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Isotropic *C chemical shifts of the ribose sugar in model RNA nu-
cleosides are calculated using SCF and DFT-GIAO ab initio meth-
ods for different combinations of ribose sugar pucker, exocyclic tor-
sion angle, and glycosidic torsion angle. Idealized conformations
were obtained using structures that were fully optimized by ab initio
DFT methods starting with averaged parameters from a collection
of crystallographic data. Solid-state coordinates of accurate crys-
tal or neutron diffraction structures were also examined directly
without optimization. The resulting *3C chemical shifts for the two
sets of calculations are then compared. The GIAO-DFT method
overestimates the shifts by an average of 5 ppm while the GIAO-
SCF underestimates the shifts by the same amount. However, in the
majority of cases the errors appear to be systematic, as the slope
of a plot of calculated vs experimental shifts is very close to unity,
with minimal scatter. The values of the *C NMR shifts of the ri-
bose sugar are therefore sufficiently precise to allow for statistical
separation of sugar puckering modes and exocyclic torsion angle
conformers, based on the canonical equation model formulated in
a previous Paper. © 2001 Academic Press

Key Words: chemical shift; nucleotide; RNA; ab initio; sugar
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INTRODUCTION

can simulate the experimentd, (3) effects of ring pucker on
the sugar carbon chemical shifts. Encouraged by the success
this approach, we have undertaken a more general study of tt
structure!®C chemical shift relationship in RNA nucleosides.

In the accompanying papet@) the four most commonly en-
countered conformations of crystalline RNA nucleosides anc
nucleotides were analyzed by CPMAS NMR. The four struc-
tures will henceforth be referred to asaxti-gg N-anti-gt,
S-anti-gg, and Ssyn-gg N or S denotes the ribose ring pucker,
synor anti defines the conformation about the glycosidic bond,
whose torsion angle ig, andggor gtis the conformation about
the C4—C5 exocyclic bond, whose torsion angleisThese def-
initions follow the conventions of Saengdrlj. Key structural
features influence the ribo$&C chemical shifts in a consistent
manner. Linear combinations of chemical shifts,canonical
coordinateswhich give the statistically optimal separation be-
tween conformers, were determined. Thus, the S or N suge
puckers are separated along the canl coordinate

canl= 0.17%cy — 0.225c4 — 0.0585cs [1]

as a function of thé>C chemical shifts of C1C4, and C5. The
gg andgt orientations about the exocyclic torsion anglere

The 13C chemical shift has emerged as a useful probe séparated along the can2 coordinate:

the local structure of RNA1) and nucleic acids in general

(2—4). Carbon chemical shifts are easy to measure, and providan2= —0.0605¢c2> + dcz) — 0.0556c4 — 0.0524¢5. [2]

a great deal of qualitative or semi-quantitative structural infor-

mation, which, combined with more complex multidimensional The primary reason for the present work was to examine

liquid state NMR techniques, and unifofC and'®N labeling  the accuracy ofb initio calculations of ribose carbon chem-
(5), should be helpful in obtaining accurate structures of RNfa| shifts. There were other motivations: first, the inability

oligomers. to distinguish between the Cand C3 resonances by simple
Following early semi-empirical studie$)( the theoretical cpMAS NMR suggested that perhaps a better canonical mod

study of biomolecular chemical shifts has expanded rapklly. could be found if these two carbons could be assignedtby
initio carbon and proton chemical shifts have been calculatgftio methods. Second, in order to gain a complete picture o
for protein (7) and ribonucleoside systemé, @, 9, with en-  strycture—chemical shift relationships in RNA, rare conforma-
couraging results. In particular, recent density functional studigs§ns need to be examined as well. Unfortunately, there are ver
of methyl ribofuranosidesdj have shown thaab initio results  feywy known structures outside the four main families of con-
formations cited above. This limited sample set would rendel
1 To whom correspondence should be addressed. Fax: (402) 472 9402. any empirical study statistically meaningless; however, shoulc
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2 ROSSI AND HARBISON

