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Abstract

The sequence and temperature effects on random coil DNA carbon chemical shifts have been investigated using sixteen 17-
nucleotide sequences. Temperature effect correction parameters have been determined for the aromatic C6/C8 carbons and the
deoxyribose C1’, C2/, and C3’ carbons. The carbon chemical shifts of a specific nucleotide in a random coil sequence have been
shown to depend mainly on the type of its nearest neighbors. A carbon chemical shift database containing all 64 different types of
triplets has been established for predicting random coil DNA carbon chemical shifts. The use of this triplet database for carbon
chemical shift predictions shows good accuracy with experimental data, with root-mean-square deviations of 0.09, 0.10, 0.10, and
0.10 ppm and correlation coefficients of 0.999, 0.996, 0.978, and 0.974 for C6/C8, C1’, C2/, and C3’, respectively.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Structure—chemical shift relationship studies of nu-
cleic acids help developing improved methods for the
determination of solution nucleic acid structures.
Therefore, it is useful to have as much nucleic acid
chemical shift information as possible. Proton chemical
shifts have been shown to correlate well with DNA he-
lical structures [1,2] and RNA helical structures [3]. For
random coil DNA sequences in which the DNA is in
single-strand state and no intra- or inter-strand hydro-
gen bonds or base stacking are present, the proton
chemical shifts of a specific nucleotide depend not only
on the type of its nearest neighbors, but also its next
nearest neighbors [4]. Not much work has been done on
carbon chemical shifts of random coil DNA sequences
[5], although carbon chemical shifts have a wider
chemical shift spread than proton and contain wealthy
structure information on nucleic acids [6-8]. DNA base
carbon resonance frequencies have been shown to be
sensitive to hydrogen bonding, base stacking, sugar
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conformation, and the glycosidic torsion angle by ab
initio quantum mechanical calculations [9,10] and ex-
perimental NMR studies [11-14], making carbon
chemical shifts useful for monitoring DNA-drug bind-
ing [15] and DNA-protein binding [16].

DNA carbon chemical shifts are affected by base
composition of the sequence and temperature [17]. The
differences in the conformations, aromatic ring current
effects, and electrostatic contributions from phosphates
make DNA chemical shifts sequence-dependent [18,19].
In this study, the sequence effects, including the nearest
neighbor, next nearest neighbor, and third-neighbor [20]
effects, on random coil DNA carbon chemical shifts have
been studied using sixteen 17-nucleotide DNA sequences.
A triplet model has been proposed and a database con-
taining the carbon chemical shifts of all 64 different types
of triplets has been established for predicting random coil
DNA carbon chemical shifts. The predicted chemical
shifts for the aromatic C6/C8 carbons and the deoxyri-
bose C1’, C2/, and C3' carbons (Fig. 1) have been shown
to agree well with the experimental values. These random
coil DNA carbon chemical shifts will be useful for carbon
resonance assignments and identification of unstructured
regions in hairpins or overhangs, thereby enhancing
NMR structural studies of DNA as well as theoretical
studies of DNA chemical shifts.
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Fig. 1. Chemical structures of purine (adenine and guanine) and pyrimidine (cytosine and thymine) deoxyribonucleotides. The sequence effects on the
chemical shifts of the aromatic carbons (C6 and C8) and the deoxyribose carbons (C1’, C2/, and C3') are investigated in this study.

2. Experimental
2.1. DNA samples

Sixteen 17-nucleotide DNA sequences (SS1-SS16),
which had been used to study random coil proton
chemical shifts [4], were employed in this study to in-
vestigate the sequence effect on random coil carbon
chemical shifts. These DNA sequences were synthesized
using solid-phase phosphoramidite chemistry in an
Applied Biosystems Model 392 DNA synthesizer and
purified by polyacrylamide gel electrophoresis. The
concentrations of purified DNA samples were kept at
1.0mM by dissolving 0.50 umol of DNA in 500 ul so-
lution containing 8 M urea, 0.1mM 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS), 150 mM NaCl, and
10mM sodium phosphate at pH 7. The samples were
then dried and re-dissolved in 99.9% D,O twice and fi-
nally put into 5mm Wilmad PP528 NMR tubes. Apart
from the 16 sequences, four other 17-nucleotide DNA,
four 15-nucleotide DNA, and two 11-nucleotide DNA
sequences were also prepared for testing the accuracy of
the triplet model in predicting carbon chemical shifts.

