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Abstract

A two-dimensional, quantitative J-correlation NMR experiment for precise measurements of the proton-carbon
vicinal coupling constants 3J¢) /4-H1 and 31ce /8-H1’ in uniformly 13C-labeled nucleic acids is presented. To reduce
loss of signal due to 'H -13C dipole-dipole relaxation, a multiple-quantum constant time experiment with appropri-
ately incorporated band selective 'H and '3C pulses was applied. The experiment is used to obtain the 3J¢, J4-HI'
and 3JC6 /8-H1’ coupling constants in a uniformly 13C, 15N-1abeled [d(G4T4G4)]2 quadruplex. The measured values
and glycosidic torsion angles in the G-quadruplex, obtained by restrained molecular dynamics with explicit solvent
using the previously published restraints, along with selected data from the literature are used to check and modify
existing parameters of the Karplus equations. The parameterizations obtained using glycosidic torsion angles
derived from the original solution and recently determined X-ray structures are also compared.

Introduction

Determination of the glycosidic bond angle x, which
defines the orientation of the aromatic base with re-
spect to the ribose (RNA) or 2'-deoxyribose (DNA), is
of crucial importance in structural studies of nucleic
acids. In nucleic acids, the glycosidic bond can adopt
both anti or syn conformations, in which the aromatic
protons H6, HS in pyrimidine and H8 in purine bases
point above (x ~ 240°) or away from (¥ ~ 60°) the
sugar ring. A number of methods have been devel-
oped to determine the glycosidic torsion angle using
NMR spectroscopy, including techniques based on
chemical shift changes, proton relaxation time mea-
surements (Tp), analysis of small long-range proton
scalar couplings, and utilization of the lanthanide-ion
probe (for references see Davies et al., 1985). Of
these approaches, only the quantitative evaluation of
the inter-proton NOEs and the measurement of three-
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bond 3T /-1 and 3Jc6 /8-H1’ coupling constants have
been widely used (Wijmenga and Buuren, 1998).
The inter-proton HI1'-H6 (pyrimidines) and H1’-H8
(purines) sugar-to-base NOEs are obvious candidates
for estimating the glycosidic torsion values since the
distances differ by 1.2 A in the anti and syn conforma-
tions. Although the H1’-H6/8 distances are basically
independent of the sugar pucker, it is usually not pos-
sible to determine ¥ with accuracy higher than £50°
(Wijmenga et al., 1993) due to the experimental am-
biguity of the NOE distance determination (+0.2 A).
The other sugar to base NOEs are dependent in part
on the conformation of the sugar ring and can only
be used to estimate the global range of the glycosidic
bond conformation.

In principle, the vicinal carbon-proton scalar cou-
plings 3JC2/4—H1’ and 3JC6/8_H1/ can be successfully
used for quantitative determination of glycosidic tor-
sion angles providing the correct Karplus relationship
between the scalar couplings and the glycosidic tor-
sion is known. Two parameterizations of the Karplus-
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type relationship have been reported to date (Davies
et al., 1985; Ippel et al., 1996). However, both depend
on data that might have influenced assessment of the
Karplus equation parameters (vide infra).

So far, only a few methods have been proposed
to measure the values of 3Jc2 /4-HI’ and 3ch /6-HI’ In
DNA and RNA oligonucleotides. Zhu et al. (1994)
used the refocused HMBC experiment to extract
the scalar couplings in unlabeled DNA quadruplex
d(GGTCGG). Schwalbe et al. (1994) and Zimmer
et al. (1996) applied a refocused HMBC for the mea-
surements on '3C-labeled oligonucleotides. In gen-
eral, the HMBC approach suffers from several draw-
backs. In both cases, the direct correlation of H1’
protons with base carbons C2/4 and C6/8 (Cb in gen-
eral) in the HMBC experiment requires rather long
evolution delays matching the values of 13 Jcp-prv. In
addition, the signal-to-noise ratio of individual corre-
lations depends strongly on the value of the particular
1RTch-m1 coupling constants. For larger 13C-labeled
oligonucleotides the long evolution delays will be
prohibitive for observing the desired correlations.

