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Solid-Phase Synthesis and High-Resolution NMR Studies of Two Synthetic
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ABSTRACT: Ten-micromole solid-phase RNA synthesis has been successfully performed on an automated
nucleic acid synthesizer with coupling efficiencies up to 99%, using the tert-butyldimethylsilyl group to protect
the 2’-hydroxyl. The tert-butyldimethylsilyl group was easily removed by tetrabutylammonium fluoride
under conditions in which virtually no 2’- to 3’-isomerization was found to occur. By use of this approach,
the self-complementary RNA dodecamers r(CGCGAAUUCGCG) and r(CGCGUAUACGCG) were
synthesized on an automated nucleic acid synthesizer, purified by TLC, and studied by high-resolution NMR.
Imino protons were assigned from one-dimensional nuclear Overhauser effects. The nonexchangeable base,
H1’, and H2’ protons were assigned by the sequential NOESY connectivity method. The NOE data from
these two oligomers were analyzed qualitatively and compared to the ideal A- and B-type helix models of
Arnott et al. (1972a,b). The internucleotide H6/H8 NOE:s to the preceding H1’ in r(CGCGUAUACGCG)
were found to be sequence-dependent and probably reflect the roll angles between adjacent bases. The
internucleotide H6/H8 to H2’ NOE:s of these oligomers correspond very well to an A-type conformation,
but the interstrand adenine H2 NOE:s to the following H1’ were much stronger than those predicted from
the fiber model. These srong interstrand NOEs can be rationalized by base pair slide to favor more interstrand
base overlap, as predicted by Callidine and Drew (1984).

’I}‘le number of structural studies on synthetic DNA frag-
ments has increased markedly in the last few years, by both
X-ray crystal analysis (Dickerson et al., 1982; Wang et al.,
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1981; Shakked et al., 1983; Nelson et al., 1987) and 2D NMR
methods (Hare et al., 1983; Scheek et al., 1983; Feigon et al.,
1983; Wemmer et al., 1984a,b; Nilsson et al., 1986; Nilges
et al.,, 1987; Kintanar et al., 1987). Single-crystal X-ray
diffraction studies have revealed A-type, B-type, and left-
handed Z-type gross DNA conformations as well as local
structure variations induced by particular base sequences
(Dickerson, 1983). At a lower level of detail, X-ray fiber

0006-2960/89/0428-2422$01.50/0 © 1989 American Chemical Society
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diffraction has led to a gross description of the overall polymer

structure (Millane et al., 1984). The solution structure of -

medium-size nucleic acid duplexes could not be studied by
high-resolution NMR until 2D NMR methods for the se-
quential assignment of nonexchangeable protons were devel-
oped (Hare et al., 1983; Scheek et al., 1983, 1984; Feigon et
al., 1983; Wemmer et al., 1984a). By use of 2D NMR, almost
all the nonexchangeable protons of DNA oligomers up to 34
nucleotides can now be assigned from a single NOESY!
spectrum and a single COSY spectrum (Wemmer et al,,
1984b). Moreover, the NOE data at different mixing times
can be used to calculate reasonably accurate proton—proton
distances which can then be used to elucidate the three-di-
mensional structure in solution. By means of molecular dy-
namics refinement of idealized duplexes, the structure of a
B-type DNA has been elucidated (Nilsson et al., 1986; Nilges
et al., 1987), and distance geometry methods have been used
to determine the structure of a hairpin (Hare & Reid, 1986),
a duplex with a base pair mismatch (Hare et al., 1986a), and
a duplex with an extrahelical residue (Hare et al., 1986b).
Two reviews on 2D NMR and its applications in nucleic acid
structure determination have been published recently (Reid,
1987; Patel et al., 1987).

Similar studies on RNA fragments are potentially even more
interesting than these DNA studies since RNA molecules have
a greater tendency to adopt secondary and tertiary structures
such as those involved in tRNA folding. However, very few
2D NMR studies on RNA molecules have been reported due
to the difficulty of synthesizing pure RNA samples in large
amounts. A great deal of effort is currently being directed
toward the development of reliable methods for solid-phase
synthesis of oligoribonucleotides that approach the efficiency
of those already in routine use for DNA synthesis, especially
the solid-phase phosphite triester method (Beaucage & Ca-
ruthers, 1981). The key to success in these endeavors lies in
finding suitable, and mutually compatible, protecting groups
for both the 2’- and 5’-hydroxy groups. The 2’-protecting
group must remain stable throughout the phosphoramidite
preparation and the repeated cycles of chain assembly, yet be
specifically and completely removed at the end of the synthesis.
However, for synthesis in the 3’- to 5’-direction, the 5’-pro-
tecting groups must be completely removed at every cycle of
nucleotide addition, without affecting the 2’-protecting group.

Of the several 2’-protecting groups that have been proposed
(Kempe et al., 1982; Tanaka et al., 1986; Reese, 1985; Ogilvie
& Entwistle, 1981), the acid-labile tetrahydropyranyl group
has emerged as the most popular. Several small RNA oli-
gomers (six to eight residues) have been manually synthesized
with this protecting group (Kierzek et al., 1986) even though
the overall yields were less than 50% due to step yields of only
ca. 90%. In agreement with others (Christodoulou, 1986;
Garegg et al., 1986; Seliger et al., 1986), we have confirmed
that it is rather difficult to obtain the required high selectivity
of deprotecting the dimethoxytrityl group from the 5’-position
without also partially removing the tetrahydropyranyl group
from the 2’-position. HPLC analysis of the reaction showed
many more peaks than expected, and it is apparent that
considerable loss of Thp groups takes place during repeated

! Abbreviations: COSY, two-dimensional autocorrelated spectrosco-
py:; DIPEA, diisopropylethylamine; DMT, dimethoxytrityl; HPLC,
high-pressure liquid chromatography; Mthp, methoxytetrahydropyranyl;
NOE, nuclear Overhauser effect; NOESY, two-dimensional nuclear
Overhauser effect spectroscopy; TBDMS, tert-butyldimethylsilyl; TEAA,
tetracthylammonium acetate; Thp, tetrahydropyranyl; TLC, thin-layer
chromatography.
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acidic treatments in several cycles of synthesis, leading to 2’-
to 3’-isomerization and phosphodiester cleavage. In fact, the
original developers of the Thp group for 2’-protection have
acknowledged that extensive isomerization and cleavage occur
if stringently anhydrous conditions are not used (Reese &
Skone, 1985), and they have suggested that Mthp or Thp
groups be replaced by a 2’-protecting group that is fully stable
under the protic acid conditions required for the rapid and
complete removal of the 5-DMT group.

The use of the tert-butyldimethylsilyl group to protect the
2’-hydroxy (Sung & Narang, 1982; Usman et al., 1985;
Garegg et al., 1986) in solid-phase RNA synthesis has been
less popular than the use of Mthp of Thp groups due to con-
flicting data regarding isomerization with the TBDMS group
(Jones & Reese, 1979; Ogilvie & Entwistle, 1981). However,
the TBDMS group has been successfully used to synthesize
RNA oligomers up to 19 residues (Ogilvie et al., 1984). Since
2D NMR experiments require large samples of high purity
and since we were unable to obtain satisfactory yields using
Thp to protect the 2’-hydroxyl, we decided to reinvestigate
TBDMS as a 2’-protecting group in solid-phase RNA synthesis
using ribonucleoside 3’-phosphoramidites. As part of our
continuing studies on the structure and dynamics of oligo-
nucleotides in solution, we have now carried out 500-MHz
NMR studies on the double-stranded RNA dodecamer du-
plexes CGCGAAUUCGCG and CGCGUAUACGCG syn-
thesized with an automated nucleic acid synthesizer and
solid-phase phosphoramidite methods. The 2’-TBDMS pro-
tection group was found to be stable throughout the entire
11-cycle synthesis and gave very high coupling yields (~
98-99%). Furthermore, virtually no isomerization or chain
cleavage could be detected during the synthesis procedures.
The purity and integrity of the synthesized RNA dodecamers
were analyzed by NMR and found to be excellent. This
material was eminently suitable for the detailed RNA struc-
tural studies which we now report.

