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With the increasing recognition of the importance of the
phosphate backbone in nucleic acid structure and funétfome ssb
became interested in applying solid-state NMR to the study of
this region. Rotational-echo double-resonance (REDOR) NMR
measures the heteronuclear dipolar coupling in the solid state,
without any dependence on spectral densftfeSince the static 80.0 0o -80.0
dipolar coupling is measured in REDOR, there is the potential to ppm
measure distances 2 to 3 times as long as those measured byigure 1. REDOR S (full echo) spectrum with eight rotor cycles of
liquid-state NOE experiments. For exampi®—1°F REDOR has evolution for the [5-d(CGCGAA-(pS)-FFUCGCG)} whereSFU denotes
recently been used to measure distances in thel62A range 2'-deoxy-5-fluorouridine and (pS) denotes the position of the phospho-
in an enzyme-substrate compleX. rothioate. Magic-angle spinning was controlled at 5988 Hz. 4096

However, the application ofP—X REDOR to nucleic acids  scans acquired. ssb signifies a spinning side band.
is limited by the fact that, except in a few cases, the solid-state
31P NMR spectrum shows no resolution of distinct sites on the
backbone. To circumvent the lack of resolution in tH@
spectrum, phosphorothioates can be site-specifically introduced H cp
into DNA and RNA. Due to the ease of incorporation of

phosphorothioates into nucleic acids and their interesting metal- ,r A f 4 x I
binding properties, they have been used in elucidating the cP i :Acquife
mechanism of restriction enzymes and ribozyrite& In this !

paper we present the use of phosphorothioates and fluorinated ' 2 5 .

nucleotides in conjunction with REDOR NMR to measure F 1

distances from the bases and sugars of DNA to the phosphodiester :_

backbone. N O I
Eckstein and Jovin were the first to use phosphorothioates to

assign resonances in the phosphodiester backbone offRie 6 1 2 3 4 5 6 7 8 9 10

substitution of a single nonbridging oxygen atom with a sulfur Figure 2. XY8-REDOR pulse sequence for measuriig—°F dipolar

atom shifts the phosphorus resonance downfield by approximatelycouplings. Following cross-polarization frofi to 3P, the phosphorus

55 ppm (Figure 1). Since the sulfur is only slightly larger than signal is refocused by a series of Igflises following the XY8 phase

an oxygen and does not change the charge of the phosphate grouﬁyC"”g- On alternate sca_n@F pulses were used to recouple the fluorine

it is much less perturbing than methyl phosphonate or other t© the phosphorus nuclei.

substitutions that neutralize the backbone chafdedeed, X-ray

crystallography of a DNA hexamer containing three phospho- With the incorporation of fluorinated nucleotides into DNA and

rothioates indicates that the phosphate linkages are “conforma-RNA, it is possible to introduce a uniqd&—'° spin pair into

tionally equivalent” to the phosphorothioates in the structtire. & nucleic acid. Furthermore, since the phosphorothioate is chem-

ically shifted from the backbone, it is possible to perform the

SPO3" ssb
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(1?%2?@)?”8'[}?'alSlJttrch)Jrssé-Soukup J. K.; Maher, L. J., Nucleic Acids R.EDOR experiment by observin_g th> and dephasing WithF,
Res.1998 26, 2298-2305. ' ' ' ' without any background correction for the phosphate backbone.

(2) Thorogood, H.; Grasby, J. A.; Connolly, B. A.Biol. Chemistry1996 Figure 2 shows the XY8-REDOR pulse sequence as imple-
27](,3;3583?21;858;6%2 K.: Maher, L. J.. lISciencel994 266, 1829-1834. mented in our experiments. Since the ultimate goal is measure-

(4) Puglisi, J. D.; Chen, L.; Frankel, A. D.; Williamson, J. &iencel 993 ment of weak dipolar couplings, we choose to apply the XY8
90, 3680-3684. phase cycling scheme on both chaniélghis ensures the

7‘(15) Ferre-D'Amare, A. R.; Zhou, K.; Doudna, Nature1998 395 567~ maximum amplitude for the refocused phosphorus signal. The

(6) Calnan, B. J.; Tidor, B.; Biancalana, S.; Hudson, D.; Frankel, A. D. €Xperiment is acquired in two parts, one wig) &nd one without
Sciencel991, 252 1167-1171. (S) theF pulses. The rati®S, gives a dephasing curve which
(7) Gullion, T.; Schaefer, J. Magn. Resonl989 81, 196. can be fit by simulation to give the dipolar coupling and hence

8) Gullion, T.; Schaefer, JAdv. Magn. Reson1989 13, 55. . .
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Schaefer, JJ. Am. Chem. Sod996 118 5476-5477. carried out on hydrated amorphous solids at a magnetic field of
8(133 ggiﬂgt%?ﬁ‘]i:ih#l:] IeRné) eéﬁc%écrﬁfggg 4 tg%?fgozzg | 2849-2855. 4.7 T, with a homebuilt spectrometer and préb& All experi-
(12) Eckstein, F.; Thomson, J. Blethods EnzymolL995 262, 189-202. ments were carried out at a temperature-dfs °C.