Here we propose an approach based on the con-
cept of 2D quantitative J-correlation (Bax et al.,
1994), in which the chemical shifts of the H1’ and
Cl’ atoms are correlated using a multiple-quantum
experiment. Two experiments, where the intensity
of cross-peaks is modulated by the presence or ab-
sence of the H1’-Cb interactions, are used to ex-
tract the values of 3Jcp-pr. The method is demon-
strated on the d(G4T4G4) oligonucleotide, which
forms an extremely stable dimeric quadruplex (Smith
and Feigon, 1992). Its structure has been refined
by restrained molecular dynamics calculations with
the explicit solvent using the previously published
restraints (Schultze et al., 1994). The measured cou-
plings together with data extracted from the literature
are used to check and modify parameters of the exist-
ing Karplus equations. The newly derived Karplus pa-
rameters slightly improve the quality of the 3Jcg /8-HI/
scalar coupling predictions in syn and anti regions of
purine and pyrimidine nucleotides. The parameters
obtained for 3Jc2 /4-HI' coupling constants are con-
sistent with previously published data for the anti
orientation of the glycosidic bond but show different
patterns for angular dependence of 3Jc4.11/ in purine
nucleotides for the syn orientation of the glycosidic
torsion.

Materials and methods

Sample preparation and NMR spectroscopy

Uniformly 3¢ 15N-labeled d(G4T4Gy) was enzymat-
ically synthesized using !3C,!3N-labeled dNTPs with
Taq polymerase on a DNA template and purified as
previously described (Masse et al., 1998). Sample con-
ditions were 1.5 mM in quadruplex (3.0 mM strand
concentration) in D0, 50 mM NaCl, pH 7.2 (uncor-
rected meter reading) in a total volume of 260 nl in a
Shigemi NMR tube.

The NMR data were collected on a Bruker Avance
500 MHz spectrometer equipped with the z-gradient-
shielded triple resonance 'H/!3C/BB probehead. The
data were processed on Silicon Graphic computer
(02) with Bruker NMRSuite programs.

Pulse sequence

The pulse sequence used for the measurement is
shown in Figure 1. The constant-time multiple-
quantum experiment for H1’-C1’ correlation was used
in order to suppress the detrimental influence of the
dipole-dipole proton-carbon relaxation and maximize
the sensitivity of the experiment (Fiala et al., 1998,
2000). Refocusing of the proton chemical shift evolu-
tion during the constant-time period and decoupling
of the scalar interactions of H1’ to other protons is
achieved by two band-selective pulses with a fre-
quency offset of 5.6 ppm centered in the middle of
the T/2+t1/2 and T/2—t,/2 intervals (for details see the
figure caption). Due to the symmetry of the chemical
shift evolution during two A intervals, only one non-
selective 180° proton pulse is applied in order to min-
imize the influence of pulse imperfections. The scalar
interactions C1’-C2’ are suppressed using the constant
time evolution matching T = m x 1/J(C1/,C2’) with
band-selective 13C refocusing pulses acting simultane-
ously on both C1” and C2’ carbons. Since J(C1’,C2")
in deoxyribose is ~ 38 Hz, the constant-time evolution
period is T~ m x 26 ms. The three-bond coupling
constants 3Jc2 /4-H1 and 3ch /6-H1’ are obtained from
the intensity changes of H1’/C1’ correlation cross-
peaks in two interleaved experiments, in which the
interactions C2/4-H1’ or C6/8-H1’ in two separate
sets of experiments are alternately coupled and decou-
pled. The evolution of the C6/8-H1’ and C4/C2-H1’
scalar interactions is controlled by band-selective '°C
inversion pulses positioned either in the middle of
the T/2+t;/2 and T/2—t;/2 intervals (coupled inter-
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Figure 1. The multiple-quantum experiment for the band-selective H1’-C1’ correlation. The thin and thick bars represent nonselective 90° and
180° pulses, respectively; the SL are optional spin-lock pulses to remove small phase distortions due to the modulation of the selective pulses.
Pulses, delays and phase cycles: A = 3.2 ms, T = mx26 ms (typically m=2), T = 1.8 ms. For the actual measurements on [d(G4T4Gyq)]>
at 500 MHz the band-selective pulses were set as follows: H1’-3 ms 180° Gaussian cascade Q3 centered at 5.6 ppm; Be.cric: 1.5 ms
180° Gaussian cascade Q3 with the carrier at 85 ppm modulated to produce two side-bands with the frequency offsets 0 and —44 ppm; C6/C8
2.0 ms 180° Gaussian cascade Q3 centered at 137 ppm; C2/C4 2.0 ms 180° Gaussian cascade Q3 centered at 155 ppm. Two experiments A
(coupled H1’-Cb interactions) and B (decoupled H1’-Cb interactions) are recorded with the Cb (C6/C8 or C2/C4) pulses positioned as shown
in an interleaved manner. For calculations, T = mx26 ms is corrected for the J-evolution during two H1’ band-selective pulses. The correction
measured experimentally for the 3 ms Gaussian cascade Q3 was —1.41 ms. Phase cycling: ¢1 = X, —X; 92 = 4(x), 4(y), 4(—x), 4(—y); ¢3 =
2(x), 2(—x); receiver: X, —2X, X, —X, 2X, —X. In addition, ¢ is incremented in States-TPPI manner to achieve quadrature detection in the Fy
dimension. Four identical gradients G (typically 500 us, 10 G cm 1) are applied.

actions) or at the beginning and at the end of the T
interval (decoupled interactions).