MATERIALS AND METHODS

Reagents and Solvents. Silica gel for flash chromatography
was purchased from Baker (~40-um average particle diam-
eter). Thin-layer chromatography (TLC) was performed on
EM plastic-backed sheets (silica gel 60 F,s4, 0.2 mm) in di-
chloromethane-methanol (9:1) (solvent A) or dichloro-
methane—acetone (11.5:1) (solvent B). Dowex 50W-X2 so-
dium form was prepared by neutralizing 200-mesh hydrogen
form (Bio-Rad) with 1 N sodium hydroxide solution. Di-
chloromethane was purchased from EM and used as such
without further drying. Adenosine, guanosine, cytidine, uri-
dine, and RNase T2 were purchased from Sigma (St. Louis,
MO). Dimethoxytrityl chloride, tert-butyldimethylsilyl
chloride, tetrabutylammonium fluoride, trimethylchlorosilane,
imidazole, benzoyl chloride, and isobutyryl chloride were
purchased from Aldrich (Milwaukee, WI). Chloro(~N,N-di-
isopropylamino)methoxyphosphine was purchased from Am-
erican Biometics (Emeryville, CA).

The solid-phase support was synthesized following the
procedure of Matteucci and Caruthers (1980), and its loading
was measured with the trityl ion assay and found to be around
18-21 pumol/g.

Preparation of 5-Dimethoxytrityl-2"-tert-butyldimethylsilyl
N-Blocked Nucleoside Phosphoramidite. The steps in pre-
paring the protected ribonucleoside phosphoramidites are
shown in Scheme I.  /VS-Benzoyladenosine, N*-benzoylcytidine,
N2-isobutyrylguanosine, and N-blocked 5’-DMT nucleosides
were prepared according to the procedure of Ti et al. (1982),
except the amount of trimethylchlorosilane was increased to
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Scheme I: Synthetic Pathway for the Preparation of
5-DMT-2’-TBDMS N-Protected Ribonucleoside Phosphoramidite
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a 7-fold molar excess. N-Blocked nucleosides were dried
thoroughly under vacuum before being reacted with dimeth-
oxytrityl chloride. 5/-DMT-2’-tert-butyldimethylsilyl N-
blocked ribonucleosides were prepared and purified according
to Sung et al. (1982). The final phosphoramidites were pre-
pared by the following procedure: 4a—d (the 2’-isomer, 3
mmol) were dissolved in 10 mL of dichloromethane (EM
Omnisolv grade) and diisopropylethylamine (Applied Bios-
ystems) (3 equiv, 1.58 mL) in a 10-mL reaction vessel pre-
flushed with argon. Chloro(V,N-diisopropylamino)methoxy-
phosphine was added dropwise by syringe to the reaction vessel
under argon at room temperature. The reaction was usually
complete within 1 h. The solution was transferred with 35
mL of dichloromethane into a 100-mL separatory funnel and
then extracted with 30 mL of an aqueous, saturated solution
of sodium bicarbonate. The aqueous layer was further ex-
tracted with another portion of dichloromethane (30 mL), and
the organic layer was combined and washed several times with
a saturated solution of sodium bicarbonate. The final organic
solution was dried over anhydrous sodium sulfate and evap-
orated to a foam under reduced pressure. The foam was
dissolved in 5 mL of dichloromethane and purified by flash
chromatography on a silica gel column. About 40 fractions
of 15 mL each were collected, and each was monitored by TLC
using solvent system B. The combined fractions were evap-
orated to produce a pure white powder which can be kept in
a vacuum desiccator for over 6 months without serious de-
composition. Isolated yields for the four phosphoramidites
were around 75-85%.

RNA Synthesis. Ten-micromole RNA synthesis was carried
out on an automated DNA synthesizer (Model 380B, Applied
Biosystems, CA) using minor modifications of the recom-
mended synthesis cycles. In a typical 10-umol synthesis, the
solid-phase support was first treated with 3% TCA in di-
chloromethane for 180 s to completely remove the 5-DMT
protection group. After several washes with acetonitrile, the
appropriate nucleoside phosphoramidite solution (0.15 M) was
premixed with activator (tetrazole) and then sent to the re-
action column. The mole ratio of phosphoramidite to solid-
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phase support was 15 to 1. The coupling reaction was allowed
to take place for 10 min, and then excess reagents were flushed
out of the column. Capping reagent (acetic anhydride) was
then sent to the column for 45 s and allowed to react for 180
s. The capping time was increased to 180 s to convert the
guanine modification that can take place in the phosphite
triester approach (Pon et al., 1986). Oxidation was then
carried out for 30 s. The cycle was then repeated for the
desired number of times. Each 10-umol cycle takes about 50
min to complete and has a routine step yield of about 98-99%,
on the basis of spectrophotometric determination of the re-
leased dimethoxytrityl cation.

Deprotection. After 30 min of thiophenol/triethylamine/
dioxane (1:2:2) treatment to remove the methyl group from
the phosphate, the partially protected RNA oligomer was
eluted from the controlled pore glass resin with concentrated
NH,OH. Ethanol (1/3 volume) was added to the vial, which
was then heated at 55 °C overnight. The solution was evap-
orated under reduced pressure to dryness and treated with 0.1
M TBAF for 4 h to remove the rerz-butyldimethylsilyl group
on the 2’-position. The extra TBAF was removed by ex-
changing with Dowex 50W-X2 (sodium form) and passing
through Sephadex.

Purification. Oligonucleotides were purified on multiple
TLC plates (Chou et al., 1983). After development in am-
monia/n-propanol/water (35:55:10 by volume) for 4 h, the
least mobile band was cut out and eluted twice with 1 mL of
distilled water. Low but detectable levels of smaller oligomers
(failure sequences) were observed under an ultraviolet lamp
as bands preceding the predominant dodecamer. The duplex
was further applied to a hydroxyapatite column and eluted
with a gradient from 10 mM to 300 mM phosphate buffer (pH
7) to remove impurities leached from the TLC plates. The
RNA dodecamers were then concentrated by evaporation,
desalted on a G-15 column eluted with water, and lyophilized
to dryness.

NMR Methods. All NMR experiments in this study were
recorded on a Bruker WM-500 NMR spectrometer at ~30
°C. One-dimensional exchangeable proton spectra were ac-
quired into 4096 complex points with a Redfield solvent-
suppression pulse sequence. A spectral width of ~12 kHz was
employed, with the carrier frequency set at ~12 ppm, and a
total pulse length of 275 us. NOE difference spectra were
collected by coaveraging 16 scans with the saturating field
directed off-resonance and subtracting an equal number of
scans with the saturating field on-resonance.

COSY spectra were collected in the absolute-magnitude
mode with 1024 complex points in ¢, and 400 points in ¢,.
NOESY spectra were recorded in the hypercomplex phase-
sensitive mode (States et al., 1982) with 1024 complex ¢, points
and 400 complex pairs in ¢,.

The two-dimensional spectra were processed with software
provided by Dennis Hare (Hare Research, Woodinville, WA).
The COSY data were apodized with a sine-bell function.
NOESY data were processed with a skewed phase-shifted
sine-bell function. Noise ridges present in the 2D spectra were
attenuated by multiplying the first row by 0.5 prior to
transformation in ¢;. Both COSY and NOESY spectra were
subjected to diagonal low-point symmetrization (Baumann et
al.,, 1981).

RESULTS

Before 10-umol syntheses of RNA dodecamers were tried,
several preliminary 1-umol syntheses of shorter sequences were
first carried out and monitored by HPLC to determine the
efficiency of the procedure. The results of the reverse-phase
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FIGURE 1: Analytical HPLC tracing of synthetic RNA oligomers:
(a) crude r(A),dA, (b) crude r(C)dT, (c) purified r(C)dT, (d)
self-complementary r(CGAAUUCG), (e) crude r(U),dT, and (f)
purified r(U),dT. Solvent systems used were as follows: (A) 0.1 M
TEAA in H,0; (B) acetonitrile. Reverse-phase chromatography (C18
column) was carried out with a linear gradient from 98% A/2% B
to 88% A/12% B in 30 min. The flow rate was 2 mL/min. In profiles
c and f, the major fraction from runs b and e was collected and
reinjected into the column. All the oligomers were also checked, with
anion-exchange chromatography and found to contain one major peak.

chromatography of single-stranded r(A),dA, r(CdT, r(U),dT,
and self-complementary r(CGAAUUCG) are shown in Figure
1. The full-length r(C)¢dT and r(U),dT peaks were collected
and reinjected into the HPLC column to assess their purity.
The four crude RNA oligomers were also chromatographed
on an anion-exchange column and found to contain one major
component. The major peaks collected from reverse-phase
column chromatography were further treated with RNase T2
to test for the presence of 2'-5’ phosphodiesters (migration);
all were totally digested within 1 h. The self-complementary
r(CGAAUUCG) was also purified by semipreparative C-18
column chromatography, and the major peak was checked by
500-MHz NMR to test its purity. However, the double-
stranded r(CGCGAAUUCGCG) and r(CGCGUA-
UACGCG) dodecamers could not be purified by C-18 column
chromatography; the material eluted as broad and distorted
peaks in either reverse-phase or anion-exchange chromatog-
raphy, probably due to aggregation. These two RNA dode-
camers were therefore purified on TLC plates; one major dark
band was seen under 254-nm UV light in each case. About
12 TLC plates were used to purify the crude mixture from a
10-umol synthesis; the major dark band was scraped from the
plates and extracted with water several times (Chou et al.,
1983). About 20 mg of pure RNA dodecamer was obtained
from each 10-umol synthesis.

