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ReceiVed: March 19, 2009; ReVised Manuscript ReceiVed: May 20, 2009

The 3J(C8-H1′), 3J(C4-H1′), 1J(C8-H8), 1J(C1′-H1′), 1J(C2′-H2′), and 1J(C2′-H2′2) indirect scalar
coupling constants were calculated with the density functional theory in the deoxyguanosine and riboguanosine
molecules. The following geometry descriptors were considered in analysis of the structural dependence of
the six J couplings: the glycosidic torsion angle � and conformation of the hydroxymethyl group at the C4′
carbon of sugar mimicking the backbone residue and the sugar pucker (C2′-, C3′-endo). The 3J(C8-H1′) and
3J(C4-H1′) couplings, which are typically assigned to the � torsion, also depended on the sugar pucker,
although the calculated dependence of the latter coupling on sugar pucker was nearly negligible. New
parametrization of the Karplus equations, taking into account the stereoinversion effect at the glycosidic
nitrogen atom and solvent effects, was calculated for the 3J(C8-H1′) and 3J(C4-H1′) coupling assigned to
the � torsion. The calculated phase shift of � torsion angle in these new Karplus equations was larger by
∼10° compared to its commonly accepted value of 60° (Wijmenga, S. S.; van Buuren, B. N. M. Prog. NMR
Spectrosc. 1998, 32, 287.). The calculated 1J(C2′-H2′) and 1J(C2′-H2′2) coupling dominantly depended on
the sugar type (deoxyribose or ribose) and its pucker, while the 1J(C1′-H1′) and 1J(C8-H8) coupling
dominantly depended on the glycosidic torsion angle, although quantitatively, all four 1J couplings depended
on both geometry parameters. The dependences of j-couplings on the torsion angle � calculated in isolated
nucleosides were compared with those taking into account the effect of base pairing occurring in the WC/SE
RNA base pair family, which appeared to be minor. The calculated 3J couplings agreed well with available
experimental data similarly as the 1J couplings, although lack of experimental data diminished more reliable
validation of the later couplings.

1. Introduction

Biochemical properties and biological functions of the nucleic
acids (NAs) are strongly related to their structural dynamics.
One of the relevant possibilities of how NAs can be studied in
aqueous solution is offered by NMR spectroscopy.1,2

The nucleoside unit is a basic building block of NAs. The
measurements of J couplings in NAs can provide local informa-
tion about the geometry parameters between coupled nuclei.
The three-bond J couplings (3J couplings) are typically used
for determining the torsion angles in both NAs and peptides.
For example, the 3J(C8-H1′) and 3J(C4-H1′) couplings are
assigned to the glycosidic torsion angle in nucleosides. However,
also, other kinds of J couplings can be used for determining
the geometry of NA molecules. For example, the 2J and 4J
couplings, which were recently calculated in structural patterns
of rRNA, showed their dependences on magnitudes of the NA
backbone torsion angles.3 Complex analysis of the sugar-to-
base orientation in nucleosides with NMR can provide not only

important local structural information, but it can also substan-
tially help to refine the global topologies of NAs and to link
the structure with its dynamics. Both types of sugar appearing
in the deoxyguanosine (dG) and guanosine (rG), the respective
DNA and RNA nucleoside, were investigated in this work. Their
main geometry parameters (Figure 1) are the glycosidic torsion
angle � and the sugar pucker conformation (Figure 2). It is well
established that RNA with ribose prefers the C3′-endo confor-
mation as dominant, while DNA with deoxyribose mostly
populates the C2′-endo arrangements. However, in noncanonical
regions of functional RNA molecules C2′-endo is a rather
frequent minor sugar pucker conformation that is essential for
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Figure 1. Sketch of the deoxyguanosine molecule with numbering of
atomsandtorsionangles;�)O4′-C1′-N9-C4′,�′)H1′-C1′-N9-C8
+ 60°, � ) H5′T-O5′-C5′-C4′, γ ) O5′-C5′-C4′-C3′, δ )
C5′-C4′-C3′-O3′.
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important noncanonical segments and RNA building blocks,4,5

while, for example, A-DNA and A to B intermediate DNA
structures are characterized by A-like C3′-endo puckers.6,7 The
effect of the sugar puckering and the sugar-to-base orientation
on NMR parameters has been studied extensively both
experimentally8-14 and theoretically.1,15-19

A rather basal prerequisite for an accurate structural inter-
pretation of NMR experimental data is to describe correctly all
effects which can influence the magnitudes of measured NMR
parameters. Obviously, one needs to first know the basic
dependence on the assigned geometry parameter. However, this
primary dependence can be substantially modulated by other
structural parameters due to the natural complex flexibility of
nucleic acids.20,21 Also, proper inclusion of solvent seems to be
essential for accurate calculations of the NMR parameters.17