Data evaluation

The values of 3ch /4-H1 and 3JC6 /8-H1’ coupling con-
stants were obtained by relating the integral intensities
I and I of the 'Jcy/_p1 peaks in the coupled (A) and
decoupled (B) spectra (Figure 1) using the equation:

3, = n ' T cos™I(R), (1)

where n denotes either the C2/4-H1' or C6/8-HI’
scalar coupling constant, R represents [4/Ig, and T is
the constant time evolution delay.

The standard deviations of coupling constants cor-
respond to uncertainty induced by the presence of
spectral noise as discussed by Clore et al. (1998). The
error corresponding to the spectral noise is quite small
(on average ~0.16 Hz) since the spectra were col-
lected with very high S/N ratio (> 350). To account for
additional errors we have added 0.1 Hz to each value
for the data obtained on the [d(G4T4G4)]2 quadruplex.
As in other constant time quantitative J-correlation ex-
periments the measured value of J is influenced also by

relaxation properties of the passive nuclei, in our case
namely by the relaxation of C2/C4 and C6/C8 carbons.
As shown by Kuboniwa et al. (1994), the apparent
coupling constant J* = (%-1/2nT1)%)1/2, where T; is
the spin-lattice relaxation time of the passive nucleus
obtained from the measurements. In [d(G4T4G4)]; the
relaxation times of both C2/C4 and C6/C8 carbons are
quite long (>500 ms). The systematic error introduced
by the finite length of the spin-lattice relaxation time
for J = 3 Hz is less than 0.016 Hz and for J = 5 Hz
less than 0.01 Hz.

The standard deviation of the measured J coupling
ch2 was evaluated using the error propagation formula
(Bevington and Robinson, 1992)

a\?
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where 0121 is a standard deviation of Ia/Ig, and
J = (nT)7! cosT!(R). o} was calculated from the
relative errors in the determination of attenuated and
reference signals:
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According to the above equations the resulting 0J2
depends both on the signal-to-noise ratio and on the
magnitude of J.

Model function

The magnitude of a three-bond scalar coupling J de-
pends on the value of the corresponding torsion angle
0. Karplus was the first to quantify this dependence
through a series of (real) Fourier coefficients truncated
after the third term (Karplus, 1963);

2
J(®) = > Cmcos(mb)
m=0

= Cp + Cjcos (6) + Cacos (20) . @

The defined coefficients are physically interpreted
as follows: Cp is the mean J value obtained upon
the complete revolution of 8, (C2-Cy) is the largest
deflection in J from the mean, with 2C; being the dif-
ference in the scalar coupling between syn-periplanar
and anti-periplanar orientations of the dihedral angle
0.

Equation 4 is more commonly expressed in the fol-
lowing form, which is known as the Karplus equation:

3J(0) = Acos®0 + BcosO + C, (5)

where the coefficients Cp, C; and C, from Equation 4
are linked to the coefficients A, B, and C from Equa-
tion 5 as follows: A =2C,, B=Cy,andC=Cy — C,.
The torsion angle argument 0 for the glycosidic angle
x includes the phase shift and the term accounting for
possible distortions in the hybridization geometry of
the involved atoms, such that 8 = x + Ax + ¢ where
A is the phase shift defined as Ay = kn/3 with k =
0, 1,..., 5 to conform with the IUPAC definition of
the dihedral angle x (Markley et al., 1998) and ¢ is
the term accounting for the distortions in hybridiza-
tion geometry of the involved atoms. For glycosidic
torsion, ¢ contains two contributions v and & which
describe the distortions at C1’ and N1/N9 atoms, re-
spectively. The Newman projection for the glycosidic
bond along with the definition of v and £ is shown in
Figure 2.

The non-linear least squares Levenberg—Marquardt
fitting procedure, as incorporated in the program
Mathematica 3.0 (Wolfram Research, USA), was used
to obtain modified parameters of the Karplus equation
relating the 3Jc» /4-H1I' and 3JC6/8_H1/ scalar coupling
constants with values of the glycosidic angle. The fit
was directed to minimize the x> merit function given
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Figure 2. Newman projection of the glycosidic torsion angle
viewed along the N1-C1’ and N9-C1’ bond axis for pyrimidines and
purines nucleotides, respectively. Dihedral angle contributions £ =
0C6/8-N1/9-C1’-04')-180° and v = 6C2/4-N1/9-C1’-H1’)-120° ac-
count for possible distortions of ideal planar and tetrahedral bond
geometry at N1/9 and C1’ sites, respectively.

by the sum of squared residuals ) eiz. Uncertainties in

1

the both measured scalar couplings and glycosidic tor-
sion angle determinations were taken into account dur-
ing minimization. Each point included in the parame-
terization was weighted according (GJO‘X)_I, where oj
and oy are standard deviations in the given 3o J4-HI/
or 3Jcg /8-H1’ coupling constant and the corresponding
glycosidic torsion angle, respectively.

