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Abstract: The dependence of N1/9 and C1' chemical shielding (CS) tensors on the glycosidic bond
orientation () and sugar pucker (P) in the DNA nucleosides 2'-deoxyadenosine, 2'-deoxyguanosine, 2'-
deoxycytidine, and 2'-deoxythymidine was studied using the calculation methods of quantum chemistry.
The results indicate that these CS-tensors exhibit a significant degree of conformational dependence on y
and P structural parameters. The presented data test underlying assumptions of currently established
methods for interpretation of cross-correlated relaxation rates between the N1/9 chemical shielding tensor
and C1'—H1' dipole—dipole (Ravindranathan et al. J. Biomol. NMR 2003, 27, 365—75. Duchardt et al. J.
Am. Chem. Soc. 2004, 126, 1962—70) and highlight possible limitations of these methods when applied to
DNA.

Introduction correlated relaxation rates between thé-€1' dipole—dipole

The cross-correlated relaxation of double- and zero-quantum"jlnd N1/9 chemical shielding (CS) tensbk(ec1Hr) have been
coherences has been introduced into high-resolution NMR only established as a source of information on structure and dynamics

recently to extract structural information from biomolecules. ~around the glycosidic linkage f” ribonucleic acids (RNAS).
The cross-correlated relaxation rateE) (have widespread [N the framework of Duchardt's methddthe modulation in

applications in the determination of structural parameters such I NuscrHy iS expressed as a simple geometric term relating the
as torsion angles in proteiRszonformation of O-glycosidic orientation between the principal axis of the N1/9 chemical

linkage in carbohydrateis or characterization of sugar puckérs, ~ Shielding tensor and the C1H1" vector to the glycosidic’ torsion
phosphodiester backbohend hydrogen-bond length in nucleic angley. In contrast to this approach, Ravindranathan’s method

acids? Two newly developed methods exploiting the cross- US€STnuecrnr and a priori known structural information to
assess the information about local and overall dynamics. The

TInstitute of Organic Chemistry and Biochemistry AS CR. method is based on comparison between experimentally deter-

* Johannes Kepler University. . 8 ,
§ Rudjer Boskovic Institute. mlnedFNl/gpllev ander/gvce/sHe/g. In the case when C1H1

Ilnstitute of Biophysis AS CR. interacts with the N1/9 CS-tensor, interacting spins are located

U University of South Bohemia and Institute of Parasitology AS CR.  in di iati i s
(1) Ref, B.; Hennig, M. Griesinger, CSciencel997, 276 1230-3. in different structural moieties of a nucleoside m/g,cml
(2) (a) Banci, L.; Bertini, I.; Felli, I. C.; Hajieva, P.; Viezzoli, M. S.Biomol corresponds not only to overall molecular tumbling but also to

NMR 2001, 20, 1-10. (b) Bertini, I.; Kowalewski, J.; Luchinat, C.; Parigi, H ; i
G.J. Magn. Resar2001 152 103-8. (c) Boisbouvier, J.: Bax, Al Am. the internal motion around the glycosidic bond. In the case of

Chem. Soc2002 124, 11038-45. (d) Carlomagno, T.; Bermel, W.;  the N1/9 CS-tensor interacting with C6/816/8 dipole-dipole

Sriesinger, G- E:gmfn'égM,&zg(.’%ﬁ;;%gg%fgéﬁéﬂ%ﬁagﬁ‘ 8i (Tnuscersrers), both the tensor and the dipolar vector are located
Engl. 2003 42, 2515-7. (f) Pintacuda, G.; Kaikkonen, A.; Otting, G. within the nucleic acid base and thus are rigidly fixed with

Magn. Reson2004 171, 233-43. (g) Reif, B.; Diener, A.; Hennig, M.; ; _ :
Maurer, M.. Griesinger, CJ. Magn. Resan200q 143 4568, (h) respect to each other. In this case, the cross-correlated relaxation

Schwalbe, H.; Carlomagno, T.; Hennig, M.; Junker, J.; Reif, B.; Richter, rates reflect only overall molecular tumbling.

