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However, in the determination of nucleic acid structure'bly 62 64 65 68 70 72 74 76 78 62 64 66 68 70 72 74 76 78
NMR, it is well-known that the backbone is a region with low
density of structural constraints because of the limitations in C3' chemical shift (ppm) €3' chemical shift (ppm)
obtaining conformational parameters Bycoupling or NOE Figure 1. Structure parameters (deg), (A) torsion angleB) torsion

information within crowded spectral regions, particularly for large  angjeq, (C) sugar puckeP, and (D) torsion anglé, versusiC chemical
nucleic acids. For example, the determination of the backbone shifts (ppm) for crystalline sample®) and solution data).

torsion angley(O5—C5—-C4—C3) from 3J4y through the

measurement afs—ns andJus s is often impractical because 7.1 T using the CPMAS method. All shifts were referenced to
of the severe spectral overlapping of'Hhd H3', the difficulty external tetramethylsilane (TMS). The assignments of the spectra
in their stereoassignment, and the poor detection because of thevere made in the same way as described by Harbisortetral.
close proximity to the water peak. THE chemical shift method,  the references therein. All solution data for nucleic acids were
with high sensitivity to local conformation and favorable spectral collected from the literatur® The chemical shifts of all C3
resolution, has been successfully applied to the prediction of carbons for the compounds/residues with a phosphate ester at the
protein structuré. However, a similar endeavor has yet to be 3-position were corrected for the phosphate substitution effect.
successful when applied to nucleic acids because the understandfhe same correction was made in the €8emical shift for 5

ing of different conformational contributions to tHéC shifts phosphoester compounds or residues.

remains incomplete although experimefitaland theoretical The isotropic chemical shifts were calculated using the hybrid
computatiof® attempts have been made to increase their under- DFT-SCF version (using Becke's three-parameter hybrid method
standing. Here we report the novel dependencé®ithemical and employing the LYP correlation functions, B3LY¥Pdf the
shifts of the sugar ring upon backbone torsion angies(P— GIAO method as implemented in the Gaussian 94 pacdkage

05—-C5—-C4), andé(C5—-C4—-C3—-03) as well as the sugar  on a SGI workstation. The locally dense basis set 6-311G**/3-
puckerP through a study of the correlation of th&C chemical

shifts with conformational parameters using crystalline nucleo-  _(13) Solution data are taken from the following: d(CGCGE(E9f 7 and
. . . . ; - , S. L; Au-Yueng, S. C. F.J. Mol. Biol. 1997 266, 745], B-
sides, nucleotides, and solution nucleic acid c_jata. The C(_)rreIatlons(GGACUUCGGUCC) [Varani, G.; Cheong, C.; Tinoco. I., Biochemistry
are further demonstrated by quantum chemical calculatié?fCof 1991, 30, 3280 and ref 6], d(CGTACGaNnd d(CATATG) [Lam, S. L.; Au—
chemical shifts. Yueng, S. C. FJ. Mol. Biol. 1997 266, 745], L10 [ Baleja, D. J.; Pon, R. T.;
A | of 31 | id d leotid h df Sykes, B. DBiochemistry199Q 29, 4828], (GCGGACGG)[Wu, M.; Turner,
~Atotal of 31 nucleosides and nucleotides were purchased Irom p” y BjochemistryL 996 35, 9677], d(GGATTGGCCAATCC) [Nibedita, R.;
Sigma Chemical Co. and were used directly for this sttfidy. et al. Biochemistry1993 32, 9053], d(CATTTGCATC)d(GATGCAAATG)
- idi - [Weisz, K.; et al.Biochemistry1994 33, 354], d(C5-A6-A7)d(T16-Al17-
kacepft for 3 gefzﬁu”ggﬂéézusxlrgy ft{;géu&eMpsrame:ers were G18) [Gervais, V.; et alEur. J. Biochem1995 228 279-290].
aken from a data handbook.solid-sta spectra were (14) Mantsch, H. H.; Smith, I. C. Biochem. Biophys. Res. Comm&72
recorded on a Bruker ASX 300 NMR spectrometer operated at 46, 808-815. We use 3.5 ppm in place of Mantsch’s value (2.5 ppm) for
phosphomonoesters after considering*i@&zchemical shifts in uridine, UpU,

* To whom correspondence should be addressed. UpA, ApU, ApA, and polyU [Smith, C. P.; Mantsch, H. H. et al. In
(2) Pil, P. M.; Lippard, S. JSciencel992 256, 234—237. Conformation of Biological Molecules and PolymeBergmann, E. D.,
(2) Whitehead, J. P.; Lippard, S. Nlet. lons Biol. Syst1996 32, 687. Pullman, B., Eds.; Israel Academy of Sciences and Humanities, 1973; p 381]
(3) (a) de Dios, A. C.; Pearson, J. G.; Oldfield Stiencel 993 260, 1491 and modified uridine dinucleosides [Smith, W. S.; ethAlAm. Chem. Soc
1496. (b) Le, H.; Pearson, A. C.; de Dios, A. C.; Oldfield,JEAm. Chem. 1992 114, 7989-7997].
Soc 1995 117, 3800. (15) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.;
(4) Santos, R. A.; Tang, P.; Harbison, G.EBochemistryl989 28, 9372. Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c) Miehlich, B.;
(5) Greene, K. L.; Wang, Y.; Live, Dl. Biomol. NMR1995 5, 333—-338. Savin, A.; Stoll, H.; Preuss, HChem. Phys. Lett1989 157, 200. (d) Pople,
(6) Varani, G.; Tinoco, I., JrJ. Am. Chem. S0d 991 113 9349-9354. J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; Curtiss, LJ.AChem.
(7) LaPlante, S. R.; Zanatta, N.; Hakkinen, A.; Wang, A. H.-J.; Borer, P. Phys.1989 93, 2537.
N. Biochemistryl994 33, 2440. (16) Wolinski, K.; Hilton, J. F.; Pulay, PJ. Am. Chem. Sod99Q 112
(8) Giessner-Prettre, Q. Biomol. Struct. Dyn1985 3, 145-160. 8251.
(9) Ghose, R.; Marino, J. P.; Wiberg, K. B.; Prestegard, J.iAm. Chem. (17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
Soc 1994 116, 8827-8828. B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A,