Refinement of [d(GaT4G4) |2

We have recalculated the previously determined
structure of the [d(G4T4G4)]> quadruplex (Oxy-1.5)
(Schultze et al., 1994) using the original set of re-
straints and the recently developed methodology of
molecular dynamics with the explicit solvent. The
restrained MD simulation was performed with the
SANDER module of the AMBER 6.0 (Case et al.,
1999; Cornell et al., 1995). This force field has been
extensively used in studies of quadruplexes (Spackova
et al., 1999, 2001; Stefl et al., 2001) as well as other
nucleic acids and shows an excellent performance in
this respect (Cheatham and Kollman, 2000). It also
provides a balanced description of base stacking and
hydrogen bonding interactions of nucleic acid bases
(Hobza et al., 1997). The refinement was done in a
water box containing 4000 H,O molecules. This ap-



Figure 3. (A) Schematic illustration of the solution structure of [d(G4T4Gy)];. The gray and white boxes are indicative for anti and syn
conformation of the glycosidic torsion angles, respectively. (B) Structure ensemble from the original in-vacuo refinement (Schultze et al.,
1994), (pairwise RMSD 0.95 A for all heavy atoms). (C) Structure ensemble from the refinement in explicit solvent using the NMR restraints
used as in original structure determination (pairwise RMSD 0.55 A for all heavy atoms).



Table 1. Data points used for re-parameterization of the Karplus equations for 3JC2 /4-H1’ and 3JC6 /8-H1'

Compound xR x ()b X ()* 3Jcaa-mr (Hz) 3Jcess-H1 (Hz)
Oxy-1.5

Gl 61.4 575  (3.5) 56.5 (8.1) 5.60 0.19 3.20 (0.16)
G2 2549 2514  (8.5) 246.5 (8.6) 2.65 (0.20) 5.01 0.12)
G3 68.4 652 (4.1 549  (8.1) 5.89 0.17)  3.76 0.14)
G4 268.6 2559 (4.0 260.7  (8.3) 3.12 0.20) 4.72 0.12)
T5 2516 2254 (5.6) 2337 (9.4) 3.20 (0.23) 4.05 (0.14)
T6 273.1 2351 (6.3) 230.3  (10.0) 3.59 0.22) 4.47 (0.14)
T7 181.7 185.6  (8.8) 171.7  (7.0) 2.06 0.33) 2.86 (0.20)
T8 249 1974 (147) 2257 (11.2) 3.12 (0.20) 4.50 (0.13)
G9 64.2 547 (5.2) 562 (8.1) 5.96 0.18)  3.49 (0.15)
G10 2177 2412 (7.5) 2426 (7.9) 2.74 (0.24) 481 0.13)
Gl1 62.5 455 (4.1 538 (7.5) 5.67 0.16)  3.35 (0.14)
G12 264.1 2473  (6.6) 2494  (8.2) 291 0.16) 5.10 (0.11)
Nucleotides

2,5’-anhydro-2’,3’-O- 71.2 # 3.8 0.2)
isopropylideneuridined

2/ 6-anhydro-1-(B-D- 70.0 # 3.7 0.2)
arabinofuranosyl)-6-

hydroxyuracild

2,2’-anhydro-1-(B-D- 115 # 0.8 0.2)
arabinofuranosyl)uracild

2,2'-anhydro-1-(B-D- 115 # 0.6 0.6)
arabinofuranosyl)(:ytosind

2,3’-anhydro-1-(B-D- 80 # 34 0.2)
xylofuranosyl)uracild

2,5'-anhydro-1-(B-D- 295 0.5 0.2) #
ribofuranosyl)uracild

5,6'-anhydro-2’,3'O- 250 2.8 0.2) #
is0propylidcneuridined

r<pApA>¢ 187 1.2 0.3) 22 0.4

4Data from X-ray structure (Horvath and Schultz, 2001).
bData from solution NMR structure (Schultze et al., 1994).

CThe values for glycosidic torsion angle obtained by structure refinement in explicit solvent using NMR restraints published by

Schultze et al. (1994).
dSelected data from Davies et al. (1985).
®Data from Ippel et al. (1996).

*Numbers in brackets represent the dispersion of the glycosidic torsion angle values in the 8(b) and 50(c) energy lowest

structures derived from restrained molecular dynamics.