(3) G Vi, T o B A e o000 122, 8307 Ravindranathan’s and Duchardt's methods are valuable tools

8308- (b) Zwahlen, C.; Vincent, S.J. Am. Chem. So2002 124, 7235~ for characterization of nucleic acid structure and dynamics. In
(4) llin, S.; Bosques, C.; Turner, C.; Schwalbe Ahgew Chem., Int. Ed. Eng| these_methOdS: the interpretation I}ﬁl_/EJ,Cl’Hl’ re“es_ on t_he
2003 42, 1394-7. following assumptions: (a) the magnitude and orientation of

(5) (a) Boisbouvier, J.; Brutscher, B.; Pardi, A.; Marion, D.; Simorre, .P. .
Am. Chem. So00q 122, 6779-6780. (b) Richter, C.: Griesinger, C..  the N1/9 and C1CS-tensors are known and (b) N1/9 and C1

Felli, I.; Cole, P. T.; Varani, G.; Schwalbe, H. Biomol. NMR1999 15,

241-50. (8) Ravindranathan, S.; Kim, C. H.; Bodenhausen,J@iomol. NMR2003
(6) Richter, C.; Reif, B.; Griesinger, C.; Schwalbe,JHAm. Chem. So200Q 27, 365-75.

122, 12728-12731. (9) Duchardt, E.; Richter, C.; Ohlenschlager, O.; Gorlach, M.; Wohnert, J.;
(7) Riek, R.J. Magn. Resor2001, 149, 149-53. Schwalbe, HJ. Am. Chem. So@004 126, 1962-70.

10.1021/ja050894t CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 14663—14667 m 14663
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CS-tensors are independent of the local structure of the wq ~ 0 are significant. Equation 1 is then reduced to

nucleoside. While both experimerifaitand theoretical dat&!213
on N1/9 and C1CS-tensors in ribo- and'-2leoxyribonucleo-
sides are available in the literature, very little is known about

their dependence on local nucleic acid structure. There are some

established correlations of Cisotropic chemical shift with
sugar pucker and glycosidic torsion in nucleic acditidowever,
much less information is available about the anisotropy of the

Cl1 CS-tensor. Dejaegere and Case reported that chemical

shielding anisotropy (CSA) at Cln 2'-deoxythymidine is
sensitive to the sugar puck&riHowever, nothing is known about
the dependence of the OZSA on the orientation of glycosidic

torsion, and no information about the dependence of the N1/9

CSA on either the sugar pucker or glycosidic torsion was
obtained so far.

A(@)M

15\ 47 3/NBoOnwocrhiTe (4)

Fnocrnr =
lcrhy

Experimentally,I'nygcrnr IS determined from the relaxation

of carbon-nitrogen (C-N) double- and zero- quantum coher-
ences.8915However, it is not possible to separdtgyocyHy

from T'cy nyonz in the experiment (Figure 1a) (for details on
experimental setup and theory, see refs 8 and 15). Because of
a large N1/9-H1' interatomic distance of about 2.09 A and
relatively low anisotropy of the CICS-tensot213the contribu-

tion of T'cy nignr IS considered to be negligible in practical
applications®

In this work, quantum chemical calculation methods are used Computational Methods

to investigate how the N1/9 and Gdhemical shielding tensors
depend on the orientation of the glycosidic torsion angle and
sugar pucker in 2deoxynucleosides to show the applicability
of Ravindranathan’s and Duchardt's methods to deoxyribo-
nucleic acids (DNAs).