Before discussing the experimental data, it is worthwhile
to consider the idealized structure A-form RNA and B-form
DNA and the qualitative NOE patterns expected from such
structures. Double-helical segments of regular A-form RNA
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(UAU) and B-form DNA (TAT) were generated from the
data of Arnott et al. (1972a,b) and are shown in Figure 2.
Proton coordinates were generated by assuming ideal sp2 or
sp3 bond angles and C-H bond lengths. Although some proton
pairs are a little too close, these are reasonable models to start
with.

The one-dimensional imino proton spectrum of r-
(CGCGAAUUCGCQG) in H,O at 24 °C and the sequential
NOE assignments of the imino proton resonances (Chou et
al., 1983) are shown in Figure 3a. Five of the six imino
protons are clearly seen at 24 °C. As is the case in DNA
oligomers, the terminal base pair undergoes rapid exchange
with bulk H,O and cannot be observed at this temperature
(Chou et al., 1983). Since the five imino protons are very well
separated, their assignments by sequential NOE are
straightforward and are shown in the upper part of the figure.
The two resonances between 13.5 and 14.0 ppm were easily
identified as AU imino protons from their strong NOEs to
adenine H2 resonances between 7.0 and 8.0 ppm. When the
lower field AU imino proton at 13.9 ppm was irradiated, only
one NOE to a nearest-neighbor imino proton at 13.6 ppm was
seen, indicating that the irradiated imino proton was from the
base pair 6 position at the 2-fold symmetry axis. The imino
protons were then irradiated consecutively to sequentially
assign base pairs 5, 4, 3, and 2 (data not shown for base pairs
2 and 3). The corresponding data for r(CGCGUAUACGCG)
are shown in Figure 3b together with the imino assignments.
It is worth noting in Figure 3 that the NOEs from the imino
protons to the adenine H2 of the adjacent base pair are
markedly different and nonsymmetrical. This nonequivalent
imino proton NOE behavior is consistent with the structures
proposed for ideal A-form, B-form, or hybrid duplexes [see
Figure 2 of this paper and Figure 1a,b of the accompanying
paper (Chou et al., 1989)]. In a right-handed helical nucleic
acid, a 5’-neighboring n ~ 1 adenine H2 on the same strand
is always closer to the imino proton being irradiated (about
4.2 A) than is a 3’-neighboring # + 1 adenine H2 on the same
strand (about 5.9 A), but the m + 1 adenine H2 on the op-
posite strand is closer (about 4 A) than the m — 1 adenine H2
on the opposite strand (about 5.8 A). Although the actual
distance may well vary depending on the local conformation
and sequence, we find this general rule derived from idealized
coordinates to be a useful one for right-handed helices, where
the adenine H2 is on the minor groove side. The rule can be
useful in helping assign crowded imino proton spectra if the
sequence contains AU or AT base pairs (see accompanying
paper). The nonsymmetrical NOEs in Figure 3a can be in-
terpreted as follows: in spectrum B of Figure 3a, the strong
NOE at 7.7 ppm consists of NOEs to two adenine H2 reso-
nances with the same chemical shift (the m and n - 1 H2
peaks), and the NOE from the 7U imino proton to the m —
1 A5 H2 (7.01 ppm) is very weak; however, in spectrum C
of Figure 3a, considerable NOE intensity from the 8U imino
proton to the m + 1 A6 H2 is also observed in addition to the
NOE from the 8U imino proton to the m A5 H2. In Figure
3b, only weak NOEs from the uridine imino protons to the
n + 1 adenosine H2 were observed.

The one-dimensional nonexchangeable proton spectrum of
r(CGCGAAUUCGCG) in D,O is shown in Figure 4. From
the spectrum, it is obvious that no proton resonances occur
upfield of ca. 4 ppm; i.e., the H2’ protons have moved
downfield due to the electron-withdrawing effect of the 2’-
hydroxyl group that replaces the H2”” proton in DNA, and
furthermore, RNA contains no methyl groups. H2’, H3’, H#’,
H5’, and H5” have all moved into a crowded region between
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a

FIGURE 2: (a) Computer drawing of an idealized DNA duplex
structure with the sequence S'TAT3’. The coordinates were taken
from Arnott et al. (1972a). Some hydrogen atoms relevant to NMR
studies are shown as solid black circles. The proton pairs emphasized
in the text are connected by dotted lines and are separated by the
following distances: (1) imino proton of T to adenine H2 of the same
base pair, 2.81 A; (2) imino proton of T to the n — 1 intrastrand adenine
H2, 3.6 A; (3) imino proton of T to the n + 1 intrastrand adenine
H2, 4.88 A; (4) adenine H2 to the n + 1 intrastrand H1’, 4.65 A;
(5) adenine H2 n to the interstrand m + 1 H1’, 6.24 A; (7) T H6
to the intrastrand n - 1 H2/, 3.91 A; (9) T H6 to its own H2”, 3.46
A; (10) T H6 to its own H1’, 3.72 A; (11) T H6 to the n— 1 HI’,
3.5 A; (12) adenine H8 to its own H1’, 4.0 A; (13) adenine H8 to
the intrastrand n— 1 H1’, 3.6 A. (b) Computer drawing of an idealized
RNA duplex structure with the sequence SYUAU3’. The coordinates
were taken from Arnott et al. (1972b). Certain proton pairs are
connected by dotted lines and have the following distances: (1) imino
proton of U to adenine H2 of the same base pair, 2.87 A; (2) imino
proton of U to the intrastrand n - 1 adenine H2, 4.2 &; (3) imino
proton of U to the intrastrand n + 1 adenine H2, 4.66 A; (4) adenine
H2 to the intrastrand n + 1 H1’, 3.9 A; (5) A H2 to the m + 1
interstrand H1’, 4.66 A; (6) A H2 to the interstrand m + 1 H1’, 4.66
A; (7) U H6 to the intrastrand n — 1 H2’, 1.57 &; (8) U HS5 to the
intrastrand n - 1 H2’, 2.98 A; (9) U H6 to its own H2, 3.93 A; (10)
U H6 to its own H1’, 3.56 A; (11) U H6 to the intrastrand n -1 HY’,
4.2 A; (12) A H8 to its own H1’, 3.7 A; (13) H8 to intrastrand
-1 HY, 4.0 A; (14) U HS to its own H2/, 4.3 A.

Chou et al.

4 and 5 ppm, making them more difficult to assign. Another
important difference worth mentioning compared to DNA
spectra is the sharp singlest for the H1” resonances in RNA;
this is in contrast to the H1’ peaks in DNA oligomers which
are split into multiplets and suggests that the sugar pucker
has changed to a different conformation. The H1’ singlet in
RNA is only possible when the dihedral angle between the H1’
and H2’ is close to 90°, which is typical of an A-type or 3’-endo
(N) sugar conformation.