In this work, we address the issue of accuracy of the fitted
Karplus equations using comprehensive modeling of both the
local geometry and solvent effects. The empirical Karplus
equations derived with the experimental data commonly suffer
from an insufficient number of well-resolved points used for
their fitting. The quality of the fit depends crucially on the
number of available experimental data points (typically the 3J
coupling/torsion angle). Such benchmark cases unfortunately
offer rather limited variation in the structural coordinate since
they mostly correspond to molecules with a multiply validated
geometry like the Dickerson dodecamer, in order to prevent
misinterpretation of the experimental data. Further, a priori
known torsion angles which can be used for the fitting do not
have to sufficiently characterize all important conformational
regions. Typical well-established classes of NAs with well-
defined geometries like A-, B-, or Z-DNA and A-RNA with
canonical base pairs offer only narrow ranges of � torsion within
the syn or anti region (Figure 2).18 On the other hand, especially
RNA molecules offer astonishing variability of local structures
as well as global folding topologies associated with wide ranges
of dynamical behavior where sampling of a more complex
distribution of the glycosidic torsions can be expected. Theoreti-
cal parametrizations of the Karplus curves, which take into
account all important geometry parameters in a complex way,
thus can improve their accuracy and reliability. Theory can
further model the trends in J couplings by solvation or different
solute-solvent interactions, providing thus an estimate of
robustness for the calculated dependencies of NMR parameters.

A comprehensive computational study of the six J couplings
in the dG and rG nucleosides carried out in this study was
focused on the following structural features and effects: (i)
variation of the glycosidic torsion angle �, (ii) effect of the B-
and Z-DNA backbone conformations considered for the hy-
droxymethyl group at the C4′ carbon of the sugar moiety, (iii)
effect of sugar specificity in the deoxyribose (dG) and ribose
(rG) nucleosides, (iv) effect of sugar pucker (C2′-, C3′-endo),
(v) effect of solvent (gas-phase versus implicit model of water

solvent), and (vi) effect of base pairing in non-Watson-Crick
RNA base pairs (Figure 3). The later task is motivated by the
fact that folded RNA molecules contain a wide range of
functionally important non-Watson-Crick base pairs (altogether,
six geometrical families) that directly include the ribose via its
2′-hydroxyl group in base pairing.22 The noncanonical base pairs
are of primary importance in building up key functional RNA
building blocks,23 while their direct identification by NMR
techniques is not straightforward.24

2. Methods Section

All geometries were optimized with the B3LYP functional
and the 6-31G** basis set. The glycosidic torsion � was varied
stepwise as the main geometry parameter (the � scans). The
other geometry parameters were either kept fixed in each step
(backbone, see below) or relaxed (sugar pucker and all remain-
ing geometry parameters), thus giving rise to separate � scans
(Supporting Information).

The hydroxymethyl group at the C4′ carbon of sugar
modeling of the part of NA backbone was kept fixed in the
geometry corresponding to B-DNA (� ) 176°, γ ) 48°, Figure
1), Z-DNA (� ) 183°, γ ) 179°), and A-RNA (� ) 173°, γ )
54°). Two separate � scans with the C2′- or C3′-endo sugar
pucker (Figure 2) were carried out for all dG and rG nucleosides.
We note that the sugar moiety preserved its starting conforma-
tion C2′- or C3′-endo obtained for the global minima structure
and did not interconvert when the � torsion was smoothly
varying. The geometries of the B-DNA dG nucleosides were
obtained previously20 as well as the geometries of the WC/SE
base pairs.25,26

The NMR scalar spin-spin coupling constants27,28 were
computed using the coupled perturbed density functional theory
(CP-DFT) method29,30 with the B3LYP functional, which was
found to possess the best overall performance among other
commonly used DFT functionals,29,30 and the IgloIII basis set31

by including all four J coupling terms (DSO, PSO, FC, SD).
The nJ(X,Y) couplings in units of Hz were calculated between
atoms X and Y (actually the 1H or 13C isotopes) separated by n
bonds.

The geometries were optimized in the gas phase, and J
coupling were computed both in the gas phase and with the
polarized continuum model of water (PCM)32 added subse-
quently for the gas-phase equilibrium geometries.

The effect of atomic basis set size on the magnitude of the J
couplings was calculated for the B-DNA guanosine with C2′-
endo sugar (� ) 239.1°, global energy minimum). The differ-
ence between J couplings calculated with the Iglo II and Iglo
III bases was smaller than 0.1 and 1.8 Hz for the 3J and 1J
couplings, respectively. This basis set effect corresponding
roughly to the relative error of 1% is in agreement with our
previous study.3

Figure 2. Schematic representation of the C2′-endo (gray) and C3′-
endo (black) sugar pucker corresponding to the South and North
conformation, respectively, and definition of the syn (50° < � < 80°)
and anti (180° < � < 280°) regions of � torsion, describing different
orientations of the nitrogenous base with respect to sugar.