Theoretical Background

In the case of a molecule undergoing isotropic rotational
diffusion and neglecting internal motions, the expression for
the cross-correlated relaxation ral&g o crnr between the N1/9
chemical shielding tensor and the'€H1' dipole—dipole vector
is given by

- B 2(#oh)
N1/9,C1'H1 3 471_

YuYc

3?’NBoaNllg,cr»-cl'ZJ(wq) 1)

ISUTT
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1+ (wqrc)z)

whereyc, yn, andyy denote the magnetogyric ratio of the nuclei
1H, 13C, and™™N, respectivelyrcrny is the C1—H1' internuclear
distance,By is the strength of the magnetic fieldY; is the
ii-th component of the diagonalized nitrogen CS-tenépris

the projection angle between the'€H1' dipole—dipole vector
andoVj, andz, is the correlation time for isotropic tumbling.
J(wg) is the spectral density function at frequeney. In

the case of macromolecules at high fields, high frequency

The 2-deoxyadenosine (dAde),’-deoxyguanosine (dGua),’-2
deoxycytidine (dCyt), and 'Zeoxythymidine (dThy) were used as
model compounds for all calculations of the N1/9 and C3$-tensors.

The geometry of all nucleosides was gradient optimized with the
B3LYP exchange-correlation functiof&bnd the 6-31G(d,p) atomic
basis set. In the initial geometry optimization, théorsion angle was
estimated to be close to either syn or anti local energy minima, and
the sugar pucker was adjusted to eithef-&3do(pseudorotation angle

P set to approximately 20 or C2-endo(P about 160). Subsequently,

the constrained geometry optimization for the stepwise change of torsion
angley was performed for each nucleoside. All geometry parameters
were freely optimized except the torsion angleThe NMR shielding
tensors were calculated using the GIAO approdahith the B3LYP
functional and the atomic basis set (9s,5p,1d/5s,1p) [6s,4p,1d/3s,1p]
for carbon, nitrogen and oxygen and the (5s,1p) [3s,1p] basis set for
hydrogen developed by Kutzelniggusually called Igloll. All calcula-
tions were done with the Gaussian G03 progf&m.

Taking into account that the glycosidic torsional motjois opposed
by a nonharmonic potential, the torsional motion is removed from the
vibrational problem and considered as a generalized rotation by allowing
the molecular valence coordinates to vary wijth The remaining
motions are assumed to be adiabatically separable from the torsional
motion, and the appropriate “semirigid-bender” Hamiltonian acquires
the following form:

H= %'MXX(X)JXZ + V) + Vpseud&%) (5)

J(x) = —ih(d/dy); V() is the potential energy function obtained from
the quantum chemical calculationg;seuady) is the pseudo-potential
term arising from the vibrational dependencegf (the torsional
component of the tensor that is inverse of thex44 generalized
molecular inertia tensor; for details see ref 21).

The state-dependent structural characteristics associated with the
measured cross-correlated relaxation rates are obtained by averaging
the available CS-tensaw) over the pertinent vibrational eigenfunctions.

terms of the spectral density are small; hence only terms with o' = [Wi(y)|o(x)|Wi(x)[) whereyi(x) is the vibrational wave function

(10) Stueber, D.; Grant, D. Ml. Am. Chem. So002 124, 10539-51.

(11) Hu, J. Z,; Facelli, J. C.; Alderman, D. W.; Pugmire, R. J.; Grant, DIJM.
Am. Chem. Socl998 120, 9863-9869.

(12) Dejaegere, A. P.; Case, D. A. Phys. Chem. A998 102, 5280-5289.

(13) (a) Czernek, J.; Fiala, R.; Sklenar, ¥.Magn. Resor200Q 145, 142—-6.
(b) Sitkoff, D.; Case, D. AProg. Nucl. Mag. Reson. Spectrod®98 32,
165-190.

(14) (a) Allain, F. H.; Varani, GJ. Mol. Biol. 1995 250, 333-53. (b) Ebrahimi,
M.; Rossi, P.; Rogers, C.; Harbison, G. B.Magn. Reson2001, 150,
1-9. (c) Greene, K. L.; Wang, Y.; Live, D. Biomol. NMR1995 5, 333~
8. (d) Lankhorst, P. P.; Erkelens, C.; Haasnoot, C. A.; Altonad\@leic
Acids Res1983 11, 7215-30. (e) Stone, M. P.; Winkle, S. A.; Borer, P.
N. J. Biomol. Struct. Dyn1986 3, 767—81. (f) Santos, R. A.; Tang, P.;
Harbison, G. SBiochemistry1989 28, 9372-9378.
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of a given vibrational state

(15) Kumar, A.; Grace, R. C. R.; Madhu, P. Rrog. Nucl. Mag. Reson.
Spectrosc200Q 37, 191—-319.