ab initio methods prove to be reliable, a theoretical study of thmasis setsli(6—19. Both basis sets gave essentially identical re-
chemical shifts of these more uncommon conformations mightlts. Coordinates of the optimized nucleoside structures use
well allow them to be identified in RNA oligomers. Finally, theare given in the supplementary materials.
earlier studies of Ghoset al. (8) and Dejaegere and Cas® ( For calculations direct from crystal structures, the following
were limited in scope and by computational or structural differystal structures were used: forafti-gg 5-hydroxyuridine
culties, and Xuet al. (4) did not report or utilize the values of (19); for N-anti-gg 5-methoxyuridine Z0); for N-anti-gt,
C1 and C2, which are essential components of our statisticadlenosine sphosphate 41); and for S-syn-gg 7-methyl-8-
analysis. thioxo-7,8-dihydroguanosine monohydra2@) All of the cho-
Two sets of calculations are presented and compared. Fisgn crystal structures have a C—C bond esd between 0.001 a
gas-phase-type calculations are conducted using the four cO®05A and anR factor of 3% or lower. In this case only the
formations Nanti-gg N-anti-gt, S-anti-gg and Ssyn-ggcon- hydrogen positions were optimized; the heavy atom coordinate
structed using average crystallographic bond lengths, anglesre left unchanged. The adenosine structure was used direc
and three-bond dihedral angleg?), and then fully optimized for the chemical shift calculations without any minimization
by ab initio DFT methods. A second set of calculations looksince the proton positions had been determined with a high de
at the real solid-state conformation of crystalline nucleotidegtee of accuracy by neutron diffraction.
using the most accurate crystal structure coordinates availablefn initial exploratory survey of GIAO NMR calculations
in the case of X-ray data only the hydrogen positions are mir{f23—-27 were conducted with a limited number of SCF and DFT
mized while the neutron diffraction structures are used directiyethods. The following basis setand methods were tested: HF/
without any optimization. 311+G(2d,p), B3LYP/6-311+G(2d,p), and B3PW91/6-311+
G(2d,p) (Fig. 2)1*C chemical shifts were referenced to TMS,
whoseTy symmetric structure was optimized in the 6-31G(d)
METHOD AND RESULTS basis. The chemical shift of TMS was calculated at each leve
of theory. The usual relationship was used for referencing
S50 = OTMS — Oisor Where orus = 1825994 ppm for B3LYP/
-311+ ) -311+
representativeofthe Hi-og N-ani-gt Santi-og and Ssyn- 0 1ccoc) S A2 2 T8 DTN P TN
ggconformations were constructed with Insighl¥j using av- timizations the reference carbon shift was 182.4075 ppm fo

erage geometric parameters from the literatu 2. (t was found B3LYP/6-311+G(2d,p), essentially identical to the 6-31G(d)
convenient to use a simplified nucleoside model with a pyri”\'/'alue e

dine base (Fig. 1). This allowed us to maintain the appropriate—, .. ; - ;
The sl f th I lcul h | shif
C1-N3 bond order and the correct three-dimensional requi e slope of the experimental vs calculated chemical shi

¢ : ¢ i ¢ i bout rﬁbt and its standard error values were examined for each lew:
ments necessary 1o generateyaor anti conformation about ¢ theory, as in the example shown in Fig. 2. These were used 1

_the glycosidic bond. _Optlmlzatlon routines were conducted u valuate the accuracy of the calculations. Perfect accuracy wou
ing the B3LYP functional and the 6-31G(d) or the 6-31+G( bviously generate a diagonal line. Even though the chemicz
shift range is limited (50 to 100 ppm), the consistency of the re:
sults through the range of conformations studied is encouragint

Both the GIAO-B3LYP/6-311+G(2d,p) and the GIAO-
B3PW91/6-31% G(2d,p) combinations gave very similar re-
sults. For the average structure, the slope averaged over all tl
conformations studied was 1.60 0.04 (meant 1 s.d.), re-
spectively, for B3PW91/6-311+G(2d,p) and 1.100.04 for
B3LYP/6-311+G(2d,p). Excessive scatter in the calculated val
ues for the Ssyn-ggaverage conformation causes the slope tc
be dramatically different.