A contour plot of the NOESY spectrum from 3.8 to 8.2 ppm
of (CGCGAAUUCGCG) at 100-ms mixing time is presented
in Figure 5. The base H6/HS8 to H2’, H3’, H4’, H5”, and
HY’ regions and the H1’ to H2’, H3’, H4, H5”, and HY
regions have become crowded and overlapped due to the sim-
ilar chemical shifts of the H2’, H3’, H4’, H5”, and HS’ protons
(boxed regions b and ¢). This is unfortunate and makes the
assignments of H2’, H3’, and H4’ resonances more difficult.
The base H6/H8 to H1’ region (boxed region a) is shown
expanded in Figure 6. At first glance the base to H1’ con-
nectivities look very similar to those for DNA, except for two
strong cross-peaks at around 7 ppm and the absence of NOEs
from cystosine HS to the n — 1 H8 /H6. Also, in addition to
the four cytidines, the two uridines generate H5-H6 cross-
peaks, resulting in six very strong HS to H6 cross-peaks which
are easily identified. At longer mixing time (300 ms), weak
NOE:s from the three internal cytidine HS to their preceding
H1’ were observed (data not shown), which are very helpful
in assigning the H1’ and H6/H8 protons. Since thymidine
has been replaced by uridine in RNA molecules, one cannot
use the interresidue methyl group to H6/H8 NOE as in DNA,
and we have to assign all base and H1’ resonances from this
region only. In idealized double-helical RNA models, the base
H8/H6 protons are virtually equidistant (~ 3.8 A) from the
HU’ of their own sugar and the H1’ of the preceding nucleotide,
regardless of the sugar conformation (see Figure 2). In such

. a structure, two equal NOE spots should be detected for every

H6/H8 except the 5'-terminal one, which has only a single
NOE to its own H1’. Conversely, each H1’ except the last
residue at the 3’-end, should have two H6/H8 cross-peaks.
In practice, we do find two cross-peaks for every H1” except
the single spot at about 5.7 ppm, which was accordingly as-
signed to the H1’ of 12G. The sequential assignments were
then performed according to the helical nucleic acid connec-
tivity method developed by several laboratories (Hare et al.,
1983; Scheek et al., 1983; Feigon et al., 1983; Wemmer et al.,
1984a). The strong H5 to H6 NOEs of all six pyrimidines
and the weak H5 to n — 1 H8/H6 NOEs in this region were
used together with the sequence information to determine the
assignments. The only anomaly compared to DNA asignments
is the additional strong peaks from interstrand and intrastrand
NOEs between H1’ and adenine H2 resonances (see the
cross-peaks with arrows in Figure 6). These cross-peaks are
very useful for double checking the H6/H8 to H1’ assign-
ments, and we will discuss their structural implications later.

The expanded H1’/HS to H2’/H3’/H4’ NOESY region is
shown in Figure 7. Every H1’ should exhibit cross-peaks to
its own H2’/H3’/H4’ in this region, and these sets of three
cross-peaks are connected by a horizontal line for each residue.
Also, additional strong cross-peaks corresponding to NOEs
between a pyrimidine H5 and its own H2’ or the preceding
H2’ were detected and are indicated by arrows in the figure.
These NOE:s in the corresponding DNA sequence are very
weak (Hare et al., 1983) and suggest that the sugars in the
RNA dodecamer are adopting a C3’-endo conformation in-
stead of a C2’-endo conformation (the H5 to preceding H2’
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FIGURE 3: (a) Spectrum of the imino and aromatic protons of (CGCGAAUUCGCG) in H,0 and difference imino NOE spectra. The chemical
shifts of the imino protons of the B-form d(CGCGTTAACGCG) and the A-form r(CGCGUUAACGCG) and those calculated on the basis
of ring current shifts for A form are also shown at the bottom. The DNA chemical shifts are from Patel et al. (1983). The calculated values
are from empirically calibrated ring current shifts based on the spectra of t-RNAs (Shulman et al., 1973); second-order effects were ignored.
In the calculation of the chemical shift value of the penultimate base pair, only half of the terminal base pair contribution was counted since
it is partially opened at this temperature. The arrows indicate imino to H2 NOEs, with the dotted arrows indicating weak NOEs. (b) Equivalent

spectra as in (a) for the sequence r(CGCGUAUACGCG).
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FIGURE 4: The 500-MHz nonexchangeable proton spectrum of r-
(CGCGAAUUCGCG) in D,0. The arrows in the base H8, H6, H2
region show the upfield shift of purine H8 protons and the downfield
shift of pyrimidine H6 protons, and the arrow in the H1’ region
indicates the upfield shift of the H1’ protons compared to their
chemical shifts in the DNA analogue.

distance in an ideal A-form structure is around 3 A while in
an ideal B-form structure this distance is about 3.6 A). Among
the H1’ to H2’/H3’/H4’ NOEs, the H1’ to H2’ will always
be the strongest of the three since this distance is the shortest
HY’ intrasugar distance (ca. 2.7 A) regardless of the sugar
pucker conformation. Thus the HI’-H2’ NOEs were easily
identified at higher contour levels where only 12 strong spots
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FIGURE 5: The 2D NOESY spectrum of r(CGCGAAUUCGCG)
collected at 100-ms mixing time at 32 °C. The aromatic to H1’ region,
HY’ to H2’ region, and aromatic to H2’ region are surrounded by boxes
a, b, and c and expanded in Figures 6, 7, and 8, respectively.

were seen (data not shown). The H2’ resonances of 1C, 11C,
8U, 4G, 2G, and 12G were assigned directly from their H1".
The 10G-7U, 3C-9C, and 5A-6A H2’ pairs could not be di-
rectly assigned in this way due to overlap of their H1’ chemical
shifts. Fortunately, the strong 7U H5 and 8U HS cross-peaks
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FIGURE 6: Expanded spectrum of the aromatic to H1’ region of
r(CGCGAAUUCGCG). The six strong pyrimidine H5 to Hé
cross-talks are the most intense peaks. The sequential connectivity
from the 3’-end (12G) to the 5-end (1C) is connected by solid lines.
Only the intraresidue cross-peaks are labeled. The horizontal dotted
lines connect the intrastrand and interstrand NOEs between A H2
and the n + 1 and m + 1 Hl’s, which are marked with arrows.
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FIGURE 7: Expanded 2D NOESY of the H1’ to H2’ region of r-
(CGCGAAUUCGCG). Twelve strong H1’ to H2/ cross-peaks were
easily detected and are labeled with their residue number. At higher
counter levels, these are the only peaks that can be seen (data not
shown). Horizontal lines connect the cross-peaks from H1’ to H2?,
HZY, and H4’ of the same residue. Since the differentiation between
H3’ and H4' is not reliable based only on the small difference in
distance to H1’, they were not assigned at this point. The cross-peaks
from the HS of pyrimidine to the n — 1 H2’ or n H2’ are labeled as
7U HS etc. and are connected to the H1’-H2’ by vertical lines.

to their preceding H2’ clearly identified the H2’ resonances
of 6A and 7U, respectively. Thus the H2’ of 6A could be
differentiated from that of 5A, and the H2’ of 7U could be
differentiated from that of 10G in this way. These assignments
were also confirmed from the internucleotide H8/H6 to H2’
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FIGURE 8: Expanded 2D NOESY spectrum of the aromatic to H2’
region of r(CGCGAAUUCGCG). Most of the strong peaks in this
region are those from the interresidue aromatic to n — 1 H2’ cross-peaks
which are an important criterion for the C3’-endo sugar pucker
conformation. The sequential connectivity can be connected as in
the aromatic to H1’ region, with some help from the H1’ to H2’ region
since some of the peaks are overlapped. The intraresidue cross-peaks
are labeled as 7U etc., while those of the interresidue NOEs are marked
with a X.

cross-peaks (see Figure 8). It is interesting to note that 11C
H35 exhibits an NOE to its own H2’ proton instead of to the
H2’ of its 5’-neighbor, which is in sharp contrast to the 7U/8U
case where their HS protons exhibit an NOE only to the
5’-neighbor H2’ and not to their own H2’. We were not able
to tell if the 3C H5 has an NOE to 3C H2’ or to 2G H2’ since
the 3C H2' and 2G H2’ have the same chemical shift. It is
also noteworthy that, in the same region of the r-
(CGCGUAUACGCG) spectrum (Figure 12), all pyrimidine
HS5 resonances show an NOE only to the H2’ of the 5'-
neighbors. This different behavior for the cytidine and uridine
in the two sequences must be related to differences in local
structure. We are, however, unable to say anything definitive
about the detailed structure at this point; the solution structure
of these RNA duplexes must await accurate distance mea-
surements to be reported at a later date.