(16) (a) Becke, A. DJ. Chem. Phys1993 98, 1372-1377. (b) Lee, C. T,;
Yang, W. T.; Parr, R. GPhys. Re. B 1988 37, 785-789.

(17) Altona, C.; Sundaralingam, M. Am. Chem. Sod.972 94, 8205-12.

(18) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. Sod99Q 112, 8251~
8260.

(19) Kutzelnigg, W.; Fleischer, U.; Schindler, MIMR—Basic Principles and

Progress Springer: Heidelberg, 1990; p 165.

(20) Pople et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford CT,

2004.

(21) (a) Bunker, P. R.; Landsberg, B. Nl. Mol. Spectroscl977, 67, 374. (b)
Papousek, D.; Spirko, VTop. Curr. Chem1976 68, 59.
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Figure 1. (a) Schematic representations of purine and pyrimidirge®xynucleosides. The nuclei between which the interactions of the CS-tensor (circles)
and dipole-dipole (elipsoid) give rise to experimentally observable cross-correlated relaxatioh’rateshighlighted. (b) Solid lines are indicative of the
calculated dependence @fi1/9c1rv1 On glycosidic torsion anglg for dAde, dGua, dCyt, and dThy. Theuecinr(y) was calculated with eq 2, using sugar
andy specific N1/9 CS-tensor values derived in this study. Dashed and dotted lines indicate modulati@sgny arising from the conformationally
independent N1/9 CS-tensor and, therefore, only reflect the dependeoggseini on the angle between the CIH1' bond vector and the principal axes

of the N1/9 CS-tensor (eq 2). Dotted and dashed lines were calculated using eq 2 from CS-tensor values takemdior SL@ar pucker andequals 250

and 220 for purines and pyrimidines, respectively.

Results and Discussion

Figure 1b shows a sizable dependencenafocrni (the term
responsible for modulation dfniecinr, See eq 4) on all of
the considered descriptors, i.e., torsjosugar pucker, and DNA
base typeoniocrnr is primarily modulated by torsiop with
one minimum for both anti and syn conformatigd®oth anti
and syn minima are steep, 3@otation aroundy changes
onyecrHr by about 20 ppm. For pyrimidinesyiecryr reaches
more negative values in the anti region than in the syn region.

In the case of purines, the situation is opposite in agreement

with the experiment by Duchardt et &l.he magnitude mainly
depends on the orientation of the '€H1' vector relative to
the N1/9 CS-tensotmecinr reaches its minimum for the C1

H1' vector lying in the plane of the DNA base. In the anti region,
this arrangement coincides with the geometry optimum fdr C2
endo(~24C), while the optimaly for C3-endois shifted to
lower values £200). Significantly, quantum energy minima
for different sugar puckers coincide with the minima determined
by X-ray crystallography? As is shown in Figure 1b, for purines
with C2-endq onyocrnr is expected to be about 40 ppm lower

(22) Torsiony is defined by atoms O4C1—N1—Cz2 in pyrimidines and by
atoms O4-C1 —N9—C4 in purines. There are two energetically allowed
regions ofy, anti and synIn agreement with comparative studies of
crystallographic data, the anti region is defined as°18Q; < 28C°, and
syn, as 50 < y < 80°.

(23) Schneider, B.; Neidle, S.; Berman, H. Biopolymers1997, 42, 113-
124.

thanonyecrnr for C3-endo For pyrimidines, the corresponding
difference reaches up to 30 ppm. In the absence of extensive
local motion, these differences might be exploited to discrimi-
nate anti nucleotides in DNA according to its sugar conforma-
tion. In the syn region, the geometry optima for'@adoand
C3-endosugar are essentially the same.

