; and TPPI phase cycling (Maricat al., 1983)
tris(hydroxymethyl)aminomethane (TRIS) buffer (Cruachem) in t; dimension. The StatedRuben-Haberkorn phase
and concentrated by freeze-drying. The dried sample wasprogram (Statest al., 1982) was used for the COSY-35 and
dissolved in HO and applied to the fgcolumn and eluted  H—3'P correlation spectra. The 2D NOESY spectra of
using the following gradients: -210% B in 5 min; hold at exchangeable protons were acquired at@%1.3 s relaxation
10% B for 35-40 min until the peak of interest eluted. The delay, 100 and 150 ms mixing times, 13.5 kHz spectral
flow rate and mobile phases were the same as describedvindow, and 4096« 512 data size). The strong@ signal
above. The fractions of interest were lyophilized and then was suppressed using the J-R pulse sequence with a refocus
dissolved in HO. The final RNA strand product was delay of 53us. 2D NOESY spectra of non-exchangeable
desalted on size-exclusion (Bio-Rad, PG-60) and sodium protons (4.6 s relaxation delay, 70, 140, 200 and 250 ms
exchange (Aldrich, Dowex-50-hydrogen) columns eluted mixing times, 5.1 kHz spectral window, and 2048 or 4096
with H20. x 512 data size) were acquired at 25. NOESY spectra

For NMR experiments, all six duplexes used in this study were used to trace through space connectivities and to obtain
were dissolved in 0.1 M NaCl, 10 mM sodium phosphate, chemical shifts of alltH resonances. TOCSY (80 and 160
and 0.1 mM sodium EDTA using D (99.96%, Cambridge = ms isotropic mixing times), DQF-COSY, and COSY-35 data
Isotopes, Inc.) as the solvent for observation of non- were obtained with parameters identical to those used for
exchangeable protons, or 90%®+10% D,O as the solvent  the NOESY experiments. A proton-detectet-3P COSY
for observation of exchangeable protons. The pH values spectrum was obtained at 26 with a 2.2 s relaxation delay.
were in the range of 57 (accurate tat0.1 units), and those  The sweep width was 2000 Hz centered at the HOD
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Ficure 2: Comparison of NOESY spectra (200 ms mixing time, recorded &tC)5n the region of base (F2 axis) and HF1 axis)
resonances for RIl (A) and RIIl (B). Sequential connectivities between tHeoHthe i residue with its own base proton (cross peaks
labeled with residue numbers) and to its neighborifgl 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 adjdqenatbtis on the same strand and on the complementary
strand are indicated by * (A105/A106*, A105/G9*, etc.).

resonance in thH dimension (F2) and 1200 Hz (4.55 ppm) UV Melting Experiments

centered at3.39 ppm in the’’P dimension (F1). A 90 _ _

phase-shifted sine bell was used in thandt, dimensions The thermal melting properties of Bl and RI—IIl were

of NOESY spectra, while a°0or 30° phase-shifted skewed ~€Xxamined utilizing Varian Cary 1E and 3E spectrophoto-

sine bell was used prior to Fourier transformation of various Meters. To obtain strictly comparable results, the experi-

COSY spectra. ments for the six duplexes were undertaken in parallel.
COSY-35 experiments allow the direct evaluatiordpf, Concentrated samples were diluted in the aqueous PH 6.2

and J_» by measuring the separation (in Hz) between buffe_r used for NMR experiments to give $.0.1 absorption

antiphase or inphase multiplets along the resonance frequency?e""d""gS at 260 nm in 10 mm path length cefisl{ uM

of H1' protons, while the passive coupling components in otal single strand concentration). Samples were heated from

these cross peaks have been suppressed. The accura?eq to 90°C and then cooled to 28C at a rate of 0.5C/

measurements Gk, Js_»-, andJy_s are prohibited because  MiN- The melting cycle measurements were repeated at least
the ambiguities from passive coupling are still too significant threz t”.“eg- ¢ Thehreport(ra]d mgljung tempera‘_u]f,e) falues

in the these multiplets. However, qualitative analysis of the &€ derived from hyperchromicity curves using a two state,
intensities of the cross peaks due to HA2' (Iuz_z), H3 — single strand to duplex transition modeAGs»c (abbreviated

H2" (luz—rz), and H3-H4' (Iuz—_na) couplings in bOSY- AG) values were derived from the UV melting curves by

35, DQF-COSY, and TOCSY spectra provides the relative the nonlinear least-square fitting algorithm implemented in
J values for these spin pairs. Cross peaks with greatert1® Meltwin program (Petersheim & Turner, 1983). The

intensity usually are associated with largércoupling reportedTm (£0.5°C) an_dAG (+10%) values are average
constants. values of several experimental data sets.

Three-Dimensional NOESYNOESY ExperimentsThe
three-dimensional (3D) NOESYNOESY experiments for

RIl and RIll were performed in ED at 25°C according to In the following discussion we describe NMR studies of
a previously described procedure (Boelensl, 1989; Gao o RNA-DNA hybrid duplexes containing a single FMA
& Jeffs, 1994b). The 3D spectrum covered a spectral width or 3-TFEMA backbone linker (RIl and RIIl) and UV melting
of 5.1 kHz in each of the three dimensions and was recordedexperiment studies of six related duplexes-{IN and RI—
with 200 ms of NOE mixing times in both steps of | sequences shown in Figure 1). The NMR results are

magnetization transfer and a relaxation delay time of 2.9 s. examined, with reference to the Rl and-DIl duplexes (Gao
The data set consisted of 2048100 x 220 complex points gt g|, 1992: Gao & Jeffs, 1994a,b).