In the calculations using the crystal structure coordinates th
situation is considerably improved (slopel.02+ 0.02) since
there is no anomalous scatter in the calculated chemical shi
values of the S$yn-ggconformation. Given the similarity be-
tween the two DFT methods, only calculations using B3LYP/6-
311+G(2d,p) were pursued further.

The Hartree—Fock (SCF) method was quickly tested. A slop
of 0.80 was found and this value was deemed unacceptabl

FIG. 1. Optimized model nucleoside structure with pyrimidine-type bas& herefore SCF calculations were abandoned and will be briefl
(S-anti-gg. mentioned in the Discussion section. Attempts to reduce th

Calculations were performed on either UNIX or on Window
NT workstations running Gaussian 983. Model nucleosides
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100 TABLE 1
- Parameters of Average, Fully Optimized RNA
) (a) Nucleoside Structures?
& 90 .
o~ Pseudorotation
§ E Type X y ) phase angle
55 % 4 .
2 = Santi-gg  —1300 (—acf 50.96  148.68 161.FE)
6 K Sszn_—gg 63.3 (+sc) 52.51 146.99 166.5[)
g 70 ® N-anti-gg —1636 (—ap) 51.96 85.08 12.26E)
= ‘ N-anti-gt —1712 (—ap) 17464 84.22 14.9%E)
60 Note.Angles are given in degrees.
60 70 80 90 100 a Type refers to structure type as described in the text.
Average experimental i’ Glycosidic angle range.
chemical shift (ppm) Ring puckering type as defined by Saen@r (
100 calculated chemical shifts for tH&-anti-gg, S-syn-gg, N-anti-
) (b) gg, and N-anti-gtstructures are listed in Table 2 for both the
2 9 average and the crystalline coordinates. The difference in par
= per million between the calculated shift and the experimenta
= E %0 L) average shift of the same structure type is given in parenthese
; — for each chemical shift. On average, computations yielded
5 .§ chemical shift values that were systematically different from ex-
E 70 é periment by 4.23, 6.17, and 4.88 ppm for the crystal structure
S calculation using B3LYP/6-311+G(2d,p), the average structure
60 using B3LYP/6-311+G(2d,p), and the average structure with the
60 70 80 90 100 B3PW91/6-311+G(2d,p) method, respectively.
Average experimental In order to visualize the trends in chemical shift as a func-
chemical shift (ppm) tion of structure, the differences listed above were used to cor
rect the calculated chemical shifts, and bring them closer to th
100 experimental values for more meaningful comparison. Exam
_ (c) ples of these corrected chemical shifts are shown in Fig. 3. Al
é 90
> ;J TABLE 2
.g .a 80 Calculated *C Chemical Shift of RNA Sugar Carbons?
'% TJ Type C1 c2 C3 cz2+c3 c4 C5
COE 1| & — ;
%) Average equilibrium coordinates B3PW91/6-311+G(2d,p)
s S-anti-gg  91.66(4.47) 82.35 79.42 161.77(12.8) 89.68(3.48) 67.92(4.29
60 S-syn-gg 103.36(14.7) 70.17 79.00 149.17(1.61) 95.81(8.69) 66.60(2.97
60 70 80 90 100 N-anti-gg  96.42(3.97) 79.48 72.66 152.14(8.60) 85.78(3.15) 63.61(3.93
Average experimental N-anti-gt  97.97(5.24) 78.13 77.25 155.39(7.99) 86.03(2.00) 69.08(5.35)
chemical shift (ppm) Average equilibrium coordinates B3LYP/6-311+G(2d,p)