2.2. NMR measurements

All NMR experiments were performed on a Bruker
ARX-500 NMR spectrometer operating at 500.13 MHz.
A Smm inverse broadband probe was used and the ac-
quired spectral data were processed using Bruker
XWIN-NMR software. The most upfield signal of DSS
was set at 0 ppm to serve as an internal proton chemical
shift reference. Resonance assignments of the aromatic
protons (H6/H8) and deoxyribose protons (H1, H2/,
H2", and H3’) were completed in the previous study on
random coil DNA proton chemical shift [4]. For the
carbon resonance assignments, three 'H-'*C HSQC
experiments [21,22], focusing on the H6/H8-C6/C8, H1'/
H3'-C1’//C3’, and H2//H2"-C2' regions, respectively,
were performed for each DNA sample using the time-
proportional phase incrementation method [23]. A
4k x 512 datum was acquired. The proton spectral width
was 11 ppm with the carrier frequency positioned at the

residual HDO signal. For the C6/C8, C1'/C3’, and C2’
HSQC experiments, the 13C spectral widths were 30, 50,
and 50 ppm, respectively, and the corresponding carrier
frequencies were positioned at 147, 83, and 34 ppm.
Heteronuclear decoupling was executed by the GARP-1
sequence [24]. Zero-filling and baseline corrections were
applied to both dimensions to generate a 4k x 4k data
matrix. Carbon chemical shifts were indirectly refer-
enced to DSS using the derived nucleus-specific ratio (Z)
of 0.251449530 [25]. Variable temperature 'H-3C
HSQC experiments were performed to determine the
temperature effect on the random coil chemical shifts of
different carbons.

3. Results and discussion

The carbon chemical shifts of all 16 DNA sequences
(namely SS1-SS16 as shown in Table 1) were used to
investigate the sequence effects on random coil chemical
shifts of the aromatic and deoxyribose carbons. In this
study, the random coil DNA state is defined as the DNA
in single-strand state in which no intra- or inter-strand
hydrogen bonds or base stacking are present. In order to
achieve this random coil state, SS1-SS16 sequences were
prepared in 8 M urea solution. All chemical shift data
were acquired at 25 °C except the data of SS7 and SS16,
which were recorded at 35°C due to the observed slight
broadening of their aromatic proton peaks at 25°C. Our
previous study has shown that the proton chemical
shifts of a melted self-complementary 12-nucleotide
duplex and a melted 15-nucleotide hairpin could be ac-
curately predicted by the random coil proton triplet
values and the neighboring effect correction parameters
derived from SS1 to SS16 [4], implying these DNA se-
quences contain no intra- or inter-strand hydrogen
bonds or base stacking. The negligibly small changes in
the aromatic proton chemical shifts (<0.01 ppm per
10 °C) further indicate the random coil state has already
been achieved in SS1-SS16.

Variable temperature 'H-'>C heteronuclear single
quantum correlation (HSQC) experiments were first
performed on SS1-SS16 sequences in order to determine
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Table 1

DNA sequences used in studying the sequence effect on random coil DNA chemical shifts?

Sequence Nucleotide position

name 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
SS1 T C C C T T A G T A G A T G C T T
SS2 T G C C T C T G T T G A T A C T T
SS3 T A C C T G T G T C A A T T C T T
SS4 T T C C T A T G T G A A T C G T T
SS5 T C G C T T T G T A A A T G G T T
SS6 T G G C T C C G T T A A T A G T T
SS7 T A G C T G C G T C T A T T G T T
SS8 T T G C T A C G T G T A T C A T T
SS9 T C A C T T C G T A T A T G A T T
SS10 T G A C T C G G T T T A T A A T T
SS11 T A A C T G G G T C C A T T A T T
SS12 T T A C T A G G T G C A T C T T T
SS13 T C T C T T G G T A C A T G T T T
SS14 T G T C T C A G T T C A T A T T T
SS15 T A T C T G A G T C G A T T T T T
Ss16 T T T C T A A G T G G A T C C T T