The expanded H8 /H6 to H2’/H3’'/H4 NOESY region is
shown in Figure 8. It is complicated due to extensive overlap
of the intraresidue H8 /H6 to H2’, H3’, and H4’ NOEs and
interresidue H8/H6 to H2' NOEs. At higher contour levels,
we were able to simplify the spectra by sampling only the more
intense cross-peaks and were able to extract some important
information. The most intense cross-peaks were due to in-
ternucleotide aromatic to H2’ NOEs (data not shown). We
were therefore able to sequentially connect the H8/H6 to H2’
cross-peaks, as was the case for the H8/H6 to H1’ cross-peaks,
and these are connected by solid lines in Figure 8. By them-
selves, these connectivities were not unambiguous, but since
the very strong interresidue H8 /H6 to H2’ and intraresidue
H1’ to H2’ NOEs were complementary to each other, we were
able to reliably connect these peaks. The interresidue NOEs
are denoted with an “x” in the figure. We have resisted the
temptation to specifically assign the H3’ and H4’ resonances
at present since this would involve a structural assumption that
may not be warranted. The assignment of these additional
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Table I: Comparison of A-Type and B-Type Chemical Shifts (ppm) of r(CGCGAAUUCGCG)*

1 2345617389101112

CGCCGAAUUCGCG

B A A(B-A) B A A(B-A) B A AB-A) B A AB-A) A
1C 7.6 4.8 -0.2 5.7 5.3 04 569 58 -0.11 4.39
2G 7.9 7.62 0.28 583 5.64 0.19 4.42
3C 724 1.5 -0.26 5.55 539 0.16 535 S 0.25 4.42
4G 782 735 0.47 5.4 5.55 -0.15 445
SA 8.1 7.61 0.49 594 5.74 0.2 7.16 17.01 0.15 4.46
6A 8.1 7.61 0.49 6.1 5.74 0.36 7.58 17.61 -0.03 4.25
UM 7.1 7.46 -0.36 585 534 0.51 4.86 4.17
8U(T) 735 1.8 -0.45 6.08 5.52 0.56 5.36 428
9C 743  7.68 -0.25 5.68  5.39 0.29 5.6 5.5 0.1 428
10G 788 7.43 0.45 5.8 5.35 0.45 4.25
11C 73 7.41 -0.11 573 55 0.23 5.4 5.05 0.35 4.32
12G 79 7.42 0.48 6.09 5.68 0.41 3.94

9The data for the B-DNA duplex is from Hare et al. (1983). The A value is the chemical shift difference between the B-DNA and A-RNA.
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FIGURE 9: The 500-MHz nonexchangeable proton spectrum of the
r(CGCGUAUACGCG) in D,0 at 32 °C. The arrows in the base
HS, H6, H2 region show the upfield shift of purine H8 protons and
adenosine H2 protons and downfield shift of pyrimidine H6 protons.
The arrow in the H1’ region indicates the upfield shift of the H1’
protons compared to their chemical shifts in the DNA analogue.

sugar resonances must await more reliable analysis of
through-bond coupling (COSY, RELAY, TOCSY) to the
assigned H1’ and H2' resonances. The assignments and their
comparison to the analogous DNA sequence are listed in Table
I

When the assigned chemical shifts of the RNA dodecamer
r(CGCGAAUUCGCG) were examined and compared to
those for d(CGCGAATTCGCG), several interesting patterns
emerged. The chemical shifts of the purine H8 resonances
move upfield in the ribo duplex by about 0.35 ppm, while those
of the pyrimidine H6 resonances move downfield by about 0.25
ppm compared to those of the DNA analogue. Also, almost
all the H1” and H5 resonances move upfield in the RNA (see
Table I). In order to test whether this pattern of chemical
shift change is a general RNA phenomenon and to see if the
interstrand A H2 to H1’ NOE is reciprocal, we also syn-
thesized the related double-helical RNA oligomer r-
(CGCGUAUACGCG) and qualitatively analyzed its structure
using the same techniques. The DNA analogue of this se-
quence has been studied previously (Wemmer et al., 1985),
and this sequence also constituted a second RNA duplex in
which to monitor the cross-strand A H2 to H1” NOE pattern
as well as the sequence-dependent effects of repeated pyri-
midine—purine steps.

The 1D nonexchangeable proton spectrum of the H8, Hé,
HS5, and H1’ resonances of r(CGCGUAUACGCG) is shown
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FIGURE 10: The 2D NOESY spectrum of r(CGCGUAUACGCG)
collected at 200-ms mixing time at 31 °C. The aromatic to H1’, H1’
to H2’, and aromatic to H2’ regions are surrounded by boxes, a, b,
and ¢ and expanded in Figures 11, 12, and 13, respectively.

in Figure 9. The spectral resolution of this sequence is better
than that of r(CGCGAAUUCGCG), and at least 10 well-
resolved H1’ singlets can be seen. As was the case in r-
(CGCGAAUUCGCG), the singlet fine structure for the H1’
resonances indicates a H1'-C1’—C2’-H2’ dihedral angle close
to 90° and suggests that the sugar conformations are near the
C3’-endo (N) domain. Two sharp adenine H2 singlets are also
seen at the high-field (~7 ppm) end of the aromatic region.

The complete NOESY spectrum at 200 ms is shown in
Figure 10, and the H6/H8 to H1’ region of this RNA do-
decamer is shown expanded in Figure 11. The well-resolved
cross-peaks make the base and H1’ assignments very
straightforward. The two A H2 resonances are far upfield
from the other aromatic protons, and their interstrand and
intrastrand cross-peaks to H1’ are as strong as those in r-
(CGCGAAUUCGCG). Furthermore, the H6/HS8 to H1’
cross-peaks showed more intensity variations than those in
(CGCGAAUUCGCG). The C9 H6 to A8 H1’ and U7 Hé6
to A6 H1’ cross-peaks are quite weak while the 10G-9C,
8A-7U, and 6 A-5U cross-peaks are much stronger. These
different NOE intensities indicated sequence-dependent
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FIGURE 11: Expanded NOESY spectrum of the aromatic to H1’ region
of r(CGCGUAUACGCG). The sequential connectivity starts at 12G
and ends at 1C. Only the intraresidue cross-peaks are labeled. The
two A H2 to H1’ connectivities were connected by horizontal lines
in the upper part of the spectrum and marked with arrows. The NOEs
between 6A H2 and 8A H1’ as well as 8A H2 to 6A H1’ are clearly
seen and are of special significance since in the DNA-RNA hybrid
(see accompanying paper) these NOEs are observed only in the
direction from the C2"-endo strand to the C3’-endo strand. Also note
the different NOE intensities of the aromatic to H1” peaks in this
region, which indicates structural irregularities in this A-form RNA
dodecamer.

structure variation and can be rationalized by increased roll
angles toward the minor groove between these adjacent bases
(see Discussion). However, these effects are not seen in the
CG dinucleotide steps, which exhibit almost equal interresidue
Hé6/HS8 to H1’ NOE;, indicating a different response to steric
clash by UA compared to CG dinucleotide steps. This dif-
ference may be due to more rigid, less distortable, hydrogen
bonding in CG base pairs. It is not unreasonable to assume
that UA or TA dinucleotide steps may take on larger propeller
twist angles and cause more local structure perturbations than
CG dinucleotide steps since the former contain only two hy-
drogen bonds and have more freedom to assume more stable
base stacking interactions. Also the corresponding NOE in-
tensities in r(CGCGAAUUCGCG) are more or less equal
because the ’GAAUUC3Y sequence in the central region does
not contain any pyrimidine—purine (5-3’) dinucleotide steps.

The expanded NOESY spectrum of the H1’/HS to H2//
H3’/H4’ region of this dodecamer is shown in Figure 12. As
in the r{(CGCGAAUUCGCG) sequence, the 12 H1” to H2’
cross-peaks were the strongest and were accordingly assigned
without any problem, except for the 5U and 11C pair which
overlap but can be assigned by referring to the H6/HS8 to H2’
region. The cross-peaks between pyrimidine HS resonances
and the H2's of the 5’-neighbor differ markedly for these two
sequences. In r(CGCGUAUACGCG), the HSs of 3C, 11C,
5U, and 9C have cross-peaks to the preceding H2’ that are
of similar intensity, while 7U has a weaker NOE to 6A H2/;
in r(CGCGAAUUCGCG) however, the 7U H5 to 6A H2/
NOE is one of the strongest cross-peaks. Also the 11C H5
now exhibits an NOE to 10G H2’ instead of to its own H2’.