in the R, I, and R dimensions, respectively. A 9@hase-

shifted sine bell function was applied to all three dimensions NMR Spectra of RIl and RIlI

to give a final matrix containing 1024 256 x 256 data

points. The 3D spectra were analyzed mainly through the A set of 2D and 3D NOESY and COSY spectra was
planes of interest, which intersect, at resonance frequenciegecorded for the RIl and RIll duplexes. The exchangeable
of base and H] with the K axis, in order to resolve  and non-exchangeable proton resonances of the two duplexes
resonances overlapped in the 2D spectra, especially thosevere assigned as described previously (Gao & Jeffs, 1994b).
involving the 2, 3, and 4 protons of the RNA strands. 31p resonances of the two duplexes were observed in a narrow

RESULTS
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Ficure 3: Selected one-dimensional imino proton spectra as functions of temperature for (A) RI, (B) RIl, and (C) RIll. 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 RIl and a Comparison with the Chemical Shifts?of RI

DNA strand RNA strand
H1/H3/H4/H4.Y H8/H6 H2/H5 H1 H2 H2' H3I H4' H1/H3/H4/H4.Y H8/H6 H2/H5 HI  H2 H3' H4'
dC1¢ 7.78 5,98 590 2.02 247 466 4.08 rG1H1 12.76 7.82 546 459 440 4.15
AO1° 0.09 0.09 0.01-0.05 0.01 0.01 0.03 Ao2° 0.04 —-0.03 —0.06 —0.04 —0.03 —0.05
dG26 12.97 7.95 598 2.69 273 490 4.36 rCiD2 8.31,6.78 766 514 545 452 4.45 436
Aol 0.02 0.06 0.02 0.06 0.01 0.01 0.02 A62 0.03,0.37 0.02 -0.01 -0.01 0.00 0.010 0.00
dC36 8.28,6.43 7.40 529 595 245 253 473 4.26 rGA03 12.81 7.55 561 4.46 440 4.28
Aol —-0.04,-0.01 0.03 0.02 0.00 0.06 0.02 0.00 0.02A062 -0.01 0.02 0.01 0.02-0.11 -0.10
dG46 12.76 7.47 595 253 2,69 468 4.29 rCib4 8.12,6.69 754 519 528 445 4.40 4.34
Aol 0.05 0.02 0.01 0.04 0.0+0.01 0.01 A62 0.00, 0.02 0.03 0.01 0.02 000 0.03 0.01
dT56 14.09 7.36 1.16 6.04 226 261 4.77 4.26 rA105 790 6.70 570 4.47 4.63 441
Aol 0.00 0.04 0.02 0.00 0.06 0.01 0.00 0.01A62 0.02 0.08 0.02 0.00 0.23
dT66 13.68 7.50 152 6.09 223 277 4.44 4.17 rA106 783 717 572 446 4.62 4.42
Aol  —0.07 0.04 0.01 0.01 0.01».15 —-0.39 —0.03 Ad2 0.05 0.09 0.05 0.05 0.040.12
dT76 13.68 7.47 152 6.05 217 261 4.85 4.18 rA107 770 719 565 442 455 4.08
Aol —-0.01 0.03 —0.03 0.00 0.02 0.01 0.04-0.01 A62 —-0.06 0.05-0.01 0.02 0.03
dT806 13.08 7.39 1.61 598 231 256 4.89 4.19 rA108 781 7.72 580 442 454
Aol —0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02A062 —-0.02 0.06 0.02 0.02 0.09
dG9o 12.07 7.59 5.82 247 257 486 4.31 rCxw9 —d 7.34 513 524 429 433
AOL 0.02 0.04 0.02 0.04 0.02 0.01 0.02 A62 - 0.01 0.01 0.04 0.03 0.03
dC100 8.13,6.24 7.29 5.09 583 2.24 245 471 4.18 rGal10 12.71 7.56 5,61 4.33 452
Aol —0.01,0.05 0.03 0.03 0.02 0.04 0.02 0.02 0.02A62 -0.14 0.05 0.03 0.04 0.01
dG116 12.97 7.58 593 246 2.64 479 428 rCx1l 8.31,6.78 751 517 546 418 441
A0l 0.26 0.02 0.02 0.03 0.02 0.01 0.02 As2 —0.03, 0.07 0.02 0.00 0.02 010 o0.01
dC12¢6 —d 7.33 513 6.11 2.05 221 4.42 4.03 rG112 7.74 578 422 428 4.20
AOL - 0.02 0.02 0.00 0.03 0.04 0.01 0.02 A62 0.02 -0.01 0.11 -0.01 0.03
dT6 HP1 pro-9, HP2 pro-R): 4.93,5.03
dT7 H5 (pro-R), H5" (pro-9: 3.70,4.27 A61: —0.36, 0.15

aNonexchangeabl&H assignments were obtained from a 250 ms NOESY &t@5 ExchangeabléH assignments were obtained from a 150
ms NOESY at 15C. P H1 and H3 are imino protons of T and G residues, respectively, afd H4, are hydrogen bonded and nonbonded amino
protons, respectively®. Ad1(ppm, DNA strand}= (6, RIlI) — (8, RI); comparison of the modified DNA strand with its unmodified counterparts;
AS62(ppm, RNA strand¥ (6, RIl) — (6, RI), comparison of the RNA strand of the modified duplex with that of the unmodified duplex. A positive
value indicates that the RIl duplex resonance is downfield shifted relative to that of the Rl duplex. RI chemical shifts were obtained from Gao and
Jeffs, 1994b.A¢ values larger than 0.1 ppm are highlighted in bdl@he 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.