Figure 3. Sketch of the Watson-Crick/sugar edge (WC/SE) cytosine/
guanine base pair including putative noncovalent interactions (dotted
lines).
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All calculations were done with the Gaussian 03 program
package.33

All calculated J couplings are listed in the Supporting
Information (Tables S1-S10).

3. Results and Discussion

The three-bond couplings 3J(C8-H1′) and 3J(C4-H1′) across
the glycosidic linkage are usually assigned to the � torsion. In
this work, we analyzed the finer effects of the backbone
conformation, composition of sugar, and its pucker, base pairing,
and solvent on the primary dependence of the six J coupling
constants on the glycosidic torsion angle � in the dG and rG
nucleosides. The three-bond couplings 3J(C8-H1′) and
3J(C4-H1′) across the glycosidic linkage are typically assigned
to the � torsion. Such structural dependence of the one-bond
couplings 1J(C2′-H2′), 1J(C2′-H2′2), and 1J(C8-H8) in NA
nucleosides was, to our best knowledge, studied in this work
for the first time. Dependence of the two 3J couplings and the
1J(C1′-H1′) coupling on the � torsion only was studied
previously in the DNA nucleosides.16 By including also the other
1J couplings in this study focused on determination of the �
torsion, we would like to expand our knowledge about their
dependence on this basic structural descriptor in NA nucleosides.

3.1. The 3J Couplings. Dependence of the 3J(C8-H1′) and
3J(C4-H1′) couplings on the glycosidic torsion is large and
actually dominates among the dependencies on other geometry
parameters, as has been shown in the earlier studies.1,15,16 This
can be expected since the spin-spin coupling pathway of the
two 3J couplings and atoms defining the � torsion mostly
coincide. Munzarová et al.16 recently suggested new theoretical
Karplus equations for the two 3J couplings which were specific
with regard to the kind of base in the DNA nucleosides.16 The
effect of sugar pucker on the magnitude of the 3J(C8-H1′) and
3J(C4-H1′) couplings (smaller than 0.8 Hz) was reported just
for two geometries corresponding to the energy minima in the
syn and anti region.16

Before we proceed to discussion on the calculated 3J
couplings, we comment on their individual assignment to torsion
angles. The 3J(C4-H1′) coupling was assigned to the � torsion,
although the atoms defining � torsion (O4′-C1′-N9-C4) are
not the same as the spin-spin pathway of the 3J(C4-H1′)
coupling (Figure 1). The 3J(C8-H1′) coupling requires special
assignment to the appropriate torsion angle. We used for this
purpose the �′ torsion; this torsion equals � only upon exact
nucleobase planarity at nitrogen N9 (Figure 1). The same
assignment was actually used previously by Munzarova et al.16

(See also the section 3.2.)
The calculated dependencies of the two 3J couplings on the

�- and �′ torsion angles show basically the same shape, but their
calculated dependence on the sugar pucker differs (Figure 4).
The calculated profile of the 3J(C4-H1′) coupling was less
dependent on the conformation of sugar than the 3J(C8-H1′)
one, in agreement with the calculations by Munzarová.16 The
changes in magnitudes of both 3J couplings due to different
sugar pucker were overall smaller than 0.4 and 0.8 Hz for the
3J(C4-H1′) and 3J(C8-H1′) coupling, respectively. Both 3J
couplings calculated within the syn region of � torsion in the
C3′-endo B-DNA nucleosides are smaller compared to the C2′-
endo ones, while the opposite trend was calculated in the anti
region, again in agreement with Munzarová’s study.16 The sugar
pucker effect on both 3J couplings was negligible when � torsion
was in between the syn and anti regions. The same trend was
actually obtained in the Z-DNA dG nucleosides and also when
the PCM model of water solvent was applied (Figure 4).

Application of the PCM solvent led to the increase of the
two calculated 3J couplings independent of sugar pucker, which
ranged from 0.1 to 0.4 Hz. The calculated trends were the same
in both dG and rG nucleosides.