$Numbers in brackets represent standard deviations of the measured J couplings calculated according Equation 2 — see Data

evaluation.

#The J values for these compounds were excluded since the fragments H1’-C1’-N1-C6 or H1’-C1’-N1-C2 were significantly

modified at C6 or C2 positions.

proach is particularly suitable for nucleic acids, which
have polyelectrolyte character and relative low proton
density with a limited number of measurable NMR
restraints. Our refinement protocol, consisting of equi-
libration and molecular dynamic runs, as well as the
results of this refinement will be described in detail
elsewhere. Only the glycosidic angles extracted from

the simulations are presented in Table 1. The angles
were obtained from the trajectory using the PTRAJ
module of AMBER 6.0.

Quantum chemical calculations

The geometry optimizations of guanine and thymine
nucleosides with typical values of glycosidic angles



in the syn and anti conformations and C2’- and C3'-
endo sugar puckers were conducted with Gaussian
98 (Gaussian, Inc., USA) using the density func-
tional theory (DFT) method in order to asses the angle
strain at C1’, N1 and N9 atoms. These optimizations
employed the Becke3P86 hybrid functional and 6-
31G™* basis set. Quantum chemical calculations were
performed on a SGI R10000.

Results and discussion

Glycosidic torsion angles in the G-quadruplex

The structure formed by the DNA oligonucleotide
d(G4T4Gy4), which contains the Oxytricha telomere
repeat dT4Gy, forms a symmetrical bimolecular G-
quadruplex with four G-quartets and thymine loops
which span the diagonal of the end G-quartets (Smith
and Feigon, 1992). Guanines are alternately syn and
anti along each strand and all thymines are predomi-
nately anti (Figure 3A). The [d(G4T4G4)]> quadruplex
has been extensively studied and high resolution struc-
tures have been obtained for both Na™ and K™ forms
using NMR solution data (Schultze et al., 1994; Smith
and Feigon, 1992, 1993; Schultze et al., 1999). The
identical structural arrangement with diagonally cross-
ing d(TTTT) loops of the Na* quadruplex has been
recently confirmed by X-ray crystallography at 1.86 A
resolution (Horvath and Schultz, 2001). Since the
glycosidic angle conformations alternate between the
syn and anti arrangement along the quadruplex (Fig-
ure 3A), this structure represents an ideal model for
testing the accuracy of predicted parameters of the
Karplus equation. The values of the glycosidic an-
gles found in the originally published NMR structure
(Schultze et al., 1994) (Figure 3B), the recent X-ray
structure (Horvath and Schultz, 2001), and obtained
from the molecular dynamics refinement of the NMR
structure reported here (Figure 3C) are given in Ta-
ble 1. As can be seen, the values in all three structures
do not differ significantly. The largest differences are
identified in the loop region where contacts with the
protein in the crystal can influence the glycosidic
torsions at TS5, T6 and T8 residues.

Measurement of the 3JC2/4—H1’ and 3JC6/8_H1/
coupling constants

Using the presented pulse sequence we have measured
both 3Jc2 /4-Hl/ OF 3JC6/8_H1/ scalar couplings in the
[d(G4T4G4)]2 quadruplex. The measured couplings
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are summarized in Table 1. The attempt to fit the data
to the existing Karplus equation showed a discrepancy
between the experimentally measured coupling con-
stants and the coupling constants predicted based on
the known glycosidic angles. As can be seen in Fig-
ure 4A, where the Karplus curve defined by the equa-
tion 6 has been plotted for 3Jce s8-H1’ (dashed line),
the data points measured in the [d(G4T4G4)]> quadru-
plex indicate that the current parameterization predicts
slightly greater >Jcg s8-H1’ values in both the syn and
anti region. This disagreement, however, is relatively
small. The situation is different for the 3Jc /4-H1/ COU-
pling constants (Figure 4B) where in the syn region
the values of the 3J¢» /4-H1’ couplings predicted by the
existing parameters are significantly overestimated.

Evaluation of the distortions in the hybridization
geometry at C1', NI and N9 sites

As a consequence of the cyclic character of the de-
oxyribose there is an angle strain that influences the
hybridization geometry at each atom in the ring. The
change in the hybridization geometry should be re-
flected in the torsion angle argument 6 of the Karplus
equation (vide supra). In order to quantify the effects
on the atoms C1’, N1 and N9 we have performed
geometry optimizations using the DFT method for
a set of guanine and thymine nucleosides with typi-
cal values of glycosidic angles in the syn (60°) and
anti (240°) conformation and C2’-endo and C3’-endo
sugar puckering. Both terms v and £ describing the hy-
bridization geometry changes at C1’ and N1/9 atoms,
respectively, are independent of the glycosidic bond
conformation. The term & has been found to be in-
dependent of the orientation of glycosidic bond. The
term v varies slightly with the sugar pucker (Av(C2'-
endo-C3’-endo) = 0.8°). The value of v for C2’-endo
and C3’-endo conformations have been found to be
3.8° and 3.0°, respectively. The difference in v be-
tween 2’-endo and 3’-endo conformations is 0.8° and
in practical applications can be safely neglected. Since
the deoxyribose rings in [d(G4T4G4)]2 adopt the C2’-
endo conformation, we have used ¢ = —3.8° in
the torsion angle argument during parameterization
(Table 2).