*The design of these 17-nucleotide DNA sequences is as follows: 5'-T-Nj X;N}'-T-N3'X,N3 -T-N3 X;3NJ -T-Nj X4N} -T-3". Each sequence
contains four different types of Nf’X,»N?' triplets separated by thymine nucleotides. The symbols Nf/ and N?' represent the nearest neighbor of the

central nucleotide X; on its 5/-end and 3'-end, respectively.

the temperature effect on the carbon chemical shifts.
Table 2 shows the temperature coefficients of C6/C8,
Cl’/, C2, and C3' at the 5-terminal, 3'-terminal, and
non-terminal positions. Almost all the temperature co-
efficients are of the same order of magnitude as the
carbon chemical shift measurement uncertainty (ca.
0.02 ppm), indicating that the temperature effect on
carbon chemical shift is also negligible over a 10°C
change.

Fig. 2 shows the HSQC spectra of the H6/H8—C6/CS,
H1'-Cl’, H2//H2"-C2/, and H3'-C3’ regions. The ran-
dom coil chemical shifts of the C6/C8, C1’, C2’, and C3’
carbons were measured from these 'H-*C HSQC re-
gions, respectively. The H6/H8-C6/C8 region is obvi-
ously the most well-resolved region. Based on the
assigned aromatic proton chemical shifts [4], the as-
signment of the aromatic carbon resonance signals is
straightforward. Therefore, the aromatic carbon chem-
ical shifts were chosen as the initial candidate for in-
vestigating the sequence effects on random coil DNA
carbon chemical shifts.

In the design of the 17-nucleotide sequences (Table
1), the third-neighbor effect on the carbon chemical
shifts of the central nucleotides X; in each triplet is as-

Table 2
Temperature coefficients of random coil DNA carbon chemical shifts®

sumed to be negligibly small. In order to validate this
assumption, SS1-SS16 sequences were arranged into
four groups such that nucleotides 12-17 (except nucle-
otide 14, which is the third-neighbor of T17) in each
group are the same (Table 3). The T17 chemical shift
with an adenine nucleotide as the third-neighbor (d1174)
in each group (usually the most upfield shift) was sub-
tracted from the T17 chemical shift (d1;7) of each se-
quence. The chemical shift difference (9117 —0oT117A)
indicates the significance of the third-neighbor effect
(43). All A5 values were determined to be less than
0.03 ppm, indicating that the third-neighbor effect is
negligibly small.

For the 3'-next nearest neighbor effect (Ag/) and the
5’-next nearest neighbor effect (4 3/), the aromatic carbon
chemical shifts of T1 and T17 of the 16 DNA sequences
were compared, respectively (Table 4). The largest Ag/
value was found to be 0.09 and the average A3 was
0.03 ppm. For 43, the largest was 0.10 ppm and the
average was 0.06 ppm. Unlike the next nearest neighbor
effect on random coil proton chemical shifts, all these 4,
values indicate that the next nearest neighbor effect is
also insignificant in affecting the aromatic carbon
chemical shifts of random coil DNA sequences.

Types of nucleotide

Temperature coefficient (ppm/10°C)®

C6/C8 Cl’ Cc2 C3
Non-terminal nucleotide 0.08 (0.05) 0.10 (0.05) 0.07 (0.05) 0.01 (0.07)
5'-Terminal nucleotide 0.04 (0.02) 0.06 (0.02) 0.05 (0.03) —0.02 (0.06)
3’-Terminal nucleotide 0.01 (0.004) 0.07 (0.05) 0.02 (0.01) 0.03 (0.01)