0.8 ppm region. Representative NOESY spectra showing ppm spectral region (Figure 3) and cytosine amino reso-
intra- and inter-residue base to sugar' Hbnnectivities, nances of H-bonded and non-H-bonded protons in the 6.5
typical of a right-handed duplex, of RIl and RIll are given 8.5 ppm region (Tables 1 and 2). The chemical shift
in Figure 2. The 3D NOES¥NOESY data was used to differences between tHél resonances of the modified DNA
assign and to confirm assignments of the DNA and especially strand in RIl or RIIl and those in the unmodified DNA strand
the RNA strand sugar protons. The 'H3f the T6 residue  of Rl were calculated and are listed 481 in Tables 1 and
of RIl was a key assignment that was made possible by the2, respectively. These comparisons demonstrate that chemi-
3D data. ThéH assignment information is summarized in cal shift perturbations due to the presence of the non-
Tables 1 and 2 for RIl and RIII, respectively. phosphate diester linker are mostly related to DNA residues
RIl and RIII exhibit 11 Watson Crick base-paired imino  T6 and T7, revealing localized conformational distortions
proton resonances (G H1 and T H3 protons) in the 12.1 at the FMA- or TFMA-modified site. The DNA strand in
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Table 2: Proton Chemical Shifts of RIIl and a Comparison with the Chemical Shiftséf RI

DNA strand RNA strand
H1/H3/H4/H4> H8/H6 H2/H5 HI H2 H2' H3 H4 H1/H3/H4b/H4P H8/H6 H2/H5 H1 H2 H3 H4
dC16 7.70 590 5.88 2.07 246 4.64 4.04 G191 12.75 7.86 553 463 4.43 4.20
AS1° 0.01 0.01 -0.01 0.00 0.00—-0.01 —0.01  Ao62¢ 0.03 0.01 0.01 0.00 0.00 0.00
dG20 12.96 7.88 5.95 2.64 269 4.88 4.33 rCi2 8.35,6.72 765 515 546 453 444 436
Aol 0.01 -0.01 —0.01 0.01 —-0.03 —0.01 —0.01 Ao62 0.070.31 0.01 0.00 0.00 0.01 0.00 0.00
dC30 8.31,6.44 737 526 5.92 242 249 472 4.23 rGA03 12.85 7.53 561 445 4.40
A6l —0.01, 0.00 0.00—-0.01 —0.03 0.03 —0.02 —0.01 —0.01 Ad2 0.03 0.00 0.01 0.01:-0.11
dG4o 12.75 7.43 5.92 2.52 265 4.64 427 rCib4 8.16,6.71 754 519 527 445 439 433
AS1 0.04 -0.02 —0.02 0.03 —0.03 —0.05 —0.01 A62 0.04-0.06 0.03 0.01 0.01 0.00 0.02 0.00
dT50 14.05 7.38 113 5.97 2.38 258 4.72 4.22 rAB05 788 6.71 572 448 462 4.39
A6l —-0.04 0.06 —0.01 —0.07 0.18 —0.02 —0.05 —0.03 A2 0.00 0.09 0.04 0.010.22
dT66 13.66 757 151 5.89 250 2.60 3.48 4.07 rA¥06 774 7.12 568 444 457 4.40
A6l -0.09 0.11 0.00 —0.19 0.29 —0.02 —1.35 —0.13 A2 —-0.04 0.04 0.01 0.03-0.01 —-0.14
dT76 13.71 768 148 5.91 2.20 256 4.67 4.19 rAB07 758 7.06 560 440 451
A6l 0.02 0.24 —0.07 —0.14 0.05 -0.04 —0.14 0.00 Ao62 —0.18 —0.08 —0.06 0.00—-0.01
dT86 13.08 755 156 5.98 2.31 255 4.85 4.19 rAB08 774 7.65 576 443 4.50
A6l -0.03 0.19 —0.03 0.02 0.03 0.01 0.02 0.02 Ad2 —-0.09 —-0.01 —0.02 0.03 0.05
dG9¢o 12.10 7.59 5.81 2.44 255 4.83 4.28 rCw9 —d 729 5.09 520 428 4.30
Aol 0.05 0.04 0.01 0.01 0.06-0.02 —0.01 Ao2 - —0.04 -0.03 0.00 0.02 0.00
dC100 8.18,6.26 7.27 5.07 5.80 221 242 4.69 4.15 rGAa10 12.79 7.51 558 430 4.51
Aol 0.04, 0.07 0.01 0.01-0.0 10.01-0.01 0.00-0.01 A62 —0.06 0.00 0.01 0.00 0.00
dG11o 12.96 7.56 5.91 2.43 262 4.78 4.26 rCHll 8.35,6.72 750 5.16 543 4.07 4.40
A6l 0.25 0.00 0.00 0.00 0.00 0.00 0.00 As2 0.01, 0.01 0.01-0.01 0.00 0.00
dC126 —d 731 510 6.10 2.02 2.16 4.40 3.99 rG1i2 772 579 410 428 4.17
Aol - 0.00 —0.01 —0.01 0.00 —0.01 —0.01 —0.02 A62 0.00 0.00-0.01 —0.01 0.00
dT6 HP1 pro-9, HP2 fro-R): 4.84,5.24
dT7 H5 (pro-R), H5" (pro-9: 3.54,4.38 AO1l: —0.52,0.26

2 Nonexchangeabl&éH assignments were obtained from a 200 ms NOESY &t@5 ExchangeabléH assignments were obtained from a 150
ms NOESY at 15C. PH1 and H3 are imino protons of T and G residues, respectively, afd H4, are hydrogen bonded and nonbonded amino
protons, respectively.Ad1(ppm, DNA strand)= (6, RIll) — (6, RI); comparison of the modified DNA strand with its unmodified counterparts;
Ad2(ppm, RNA strand)y= (6, RIIl) — (9, RI), comparison of the RNA strand of the modified duplex with that of the unmodified duplex. A
positive value indicates that the RIIlI duplex resonance is downfield shifted relative to that of the RI duplex. RI chemical shifts were obtained from
Gao and Jeffs (1994b)A¢ values larger than 0.1 ppm are highlighted in bél@he 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.