(10) The crystal forms used for the NMR studies are the same as those Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;
used in the X-ray studies. Most of the powder NMR data obtained in this Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara,
work are consistent with Harbison et al.’s results for the same crystallized A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;

samples (ref 4). Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley,
(11) Schwalbe, C. H.; Saenger, \Wcta Crystallogr 1973 B29, 61-69. J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez,
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Table 1. Calculated and Experimental Trends for the DependendéCo€hemical Shifts on Torsion Angle (g = gaucheand t= trans)
and Sugar Pucke? (S = S-type and N= N-type) (ppm)
riboseét deoxyribose Ads-nig° Ads-—nit
carbon 6N/g 6s/g Aés_N/g Onit Osht Ads—nit 5N/g 6S/g Aés_N/g Onne Osk Ads—np calc expt calc expt
C3 6882 77.90 9.08 7440 76.72 232 69.36 7857 9.21 75.05 76.62 157 9.15 6.67 1.95 1.48
C4 87.30 9347 6.17 87.03 90.19 3.16 87.82 89.11 129 86.48 88.99 251 3.73 4.61 2.67 3.68
C5 63.88 6854 466 69.02 67.89-1.13 62.65 6755 490 68.88 68.01-0.87 4.78 3.63 —1.00 —1.66

aFor cytidine with geometry parameters based on the statisticaPti&tBor deoxythymidine with geometry parameters based on the statistical

data?® ¢The calculated average for cytidine and deoxythymidine and

21G18 with a 6-311G** basis for the carbon of interest and its

immediate neighbors and a 3-21G basis for the remaining atoms,

was adopted. Cytidine and deoxythymidine were used as the

model compounds for ribose and deoxyribose groups, respectively.

Energy-minimized conformers of cytidine and deoxythymidine
were obtained using SYBYL 62. Their bond length and torsion
angle constraints were based on the statistical geometry param
eters?® C chemical shifts were obtained in parts per million
relative to the absolute shielding constantd¢f TMS (Ty4, B3LYP/
6-311+G**).

The plots of backbone torsion angjeand sugar puckeP
versus C3chemical shifts for crystalline nucleosides and nucle-
otides @) as well as nucleic acids in solutio®) are presented
in Figure 1A,C. These data show that the’ €Bemical shift is
not solely dependent on sugar puckeout also on the backbone
torsion angley. There are three distinct regions for the'C3
chemical shift: the N-typgaucheregion (<70 ppm), the N-type/
trans and S-typefans regions (7173 ppm), and the S-type/
gaucheregion (=74 ppm). That is, whery is in the gauche
conformation, the C3chemical shift for S-type puckering is
downshifted by about 6.67 ppm on average compared to the
N-type puckering. But fop in thetransform, the C3 chemical
shift is located in the middle region. This may be rationalized
by the change in the electronic structure arising from (i) the torsion
angle effect and (ii) the space polarization effect because of the
distance change~0.075 A) in C3to O5 wheny changes from
the gaucheto transform. The dependence on the 'GRemical
shift of a (Figure 1B) and) (Figure 1D) is similar to that of
andP on the C3 shift, respectively. This is an expected result
because of the interdependence betweesnd y as well asd
and P.20’21

the experimental average for all available data.

the Supporting Information, Figure 1B), but a quite different trend
was observed for the C5hift (see the Supporting Information,
Figure 1D). The change gf from gaucheto transresults in a
downfield shift of 4-5 ppm for C5 in the N-type sugar
conformation.

To confirm the experimental shiftstructure correlations3C

themical shift calculations at the DFT level were carried out for

cytidine and deoxythymidine. As shown in Table 1, the calculated
results are in good agreement with the experimental trends. To
our knowledge, this is the first successful calculation'#3
chemical shifts in nucleic acids which gives good features of the
experimental spectra. Therefore, according to the albdé@e
chemical shift-structure relationship, the backbone torsion angles
y, a, andod as well as the sugar pucke may be determined
from the chemical shifts of C3C4, and C5in most cases. Note
that a combined consideration of these chemical shifts is very
important for a reliable structure conclusion, especially when the
chemical shift is located close to the boundary of the regions.

In conclusion, we have demonstrated the correlations between
the torsion angleg, a, andd as well as? and the chemical shifts
of C3, C4, and C5in nucleic acids. The excellent agreement
between experimental and calculation results and the similar
shift—structure correlation patterns observed for nucleosides,
nucleotides, and nucleic acids imply tH&C chemical shifts of
nucleic acids are a promising tool for the determination of nucleic
acid structure because of the good local nature of sugar ring
carbons. Further investigations of tHéC chemical shift
structure relationship in nucleic acids are in progress.
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