Chou et al.
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FIGURE 12: Expanded spectrum of the H1’/HS5 to H2'/H3'/H4
region of r(CGCGUAUACGCG). Twelve strong H1’ to H2’
cross-peaks were easily detected and are labeled 1C etc. Horizontal
lines connect the NOEs from H1’ to H2/, H¥, and H4’ of the same
residues. As in r(CGCGAAUUCGCG), the H3’ and H4’ pairs were
not assigned at this point. The cross-peaks from the H5 of pyrimidine
to the n— 1 H2  are labeled as 7U HS5 etc. and are connected to the
H1’-H2’ by vertical lines. The NOE between 7U H5 and 6A H1’
is very weak while in r(CGCGAAUUCGCG) it is very strong (see
Figure 6), and this indicates structural differences between r-
(CGCGUAUACGCG) and r(CGCGAAUUC gCG).
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FIGURE 13: Expanded 2D NOESY spectrum of the aromatic to H2’
region of (CGCGUAUACGCG). The sequential connectivity was
also traced as in the aromatic to H1’ region, with the help of the H1’
to H2’ region. The intraresidue cross-peaks are labeled 7U etc., while
the interesidue ones are marked with a X. The peaks in this region
were more resolved that those of the r(CGCGAAUUCGCG), and
the interresidue cross-peaks were more easily identified.

Such intensity variations must reflect local sequence-dependent
structural differences. The expanded NOESY spectrum of
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Table II: Comparison of A-Type and B-Type Chemical Shifts (ppm) of r((CGCGUAUACGCG)?

1 23 456 7 8 9101112
CGCGUAUACGCG

H8 and C 6H CI'H C5H C2H coru
B A A(B-A) B A A(B-A) B A A(B-A) B A A(B-A) A

1C 748 786  -0.38 561 534 0.27 574 582 ~0.08

2G 778 1.7 0.08 573 5.64 0.09 4.45
3C 715 155  -0.4 555  5.42 0.13 555 5.16 0.39 4.46
4G 771 14 0.31 579 561 0.18 4.14
5U(T) 1701 1765  -0.64 554 5.37 0.17 5.02 4.43
6A 8.09 8.02 0.07 6.03 587 0.16 714 694 0.2 431
7U(T) 696 1755  -0.59 543 528 0.15 495 422
8A 8.02 7.98 0.04 596 584 0.12 721 698 0.23 4.33
9C 7.06 7.38 -0.32 54 522 0.18 505 5.04 0.01 4.20
10G 7.66  7.39 0.27 567 555 0.12 4.14
11C 713 743 -0.3 56 536 0.24 522 507 0.15 4.20
12G 775  7.46 0.29 597 571 0.26 3.96

2The data for the B-DNA duplex is from Wemmer et al. (1985). The A value is the chemical shift difference between the B-DNA and A-RNA.

the H6/H8 to H2’/H3’/H4’ region is shown in Figure 13, with
sequential connectivities along the sequence. All the assigned
base proton, H1’, and H2’ chemical shifts of this dodecamer
are listed in Table II.

DiscussioN

RNA is generally believed to assume a C3’-endo confor-
mation because of steric constraints involving the 2’-OH group.
However, recent data on DNA-RNA hybrids suggested that
RNA can also take on a C2’-endo conformation in solution
(Reid et al., 1983a; Gupta et al., 1985); in the fully solvated
fiber state the hybrid duplex has many similarities to B-DNA
and is unlike A-DNA, yet the ribo strand sugar pucker is
C3’-endo (Zimmerman & Pheiffer, 1981). The data presented
here strongly indicate that in ribo-ribo duplexes both RNA
dodecamers adopt a C3’-endo A-type conformation. First, the
chemical shifts of the imino protons of r(CGCGAAU-
UCGCG) were compared to those of the analogous DNA
sequences and to the calculated values based on t-RNA data
(Schulman et al., 1973) and found to agree well with the
A-type conformation. Second, in both RNA duplexes the
anomeric H1’ resonances appear as sharp singlets in the
one-dimensional nonexchangeable spectra (Figures 4 and 9),
indicating weak coupling to H2’. Thus the dihedral angle
between H1’ and H2' is close to 90°, which is typical of a
C3’-endo sugar pucker, in contrast to the C2’-endo B con-
formation where this angle is 180° and the H1’-H2’ coupling
is maximal. This conclusion is corroborated by the lack of
H1’-H2’ cross-peaks in the 2D COSY spectrum, except for
a very weak 1'-2’ cross-peak for residue 12G (data not shown).
Third, computer models of idealized A- and B-form duplexes
show very different distances between base H8 /H6 protons
and the H2” and H¥ sugar protons (see Figure 2). In A-form
duplexes, the base protons are closer to the preceding H2’
(~1.8 A) than to their own H2 (~3.9 A) whereas in B-form
duplexes this is reversed and the base protons are now closer
to their own H2’ (~1.9 A) than to the preceding H2' (~4.0
A). Experimentally, we found that most of the strong H8 /H6
to H2’ peaks were indeed due to internucleotide NOEs and
the intranucleotide H8/H6 to H2’ cross-peaks were very weak
in both dodecamers. In the well-resolved cases of 8U-7U,
7U-6A, 6A-5SA, 4G-3C, and 2G-1C in r(CGCGAAU-
UCGCG) and 12G-11C, 11C-10G, 10G-9C, 8A-7U, 7U-
6A, 6A-5U, and 4G-3C in r(CGCGUAUACGCG) the in-
ternucleotide H8 /H6 to H2’ cross-peaks are very strong, and
their intensity is as strong or stronger than the HS5 to H6
cross-peaks which correspond to a distance of ca 2.4 A (see
the whole plots in Figures S and 10). Thus the majority of

internucleotide H8/H6 to H2’ distances are probably 2.4 A
or less and are in the distance range expected for A-type
double-helical structure but not for B-type structure. The
NOE data on B-type DNA dodecamers d-
(CGCGAATTCGCG) (Hare et al., 1983) and d(CGCGTA-
TACGCG) (Wemmer et al., 1985) indicate that the distances
between base protons and their own H2’ protons are much
shorter than the internucleotide H8/H6 to H2’ distances. On
the basis of the above observations, it appears that these two
RNA dodecamers exhibit all the major characteristics of a
normal A-type duplex with C3’-endo sugar conformation. The
H8/H6 to H2’ NOE has previously been used by others as
a criterion to identify the C3’-endo sugar conformation (Reid
et al., 1983b; Haasnoot et al.,, 1984). The C3’-endo sugar
conformation was also found in a small RNA pentamer and
in two RNA hexamers (Clore et al., 1985; Westerink et al.,
1984; Hasnoot et al., 1984). In addition to the H8 /H6 to H2’
cross-peaks, the pyrimidine H5 to H2’ cross-peaks also revealed
interesting features. Most of these medium cross-peaks are
due to interresidue NOEs, and the ca. 3-A intensities are close
to those expected for idealized A-form geometry. However,
exceptions were found; i.e., the HS of 11C in the
CGCGAAUUCGCG sequence exhibits an NOE to its own
H2’ instead of to its 5’-neighbor and 7U HS5 has only a weak
NOE to 6A H2. These effects presumably reflect fine-
structure variations in local conformation.

The NOEs between H8/H6 and the H1’ of the 5-neighbor
also exhibit sequence-dependent behavior in r-
(CGCGUAUACGCG). For purines preceded by pyrimidines
the NOEs are very strong (8A-7U, 6A—-5U), while for pyri-
midines preceded by purines they are very weak (9C-8A,
7U-6A). Interestingly, when compared to the DNA analogue
d(CGCGTATACGCG) (Wemmer et al., 1985), the reverse
was found in that the base to n — 1 H1’ NOEs for 8-7 and
6-5 are weak and the 9-8 and 7-6 NOEs have become
stronger. This interesting pattern reversal is most likely due
to opposite relative roll angles toward the minor groove. In
the A-type DNA crystal data on d(GGTATACCQ), the relative
roll angles were found to be around 12°-15° in TA steps but
closer to 0° in AT steps. Since our RNA dodecamers are also
in the A-type conformation, we believe these same roll angle
differences may well exist in the UA and AU steps. The
structure obtained from poly[d(AT)] fiber data (Millane et
al., 1984) indicates opposite relative roll angles of TA and AT
to those found in regular B-type DNA (Dickerson, 1983). The
roll angles for TA in A-type poly[d(AT)] have opened toward
the major groove whereas those of the AT steps open toward
the minor groove; such a phenomenon would nicely explain
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our NOE results. By inspecting the regular A-type structure
(Figure 2), we see that opening the angle into the minor groove
will decrease the distance between the n H8 and the n— 1 HI
and increase the distance between the n— 1 H6 and the n -
2 H1’; conversely, opening the angle toward the major groove
will increase the n H8 to n — 1 H1’ distance and decrease the
n-1Héton—-2HI distance. This would nicely rationalize
the different NOE patterns observed in d(CGCGTA-
TACGCG) and r(CGCGUAUACGCG). This opening up
of the pyrimidine—purine (5’-3") steps toward the minor groove
also increases the distance between the H6 and its own H1’
and offers an explanation for the very weak 7U H6 to 7U HY
cross-peak. The 9C H6 to 9C H1’ cross-peak may also be
weak, but it is unfortunately overlapped with the strong
10G-9C cross-peak and cannot be examined. This pattern
is not observed in rf(CGCGAAUUCGCG) since their is no
pyrimidine—purine (5-3’) step in the central GAAUU se-
quence.