Karplus-type equations for the glycosidic torsion
angle

The vicinal carbon-proton coupling constant between
nuclei in the base and the sugar ring can potentially



Jees-u1 [Hz]

3

0 50 100

200 250 300 350

X [deg]

Figure 4. The Karplus curves for 3J¢¢ /8-H1/ (A) and 3 /4-H1’ (B). Dotted, dashed and solid lines show the original Davies (Davies et al.,
1985), Ippel (Ippel et al., 1996) and the re-parameterized Karplus curve obtained on [d(G4T4Gy4)];, respectively. Solid squares represent the
data for [d(G4T4Gy)], and open circles are used for the data points extracted from the literature (Table 1).

be used for the quantitative determination of the gly-
cosidic bond conformation provided the Karplus-type
relationship between the coupling constant and torsion
angle is known. Lemieux et al. (1972) first pointed out
the existence of a Karplus-type relationship between
the C2-H1’ and C6-H1’' couplings and the glyco-
sidic torsion angle in uridine nucleosides. Independent
support for this hypothesis came from Davies et al.
(1985) who used a set of uridine and cytidine cyclo-
nucleosides with known glycosidic bond conformation
to propose Karplus-type equations connecting both the
3Jco-urr and 3Jcepyr couplings with the orientation
of the glycosidic bond. Zhu et al. (1994) determined
the 3Jcapr and 3Jcgopyr coupling constants in a DNA

G-quadruplex. They used estimated glycosidic torsion
angles from the solution structure of a similar G-
quadruplex to show that the parameters of the Karplus
equation proposed by Davies et al. (1985) for cy-
tidines and uridines could be used for guanidines in the
qualitative way as well. Recently, Ippel et al. (1996)
demonstrated that the Karplus equations proposed by
Davies qualitatively holds for adenosines as well.
Using the previously published data and their own
results, Ippel et al. (1996) re-parameterized and gener-
alized the Karplus equations for the glycosidic bond
conformation of purine and pyrimidine nucleosides
and nucleotides in both DNA and RNA:



Table 2. Comparison of the existing parameterizations of the Karplus equations for 3JC2 /4-H1/ and

3JC6 /8-H1/- D and I denote previously published parameterizations of Davies et al. (1985) and Ippel

et al. (1996) , respectively.

J Ref Karplus coefficients? Torsion phase increment? RMSD®
Ay B(Hz C(Hzy k Ax() EC) v(O)  (Hp
3JC2/4—H1’ D 5.0 —2.1 0.1 2 4120 0 0 0.6
Neyamy 1 4.7 2.3 0.1 5 —60 0 0 0.8
Seajamy  NEW 44 -14 01 2 4120 0 —38¢ 03
3JC6/8—H1’ D 6.2 —24 0.1 5 —60 0 0 1.8
3JC6/8-H1/ 1 4.5 —0.6 0.1 5 —60 0 0 0.4
Ucesur NEW 4l 07 01 5 -60 o0  -38 03

4Coefficients given are for use with the equation 3y ©)=A cos? 6-+B cos 6-+C where § = X+AY+EFV.
bAX is the phase shift defined as Ax = k x w/3 where k = 0, 1, ....,5 to conform with the [IUPAC
definition of the dihedral angle x (Markley et al., 1998). Dihedral angle contributions &€ = 6 (C6/8-
N1/9-C1’-04)-180° and v = 6 (C2/4-N1/9-C1’-H1’)-120° account for possible distortions of ideal

planar and tetrahedral bond geometry at N1/9 and C1’ sites, respectively.
“RMSD root mean squared deviation of the predicted and experimental scalar couplings.

dFor C2’-endo sugar conformation.