RIII displays larger changes for chemical shifts around the hybridization to an RNA strand persists in the modified
modification site as compared to the shifts observed in the hybrid duplexes.
RIl duplex. The sulfur atom in TFMA causes much larger .
upfield shifts for the covalently linked T6 Hand T7 H5,5" Through-Bond Conneciies and Sugar Conformation of
resonances than the FMA group does. The comparison ofRII and Rill
the RNA strands in the three duplexeso@, Tables 1 and The HI—H2 and HI—-H2" coupling constants){—» and
2) shows only trivial and rather scattered changes in the Jy—») in the deoxyriboses obtained from the COSY-35
chemical shifts. The patterns of these changes are similarspectra are provided in Table 4. This information, in
in the RNA strands of RIl and RIIl, indicating that the combination with qualitative assessment of the relative
influence of the linker in the DNA strand over the comple- intensities and patterns of H3H2', H3—H2', and H3—
mentary strand is not significant. H4' coupling cross peaks in COSY-35, DQEOSY, and

To evaluate the effect of hybridization when the target TOCSY (Charyet al., 1987), should reveal the sugar puckers
sequence is a DNA strandersusan RNA strand, DNA of the DNA strand residues in the two hybrid duplexes. For
strandAppm(RII—DII) (Ad3) andAppm(RIII—DIII) (Ad4) a C2-endo sugar pucker, which is often associated with a
are presented in Table 3. These values should reflect theB-form helix, Jr—» is larger thanJ;—; luz—n2 (coupling
change in chemical environment between the DDIKA and cross peak intensity for H3H2') is stronger thanyz—py-;
RNA-DNA duplexes containing the same base sequences.andlyz—ns should be weak or non-existent because of a small
The majority of theAd3 andAd4 values fall in a range of  Jy—4» (J < 2 Hz). For a C3endo sugar pucker, which is
Appm(RFDI) that was reported for the unmodified duplexes often associated with an A-form heliy_> is less thardy—»-;
(Gao & Jeffs, 1994b). On the other hand, the linker related lyz—n2 is weaker thamyz—p2+; andlys—ns is strong because
residues are more sensitive to the hybridization, and the RIl of a largeJs—4 (J > 5 Hz). For the C2endo conformation
and RIIl duplexes were observed to respond differerty3 the overall intensities of both H3H2' and H3—H2" cross
and Ad4 differ by more than 0.1 ppm, Table 3). Another peaks tend to be lower than those observed for tHee@8o
region which shows a large difference upon hybridization conformation in a COSY-35 spectrum in which passive
involves the T8 and G9 residues; the difference in chemical couplings are partially suppressed (Derome, 1987). A sugar
shift positions for the T8 and G9 imino protons between the pucker conformation in between CGand C3-endo would
DNA-DNA duplexes and their RNDNA duplex analogs  exhibit a spectral pattern intermediate of the above two
is more than 0.4 ppm. These hybridization effects are presenttypical spectral patterns. An intermediate spectral pattern
in the unmodified and the modified duplexes, suggesting that may also arise from an average of multiple conformations
the previously observed characteristics associated with(Gonzalezet al,, 1995).
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Table 3: 'H Chemical Shift Comparisons of the Modified DNA Strands in RII, RIlI, DII, and DIl

Hybridization Effects

H1/H3/HA4/Hd,? H8/H6 H2/H5 H1 H2 H2" H3' H4'
dC1A63 0.30 0.23 0.26 0.21 0.21 0.09 0.14
Ad4 0.20 0.12 0.22 0.24 0.17 0.05 0.05
dG2As3 0.05 0.13 0.21 0.15 0.11 0.05 0.13
Ad4 —0.02 0.05 0.15 0.06 0.08 0.03 0.11
dC3A03 0.08, 0.09 0.20 0.03 0.38 0.54 0.23 0.01 0.19
Ad4 0.06, 0.09 0.15 0.00 0.33 0.49 019 —0.01 0.15
dG4As3 —0.07 -0.31 0.03 ~0.01 ~0.03 ~0.18 0.03
Ad4 -0.11 -0.36 0.01 —0.03 —0.06 —0.23 —0.02
dT5A63 0.10 0.26 -0.16 0.14 0.25 0.11 0.06 0.12
Ad4 0.13 0.24 -0.20 0.06 0.32 0.06 —0.03 0.07
dT6A63 -0.17 0.24 0.03 0.03 0.20 0.10  —0.04 0.15
Ad4 -0.18 0.20 0.00 -0.07 0.28 0.02 -0.15 0.03
dT7A63 -0.07 0.19 0.01 0.08 0.15 0.11 0.10 0.09
Ad4 -0.10 0.34 —0.04 -0.03 0.25 0.06 0.03 0.06
dT8 A3 ~0.46 0.24 0.05 0.28 0.39 0.22 0.13 0.18
Ad4 —0.49 0.33 0.00 0.27 0.35 0.19 0.07 0.16
dG9AS3 -0.47 -0.16 0.12 —0.06 0.04 0.01 0.06
Ad4 -0.45 -0.17 0.10 —0.06 —0.01 —0.05 0.04
dC10A63 0.04,-0.06 0.11 -0.14 0.25 0.44 0.23 0.03 0.15
Ad4 —0.05,—0.07 0.08 -0.16 0.21 0.39 0.19 —0.01 0.11
dG11A43 0.01 -0.16 0.12 —0.01 0.06 —0.05 0.08
Ad4 —0.09 -0.21 0.09 —0.05 0.02 —0.07 0.04
dC12A63 0.08 —0.09 0.09 -0.01 0.15 0.07 0.13
Ad4 -0.01 -0.23 0.04 —0.02 0.07 0.02 0.06
dT6 HP1 pro-9, HP2 pro-R:  Ad3: 0.13, 0.09
Ad4: —0.12, 0.25
dT7 H5 (pro-R), H5" (pro-9:  Ad3: 0.17, 0.05