Surprisingly, the base pairing interactions in the direct and
water-mediated cis-WC/SE G/rG base pairs (selected as a
representative example of base pairs interacting via their sugar
edges) did not modify the trends calculated for isolated

Figure 4. The fitted Karplus equations for the 3J(C8-H1′) and 3J(C4-H1′) coupling constants in Hz plotted as function of the �′ (�′ )
H1′-C1′-N9-C8 + 60°)16 and the � (the glycosidic torsion) angle in degrees, respectively. The C2′- and C3′-endo sugar pucker conformations
correspond to the solid and dotted lines, respectively. (A) The dG nucleosides; B-DNA without solvent (black), B-DNA including PCM sol-
vent (red), and Z-DNA without solvent (blue). (B) The rG nucleosides; B-DNA without solvent added for comparison (black), A-RNA without
solvent (red), and WC/SE base pairs without and including water solvent (blue and magenta squares, respectively). The experimental 3J couplings
in DNA (red,18 olive,34 blue,14 and brown35 asterisk) and RNA (green asterisk12).
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nucleosides (Figures 4B and 6). The 3J couplings calculated in
the WC/SE base pairs nicely fit the trends shown by the fitted
Karplus equations, although the sugar edge is relatively close
to the glycoside bond of the rG nucleoside.

Available experimental data12,14,18,34,35 agree well with the
calculated dependencies (Figure 4). Probably the best agreement
with experiment was achieved for the 3J(C8-H1′) and
3J(C4-H1′) couplings measured in DNA G quartet.10,34 To our
best knowledge, the only experimental value of the 3J(C8-H1′)
couplings measured in RNA by Hines et al.12 perfectly agrees
with the calculated coupling (Figure 4B). The 3J(C8-H1′) (4.4
( 0.1 Hz) and 3J(C4-H1′) (2.8 ( 0.4 Hz) couplings measured
in RNA by Schwalbe et al.36 could not be correlated with
molecular structure since the torsion in a mononucleoside shows
conformational averaging; nevertheless, the measured ranges
basically agree with our calculations.

3.2. Parametrization of Karplus Equations for the 3J
Coulings. The mathematical form of how the 3J couplings depend
on the corresponding torsion angle suggested first by Karplus37,38

was also adopted here for the 3J(Cn-H1′), n ) 4, 8, couplings.
The amplitudes A and B and parameter C are normally fitted on
the basis of measurements (the empirical Karplus equation), while
the phase shift � is usually considered constant. Alternatively, they
can be fitted for the calculated data points. The magnitude of the
� shift corresponds here to the difference between the � torsion
and the actual torsion angle probed with J coupling, which is given
by the three bonds interconnecting the Cn-H1′, n ) 4, 8, atoms.
In this case, the � torsion (O4′-C1′-N9-C4) differs from the
spin-spin pathway of the 3J(C4-H1′) and 3J(C8-H1′) couplings
by about 60 and 120°, respectively.

The accuracy of the torsion angles resolved in practice with
measured 3J couplings depends on the quality of the fitted
Karplus curve. The validity and robustness of the fit with respect
to complex geometry parameters or solute-solvent interactions
is therefore worthwhile to model since such effects may lower
the quality of the outgoing NMR structural data.

As was mentioned, the � phase shift in empirical Karplus
equations is usually fixed to a certain value, which can be
expected from the steric arrangement of atoms and corresponds
to the difference between the assigned and “NMR probed”
torsion angle (Ipel,9,10 Wijmenga,1 Trantı́rek;18 eqs 2-5).
However, Munzarová et al.16 pointed out that the � phase shift
of the 3J(C4-H1′) coupling assigned to the � torsion actually
deviates from the ideal magnitude of 60° when included in the
fitting procedure (eqs 6 and 7).

We note that the � phase shift of +60° (+68.9° in eq 7)
used consistently in Karplus curves for both the 3J(C4-H1′)
and 3J(C8-H1′) couplings (as was suggested first by Ippel10

and Wijmenga1) instead of the -120° shift for the later J
coupling corresponds to the negative sign of the B coefficient
(eqs 3, 5, and 7). The amplitudes and phase shifts (Tables 1
and 2) were fitted for the calculated data (Supporting Informa-
tion) with the Levenberg-Marquardt procedure combined with
the simplex iteration method using the Microcal(TM) Origin
6.0 program. The interval calculated for the � torsion (0-360°)
was expanded symmetrically by one 360° period before and
after this interval prior to the fitting. The overall quality of the
fitted parameters shown in Tables 1 and 2 was very good (R2

) 0.9881-0.9980, �2 ) 0.0330-0.0073). We note that the
3J(C4-H1′) coupling was assigned to the � torsion, while the
3J(C8-H1′) coupling was fitted as dependent on the �′ torsion.
The � and �′ torsion angles are far from being the same for
different sugar-to-base orientations, and therefore, the
3J(C8-H1′) coupling has to be assigned to the �′ torsion, which
directly corresponds to the spin-spin coupling pathway (Figures
1 and 4).