3JC6/8-H1’ = 4.5cos (X — 60)
—0.6cos (x — 60) + 0.1, (6)

3](]2/4_1{1/ = 4.7 cos (X — 60)
+2.3cos (x — 60) + 0.1 @)

These parameterizations, however, were obtained
using data sets which were not internally consistent.
For 11 points out of 20 used to parameterize Equa-
tion 6, the orientations of the glycosidic bond were
not known a priori and their values were only es-
timated from similar structures (Ippel et al., 1996;
Schmieder et al., 1992; Zhu et al., 1994). In two other
model molecules the electronic distribution at the
C6 atoms were significantly modified (5’,6-anhydro-
2/,3/-O-isopropylideneuridine, and 2’,6-anhydro-1-
(B-D-arabinofuranosyl)-6-hydroxyuracil). The situa-
tion was similar for the parameterization of the
Karplus equation for 3JC2/4_H1/ (Equation 7). In
this case, 12 points were used for the parameter-
ization, of which 3 were from estimated glyco-
sidic torsion angles (Ippel et al., 1996; Zhu et al,,
1994) and five points were from model molecules
with a modified C2 bonding pattern (2,5"-anhydro-
2/,3’-O-isopropylideneuridine, 2,5’-anhydro-1-(-D-
ribofuranosyl)uracil, 2,2'-anhydro-1-(B-D-arabinofu-
ranosyl)uracil, 2,2’-anhydro-1-(B-D-arabinofuranosyl)
cytosine, 2,3’-anhydro-1-(B-D-xylofuranosyl)uracil).
The Ippel parameterizations of the Karplus equations
do successfully discriminate between syn and anti ori-
entations of the glycosidic bond, but are limited in not

providing a reliable determination of the torsion angles
for purine nucleotides.

Parameterization of the Karplus equation

The 3Jcg /8-H1’ and 3Jcn /4-H1’ coupling constants and
angles obtained in this study and the data selected from
the literature for structures with known torsion angles
and unaffected electronic distributions at C6 and C2
in pyrimidines (Table 1) were used to modify the pa-
rameters of the Karplus equation. We have excluded
the data points with modified H1’-C1’-N1-C2 and
H1'-C1’-N1-C6 fragments since changed electronic
distribution might affect the scalar coupling interac-
tions. The J values for T7 were also excluded from the
analysis. Residue T7 has a x value in the range 171°-
186° (Table 1), indicating that this residue populates
a conformational region very much different from all
other residues in the G-quadruplex. Using these x val-
ues, the T7 coupling constants 3Jce /8-HI’ = 2.3 Hz and
3Jc2 s4-HI = 2.0 Hz do not fit any parameterization
of the Karplus equation discussed below. This might
be due to conformational averaging over a range of
glycosidic torsion angles. Consistent with this, pro-
ton resonances of T7 are broader than those of other
loop and base resonances (Schultze et al. 1999). It has
previously been shown that conformational averaging
will affect the parameters of the Karplus equation (Br-
uschweiler and Case, 1994). Furthermore, the O2 of
T7 coordinates a Na™ located at the top G-quartet
in the crystal structure (Horvath and Schultz, 2001)
and has been postulated to do so in the solution struc-
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ture (Schultze et al., 1999). Therefore, these two data
points were excluded from the analysis.

The re-parameterized Karplus curves for 3Jce /8-HI/
and 3¢ s4-H1 are plotted in Figure 4. Since only a
few experimental points are found in regions (0-30°),
(100-200°) and (300-360°), the parameter C in Equa-
tion 5 was fixed to 0.1 Hz during the fit. This value
gives results consistent with the experimentally ob-
served small scalar couplings (< 2Hz) (Zhu et al.,
1994; Zimmer et al., 1996) while not significantly
influencing the data interpretation in well-defined re-
gions. The obtained and previously published parame-
ters are compared in Table 2.

For 3JC6/8_H1/, the new parameters decrease the
RMSD to 0.3 Hz from 0.4 Hz (Ippel) and from 1.8 Hz
(Davies). The difference between our parameters and
the Ippel parameterization is small. For the Karplus
equation describing the dependence of 3Jc» /4-H1/ On
the angle x, the Ippel parameterization fits the anti
region relatively well but predicts substantially greater
couplings in the syn region than are actually observed.
In this context it has to be noted that the data in the
syn region used here was obtained solely for guanine
residues while the Ippel parameterization in the syn re-
gion was mainly determined by with the couplings and
torsion angles measured on pyrimidine nucleotides.
This leaves open the question of whether or not the
observed difference is a consequence of the different
structural environment of C4 and C2 carbons in purine
and pyrimidine bases or if it is due to a less accurate
parameterization by Davies and by Ippel. In order to
get J values for the syn pyrimidines, Davies and Ip-
pel had to use conformationally restricted nucleotide
analogs, which could affect the J values relative to
standard nucleotides because of a change in electronic
environment at C2 and/or additional strain at C1’.
Based on the available experimental data, it is not
possible to determine whether or not the orientational
dependence of 3Jco_yy1/ in pyrimidines is the same as
of 3Jc4-p1 in purines.