Ad4: —0.13,0.33

aChemical shifts are from Tables 1 and 2 and those of DIl and DIll are from Gao et al. (1992) and Gao and Jeffs (A834apm, DNA
strand)= (6, RIl) — (J, DII); and Ad4(ppm, DNA strand)= (6, RIIl) — (J, DIIl). A positive value indicates that the resonance of the modified
DNA strands in RIl or RIIl is downfield shifted compared to that in the DIl or DIl duplexé3 — Ad4 > 0.1 ppm are highlighted in bold. Note
the exceptionally large differences in the T8 and G9 imino proton resonances (values highlightedind H3 are imino protons of T and G
residues, respectively. lHénd H4, are hydrogen bonded and nonbonded amino protons, respectively.

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

Duplexe$
RIII RII RI

residue  Jy—2 Jy—ov N Jpop Jp—z Jpea

dc1 61 6.5 7.5 7.4 6.3 6.3
dG2 72 6.7 6.8(0) 75() 7.3 6.5
dcs 6.0 6.0 7.1 51(0) 7.1 5.7
dG4 65 65(d) 87(0 560 7.3 6.5

dTs 6.8 6.7 7.0 9.0(0) 75 7.3
dTe 6.2 6.4 8.8 6.7 7.5 6.5
dT7 6.1 6.3 7.5 9.0(0) 7.7 6.7
dTs 6.6 6.9 7.8 7.5 8.5 6.5
dG9 71 6.9 7.5 7.5 8.0 6.0
dci1o 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
dci2 74 6.3 7.4 7.4 6.9 6.1

a Coupling constants were measured from COSY-35 spectrd; Rl

andJy—»- values are from Gao and Jeffs (1994b). Error estimation is

mation and even an increased contribution of thé-&fio
type conformation in T5 sugar pucker compared to that in
T7 and T8 sugars. For the corresponding T residues in RII,
the Jy_» values are consistently greater than those of Rl
(Table 3). Thelyz—pz andlyz—p2r Of RII are much lower
than those of RIll, while théys s are moderately strong.
These data suggest that the RIl T5-T8 sugar puckers contain
less contribution from C3endo than their counterparts in
RIIl. Jy—» and J;y—»- of the G and C residues in RIl 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 RIIl),
indicating that they havéy_4 ~ 2.5 Hz (the resolution of
the experiments in the F2 dimension). The sugar puckers
of these residues of the DNA strands of RIl and RIll are
slightly more influenced by C3endo conformations than
those found in standard B-form DNA.

+0.5 Hz. J values for terminal residues are less reliable due to the
inherent flexibility of these residue&(o): Peaks are partially or
completely overlapped, anilis estimated.

The overall distribution of preferred sugar conformations
for the DNA strand of RIll and RIl is compared, through
coupling constants (Table 4), with that of RI (with the

Based on the discussion above, we analyzed, in detail, theexception of T6 which is discussed later). The differences
coupling data of the T residues, which are adjacent to the between);—» andJy—» are small in RIIl ¢~1 Hz), in contrast
linker site, in the DNA strand of the RIll duplex, because to some large differences.¢4, 1.4 Hzin C3and 2 Hzin T8
this sequence exhibits better resolved resonances (Table 4)cesidues) observed in the RI duplex. This difference is most
The corresponding RIl spectral data were then examined onlikely attributable to the presence of a TFMA linker in the
a comparative basis. For the T residues in RIll the COSY DNA strand of RIIl, which prefers a more G8ndo
data reveal;—» andJ;—» of the sugar moieties in T5, T7,  conformation for the adjacent DNA residues. The coupling
and T8 are about the same within experimental errors (Tableconstants of RIl are less well defined for some of the residues
4). Thelpysz—n2 andlyz—p2+ are about equal for T5, whereas (Table 4), but the available data indicate that the contribution
for T7 and T8,luz3—n2 > lpz—n2. Thelpyz—_pg for T5, T7, of the C3-endo conformation within sugar puckers of the
and T8 are of medium intensities. Overall these data indicate DNA strand in the three hybrid duplexes is in the order of
deviation of these T sugar rings from the'@hdo confor- RIll > RI = RIL.
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Ficure 4: Expanded COSY-35 spectra of RIl (top panels) and RIIlI (bottom panels) showing theHR1 H1'—H2", H3—H2', and

H3'—H2" multiplet antiphase cross peaks of the T6 sugar residue.

All spectra were plotted with the same spectrat’vimticdtes the

positive phase, and—" indicates the negative phase of the multiplets. The cross peak connecting RII'T&héiB12 is extremely weak

and that connecting H&and H2' is absent.