S-anti-gg  92.81(5.62) 83.68 80.85 164.53(15.5) 91.57(5.37) 69.29(5.66)
FIG. 2. Plot of calculated vs experiment&iC NMR chemical shift of S-Syn-gg 104.94(16.3) 71.21 80.48 151.68(0.90) 97.91(10.8) 67.91(4.28)
the average equilibrium 8nti-ggcoordinates calculated by different methodsN-anti-gg  97.70(5.25) 80.88 73.61 154.48(10.9) 87.36(4.73) 64.81(5.13)
(a) HF/6-3114-G(2d,p) (slope= 0.80 + 0.08), (b) B3LYP/6-31%-G(2d,p) N-anti-gt  99.21(6.48) 79.44 78.49 157.93(10.5) 87.61(3.60) 70.49(6.80)

(slope=0.98+ 0.07), (c) B3PW91/6-313G(2d,p) (slope= 0.96 & 0.08). Crystalline coordinates B3LYP/6-311+G(2d,p)
S-anti-gg 91.22(4.02) 81.41 77.69 159.1(10.1) 89.20(3.00) 67.15(3.52)

. . . - syn-gg 93.42(4.80) 74.47 78.44 152.9(2.12) 92.33(5.20) 68.30(4.66)
basis set size were also made and quickly dismissed as the SE’Byﬁ’ti-gg 9420(1.75) 82.14 7147 153.6(10.1) 89.20(4.71) 67.15(0.84)

deviates from unity rapidly with a reduction in the basis set. n.anti.gt 98.13(5.40) 81.24 77.03 158.3(10.9) 90.69(6.67) 70.49(6.76)
Structural parameters for the fully optimized average strue=

tures, x, v, and P, are listed in Table 1. A full comparison The chemical shlfts_ arein ppm fromthe absolu_te shlftofTMS._Type refers.to
stracture type as described in the text. Each value in parentheses is the magnitu

between the bond Iengths, two-bond angles’ and three'b%? e difference in ppm between the calculated shift and the population averag

dihedral of the crystal structures, and the average optimizg@erimental shift value for the corresponding type. The B3LYP/6-311+G(2d,p)
structure is also attached in the supplementary materials. Fhigs are not scaled.
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Average equilibrium coordinates Crystal structure coordinates
a
@ 100 100
B ]
& 90 = 90 ()
~— =
Ts T s
EE W FE ®
g = B
=8 7 .‘-“f = 7
&) 'E ] 2
o 60 g
= ]
< “ 4 o
50
50 60 70 8 9% 100 50 60 70 8 9% 100
Average experimental Average experimental
chemical shift (ppm) chemical shift (ppm)
(b)
100 100
~ —_~
g 3
2, 9 s %
- 32
o = ® ~ H:
— 1
= % 80 =9 8
== 2@ =
&2 s g
g 7 o E 70
g o
S 3
60 60
60 70 80 90 100 60 70 80 90 100
Average experimental Average experimental
chemical shift (ppm) chemical shift (ppm)
C
© 100 100
E ~_
2 9 é 90
T= T =
SE L
= » ® =]
2 = g —=
S8 = 8 °
g 7 o é’ 70 PY
£ &
° % © 6
60 70 80 % 100 60 70 80 90 100
Average experimental Average experimental
chemical shift (ppm) chemical shift (ppm)
(d) 110 100
p— O —
E. 100 g
& & %
B o e =
_g E - o=
= n = = 80
= = 8 > =
a5 =
U .- ® .2
g 7 P ©'g
= [
° B
60 70 80 90 100 g0 70 80 90 100
Average experimental

Average experimental

chemical shift (ppm) chemical shift (ppm)

FIG. 3. Plot of calculated (B3LYP/6-314G(2d,p)) vs experimentd®C NMR chemical shifts after correction. The structures used were (@htNgg
(b) N-anti-gt, (c) Santi-gg and (d) Ssyn-gg
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data, including the anomalouss$n-ggaverage conformation, (a) -17.8

were included in computing the systematic differences. 1761
The corrected chemical shifts were used to compute the