(13) Sigurdsson, S. T.; Thomson, J. B.; Eckstein, FRNA Structure and
Function Simons, R. W., Ed.; Cold Spring Harbor Laboratory Press: New (15) Cruse, W. B. T.; Salisbury, S. A.; Brown, T.; Cosstick, R.; Eckstein,
York, 1998; pp 339-375. F.; Kennard, OJ. Mol. Biol. 1986 192 891—-905.
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Figure 3. REDOR dephasing curve for 'f8(CGCGAA-(pS)- Figure 4. REDOR dephasing curve for the '"{8(CGCGAA-(pS)-

TSFUCGCG). The31P H, field was 50 kHz, and th&F H; field was 66 T?FUCGCG)L where ?FU denotes 2deoxy-2-fluorouridine. Solid
kHz with active H control. Solid lines are simulations. Open triangles ~diamonds mark the data. The lines mark three-spin simulations for two
mark data for the DNA at a hydration level &f = 3, squares folW = different sets of'P—19F internuclear distances (see text for discussion).
10, and diamonds fow = 14. Another possible labeling scheme incorporates a fluorine label
into the sugar moiety. The second compound studied was [5
To test this strategy, modifications were introduced into a d(CGCGAA(pS)PFFUCGCG})] with a 2-deoxy-2-fluorouridine
structurally well characterized DNA dodecaniékve prepared inserted at position 8 and a phosphorothioate (pS) incorporated
[5'-d(CGCGAA(pS)FFUCGCG)}, by automated chemical syn-  between A6 and T7. The analysis of the data was complicated
thesig! with a phosphorothioate placed between A6 and T7 and by the fact that, according to the crystal structure (PDB ID#
a 2deoxy-5-fluorouridine at position eight. Assuming no pertur- 1BNA), each phosphorothioate should be coupled to both fluorines
bation by the inclusion of thé%, the crystallographically  of this self-complementary DNA, i.e., intra- and interstrand
determined distance is 7.7 A (PDB ID# 1BNA). The crystal interactions are present. Three spin simulafibnssing the
structure was obtained at a hydration level of 10 water molecules/ crystallographically determined distances of 11.6 A and 11.5 A
nucleotide YV = 10). Earlier analysis by°F DRAWS indicates (the analogous distances in the opposing strand were 11.1 A and
that incorporation of 2deoxy-5-fluorouridine at positions T7 and ~ 11.4 A) predicted dephasing that was faster than the experimen-
T8 has a minimal effect on the distance between the bases (0.2tally determined curve (Figure 4). Our best three-spin fit used
R).22 Figure 3 shows the dephasing curve for the sample as adistances of 12 A and 12.5 A with an uncertainty-b1 A2

function of hydration. The distance measured-°F REDOR Hence, our data agrees with the crystal structure, which was solved
was 8.5+ 1 angstrom for the sample hydrated to a level\bE= at 2.6 A resolution.

3. As the hydration level increased, the measured distance In conclusion, it has been demonstrated fiat-°F REDOR
increased from 8.5 1 A (W = 10) to 9+ 1 angstrom\(V = will be useful for generating distance constraints to the backbone

14). The intensity of the distribution G#P spinning sidebands ~ of DNA and RNA. The inclusion of 2deoxy-5-fluorouridine,

did not change upon the increase in hydration, indicating that 2'-deoxy-2-fluorouridine, and the phosphorothioates apparently
the amplitude of local motions in the backbone of the DNA did has a negligible effect on the DNA structure. This labeling strategy
not change at this position. As for motion of the base, the coupled with REDOR NMR has several advantages. The high
transverse relaxatiof§) of the°F label at position T8 decreased gyromagnetic ratios of the two nuclear spins allows distances as
from 1.5 ms to 1 ms upon hydration & = 11, indicating large as 16 A to be measurg&urthermore, the high sensitivity
increased motion at the site. HowevéH NMR studies of of the 31P enables small amounts of labeled DNA and RNA to
[methyl-?H]2'-deoxythymidine at position T8 indicated that the be used for the experiments (on the order qirfiol or less at
base undergoes only a small amplitude libration 412°).2% A higher fields). Finally, backbone distances to both the sugar ring
calculation of the averaging of the internuclear distance due to and the base of nucleic acids are measurable.

the librational motion indicated that it could account for a change  The strategy described in this paper will be useful for several
of 0.1 A at the most. Therefore, the8.5-A distance attained by  different applications. First, it could be applied to the study of
REDOR is not strongly perturbed by motion at this position in the interaction of drugs or proteins with the backbone of nucleic
the DNA, and thus, the data agrees with the crystal structure. acids. Second, distances to the backbone could be used to refine
current DNA or RNA structures which are under-constrained in

(17) Despite the fact that there are relatively strong static homonuclear this area. Finally, this methodology has great potential in the study
couplings between the phosphorus nuclei in the backbei@ Hz), REDOR - ’ . .
experiments with only a single phosphorus refocusing pulse, as opposed to 8,0f tertiary and quaternary structures of large nucleic acids that

gave the sam&'S; ratio for selected points in the dephasing curve. This result defy analysis by current analytical techniques.

indicates that the XY8 pulse train on the phosphorus channel does not
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