For the RNA sugar residues of RIIl or RIl, with the
exception of G112, H+-H2' cross peaks are not detected
in either DQF-COSY or COSY-35 experiments, indicating
Jr—2> < 2.5Hz. Inaddition)yz-ps's are medium to strong.
These data suggest that the RNA strands of RIll and RII
remain in the C3endo 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 RNDNA hybrid
duplexes (Salazaat 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, DQFCOSY, and TOCSY data exhibit
C3-endo characteristics that are more evident for the RIll
T6_1ema than RIl T6.gma and RI T6_p04. TheJdy—» andJy—»
of the T6 residue are nearly equal for RIII given #€.5
Hz error limit but are different in RIl withl;—» = 8.8 and
Jy—2» = 6.7 Hz (Figure 4 and Table 4) and Rl with_» =
7.5 andJy—»» = 6.5 Hz. Because in a standard'@hdo
conformation an Ht-H2' cross peak would not be detected
(Jr—2 < 2 Hz), these data indicate that RIIl T6 sugar pucker
is not in a pure C3endo form, but that it contains a
significant population of this form (Gonzalez al., 1995).
Comparatively, the RIl T6 sugar pucker is more'@Rado
like than the RIIl T6 sugar pucker and is closer to that of RI

because itsly—» is larger thanJy—» and lyz—p2r 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 RIl 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 Rl 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 RIl and RIIl 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 RIIlI is shown to have only minor, mainly localized
effects gide infra). The spectral variations from a B-form
helix are detectable. For instance, in the T residues of RII
and RIll, the intraresidue H6 to HBOEs are medium in
intensity. In contrast, the distance between these two protons
in model B-form DNA would be~4.5 A and should give a
weak to very weak NOE. On the other hand, in model
A-form DNA, the distance would be 2-32.8 A and would
correspond to strong or medium intensity NOE peaks.
Therefore, the medium intensity peaks for the T H6 td H3
NOEs indicate that these residues are neither in a standard
B- nor an A-form.
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The NOE patterns of the RNA strands of RIll and RII are
quite similar (Figure 2). In all three hybrid duplexes {RI
lll), the RNA strand H8/H6 to H1NOEs 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 RIIl and RIl, moderate NOEs are present between A H2
and H1I protons of 3 residues of the same strand (H2
H1'i+,1), while weak to moderate NOEs are present from A
H2 to HI protons in the 3direction of the complementary
strand (H2H1'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 H2Z/NDEs (pro R)
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 (#221,) for both duplexes.

These NOEs are slightly stronger than what is expected for T6é H4
an A RNA (H2/H2 distance= 4.8 A and H8/H6 to the |, s
sequential H1distance= 4.6 A). This demonstrates that  (rs)
the RNA strands of RIl and RIII are mostly A-form-like with
co-existence of some non-A-form patterns. The only sig- TéH3'
nificant changes in NOE intensities in the RNA strands occur

Rl 1CJ RIll

F1 (ppm)

2 48

! ' > \ | 497 .
in RNA residues near the modified linkers as discussed HP2 HP1 HP2 HP1

(proR)  (pro 8) (proR) (pro 8)
F2 (ppm)
NOEs Involving Linker HP1 and HP2 Protons FiIcUrRe 5: Comparison of the key NOEs involving HP1 and HP2
. of RIl and RIIl. (A) The T6T7 dinucleotide in RIIl drawn in
The methylene protons of the FMA or the TEMA linkers  stereopair to illustrate the linker HP1, HP2, and adjacent protons
(HP1 and HP2) exhibit many contacts with nearby sugar (Crosset al, 1996). (B, C) 70 ms mixing time NOESY experiments

protons (Figure 5). The analysis of these NOEs and recorded in RO at 25°C for RIl and RIIl. NOE cross peaks
qualitative modeling using a dinucleotide unit permit the connecting HP1 and HP2 (F2 axis) with T6 86 H4, T7 HS,

t i . ts of H d HP2 and T7 H% (F1 axis) are shown by solid lines with the corre-
Stereospeci '(,: assignments o _Pﬂrc(—S an pro- sponding resonance assignments given along the F2 and F1 axes.
R). These linker protons provide probes for the local “x”marks the chemical shift position in two dimensions where an
conformation of the modified backbone and the immediately NOE would be expected to occur.
adjacent residues, T6 and T7, in the FMA-modified RIl and
the TFMA-modified RIIl. A comparison of the spectral Table 5: NOE Comparison at the Linker Site

below.

regions of the 70 ms mixing time NOESY of RII- and RIII- duplex linker CH T6H3 T6H4 T7HS (pro-R)
containing NOEs to HP1 and HP2 is shown in Figure 5and 5, DNA-DNA HP1 009 W S —

these results are summarized in Table 5. Inspection of theses.s.cH,-0 HP2 pro-R  w— s w

spectra indicates that there are major differences in the Rlll: RNA:DNA HP1 (pro-§ w w m
structures of RIl and RIIl in the linker region. These gl'l‘?"g":lbeNA SPPIZ pro-R  m Wd w
differences are reflected in several important interproton 5'¢, oy i gg:% s o o

contacts. (a) Linker protons to T6 H4There is an absence  Rji: RNA‘DNA HP1(pro-§ w nd s

of NOEs between T6 H4and HP1 or HP2 in RIl, whereas  3-O-CH-O HP2 pro-R m nd w

in RIIl there are weak NOEs from T6 H4#o both HP1 and aNOE intensity: w, weak; m, medium; s, strong; nd, not detected.