Contrary to generally accepted assumptibhsur calcula-
tions indicate thabnygcinr Vs x for C2-endo significantly
differs fromonajecrnr Vs for C3-endo(Figure 1). In the anti
region (fory ~240°), up to 20 ppm inonyecrHr IS indicated
by our calculations. This difference predominantly results from
dependency of the magnitude and orientation of the N1/9 CS-
tensor on the conformation of the sugar ring (see Supporting
Information for details). In additiongni g cnr Notably reflects
changes in the N1/9 CS-tensor resulting from reorientation of
the glycosidic torsion (see Supporting Information).

The calculated dependencies of the N1/9 and@3-tensors
give rise to a basic question: to what extent is the conforma-
tional dependence of these tensors reflected in the experimentally
accessibld”, which is measured as a sum Bf9crnr plus
Tcrnaonr? Figure 2 shows experimental data acquired by
Duchardt et af. along withT'(y) curves calculated with eq 4
using the N1/9 and CICS-tensor values derived in this study.

It has to be emphasized that the experimental data from RNA
have been used for the comparison because no experimental
data for DNA is available to date. The original Duchardt’s

J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005 14665
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Figure 2. T'nyocrnr + Ternwonr(x) curves for dAde, dGua, dThy, and dCyt. Dashed and solid lines stanBni@icrnr + T'crnwenr(y) curves for
C2-endo and C3endo sugar puckers, respectively. The curves were calculated using eq 4, with N1/9' &@8-ehsor values derived in this study with

Tc = 2.5 ns, rCI-H1' = 1.09 A, rN1/9-H1' = 2.09 A, andB, = 14.0926 T. Solid circles represent the experimental cross-correlated relaxation rates
acquired from r(GGCACUUCGGUGCC) by Duchardt, plotted against refergraegles’ The dotted line shows the Duchardt's parametrizations taken
from ref 9. Duchardt’s parametrizations were calculated using experimentally determined N1/9 CS-tensor values for adenosine, guanosneydiithydrat

and 2-deoxythymidineé®. Duchardt's parametrizations assume: (a) interdependency of both magnitude and orientation of N1/9 CS-tensor on local DNA
structure and (b)Y cr nyonr = O.

Table 1. Experimental Tawo.c1rn + T nenn from r(GGCACUUCGGUGCC)® Compared to T Values Back-Calculated: (i) from Model of
Duchardt® and (ii) with Eq 4 Using Sugar and y Specific N1/9 and C1’' CS-Tensors Derived in This Study

Texta ]"Duchavdt |rexp - r‘Duchardl‘b r‘ca\cd c I]"expl - r‘ca\cd‘b
res. name [Hz] [Hz]? [Hz] [Hz] [Hz]
G2 0.67+0.04 1.48 0.81 0.61 0.06
G9 —1.64+0.35 —1.70 0.06 —1.86 0.22
G10 1.00+0.11 121 0.21 0.00 1.00
G12 0.53+0.04 1.48 0.95 0.61 0.08
r.m.s.d 0.51 0.34
U6 —0.29 —-1.15 0.86 —1.30 1.01
u7 —0.99+0.11 —1.96 0.97 —1.37 0.38
ull 0.29 —0.01 0.3 —0.55 0.84
rm.s.d. 0.71 0.74
C3 0.14+0.01 0.57 0.43 0.30 0.16
C5 0.324+0.07 0.62 0.30 0.35 0.03
Cc8 —1.03+0.08 0.18 1.21 —0.05 0.98
C13 0.21+0.04 0.57 0.36 0.30 0.09
Ci14 0.55+0.08 0.57 0.02 0.30 0.25
r.m.s.d. 0.46 0.30
A4 0.44+0.01 1.03 0.59 0.13 0.31

aValues were taken from ref 9.Brackets stand for absolute valife/alues were calculated d@%u/ocrHr + Ternyonr With eq 4 forre = 2.5 ns,By =
14.0926 Trcr—nr = 1.09 A, ryyo-pr = 2.09 A and sugar ang specific N1/9 and C1CS-tensor values given in the Supporting Information. All residues
were assumed to have E&dosugar pucker except residues U7 and C8. These were assigned WwighdiBugar pucker according to both NMR (PDB

entry 1HLX) and crystallographic (PDB entry 1FY7) data for cUUCGg-tetraloop. r.m.s.d. stands for root-mean-square deviation and is déﬁdémas

whered; is the difference between theh pair of experimental and back-predicted data based on theoretical modeligtice number of points.