# Temperature coefficients were determined from the variable temperature chemical shift data of SSI-SS16 between 25 and 55°C.
®Numbers in parentheses represent the standard deviations of the temperature coefficients.
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Fig. 2. Regions of the 'H-'*C HSQC spectra of SS1 at 25°C: (A) H6/H8-C6/C8, (B) HI'-C1’, (C) H2'/H2"-C2’, and (D) H3'-C3'.
Table 3
Third-neighbor effect on DNA aromatic carbon chemical shifts
Sequence name Nucleotide position As(ppm)°
12 13 14¢ 15 16 17°
Group A
SS16 A T C C T T (139.85) 0.03
SS1 A T G C T T (139.83) 0.01
SS2 A T A C T T (139.82) 0.00
SS3 A T T C T T (139.85) 0.03
Group B
SS4 A T C G T T (139.81) 0.02
SS5 A T G G T T (139.79) 0.00
SS6 A T A G T T (139.79) 0.00
SS7 A T T G T T (139.81) 0.02
Group C
SS8 A T C A T T (139.75) 0.01
SS9 A T G A T T (139.75) 0.01
SS10 A T A A T T (139.74) 0.00
SS11 A T T A T T (139.77) 0.03
Group D
SS12 A T C T T T (139.85) 0.01
SS13 A T G T T T (139.84) 0.00
SS14 A T A T T T (139.84) 0.00
SS15 A T T T T T (139.85) 0.01

#The bolded nucleotides at position 14 are the third-neighbors of T17.

®The aromatic carbon chemical shifts of T17 (in ppm) are reported in parentheses and temperature effect corrections have been applied to SS7

and SS16 carbon chemical shifts.

¢ A; represents the third-neighbor effect on T17. 45 = 6117 — d117a Where o117 is the T17 chemical shift and dt;74 is the T17 chemical shift with an

adenine nucleotide as the third-neighbor in the group.
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Table 4

Next nearest neighbor effect on DNA aromatic carbon chemical shifts
Sequence Nucleotide position® A;’ (ppm)°© Sequence Nucleotide position® A;’ (ppm)¢
flame b 2 3 4 s fame 13 14 15 16 17
Group A Group E
SS1 T (139.89) C C C T 0.04 SS16 T C C T T (139.85) 0.10
SS5 T (139.92) C G C T 0.07 SS4 T C G T T (139.81) 0.06
SS9 T (139.85) C A C T 0.00 SS8 T C A T T (139.75) 0.00
SS13 T (139.84) C T C T -0.01 SS12 T C T T T (139.85) 0.10
Group B Group F
SS2 T (139.52) G C C T 0.03 SS1 T G C T T (139.83) 0.08
SS6 T (139.51) G G C T 0.02 SS5 T G G T T (139.79) 0.04
SS10 T (139.49) G A C T 0.00 SS9 T G A T T (139.75) 0.00
SS14 T (139.58) G T C T 0.09 SS13 T G T T T (139.84) 0.09
Group C Group G
SS3 T (139.47) A C C T 0.00 SS2 T A C T T (139.82) 0.08
SS7 T (139.48) A G C T 0.01 SS6 T A G T T (139.78) 0.04
SS11 T (139.47) A A C T 0.00 SS10 T A A T T (139.74) 0.00
SS15 T (139.54) A T C T 0.07 SS14 T A T T T (139.84) 0.10
Group D Group H
Ss4 T (139.81) T C C T 0.02 SS3 T T C T T (139.85) 0.08
SS8 T (139.86) T G C T 0.07 SS7 T T G T T (139.82) 0.05
SS12 T (139.79) T A C T 0.00 SS11 T T A T T (139.77) 0.00
SS16 T (139.82) T T C T 0.03 SS15 T T T T T (139.85) 0.08

#The bolded nucleotides at position 3 and position 15 are the next nearest neighbors on the 3’-end of T1 and on the 5'-end of T17, respectively.
°The aromatic carbon chemical shifts of T1 and T17 (in ppm) are reported in parentheses and temperature effect corrections have been applied to

SS7 and SS16 carbon chemical shifts.