3J(Cn - H1′) ) A cos2(� - �) + B cos(� - �) + C
(1)

3JWijmenga(C4 - H1′) ) 4.7 cos2(� - 60°) +
2.3 cos(� - 60°) + 0.1 (2)

3JWijmenga(C8 - H1′) ) 4.5 cos2(� - 60°) -
0.6 cos(� - 60°) + 0.1 (3)

3JTrantirek(C4 - H1′) ) 4.4 cos2(� - 60°) +
1.4 cos(� - 60°) + 0.1 (4)

3JTrantirek(C8 - H1′) ) 4.1 cos2(� - 60°) -
0.7 cos(� - 60°) + 0.1 (5)

3JMunzarova(C4 - H1′) ) 3.6 cos2(� - 68.6°) +
1.8 cos(� - 68.6°) + 0.4 (6)

3JMunzarova(C8 - H1′) ) 4.2 cos2(�′-68.9°) -
0.5 cos(�′-68.9°) + 0.3 (7)

TABLE 1: The Parameters A, B, and C in Hz and the
Phase � in Degrees of Karplus Equations for the
3J(C4-H1′) Coupling Assigned to the O4′-C1′-N9-C4
Dihedral Angle (the glycosidic torsion �)

nucleoside sugar conformation solvent A B C �

B-DNA C2′-endo 3.68 1.87 0.49 70.44
B-DNA C3′-endo 3.66 1.84 0.41 71.11
B-DNA C2′-endo water 3.82 1.99 0.60 69.71
B-DNA C3′-endo water 3.82 1.95 0.53 70.56
Z-DNA C2′-endo 3.82 1.85 0.42 70.62
Z-DNA C3′-endo 3.61 1.78 0.45 68.26
A-RNA C2′-endo 3.50 1.73 0.51 70.09
A-RNA C3′-endo 3.86 1.83 0.41 71.68
B-DNAa C2′-endo 3.6 1.8 0.4 68.9

a Reference 16.

TABLE 2: The parameters A, B, and C in Hz and the
Phase � in Degrees of Karplus Equations for the
3J(C8-H1′) Coupling Assigned to the H1′-C1′-N9-C8 +
60° Dihedral Angle

nucleoside sugar conformation solvent A B C �

B-DNA C2′-endo 4.44 -0.60 0.29 68.89
B-DNA C3′-endo 4.75 -1.09 0.18 69.90
B-DNA C2′-endo water 4.57 -0.77 0.39 68.92
B-DNA C3′-endo water 4.96 -1.30 0.29 69.31
Z-DNA C2′-endo 4.34 -0.71 0.31 67.58
Z-DNA C3′-endo 4.57 -1.07 0.37 67.40
A-RNA C2′-endo 4.34 -0.66 0.27 69.71
A-RNA C3′-endo 5.12 -1.22 0.14 73.06
B-DNAa 4.2 -0.5 0.3 68.9

a Reference 16.
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Different sugar pucker of the dG and rG nucleosides had an
effect on the fitted amplitudes in the Karplus equations for the
3J(C8-H1′) coupling. The absolute amplitudes A and B fitted
in the C2′-endo nucleosides were consistently smaller compared
to those calculated for the C3′-endo nucleosides (Table 1). The
amplitudes obtained for the 3J(C4-H1′) coupling were more
independent of sugar pucker, except for the dG nucleoside with
the Z-DNA backbone (Table 2). The Karplus equations fitted
here for the two sugar puckers reflect the trend calculated by
Munzarová.16

Application of the implicit water solvent led to the increase
of the 3J(C4-H1′) and 3J(C8-H1′) couplings relative to the
gas-phase values by as much as 0.16 and 1 Hz, respectively.
This increase was reflected by the increase of absolute magni-
tudes of the A and B amplitudes (Tables 1 and 2).

The fitted � phase shift ranged from 67.4 to 73.1°, which is
in agreement with the values calculated by Munzarová16 (Tables
1 and 2). Also, the fitted amplitudes for the two 3J couplings
are close to those which were obtained by Munzarová.16 This
together indicated that (a) the � phase shift should be included
as a “free” parameter into the fitting procedure for the 3J/�
Karplus equations and (b) the obtained Karplus equations are
sufficiently robust with respect to the geometry and solvent
effects modeled in this work.

3.3. The 1J Couplings. The 1J(C1′-H1′) and 1J(C8-H8)
couplings should depend dominantly on the glycosidic torsion,
while the 1J(C2′-H2′) and 1J(C2′-H2′2) ones should depend
dominantly on the sugar pucker.1,10,39

The 1J(C1′-H1′) couplings calculated in the dG and rG
nucleosides ranged from 154 to 170 Hz. The smaller magnitudes
were calculated in the syn-nucleosides, while the maximal
magnitudes of the J coupling were calculated near the anti region
for � ≈ 180° (Figure 5). The magnitudes of the 1J(C1′-H1′)
coupling measured in the anti-guanosines by Kline8 or Varani
and Tinoco40 and also in other nucleosides8,10,39,41 were similar
to the calculated range. Specificity of the NA base should not
therefore significantly affect the 1J(C1′-H1′) coupling magnitude.