HP2. (b) Linker protons to T6 H3 In Rl there is a medium
intensity NOE between HP2 and T6 H&nd a weak NOE  marized in Table 5. This analysis reveals structural require-
between HP1 and T6 HM3while in RIIlI the corresponding  ments by the DNA or RNA strands imposed upon the
NOEs are only slightly different with both NOEs in medium modification linker site in the complementary strand. The
intensity. (c) Linker protons to T7 H&nd H3': In RIl the NOE patterns of linker-backbone protons for the FMA
NOE of HP1 and T7 H5(pro-R) is medium in intensity, modified RIl and DIl are generally similar. In contrast,
whereas that between HP1 and T7"H&weak in intensity. significantly different NOE patterns are present for the 3
HP2 shows a weak NOE only to T7 H5In RIIl, four cross TFMA-modified RIIl and DIIl. Especially, there are only
peaks were observed correlating HP1 and HP2 with T7 H5 weak NOEs between both linker protons and T8 idRIII,

and H5" with medium to weak intensities. but these NOEs are strong in DIIl. The relative intensities
The NOE patterns exhibited by the FMA andT3+MA of the NOEs connecting the linker protons with T6't4Bd
linker protons in the comparison DNBNA duplexes (DIl T5 HS also vary in RIll and DIlI (Table 5). The overall

and DIIl) have been reported previously (Gao & Jeffs, NOE pattern of Rlll is close to those of RIl and DIl instead.
1994a). The comparison of this information for the same Additionally, it is noticed that linker proton resonances in
modification in the context of a different complementary DIIl are sensitive to temperature change and are resolved
strand,i.e., RIl versusDIl and RIIl versusDIll, is sum- better at lower temperatures. This behavior was not observed
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b -— When RNADNA hybrid and DNADNA duplexes are
compared, the hybrid duplexes exhibit broader UV transitions
and are always less stable than their DRAA counterpart

by 5.2-6.6°C in Ty or by 1.0-2.1 kcal/mol inAG (Figures
6D,E). The destabilization effect in the hybrid duplexes
appears to be the smallest in tHeTEFMA-modified duplexes
(AT, and AAG in Figure 6D,E).

The local melting behavior of each individual base pair
I L was monitored by NMR imino proton line broadening at

Temperasars | 5] elevated temperatures for the three hybrid duplexesliRI
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 temperatureTg nvr), Which is 52+ 1 °C for RI.
The linker containing hybrid duplexes (RIl and RIII) melt
at about 1°C lower temperatures than that of the unmodified
— e RI. The NMR melting of the three hybrid duplexes follows

: a similar trend to that of the UV melting, but th&,

difference between the modified and the unmodified duplexes
is slightly smaller in the NMR results.

For the three related DNNA duplexes, the microscopic
melting behavior of the linker sites were compared based
on the imino proton signal broadening. In these duplexes
TR T ] " b oi-RN DRI all Watson-Crick base paired imino protons disappeared
Duplex Comparisons Duplex Camparisans simultaneously. There is significant difference in the imino
FIGURE 6: (A) Representative UV melting curves for both the Proton melting transition temperatures. In DI, the marker
hybrid and DNA duplexes. The absorbance at 260 nm has beenT8 and G9 imino protons melt out at 54 1 °C, while in
normalized. (B) Comparison of the UV melting temperatures of pDj| they melt out at 52.5+ 1 °C compared to 5% 1 °C in

all six duplexes derived from melting curves of each duplex. (C) b)) These results agree well with the trend observed in
Comparison of thé\Gz~¢ values of all six duplexes obtained from .

fitting the UV melting curves using the Meltwin 2.1 program the UV melting experiments, with the NMRy’s about 1 or

(Petersheim & Turner, 1983). (D) Comparison of Thedifferences 2 °C lower than the UVTy's.

between DNADNA and RNADNA duplexes containing the same

linker between T6 and T7. (E) Comparison of th€;r¢ differences DISCUSSION

between DNADNA and RNADNA duplexes containing the same

linker between T6 and T7.

in the RIIl duplex, which exhibits two well-resolved linker

proton resonances at all temperatures used in this study. = The NMR spectral comparisons of the modified RIl and

RIII duplexes with the unmodified RI duplex (Gao & Jeffs,

1994b), which include comparisons of the differences in
The UV hyperchromicity of all three hybrid duplexes (Rl chemical shifts, sugar proton couplings and NOE spectral

III) was measured and is displayed in Figure 6A. The data, indicate that the presence of a modified backbone

melting curves show a generally cooperative process and thdinkage in RIl and RIIl do not cause major spectral variation.

UV-derived Tyy's of both RII and RIIl are about 3C less Similar to the RI duplex, the conformation of the RIl and

than that of RI, although th&,, of RIll is slightly higher RIII duplexes are heterogeneous and characterized by DNA

than that of RIlI (Figures 6A,B). ThAG values (Figure strands that are more B-form like and RNA strands that are

6C) derived from the UV melting data (Petersheim & Turner, more A-form like. Furthermore, the recognition of the DNA

may
|
nal

|
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Overall Structural Characterization and Stability

Temperature Dependent UV and NMR Experiments

1983) follow the same pattern as thig's with RIl and RIII and RNA strands are compromised by the adoption of some
being less stable to about the same degree as compared toon-A and non-B helical conformations, as reflected in varied
RI. NOE intensities and th&values of sugar protons compared