¢ Ag/ represents the next nearest neighbor effect on T1. A%’ = 011 — O11a Where J7; is the chemical shift of T1 and o4 is the T1 chemical shift with

an adenine nucleotide as the next nearest neighbor in the group.

dAg/ represents the next nearest neighbor effect on T17. A;l = 0117 — 01174 Where d117 is the chemical shift of T17 and o174 is the T17 chemical

shift with an adenine nucleotide as the next nearest neighbor in the group.

The significance of the nearest neighbor effects from
the 3’-end (A?’) and from the 5'-end (Af’) was also in-
vestigated by comparing the T1 and T16 aromatic car-
bon chemical shifts, respectively (Table 5). The most
upfield T1 and T16 chemical shifts were found in cases
where adenine nucleotides were positioned as the 3'- and
5'-nearest neighbors, respectively. The average 3'-nearest
neighbor effects for C, G, and T on substituting A were
found to be 0.39, 0.04, and 0.35 ppm, respectively. For
the 5’-nearest neighbors, the average effects for C, G, and
T on substituting A were found to be 0.32, 0.12, and
0.39 ppm, respectively. The effects from the 5'-nearest
neighbors are similar to those from the 3’-nearest
neighbors and the magnitude of shielding effect follows
the order A~G>C~T. The purine-type nearest
neighbors usually cause a more upfield aromatic carbon
chemical shift than pyrimidine-type nearest neighbors.

The above analysis on neighboring effects indicates
that the random coil aromatic carbon chemical shift of a
specific nucleotide in a DNA sequence is affected mainly
by its nearest neighbors on both of its 3’- and 5'-ends. As
a result, a triplet model is useful to predict the random
coil DNA aromatic carbon chemical shifts. The mea-
sured aromatic carbon chemical shifts of the central
nucleotide X; (dyipler) in all 64 types of N3 X;N?' triplets

in SS1-SS16 were used to construct the triplet carbon
chemical shift database (Table 6). The predicted aro-
matic carbon chemical shift of a specific nucleotide in a
random coil DNA sequence is equal to its corresponding
chemical shift value in the triplet database, i.e.,
Opred = Otriplet- For example, the predicted random coil
aromatic carbon chemical shift of A3 in 5'-G1-T2-A3-
G4-C5-T6-A7-G8-G9-T10-G11-3' is equal to the TAG
triplet value in Table 6 (141.77 ppm). Only a 0.09 ppm
difference is observed between the predicted value and
the experimental value (141.86 ppm).

In order to test the accuracy and reliability of all 64
triplet values in predicting random coil aromatic carbon
chemical shifts, a total of 306 aromatic carbon chemical
shifts were measured, including 176 data from SSI1 to
SS16 that had not been used in establishing the triplet
database and 130 data from 10 new random coil DNA
sequences containing 9—17 nucleotides. The sequences of
the 10 additional DNA samples are summarized in the
supplementary materials. Even though the new testing
sequences were prepared in 8 M urea solution, some of
them show either broadened aromatic peaks at 25 °C or
significant aromatic proton chemical shift changes from
25 to 35°C. Therefore, the carbon chemical shifts of
some testing sequences were measured at 35, 45 or 55°C
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Table 5

Nearest neighbor effect on DNA aromatic carbon chemical shifts
Sequence  Nucleotide position® A‘f’ (ppm)°  Sequence  Nucleotide position* Af’(ppm)"
fame b 2 3 4 5 fame 13 14 15 16 17
Group A Group E
SS1 T (139.89) C C C T 0.42 SS16 T C C T (139.57) T 0.29
SS2 T (139.52) G C C T 0.05 SS4 T C G T(13943) T 0.15
SS3 T (139.47) A C C T 0.00 SS8 T C A T (139.28) T 0.00
SS4 T (139.81) T C C T 0.34 SS12 T C T T(139.69) T 0.41
Group B Group F
SS5 T (139.92) C G C T 0.44 SS1 T G C T(139.58) T 0.33
SS6 T (139.51) G G C T 0.03 SS5 T G G T (139.37) T 0.12
SS7 T (139.48) A G C T 0.00 SS9 T G A T (13925 T 0.00
SS8 T (139.86) T G C T 0.38 SS13 T G T T (139.65) T 0.40
Group C Group G
SS9 T (139.85) C A C T 0.38 SS2 T A C T (139.55) T 0.34
SS10 T (139.49) G A C T 0.02 SS6 T A G T(139.33) T 0.12
SS11 T (139.47) A A C T 0.00 SS10 T A A T (139.21) T 0.00
SS12 T (139.79) T A C T 0.32 SS14 T A T T (139.61) T 0.40
Group D Group H
SS13 T (139.84) C T C T 0.30 SS3 T T C T(139.63) T 0.33
SS14 T (139.58) G T C T 0.04 SS7 T T G T(139.38) T 0.08
SS15 T (139.54) A T C T 0.00 SS11 T T A T(139.30) T 0.00
SS16 T (139.82) T T C T 0.36 SS15 T T T T (139.66) T 0.36