Application of the implicit water solvent led to the increase
of the calculated 1J(C1′-H1′) coupling by as much as 4.4 Hz
in the syn region (Figure 5). In the anti region, near � ≈ 240°,
the effect of implicit solvent was damped down. This happened
probably due to the close spatial proximity of the H1′ and N3
atoms, which may hinder effective polarization of the C1′-H1’
bond by the implicit solvent cavity. Magnitudes of the
1J(C1′-H1′) couplings calculated in the C3′-endo nucleosides
were overall larger roughly by 2 Hz in comparison with those
calculated in the C2′-endo nucleosides. The larger effect of sugar
pucker was calculated in the syn region of the rG nucleosides

Figure 5. The calculated dependence for the 1J(C1′-H1′), 1J(C2′-H2′), 1J(C1′-H2′2), and 1J(C8-H8) coupling constants in Hz plotted as function
of the � (the glycosidic torsion) angle in degrees. The C2′- and C3′-endo sugar pucker conformations correspond to the solid and dotted lines,
respectively. (A) The dG nucleosides; B-DNA without solvent (black), B-DNA including PCM solvent (red), and Z-DNA without solvent (blue).
(B) The rG nucleosides; B-DNA without solvent added for comparison (black), A-RNA without solvent (red), and WC/SE base pairs without and
including water solvent (blue and magenta squares, respectively). The experimental 3J couplings in DNA (orange asterisk10) and RNA (orange10

and violet42 asterisk).
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compared to the dG ones (Figure 4A, B). The 1J(C1′-H1′)
couplings calculated in the rG nucleoside were smaller at most
by 5 Hz than those calculated in the dG one, except for the
region with � ≈ 180° where the magnitudes calculated in both
nucleosides were almost the same (Figure 5B).

Except for the parametrization by Munzarová16 for the
1J(C1′-H1′) coupling,16 no other parametrizations for the
Karplus equations for any of the four 1J couplings were reported.
Although the overall trend calculated for the 1J(C1′-H1′)
coupling is very similar to the trend obtained by Munzarová,
the magnitudes calculated by Munzarová are systematically
smaller approximately by 10 Hz. Since our calculations of the
1J(C1′-H1′) coupling correspond well with the experiment,10,36,42

the underestimated trend calculated previously by Munzarová
was most probably caused by some systematic error which is
difficult for us to clarify since they used a different calculation
method and software.

The calculated 1J(C8-H8) couplings ranged from 204 to 218
Hz, which is in qualitative agreement with a few experiments
available for this 1J couplings in the literature reporting the range
from 215.7 to 222 Hz.10,11 The calculated dependence on the �
torsion had one maximum near 180° and one minimum near
0/360° (Figure 5). The two extremes of the calculated depen-
dence actually correspond to the planar arrangement of the
H8-C8-N9-C1′-O4′ covalently linked atoms. The C2′/C3′-
endo sugar pucker effect on the calculated 1J(C8-H8) couplings
was opposite in the decaying part of the dependence and near
the maximum where the curves calculated in the C3′-endo
nucleosides actually dominated (at most by 3 Hz) over those
calculated in the C2′-endo ones (Figure 5A). The 1J(C8-H8)
couplings calculated for the � ≈ 0° in the rG nucleoside were
smaller than those in the dG nucleoside, but near � ≈ 180°,
both calculated dependencies almost coincided (Figure 5B). The
1J(C8-H8) coupling measured in the dG and rG nucleoside of
the same molecule, the circular r< pGp(dG)> dinucleoside, was
216.1 and 217.3 Hz, respectively.10 Both nucleosides in the
r<pGp(dG)> molecule had the same torsion angle of � ) 187.5°
(SIWWOK in the Cambridge Database43,44). Practically the same
magnitudes of the 1J(C8-H8) coupling measured in the
r<pGp(dG)> molecule with a well-resolved value of the � torsion
correlate nicely with our calculations.

Other values of the 1J(C8-H8) coupling measured in gua-
nosines were 215.7 Hz in cyclic trinucleoside,10 216.0 Hz in
guanosine monophosphate,10 and 214.85 Hz in the RNA
oligomer from the helix-35 of E. coli 23S rRNA.11

The 1J(C8-H8) couplings calculated with the inclusion of
implicit water solvent were overall larger than those obtained
in the gas-phase calculations (at most by 4 Hz) and ranged from
207 to 218 Hz. This is in agreement with our previous study of
the 1J(C8-H8) coupling in the DNA hairpin molecule.17

Modifications of the � and γ torsion angles (Figure 1) in the
dG nucleosides, which reflects their orientation in the B- or
Z-DNA backbone, had inconsiderable impact on the curvature
of the calculated dependences (Figure 5A).