For comparison purposes, the UV measurements for theto those of canonical A- or B-form structures. These results
three DNADNA duplexes (DI-Dlll) were also carried out  further demonstrate a general conformational preference of
using a similar set of experimental conditions (Figure 6A). RNA-DNA duplexes to be in a hybridized form, in agreement
Tn's derived from these UV data (Figure 6B) are consistent with what has been reported in the literature (Salata.,
with what was reported previously (Gad al., 1992; Gao 1993; Ratmeyeet al, 1994; Gonzalezt al,, 1995). The
& Jeffs, 1994a). The stability of these duplexes decreasesNOE patterns characteristic of the-A-tract are similar in
in order of DI > DIl > DIll. The AG values (Figure 6C) the three hybrid duplexes (RIIl), suggesting that backbone
also indicate that DIl is the least stable of the three modifications in this region do not disrupt the groove
DNA-DNA duplexes. structure of consecutive A residues in an RNA strand.
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The UV T, andAG data and the NMR melting of all six
duplexes (Figures 6) indicate that these duplexes melt
cooperatively and that the unmodified DNANA duplex
is the most stable. The modified DNBNA duplexes are
more stable than their hybrid duplex counterpart and the
helical stability decreases in order of BIFMA-DII > 3'-
TFMA-DIIl > Rl > 3-TFMA-RIIl ~ FMA-RII. A single
FMA modification causes about°® drop inTy, or 0.9 kcal/
mol loss inAG in both DNA-DNA or RNA-DNA duplexes
(comparison of DIl with DI or RIl with Rl 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-TFEMA linker destabilizes the DNANA duplex (4
°C drop inTr, or 1.6 kcal/mol reduction ilAG, DIl versus
DI) more than the RNADNA duplex (3°C drop inTy, or
0.5 kcal/mol inAG, RIII versusRlI) (Figure 6B,C).

The energy differences due to hybridization have been
compared. The energy cost for the unmodified RENA
hybrid duplex Rl is 6.5°C drop in Ty, or 2.1 kcal/mol in
AG when compared with the unmodified DNBNA duplex
DI (Figure 6D,E). The FMA-modified pair of duplexes RII
and DIl exhibit parallel behavioAT(DIl —RII) = 6.6 °C;
AAG(DII—RIIl) = 2.1 kcal/mol]. The energy gap is smaller
for the 3-TFMA modified duplexes RIIl and DIl with a
ATm = 5.2 °C and AAG = 1.0 kcal/mol. If taking the
destabilization of the hybrid duplexes in general (the differ-
ences between Rl and DI) into consideration, th@ BMA
linker actually slightly stabilizes the unstable, modified
RNA-DNA hybrid duplex, possibly because theTFMA
linker prefers a more RNA like, A-form conformation as
compared to the'3MA or phosphodiester linker.

The lowerTy, of the hybrid RI duplex than that of DI is
consistent with what is expected based on the literature
information (Ratmeyeet 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 anjAract and the other
strand containing a sfract. The Ty's of this type of
sequences have been shown to be lower for the FRNE
hybrid duplexes than the DNBNA duplexes.

Conformation of the FMA Linker in RII

The FMA linker in DII, which incorporates a methylene
group to replace the charged PQyroup between T6 and
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RNA-DNA duplexes (DIl and RIl). This conformatiorg [
(C3—-03—-C—-05) = ~—90°], however, deviates from the
~—60° energy minimum computed from model compounds
by incremental rotation of thé& equivalent torsion angle,
while holding thea (O3 —C—05—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 of3
kcal/mol for rotation of CG-O—C—0O angle from—60 to
—90° (Veal et al,, 1993), in agreement with the 2.1 kcal/
mol difference between th&G values of Rl and RII derived
from the UV melting experiments (Figure 6C).

Conformation of the '3STFMA in RIII

The sugar and backbone conformations &fTBMA-
modified DIII are drastically different from those presented
by FMA in DIl (Gao & Jeffs, 1994a). The'3TFMA linker
between the T6 and T7 residues in DIl is associated with
an increased contribution from G8ndo 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 RIIl is also
shifted toward C3endo puckers. The NOESY spectral
characteristics for the TFMA linker of RIIl are somewhat
different from those observed in DIII, suggesting a different
backbone conformation in RIll 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 RIll fall in a range closer
to what is expected for canonical A- or B-DNA. The
difference in backbone conformations between DIl 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

T7 residues, has been characterized in detail by NMR andthe T6 sugar from a Czndo like conformation to one that

molecular mechanics/dynamics calculations (€gal., 1992;

Veal et al,, 1993). The conformation of the T6 sugar is
observed to be predominantly E&ndo 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 RIl duplex exhibits NOESY and COSY spectral

is more C3-endo like is more favorable in the hybrid duplex
as compared to the DNANA duplex. In the hybrid duplex,

all of the DNA sugar moieties appear to have moré-C3
endo character, especially in the T-tract of the DNA strand
(Table 4), than their counterparts in the DNDNA duplex
[Table 2 in Gao and Jeffs (1994b)]. Therefore, the conver-

characteristics which are comparable with those observedsion of T6 to a more C3endo like sugar pucker by thé-3

for the FMA linker in DII, suggesting the linker conformation

in RIl is about the same as that in DIl. The conformations
of the T6 and T7 sugar moieties connected to the linker are
similar in Rl and RIlI with the T6 sugar ring containing
slightly more C2-endo character in RIl than in the unmodi-
fied RI. A similar trend in sugar pucker conformation is
also observed in DIl and DI duplexes (Gab 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 DRMNA and

TFMA group in RIIl is less energetically costly (Veal &
Brown, 1995). The unusual conformations observed for the
3-TFMA moiety in DIl is a compromise between the
preferred sugar and backbone conformation of tRERMA
linker and the structural requirements of the DIDAA
duplex. These conclusions can also be drawn from compar-
ing AG andTy, values, which show that RIIl is just as stable
as RIl; while, DIl is less stable than DIl (Figure 64C

and Figure S1). In fact, the TFMA linker in DIl could not
find a stable form at low temperatures as demonstrated by
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