Having confirmed that both of these RNA dodecamers are
in the A-type conformation, we next sought a structural ex-
planation of why the interstrand or intrastrand NOEs between
the adenine H2 and the H1’ of the following base pair are so
strong. In the following discussion we will designate the nu-
cleotides of a base pair as residues » and m. In order to avoid
ambiguity in such terms as “interstrand NOE:s to the following
base pair”, we will designate such cross-strand NOE:s as n to
m,ntom—1,0r ntom+ 1, where m — 1 precedes, i.e., is
5’ to m and is paired to n + 1, and conversely m + 1 follows:
i.e., is 3’ to m and is paired to n— 1. As shown in Figure 2,
in ideal A-form or B-form duplexes there are no H1’ protons
within 4.6 A of the adenine H2. In agreement with this, the
experimental data on B-form DNA indicate that most of the
A H2 to H1’ NOEs are either very weak or nonexistent at all
reasonable mixing times. However, the strong A H2 to HI’
NOEs in the present RNA studies can be explained by in-
voking the B-A transition model proposed by Callidine and
Drew (1984). In their model, the interstrand steric clash
between purine bases in a pyrimidine-purine (5’~3’) step can
be relieved either by sliding back the propeller-twisted base
pairs by about 0.5 A in a B-form DNA to favor intrastrand
base overlap or by sliding forward the propeller-twisted base
pairs by about 1.5 A to permit more extensive cross-strand
overlap in A-form DNA. In B-form DNA, the roll angles
remain near zero, while in A-form DNA the roll angle opens
up by about 15° toward the minor groove (see Figure 14).
Since our NOE data clearly indicate the A-type conformation
for our RNA dodecamers, the “sliding in” of the propeller-
twisted base pairs by about 1.5 A would account for about
1.1-A distance reduction in the interstrand distance between
an adenine H2 on residue n and the H1’ of residue m + 1. The
resulting 3.5-A distance (4.6 A - 1.1 A) would then explain
the observed NOE intensity for these types of cross-peaks
which are somewhat stronger than those between the H6/H8
and H1’ protons (an average distance of about 3.8 A). The
idealized A-form model cannot account for these strong
cross-strand NOEs, probably because the fiber diffraction data
from which the model was constructed are of too low resolution
to reveal the fine details of sequence-dependent structure
variations (Callidine & Drew, 1984; Dickerson, 1983). When
the A-type crystal structure of d(GGTATACC) (Shakked et
al., 1983) is examined carefully, one does observe that the
interstrand and irtrastrand adenine H2tom + land n + 1
H1’ distances are equal to or smaller than those of the H8/H6
to H1’ distances. Furthermore, the C3’-endo and C2’-endo
hybrid model of JAAA-dTTT proposed by Arnott et al. (1983)
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a) B-Form

b} A-Form

FIGURE 14: A dinucleotide base pair in A-form and B-form structure.
The pyrimidine (Y) and purine (R) bases are drawn as small and large
rectangles. A H2 and H!’ are shown as solid black circles. The
interstrand distances between the A H2 and the m + 1 adenine H1’
in both structures were connected through triangles. The roll angles
in the A form are denoted by curved arrows. The base sliding in both
structures is represented by white arrows. For simplicity, the helical
twisting is not shown.

reveals a 3.9-A distance for the interstrand adenine H2 to m
+ 1 HY’ (see Figure 1b of accompanying paper).

The above types of NOEs can serve as criteria for evaluating
A- or B-form structures in nucleic acid duplexes since the
B-type A H2 to H1” NOEs should be very weak according to
the Callidine and Drew model. As shown in Figure 2, one
would not expect to see any A H2 to H1’ cross-peaks in perfect
B-form DNA since there are no H1’. protons within 4.6 A of
any adenine H2 protons. Although extensive local deviations
of the structure from idealized B-form DNA were observed
in single crystals of d(CGCGAATTCGCG) (Dickerson &
Drew, 1981), the shortest distance of any adenine H2 to any
H1’ proton is still above 4 A; such distances would give only
very weak NOEs, and that is precisely what we observed in
solution (Hare et al., 1983; Wemmer et al., 1985); even at the
300-ms mixing time used in the DNA experiments, only very
weak adenine H2 to H1’ NOEs were seen. It is, however,
interesting to note that more intense adenine H2 to H1” NOEs
do appear in the NOESY spectra of bent DNA sequences
containing oligo(A) runs (Kintanar et al., 1987), of DNA
fragments containing modified bases (Patel et al., 1986), and
of poly(dA-dT) (Assay-Munt & Kearns, 1984), but they are
still weaker than most of the H8/H6 to H1’ NOEs (3.5-3.9
A). Equally strong H2-H1’ and H8/H6-H1’ cross-peaks have
never been observed in DNA molecules, and such cross-peaks
may be uniquely characteristic of A-form RNA molecules.
This type of cross-peak has also been detected in a pentameric
RNA by Clore et al. (1985).

We have carried out a comparison of the chemical shifts
in A-type and B-type duplexes of the same sequence, since the
B-form DNA of the present A-form RNAs have been assigned
previously (Hare et al., 1983; Wemmer et al., 1985). Some
interesting chemical difference patterns can be extracted from
the data (see Tables I and II). First, in r(CGCGAAU-
UCGCG) (Table I), all the H1’ protons move upfield by
0.16-0.56 ppm, with the exception of 4G whose H1’ moves
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downfield by about 0.15 ppm; the H1’s of U7 and U8 are the
most upfield shifted. The quite large upfield shifts of the H1’
protons must be due to conformational changes because the
substitution of a hydrogen atom by a hydroxy group at C2/
should induce a downfield shift rather than an upfield shift.
Second, all purine H8 protons move upfield by 0.3-0.5 ppm
while cytosine H6 protons and uridine H6 protons move
downfield by about 0.2 and 0.4 ppm, respectively. Third, all
the H5 protons (except for 1C) move upfield, even though their
H6 protons move downfield. These different patterns of
chemical shift change clearly indicate different stacking ge-
ometries of the bases in the two types of duplex. To test the
generality of this chemical shift change pattern, the variant
dodecamer r(CGCGUAUACGCG) was synthesized and
subjected to a similar analysis. Although specific chemical
shifts depend on the base sequence, we find a similar trend
in the chemical shift changes for this dodecamer, but to a
somewhat different extent. As with the chemical shift change
in r(CGCGAAUUCGCG), all the H1’ of r(CGCG-
UAUACGCG) move upfield compared to those of d-
(CGCGTATACGCG) by about 0.09-0.27 ppm; although still
substantial, the change is not as drastic as for the AAUU
duplex. The purine H8 resonances also move upfield but to
a lesser extent, especially the two adenine H8s which only move
about 0.04 and 0.07 ppm; in r(CGCGAAUUCGCG) both
adenine H8 peaks move upfield by 0.49 ppm compared to those
their DNA counterpart. The pyrimidine H6 resonances in
r(CGCGUAUACGCG) move downfield, as they do in r-
(CGCGAAUUCGCG), but to a larger extent. SU-H6 and
7U-H6 move downfield by 0.64 and 0.59 ppm, compared to
0.36 and 0.45 ppm for the r(CGCGAAUUCGCG) duplex.
Again, as in the former duplex, all H5 peaks move upfield
while all H6 peaks move downfield. By comparison of these
two sequences with their DNA analogues, the following trends
were found as a consequence of changing the sugar pucker
conformation from B form to A form: (1) all H1’s move
upfield; (2) all purine H8 protons moved upfield while pyri-
midine H6 protons move downfield; (3) except for the 3’
terminal residue, all cytosine H5 protons move upfield while
their H6 resonances moved downfield. Although it is still too
early to generalize these patterns of chemical shift change as
definitive criteria for assessing B-form or A-form duplex
structures, it is certainly an attractive possibility, and we hope
to extend the correlation to additional sequences. Since the
chemical shift of the nucleotide is very dependent on the ge-
ometry of the surrounding bases, the proposed 1.5-A sliding
in of the base pairs should induce large local ring current
mediated chemical shift changes, and the base pair reorien-
tation may be such as to shield the purine H8 and pyrimidine
HS and deshield the pyrimidine H6 protons.