#The bolded nucleotides at position 2 and position 15 are the nearest neighbors on the 3’-end of T1 and on the 5-end of T16, respectively.
®The aromatic carbon chemical shifts of T1 and T16 (in ppm) are reported in parentheses and temperature effect corrections have been applied to

SS7 and SS16 carbon chemical shifts.

¢ Af/ represents the nearest neighbor effect on T1. Af' = 011 — O11a Where Ot is the chemical shift of T1 and d114 is the T1 chemical shift with an

adenine nucleotide as the nearest neighbor in the group.

dAf/ represents the nearest neighbor effect on T16. Af, = 0116 — OT16a Where dt1¢ is the chemical shift of T16 and ot is the T16 chemical shift

with an adenine nucleotide as the nearest neighbor in the group.

Table 6 ,
Random coil carbon chemical shifts* of X; in triplet Nf/ XN3

Ouriplet (PPM)

G C6 Ccr c2 Cc3 G; C8 Ccr c2 C3 A C8 Ccr c2 C3 T; C6 Ccr c2 C3
Cccc 14371 8841 41.10 77.69 CGC 139.69 86.02 4039 7849 CAC 142.08 86.10 40.62 7846 CTC 139.58 87.66 40.45 78.31
GCC 143.60 88.20 41.05 77.59 GGC 139.26  85.51 40.15 7848 GAC 141.87 85.73 40.63 7830 GTC 139.38 87.24 4039 78.86
ACC 14340 8795 41.03 7749 AGC® 139.00 85.12 4036 7827 AAC 141.73  85.38 40.66 78.04 ATC 139.24 87.11 4037 77.74
TCC 143.83 88.32 41.05 77.75 TGC 139.62 8595 4034 7847 TAC 142.13  86.04 40.57 7832 TTC® 139.57 87.62 40.41 78.35
CCG 143.50 88.24 40.70 7846 CGG 139.50 8593 3926 79.00 CAG 141.84 85.76 39.62 79.33 CTG 139.36 8749 39.82 78.62
GCG® 14331 88.15 4083 7831 GGG  139.12 8548 39.52 7893 GAG 141.63 8551 3979 79.22 GTG 139.14 87.14 39.88 78.19
ACG 14321 88.00 40.68 7721 AGG 138.95 8511 39.54 7877 AAG® 141.53 8523 39.89 78.82 ATG 139.05 87.08 39.77 78.12
TCG 143.62 88.19 40.64 7843 TGG 139.17 85.66 39.19 7896 TAG 141.77  85.69 39.55 79.27 TTG 139.41 87.39 39.74 78.61
CCA 143.43  88.06 40.50 7827 CGA 139.58 85.85 39.43 7887 CAA 141.80 8575 39.85 79.16 CTA® 13925 87.30 39.80 78.67
GCA 14328 8795 40.66 78.00 GGA® 139.13 8539 39.72 78.67 GAA 141.59 8545 3997 79.05 GTA 139.01 87.02 39.83 78.15
ACA 143.14 87.67 40.44 77.83 AGA 13891 8492 39.67 78.53 AAA 141.45 85.10 40.00 78.73 ATA 138.94 86.95 39.75 78.04
TCA 143.52  88.05 4048 7824 TGA 139.47 8575 39.52 78.83 TAA 141.85 85.65 39.78 79.07 TTA 139.31 87.34 39.78 78.57
CCT® 143.69 88.34 41.08 77.99 CGT 139.89 86.26 40.01 78.63 CAT 142.12  86.12 4047 78.60 CTIT 139.55 87.66 40.49 78.48
GCT 143.59 88.20 41.10 7793 GGT 139.43 85.73 40.13 7847 GAT 14193 85.78 40.54 7858 GTT 139.33  87.32 40.44 78.03
ACT 143.46 88.11 41.05 77.78 AGT 139.25 8531 40.15 7823 AAT 141.78 8545 40.62 7838 ATT 139.24 87.24 4039 77.86
TCT 143.81 88.42 41.08 77.96 TGT® 139.80 86.10 40.09 78.57 TAT 142,15 86.09 4045 78.60 TTT 139.66 87.61 4043 78.43