canonical coordinates canl and can2 (Fig. 4). Such treatment -17.41

of the data is useful for visualization purposes and the offset -17.2 ¢

data itself still statistically meaningful. The offset in the chem- €\

ical shift clearly produces an offset in the positions on the plot. = -17.01 gt
Nonetheless, the differences between the values of canl and 8 -16.8 {~==mrmmmrmem e Qe
can?2 that separate N and S ring pucker andytivgtexocyclic -16.6 g8 A
angle are maintained. A visual idea of group classification may
be gained by examining the midpoint of the group means that -16.4
appear as solid and dashed lines in the canl—can2 plot (Fig. 4). -16.2 ] O NI| S
However, a statistically more accurate classification can be done
by conducting arfr-distribution test (see thstatistical Analysis '16'(_)45 _5'0 _5'5 -6I0 -6I5 _7'0 _7'5 -8'0
section). ' ' ' ' ' ' ‘ '
In order to interpret thé=-distribution analysis the follow- can 1
ing guideline is useful: a lower percent confidence indicates b) -17.8
closer proximity to the distribution midpoint, and lack of over- (b) -17.
lap between high percent confidence levels of two groups is a -17.6
measure of statistical separation. At this stage it should also 174
be pointed out that the small number of experimental obser- i A
vations of thegt and gg types makes their distribution very -17.2 ¢
wide and therefore, in a rigorous statistical approachgdre N -17.0 gt @)
gt classification along can2 would be considered problematic. § T S E——
Nonetheless, in all the cases theaNti-ggand N-anti-gt types o e
fall within their 75 and 90%gg and gt confidence contours, -16.6 188
respectively. Even though, visually, theadsti-gt point crosses 164
over the midpoint of cluster means, the classification is still cor- ' o
rect. Continuing on, the Nnti-gg falls within the same range -16.2 NS
as the experimental value. TheaBti-ggbelongs to the S group -16.0 ‘ . , , : : :
within the 95% confidence and both &i-gg and Nanti-gt 45 .50 -55 -60 -6.5 -7.0 -7.5 -8.0 -85
clearly belong to the N group within the 90% confidence in- can 1

terval. The anomalous chemical shift values found in the case

of the average equilibrium Syn-ggare such that the struc- (c) -17.8
ture cannot be classified as either S nor N. However, calcula- 176,
tions on the crystalline coordinates clearly classify it as within '
the S grouping. The classification on the basis of confidence -17.4 1
ellipsoids is identical for both the B3LYP and the B3PW91 2172 *
calculations. N
§ -17.0 { gt
- . Q -16.8 {=7rmmmmmmsmeseosespemenoessonone e

Statistical Analysis e lgg A @)

The goal of this analysis is to quantitatively assign the position '
of any set of chemical shifts with respect to the experimentally -16.4 ]
determined canl and can2 clustet§)( Two basic techniques 162" O NI S
can be used: (1) midpoint of cluster means and~)istribution
test 28). The first method can be used to obtain a rough classifi- -16.0 —
cation based on visual inspection of the canonical plot in Fig. 4. -45-50 -3.5 -6.0 -6.5 -70 -7.5 -8.0 -85
The dashed line is the midpoint of cluster means of thggN- can 1

and Ngt groups. The solid line is the midpoint of cluster means
ofthe Nand S groups. For example if the can2 score obtaine IG. 4. Plot of canonical variables, can2 vs canl. The solid line is the

, . e midpoint of the cluster means for the N and S groups at ean®.77,
from a set of C24 C3, C4, and C5 chemical shifts is below the dashed line is the midpoint of tigg andgt cluster means can2 —16.82.

about—16.8 ppm, then we can qualitatively say that the struee points on the plot are the coordinates from the canonical scores of th
ture is Ngt, and so on. For thgg andgt clusters the midpoint calculated positionsJ, N-anti-gg O, Ssyn-gg A, N-anti-gt, #, S-anti-gg
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of cluster means is obtained using the equation calculated values Chnd C4 are to be traced back to the op-
timization process, the precise culprit has not been pinpointec
M= 1/2(Ygt + Ygg) [3] The optimized structures are found to have the pseudorotatic
angle in the same range as the starting coordinates. Bond lengt
with yg: = 8Xgr andygg = &Xgq, Where are in most cases within the X-ray structure tolerances, with .
few bonds longer by about 0.02 Angles around the ribose
Xgt = {5622+3)/2!Ngt, 56;‘7,\‘9{, 552_)’Ngt} [4] ring are for the most part identical withirr 3Some large dis-

crepancies (8-1% in the vy andv; dihedral angles were noted

anda is the can2 vector. The same analysis is made for theifyboth S pucker types of the minimized conformations wher

and S clusters. compared to the X-ray coordinates. This did not appear to affec
TheF-distribution makes it possible to quantitatively positiohe calculated values of Cand C4 in the Santi-gg confor-

any set of ribose chemical shifts with respect to the confidenggtion.