As shown in this paper, the C 3’H, 4’H, 5'H, and 5”H are
too overlapped in dodecamer duplexes to be easily assigned
by simple COSY/NOESY methods. Work is in progress to
assign such resonances in shorter RNA duplexes with simpler
NMR spectra. Even at the dodecamer level, we are optimistic
that many of the 3'H and 4’H resonances can be assigned from
suitably optimized RELAY and TOCSY spectra (Flynn et
al., 1988).

In terms of purifying synthetic oligonucleotides in prepa-
rative (20 mg) quantities, we found TLC to be an effective,
reasonably efficient, and economic method. The resolution
is good, and up to 400 4,4, of pure RNA or DNA can be
purified from ten analytical plates in a short time. The most
important advantage of TL.C over the more expensive HPLC
approach is that it can be used for almost any type of oligo-
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nucleotide sequence without suffering aggregation problems.
It has been shown that oligonucleotides containing self-com-
plementary sequences or G-rich sequences are rather difficult
to separate by HPLC unless very strong denaturing agents are
used in the solvent system (Newton et al., 1983). The weakly
alkaline developing solvents used in TLC prevent oligo-
nucleotides from self-aggregation and facilitate separation.
Although cleavage of RNA chains under alkaline conditions
is possible, we found no evidence for cleavage under the mild
developing conditions described above.

With respect to the chemical strategy of RNA synthesis,
we tried several different 2’-OH protection groups and found
that terr-butyldimethylsilyl is the only group that produces
excellent yields in a reasonable time in automated 10-umol
syntheses. Although the tetrahydropyranyl group (or meth-
oxytetrahydropyranyl) is compatible with small-scale manual
synthesis under very anhydrous conditions, it is extremely
difficult to scale up this approach for an automated synthesizer
since the acid deprotection of the 5-DMT group takes about
3 min and this causes quite significant 2’-deprotection. The
absence of 3'-2’ migration and the presence of only the correct
3’- to 5’-phosphodiester linkage in the RNA produced with
2'-tert-butyldimethylsilyl protection was shown by the complete
digestion of the synthetic RNA by RNase T2 within 1 h (data
not shown); RNase T2 is completely specific for 3’- to 5/
phosphodiesters and does not cleave 2’-5’ phosphodiesters
(Kierzek et al., 1986). Although migration is possible under
alkaline and protonic conditions, it is definitely not a problem
in the phosphoramidite synthesis approach. In designing our
RNA synthesis strategy, we also tested ribose 3-cyanoethyl
phosphoramidites as well as methyl phosphoramidites. Al-
though the 8-cyanoethyl triester is quite popular in DNA
synthesis, we found that the methoxy phosphoramidite gave
much better coupling yields than the 8-cyanoethyl analogue.
It is possible that steric hindrance by the more bulky 2’-
tert-butyldimethylsilyl protecting group prevented the §-cya-
noethyl phosphoramidite from reacting with the 5-OH group
in the solid phase.

Recently, two papers involving enzymatic RNA synthesis
were reported (Sharmeen & Taylor, 1987; Milligan et al.,
1987). Although such methods are promising for making long
synthetic RNA, the optimum conditions have to be worked
out for each DNA template. A further disadvantage of the
enzymatic approach is that there is no easy way to put de-
oxynucleosides or modified ribonucleoside at a specific position
in the RNA. For shorter RNA oligomers (<12), the efficiency
of the enzymatic method might not be good enough for
practical preparation of large-scale (20-30 mg) 2D NMR
samples. Depending on the uses to which the product will be
put, it is apparent that the methods are complementary, and
both methods for RNA synthesis will be useful for different
applications.

We have now been able, for the first time, to study the
structure of a full-turn RNA duplex by 2D NMR. Over the
past few years, several X-ray and 2D NMR studies have been
carried out on synthetic DNA duplexes that have revealed
many important aspects about DNA structure, both in the solid
state and in the aqueous state. The present synthetic and
NMR studies now pave the way for analogous systematic
studies on RNA structure as a function of sequence. In the
following paper we present the results of a 2D NMR study
of a DNA-RNA hybrid duplex.
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ABSTRACT: The nonsymmetrical double-helical hybrid dodecamer d(CGTTATAATGCG)-r(CGCAU-
UAUAACG) was synthesized with solid-phase phosphoramidite methods and studied by high-resolution
2D NMR. The imino protons were assigned by one-dimensional nuclear Overhauser methods. All the base
protons and H1’, H2’, H2”, H3’, and H4’ sugar protons of the DNA strand and the base protons, H1’, H?’,
and most of the H3'-H4’ protons of the RNA strand were assigned by 2D NMR techniques. The well-
resolved spectra allowed a qualitative analysis of relative proton—proton distances in both strands of the
dodecamer. The chemical shifts of the hybrid duplex were compared to those of the pure DNA double helix
with the same sequence (Wemmer et al., 1984). The intrastrand and cross-strand NOEs from adenine H2
to H1’ resonances of neighboring base pairs exhibited characteristic patterns that were very useful for checking
the spectral assignments, and their highly nonsymmetric nature reveals that the conformations of the two
strands are quite different. Detailed analysis of the NOESY and COSY spectra, as well as the chemical
shift data, indicate that the RNA strand assumes a normal A-type conformation (C3’-endo) whereas the
DNA strand is in the general S domain but not exactly in the normal C2’-endo conformation. The overall
structure of this RNA~-DNA duplex is different from that reported for hybrid duplexes in solution by other
groups (Reid et al., 1983a; Gupta et al., 1985) and is closer to the C3’-endo—C2’-endo hybrid found in

poly(dA)-poly(dT) and poly(rU)-poly(dA) in the fiber state (Arnott et al., 1983, 1986).

DNA—RNA hybrids play an important role in biological
information transfer in such processes as transcription of DNA
into messenger RNA, transfer RNA, and ribosomal RNA,
reverse transcription of viral RNA sequences into DNA se-
quences, replication of DNA via Okazaki fragments in which
DNA-RNA primer duplexes are extended into long DNA
chains, etc. Despite their biological importance, relatively little
detailed information on the conformation of DNA-RNA
hybrids is available at the present time; this is mostly due to
the difficulty of synthesizing RNA chains. The synthetic
DNA-RNA hybrids poly(dA)-poly(rU) and poly(dI)-poly(rC)
were found to adopt a structure in which the DNA chains are
in the C2’-endo conformation and the RNA chains are in the
C3’-endo conformation (Arnott et al., 1986); the structure of
poly(rA)-poly(dT) was found to be able to adopt either an all
C3¥-endo conformation at low humidity or a C3’-endo con-
formation for the RNA chain and a B-like C3’-exo confor-
mation for the DNA chain at high solvation in the fiber state
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(Zimmerman & Pheiffer, 1981). In solution poly(rA)-poly-
(dT) and the small hexameric hybrid d(TCACAT)-r(AU-
GUGA) were also tentatively assigned as being in an all
C2’-endo (B-type) conformation from one-dimensional NOE
data (Gupta et al., 1985; Reid et al.,, 1983a). The differences
may be due to sequence effects or to the different conditions
used in each study, but it is also possible that synthetic hom-
opolymers or small oligomer duplexes may not be good models
for true RNA-DNA hybrid structures. We therefore decided
to synthesize a full-turn DNA-RNA hybrid helix and to use
now well-established 2D NMR techniques to study the
structure of this important molecule. In the preceding paper
(Chou et al., 1989) we described new developments in solid-
phase RNA synthesis that now make it possible to produce
large amounts of synthetic RNA strands for 2D NMR studies
on RNA-RNA and RNA-DNA duplexes. We now report
a qualitative structural study on a synthetic DNA~RNA
promotor duplex and compare it to the analogous DNA duplex
which has been studied previously by NMR (Wemmer et al.,
1984). The duplex d(CGTTATAATGCG)-r(CGCAU-
UAUAACG) contains seven internal base paired adenine
residues, and the seven adenine H2 protons were important
in assigning the hybrid spectra as well as in revealing critical
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