#Uncertainty in carbon chemical shift measurement was +0.02 ppm.

®Temperature effect corrections have been applied to SS7 and SS16 carbon chemical shifts.

at which their peaks were sharpened and the changes in
the aromatic proton chemical shifts were significantly
smaller at above these temperatures. In the circum-
stances that the carbon chemical shifts were measured at
higher temperatures, the temperature effect corrections
on random coil DNA carbon chemical shifts were car-
ried out using the temperature coefficients in Table 2.

Fig. 3 shows an excellent agreement between the pre-
dicted aromatic carbon chemical shifts (dpreq) and the
experimental values (dexpt). The root-mean-square devi-
ation (RMSD) between the predicted and the experi-
mental values was found to be 0.09ppm with a
correlation coefficient of 0.999. If no temperature effect
correction was applied to the chemical shift values
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Fig. 3. A plot of the predicted against the experimental random coil
chemical shift values of 306 aromatic carbons from 26 random coil
DNA sequences.

obtained at temperatures higher than 25 °C, the RMSD
value would increase to 0.12ppm with a correlation
coefficient of 0.998.

To extend the use of the triplet database to predict
deoxyribose carbon chemical shifts, the C1’, C2', and
C3’ carbon chemical shifts of all 16 DNA sequences
were also measured from the 'H-'3C HSQC spectra.
Similar to the neighboring effect analysis of the aromatic
carbons, the effects on the deoxyribose carbon chemical
shifts of nucleotide X; from its nearest, next nearest, and
third-neighbors were also investigated. The results are
summarized in the supplementary materials. Both the
third-neighbor and the next nearest neighbor effects re-
main negligibly small. Only the nearest neighbors ex-
hibit significant effects on the random coil chemical shift
values. Therefore, the deoxyribose C1’, C2’, and C3’
triplet values measured from the 16 DNA sequences
(Table 6) are also useful for predicting C1’, C2/, and C3’
chemical shifts of random coil DNA sequences. For the
C1’ carbon, the RMSD value of the 306 sets of predicted
and experimental data were found to be 0.10 ppm with a
correlation coefficient of 0.996. For the C2’ carbon, the
RMSD was also found to be 0.10 ppm with a correlation
coefficient of 0.978. From investigating the nearest
neighbor effect on the C3’ carbon chemical shift of nu-
cleotide T16 in SS1-SS16, an average upfield shift of
0.49 ppm (SD =0.07 ppm) was observed due to the ab-
sence of a phosphate group on the 3’-end of nucleotide
T17. After the correction of this upfield shift on C3’, the
RMSD between the predicted and experimental C3’
chemical shifts was found to be 0.10 ppm with a corre-
lation coefficient of 0.974.

4. Conclusions

Both the third-neighbor and the next nearest neigh-
bor effects on the carbon chemical shifts of a specific
nucleotide in a random coil DNA sequences have been
found to be negligibly small. As the nearest neighbor
effect has already been included in the triplet carbon
chemical shift values measured from the 16 DNA se-
quence, these values become useful for predicting ran-
dom coil DNA carbon chemical shifts. The prediction
results on C6/C8, C1’, C2/, and C3’ chemical shifts have
been demonstrated to be accurate and reliable.
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