parametrizations df (y) were based on ribonucleoside specific application of the calculated G2ndosugar specifid'(y) curve

N1/9 CS-tensor values. Duchradtl¥(y) neglects both the  for residue C8 is not an improvement compared to Duchardt’s

contribution ofl'cy nionr @nd the N1/9 CS-tensor dependence model, as the experimental point lies in the regiory afhere

on the sugar pucker and Our I'(y) curves calculated for'2 Duchardt's and C2endo and C3-endo sugar specificl'(x)

deoxynucleosides, on the other hand, explicitly involve a curves coincide. However, a different situation holds for residue

T'cr nuonr term and are based on sugar argbecific N1/9 and U7 with I'®P = —0.99 Hz. While Duchardt'$'(y) curve predicts

C1 CS-tensors. As can be seen for dGua, dAde, and dCyt, ourT" of —1.96 Hz,I'(y) curve, accounting foF c1 n1/gH1 contribu-

T'(x) curves better agree with experimental data as comparedtion and sugar ang specific N1/9 and C1CS-tensors, gives

to the model fold'(y) proposed by Duchardt (Table 1 and Figure —1.37 Hz suggesting that sugar specfifigy) curves might be

2). However, no improvement is achieved for uracil residues necessary for proper interpretation Ig&P.

(Table 1). This may be due to differences between the N1 and  Strictly speaking, the presented rationalization of the con-

C1 CS tensors of uracil and-2leoxythymidine. formational dependence of the CS-tensors and its structural
The experimental data were acquired from the r(GGCACU- implications in terms of geometrically defined property curves

UCGGUGCC) hairpin having all residues with ' @hdosugars (Figure 1) is approximate. A more quantitative analysis must

except residue U7 and C8 having '‘@hdo sugar® The respect dynamic effects, i.e., quantum-mechanical averaging of

14666 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005
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the CS-tensors over the torsional motion. To probe these Conclusions

(vibrational) effects, we have solved the appropriate torsional

(one-dimensional) Schdinger equatioan!(X) = E¥(y) and The quantum chemical calculations showed that the N1/9 and
evaluated the sought averages = [(W|ony9,crr(x)|WOand C1' chemical shielding tensors depend on the glycosidic bond
yav = [W|y|Wfor all of the anti conformations of the studied orientation and sugar pucker in four standard DNA nucleosides.
nucleosides. Then, using the calculatednoe c1H1 curves, the Our calculations suggest that accounting for conformationally
averageso,y Were “inverted” into effective glycosidic bond  dependent variability in these tensors might be important for
anglesyerr. For the C3-endopuckers, the effective anglegs proper interpretation of cross-correlated relaxation rates between
are found to coincide closely with their quantum mechanical the N1/9 CS-tensor and GiH1' dipole—dipole in DNA.
expectation valueg,,. In the case of the Cz2ndopuckersyes's

are found to be uniformly smaller tham,'s, although only by Acknowledgment. This study has been supported by Grant
avery few degrees<5°). Apparently, the vibrational corrections ~ Agency of the Czech Republic (203/05/0388, P191/2004),
are rather unimportant and can be safely neglected. Ministry of Education of the Czech Republic 1K04011, research

To summarize, the conformational dependent variability of projects Z40550506, 250040507, and MSM6007665801, by the
N1/9 tensor affects the interpretation of the cross-correlated pystrian Science Fund (project P15380 and Lise Meitner

relaxation rates between the N1/9 chemical shielding tensor andFeIIowships B10-587 and M677), andAD (WTZ A-HR 13/
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