We note that the Ippel parameterization used a
phase shift of —60° (Ippel et al., 1996). This value
does not alter the fit except for a change in the sign
of the parameter B. The phase shift for this coupling
constant in our study is set to +120° (for definition see
Figure 2). This explains the difference in Ay shown in
Table 2.

For a comparison, the parameters of the Karplus
equations for 3JC6 /8-H1 and 3ch /4-H1 coupling con-
stants were also obtained using the x values extracted
from the recent X-ray (Horvath and Schultz, 2001)

Table 3. The parameterizations of the Karplus equations for
3JC2/4—H1’ and 3JC6/8—H1’ using the glycosidic torsion angle
values of [d(G4T4Gy)]ofrom the X-ray crystal structure (Hor-
vath and Schultz, 2001), the NMR solution (Schultze et al.,
1994), and the structure refinement in explicit solvent using the
NMR restraints published by Schultze et al. (1994) in this study

Sv-co /4 A(Hz) B(Hz C(Hz) RMSD (Hz)
I 45 —12 0.1 0.3
I 45 —1.4 0.1 0.4
111 4.4 —1.4 0.1 0.3
3Jm'-cs/s A(Hz) B(Hz) C(Hz) RMSD (Hz)
I 43 —0.8 0.1 0.4
1l 42 —0.7 0.1 0.4
111 4.1 —0.7 0.1 0.3

The coefficient C was fixed during minimization at 0.1. Tor-
sion angle phase increments for 3JC2 /4-H1’ and 3JC6 /8-H1'
were fixed at 116.2° and —63.8°, respectively (see Results and
Discussion).

and previously published solution NMR (Schultze
et al., 1994) structures. The Karplus coefficients and
RMSDs are shown in Table 3. The A, B, and C coef-
ficients are similar and reflect that glycosidic torsion
angles in all three structures span the same conforma-
tional region. Since the NMR data were obtained in
solution, and the structure refined using explicit sol-
vent showed the best convergence, we suggest that
Karplus coefficients obtained from this data is the
most reliable for practical applications.

To summarize, for >Jcg s8-H1’ the currently used Ip-
pel parameterization and parameters obtained in our
study are comparable. Since both parameterizations
were derived using the data obtained on pyrimidines
and purines, we conclude that the torsion angle de-
pendences of 2Jcg-pi1- and 3Jcg-y1 are very similar. In
practical applications a single parameterization can be
employed. In contrast, for 3Jco-mr and 3Jcayy there
is a large difference between our parameterization and
that of Ippel. This difference may either be (a) due to a
difference in the angular dependence of 3JC2-H 1 and
3Jcany in the syn region of pyrimidine and purine
residues resulting from the different electronic en-
vironment of C2 and C4 carbons or (b) due to a
difference in the electronic distributions at the C2 posi-
tions from the oxygen bridges of the conformationally
modified pyrimidines used for Ippel parameterization.



Caveats in use of the Karplus equation

Despite the improved reliability of the torsion angle
prediction, a non-critical use of Karplus equations can
still lead to biased assessment of the dihedral angles.
The accuracy and precision of the extracted torsion
angles strongly depends on the quality Karplus pa-
rameters. In order to assess the Karplus coefficients
correctly, the experimental points used for parameter-
ization should continuously cover the whole confor-
mational space of a given torsion angle. In practice,
however, it is very difficult to satisfy such a require-
ment. As can be seen from the data used in this study
(Table 1, Figure 4), the region of torsion angles around
160° is sparsely populated. Hence, the evaluation of
the glycosidic angle from the Karplus equations in
this insufficiently defined region must be done with
caution.

A general problem in the interpretation of Karplus
equation stems from the fact that conformational mo-
tion can lead to partial or complete averaging of the
vicinal scalar interactions. In our case, the molecu-
lar dynamics calculations indicate that there are no
large conformational changes on the picosecond time-
scale for [d(G4T4G4)]>. With the exception of T7, the
NMR spectra also do not display features of interme-
diate or slow conformational exchange on the NMR
time-scale.

Summary

A multiple-quantum H1’-C1’ quantitative J-correlation
experiment with optimized sensitivity for the mea-
surements of the proton-carbon vicinal coupling con-
stants 3Jco /4-H1’ and 3Jce /8-HI/ in 13C 1abeled nucleic
acids has been designed and successfully tested on the
[d(G4T4G4)]2 quadruplex. Since the structure of this
DNA quadruplex has been reliably determined both
by solution NMR and X-ray crystallography methods,
the glycosidic torsion angles and measured 3 J4-H1/
and 3Jcg /8-H1’ coupling constants were used to obtain
a modified set of parameters for the Karplus equation.
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