The calculated 1J(C2′-H2′) and 1J(C2′-H2′2) couplings
strongly depended on the sugar type and conformation (Figure 5).

The 1J(C2′-H2′) couplings calculated in the dG nucleoside
(the gas-phase calculation) ranged from 132.4 to 137.2 Hz and
from 124.7 to 128.5 Hz for the C2′- and C3′-endo sugar puckers,
respectively. Similar separation of the dependencies with
different sugar pucker was calculated also for the 1J(C2′-H2′2)
couplings ranging from 123.7 to 135.2 Hz (C2′-endo), and from
133.0 to 140.7 Hz (C3′-endo). The calculated trends agreed with
the 1J(C2′-H2) and 1J(C2′-H2′2) couplings measured by
Ippel.10 The effect of the implicit solvent on the calculated
magnitudes of both 1J couplings was negligible in comparison
with the effects of sugar pucker and backbone torsion variation.

A different kind of sugar in the dG and rG nucleosides had
a large impact on the calculated 1J(C2′-H2) and 1J(C2′-H2′2)
couplings (Figure 5B). For the 1J(C2′-H2′) coupling in the dG
and rG nucleoside, the calculated mean values differed by 20
and 29 Hz for the C2′- and C3′-endo sugar puckers, respectively.
This trend calculated for the 1J(C2′-H2′) coupling agrees with
the 138 ( 2 and 158.4 ( 0.5 Hz couplings measured in the
r<pGp(dG)> molecule for the dG and rG nucleoside,10 respec-
tively. The 1J(C2′-H2′) coupling of 138 Hz and the 1J(C2′-
H2′2) one of 134 Hz, which were measured in the r<pGp(dG)>
molecule, would therefore, according to our calculations,
indicate the C2′-endo sugar pucker of the dG nucleoside rather
than C3′-endo one (Figure 5).

3.4. Impact of Base Pairing and Explicit Water Molecules
on the Magnitude of the J Constants. Base pairing belongs
to the essential interactions which stabilize the structure of the
polynucleotides in DNA and RNA molecules. Modeling the
effect of various base pairing interactions on J coupling
magnitudes would therefore confront the trends obtained in bare
nucleosides with those in realistic structural patterns occurring
in NAs.

As a structural models for such a theoretical NMR study, we
adopted the RNA Watson-Crick/sugar edge (WC/SE)22 class
of base pairs (Figures 3 and 6), which was also intensively
studied previously.26,45 We selected actually the 12 WC/SE base
pairs in which the rG nucleoside interacts via its SE with all
other nucleobases. This class of extended RNA base pairing
interactions is highly relevant for the purpose since (a) the
noncovalent interactions in the WC/SE base pairs occur in the
proximity of the glycosidic bond, in contrast to the canonical
WC/WC interactions, and (b) WC/SE base pairs (and other types
of SE base pairs) are common in ribosome and other functional
RNAs, as evidenced by the numerous X-ray studies. They are,

Figure 6. Molecular complexes of the cis-Watson-Crick/sugar edge G/rG base and its water-mediated substate (right).25
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in fact, essential for the formation of many functional RNA
building blocks and motifs. Thus, characterizing their NMR
signatures by calculations can provide an important link between
theory and experiment, which can improve the NMR structural
analysis of RNAs.

Variation of the glycosidic torsion angle in the WC/SE base
pairs (from 150 to 210°) covers the low anti region. The
calculated variation of the 3J(C8-H1′), 3J(C4-H1′), 1J(C1′-H1′),
1J(C2′-H2′), and 1J(C8-H8) couplings in the WC/SE base pairs
was 0.2-3.1, 0.3-1.2, 158.5-169.0, 143.7-158.2, and 211.9-216.3
Hz, respectively. When the WC/SE base pairs were embedded into
the implicit water solvent, the absolute magnitudes of the coupling
increased very little (Figures 4B and 5B).

The 3J(C4-H1′) couplings calculated in the WC/SE base
pairs fit perfectly the Karplus curves (Figure 4B). The
3J(C8-H1′) couplings in the WC/SE base pairs probably had
more disperse character, but they still fit the Karplus curve very
well. Interestingly, the carbon C8 seemed to be more perturbed
by the WC/SE base pair interactions than the C4 one, although
its spatial proximity to the “perturbing” base in a pair was larger.