ellipsoid of each experimentally determined cluster of can1 andOPerating within the narrow constraints of Gaussian 98,

can2 scores. In principle, tHe-distribution is the multidimen- few basis sets and methods were investigated. The quality of tf

sional version ofthe univariate studertest. Thep-dimensional Ccalculated*C NMR shifts was established by comparison with

normal distribution of observations is given by experiment as shown in Figs. 2 and 3. Chemical shifts trend
are clearly visible in Fig. 3. The N-type ribose sugar present
p(n — 1)/(N — p)Fpn_pl(e) 5] aset of chemical shifts that are widely spaced in the range 5

to 100 ppm. Conversely, the S-type sugar has a very close pe
whereq is the 100(1— «)% confidence region. This number isOf résonances at the Cand C4 and another pair formed by
then compared to c2 gnd C3. DIS'[II’ICtI.OH between the Dgg anq and Ngtis Iegs '
obvious. In nucleoside systems the inclusion of correlation i
_ ey necessary to obtain NMR shifts of carbons @td C4in line
N(X — 1)’ S (X = ), [6]  with the remaining parts of the molecule, as a result of the elec
tron lone pairs on O4Beyond that, either B3LYP or B3PW91
wherep is the vector of chemical shifts to be test&lis the gives about the same results when used in combination wit
covariance matrix for the experimental cluster in exam, andthe 6-311+G(2d,p) basis set. In order to properly compare ca
has the same meaning as above. If the condition culated and experimental results a scaling factor of some typ
needs to be applied. Even though vibrational averaging, bul
n(x — 1) SH(X — 1) < p(n — 1)/(n — p)Fpn_p(e) [7] susceptibility, and solvation effects as the underlying reason
for this discrepancy have been studied and discussed at leng
is met, then the: data set is within the confidence ellipsoid. Th§29-31, a consensus set of rules for correction has not bee
methods that were just outlined here were used to test the acdgarly established. In order to correct the chemical shift offse
racy of the calculated chemical shifts with respect to experimghe average systematic deviation between the calculated stru
(10). When appropriate, cross-testing was performed in orderttyes and the experimental was subtracted from the calculate
rule out the possibility that a structure may belong to more thaalue. This deviation was found to be between 6.17 ppm fo
one group. B3LYP/6-311+G(2d,p) with the average equilibrium structures
and 4.22 ppm with B3LYP/6-311+G(2d,p) using X-ray coor-
DISCUSSION dinates. The 4.22-ppm deshielding determined by B3LYP/6
311+G(2d,p) with respect to experimental data is slightly lowel
Two sets oft*C chemical shifts of ribose in nucleosides weréhan that previously reported for nucleosid8} (t is also im-
calculated for fully optimized average coordinates and for crystabrtant to note that for the crystal structure calculations ther
structure coordinates. Comparison to the data of Xu and cowoik-not really a “proper” way to reference the heavy atoms tc
ers @) is really not possible since those workers did not repofiMS as their coordinates have not been minimized. Howevel
their values of Cland C2 and because their choice of a chemithe values were found to be very close to other DFT values of th
cal shift reference is not specified. Assuming that the same (coptimized structures. Even though a separation along canl a
rect) value was used as in the present work, our results are natam?2 is clearly apparent irrespective of scaling, a more complet
agreement. This is likely because our results indicate that preairalysis requires scaling of the calculated shift.
ous workers omitted prior optimization of the structures, which The next issue to be examined in this work was the assigr
our results demonstrate can be very important. Even though thent of measured values for the 'Gthd C3 resonances and
optimization process appears to modify the starting bonds atheir possible impact on the canonical model. The calculation
dihedral angles only slightly (with respect to the average cryslearly indicate a consistent upfield shift in ttedocarbon in
talline coordinates) the effects on the calculated chemical shifte case of Nanti-gg(about 7 ppm for C3endg and Santi-gg
can be dramatic, as in the case o§yBgg Although the rea- (about 9 ppm for C2endq. The difference in the measured val-
sons for the large discrepancy between the experimental are$ for C2 and C3 values for Nanti-ggis about 9 ppm, and
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the calculated values of tH&C chemical shift are also different The C2 and C3resonances were ordered based on the mag
by this amount, so ordering the resonances and reexaminingnitgde of the calculated shifts and the measured data were ree
data is very tempting. However, the measured-C3 chemi- amined. Unfortunately, this new information does not give any
cal shift difference in the case of the remaining three structure@w insight into the structure—chemical shift relationship, nor
in the range 3-3.5 ppm and the inversion of the values ¢f Qetter separation of thggg andgt groups along can2.