The trends calculated for the three 1J coupings in the rG
nucleoside and in the WC/SE base pairs were not qualitatively
equivalent. The large impact of the base pairing was calculated
especially for the 1J(C1′-H1′) and 1J(C2′-H2′) couplings,
where the atoms coupled in the spin-spin interaction and the
sugar atoms exposed to the sugar edge of the WC/SE base pairs
were actually the same (Figures 4B and 5B). If any structural
information concerning the glycosidic torsion in the rG nucleo-
sides can be acquired from the three 1J couplings, it could be
easily lost due to the large effect and individual character of
the noncovalent interactions in the sugar edge.

Some WC/SE base pairs (and other base pairs involving the
sugar edges) had water-mediated contacts between the ribose
and base (Figure 6). The balance between direct and water-
mediated substates of the base pairs may be important for RNA
structural dynamics.46 The effect of such an explicit water
molecule on the J couplings can be estimated from the
calculations in the cis-G/rG base pair (Figure 6). The glycosidic
torsion calculated in the cis-G/rG complex without and with
water molecule was 151 and 181°, respectively. The calculated
absolute shift of J couplings due to the explicit water in the
cis-G · rG complex was smaller than 0.6 Hz in the case of
the two 3J coulings and the 1J(C8-H8) coupling, while for the
1J(C1′-H1′) and 1J(C2′-H2′) couplings, it was 8.7 and 11.2
Hz, respectively. The trends calculated for the 1J(C1′-H1′) and
1J(C2′-H2′) couplings may therefore require specific calibra-
tion, which would be dependent on the topology and mobility
of the water solvent molecules that can penetrate into the NA
base pairs.

4. Conclusion

We have carried out a comprehensive computational study
of the dependence of the 3J(C8-H1′), 3J(C4-H1′), 1J(C1′-H1′),
1J(C8-H8), 1J(C2′-H2′), and 1J(C2′-H2′2) NMR spin-spin
coupling constants on the geometry in the dG (deoxyguanosine)
and rG (riboguanosine) molecules.

Calculations of the six J couplings were focused on their
dependence on the following geometry parameters: the glyco-
sidic torsion angle �, the sugar pucker C2′- and C3′-endo, the
� and γ torsion angles of the hydroxymethyl group at the C4′
carbon of sugar used for modeling the effect of different NA
backbone geometry (B- and Z-DNA), and the type of sugar (dG,
rG). The effect of the base pairing on J couplings was calculated
for the rG nucleosides in the WC/SE RNA base pairs.

The 3J(C8-H1′) and 3J(C4-H1′) couplings depended domi-
nantly on the � torsion. Sugar pucker of both the dG and rG
nucleosides had systematic impact on the calculated � depend-
encies of the 3J(C8-H1′) coupling (the larger magnitudes were
obtained in the C3′-endo nucleosides), while the dependence
of 3J(C4-H1′) coupling on sugar pucker was practically
negligible (cf. also Munzarová et al.16). New Karplus equations
respecting sugar pucker in the dG and rG nucleosides taking
into account the effect of water solvent were fitted for the two
3J couplings. The calculated impact of the backbone geometry
on the two 3J couplings was practically negligible, as well as
the effect of base pairing in the WC/SE RNA base pairs. This
fact better validates use of these Karplus equations in NMR
structural studies.

The calculated 1J(C2′-H2′) and 1J(C2′-H2′2) couplings
depended dominantly on the type of sugar in the rG and dG
nucleosides and also on its sugar pucker. The 1J(C1′-H1′) and
1J(C8-H8) couplings were more dependent on the glycosidic
torsion angle, and qualitatively different dependencies were
calculated for the dG and rG nucleosides. The structural
information concerning the � torsion acquired from the three
1J couplings can be strongly affected by the specificity of the
noncovalent interactions in the sugar edge of the rG nucleosides.
Calculated dependences of the 1J couplings thus brought only
additional information regarding the possible determination of
the glycosidic torsion, which can be nevertheless used as support
in the context of better-suited 3J(C4/C8-H1′) couplings. The
three 1J couplings, however, still represent another, although
less significant, NMR structural constraint for the NMR
structural studies focused on the glycosidic torsion. For example,
the 1J(C8-H8) coupling changes roughly by 10 Hz when the
guanine base adopts orientation with respect to sugar, corre-
sponding to � ) 0 and 180°. The dependences calculated for
the six J couplings on the � torsion are in good overall
agreement with available experimental data found in the
literature.
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Chem. B 2005, 109, 11399.
(27) Kaupp, M.; Buhl, M.; Malkin, V. Calculation of NMR and EPR

ParameterssTheory and Applications; Wiley-VCH Verlag: Weinheim,
Germany, 2004.

(28) Helgaker, T.; Jaszunski, M.; Ruud, K. Chem. ReV. 1999, 99, 293.
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