and C3in going from S to N is not very apparent. Even so, the The calculations we conducted show excellent agreement b
C2 and C3were ordered on the basis of magnitude and the efveen theory and experimental findings. We are currently eluci
perimental data reanalyzed. Unfortunately, these results confidating vibrational and torsional effects on tH€ NMR tensor
the hypothesis in the accompanying pag) that the ability in nucleoside structures and examining uncommon nucleosid
to assign C2and C3 does not appear to give any additionaiotifs. These studies should give, we hope, a more complet

structural information.
The final step was the assignment of the set of calculated NMR
shifts to a particular conformation based on thalistribution
test. In the average minimized structure, the midpoint of clus-
ter means is crossed in the case o&hti-gtand Ssyn-gg The T
N-anti-gt appears to fall under the Bnti-gg after crossing the
gt—gggroup borderline and the 8m-ggcrosses the S—N bor-
der into the Nanti-gg sector. However, under the conditions of
the quantitativeF -distribution criterion, three out of four cal- 1-
culated conformations were found to belong to the right group
at the 95% confidence or better. The classification results are
identical for both the GIAO-B3PW91 and the GIAO-B3LYP 5
chemical shifts. Much to our satisfaction, the crystal structures
yielded widely separated and well-defined groups. Clearly, the
apparent discrepancy between analysis based on the midpoin
of cluster means, and the results of thalistribution test, raises
serious doubts about the applicability of sophisticated statistical
treatments when low-accuracy scaling methods are employe%.
It is likely that the scaling issue will have to be addressed us-
ing a full vibrational average of the TMS chemical shift, sinceg.
the barrier to rotation of methyl groups in the reference com-
pound is low (on the order of a few hundred centimet&xs
while the chemical shift of the fully eclipsed, fourth-order sad-6.
dle point obtained by rotating all methyls by 68 calculated
to be 5 ppm from the minimum energy conformation. Signifi-
cantly, this value brings the chemical shifts into almost perfect’
agreement with experimental data. A full vibrational and tor-
sional average of the chemical shift of TMS would probably be
helpful in clarifying the offset between theory and experiment.

©

CONCLUSIONS

A protocol for accurate calculation of isotropic carbon chen0.
ical shifts of the ribose sugar in RNA nucleosides was presented
Unconstrained minimization of average crystal structure coor-
dinates with the standard B3LYP/6-31+G(d) method gives, gen-
erally, reliable starting structures. However, in the small samp|g
tested, direct chemical shift calculation from crystalline coordi-
nates, optimizing only hydrogen positions, appears to give con-
sistently good results through the entire range of conformations.
DFT-GIAO with either B3LYP/6-311+G(2d,p) or B3PW91/
6-311+G(2d,p) appears to be ideally suited for inexpensive cal
culation of NMR properties of the entire nucleoside system
while the lack of electron correlation limits the applicability
range of even simpler SCF methods.

(N
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view of structure—chemical shift relationship in RNA.
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