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Abstract

A new experiment for the measurement ofnJ(C,P) coupling constants along the phosphodiester backbone in RNA
and DNA based on a quantitative-J HCP experiment is presented. In addition to coupling constants, in which a
carbon atom couples to only one phosphorus atom, both the intraresidual3J(C4′i ,Pi) and the sequential3J(C4′i ,Pi+1)
for the C4′ resonances that couple to two phosphorus atoms can be obtained. Coupling constants obtained by
this new method are compared to values obtained from the P-FIDS experiment. Together with3J(H,P) coupling
constants measured using the P-FIDS experiment, the backbone anglesβ andε can be determined.

The interpretation of3J(C,P) and3J(H,P) coupling
constants is a valuable tool to restrain the backbone
conformation of oligonucleotides in structure cal-
culations based on NMR data. The development of
biochemical (Batey et al., 1992; Nikonowicz and
Pardi, 1992; Nikonowicz et al., 1992; Michnicka
et al. 1993; Zimmer and Crothers, 1995; Smith et
al., 1997) and chemical (Quant et al., 1994; Kain-
osho, 1997) methods to prepare isotopically labelled
RNA and DNA molecules has opened the possibil-
ity to determine these coupling constants in sizeable
oligonucleotides. The P-FIDS (Schwalbe et al., 1993,
1994) and J-modulated CT-HSQC methods (Vuister
et al., 1993, 1994; Legault et al., 1995) have been
introduced to measure J(C,P) and J(H,P) coupling
constants quantitatively in oligonucleotides. These
methods allowed the measurement of the coupling
constants3J(H3′i ,Pi+1), 3J(C2′i ,Pi+1) around the angle
ε and3J(H5′i ,Pi), 3J(H5′′i ,Pi) around the angleβ. The
precision and accuracy of oligonucleotide structure
calculations can be improved, however, if3J(C4′i ,Pi)
and3J(C4′i ,Pi+1) coupling constants can be obtained,
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because they are the largest coupling constants around
β and ε in canonical A-form RNA (Sänger, 1984;
van de Ven and Hilbers, 1988). Since the C4′ car-
bon couples to two phosphorus atoms, coupling con-
stants cannot be extracted from either P-FIDS or
J-modulated CT-HSQC methods. In this communica-
tion, we introduce a quantitative (Bax et al., 1992;
Blake et al., 1992) HCP experiment (Heus et al., 1994;
Marino et al., 1994a) to determine J(C,P) coupling
constants and compare the results obtained with this
new method with data obtained from the P-FIDS ex-
periment. The method is applied to a 10-mer RNA
5′-CGCUUUUGCG-3′, in which the carbon atoms in
the ribosyl ring of all uridine nucleotides were13C
labelled (Quant et al., 1994; Wörner, 1997).

nJ(C,P) coupling constants can be obtained from a
quantitative evaluation of the cross peaks in an HCP
experiment by comparing the cross peak volumes to
the cross peak volumes obtained in a 2D reference ex-
periment, as shown in Figure 1. For a13C resonance
that couples to only a single31P, the cross peak in-
tensity ICP is proportional to sin2(πJ(C,P)τCT) in the
HCP experiment and Iref = cos2(πJ(C,P)τCT) in the
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Figure 1. Pulse sequence for the 2D reference and 2D or 3D quantitative HCP experiment. Narrow and wide bars denote 90◦ and 180◦ pulses,
respectively. The default phase is x. Sign discrimination in the t1 and t2 dimensions is obtained by alteringφ1 andφ2 in the States-TPPI
manner (Marion et al., 1989).1 = 3.2 ms, τCT = 25 ms.13C and31P decoupling during acquisition are applied with 2.5 and 1.7 kHz
field strength, respectively. In the 3D experiment, four scans per t1 (32 complex points, spectral width: 800 Hz) t2 (52 complex points,
folded spectral width: 2110 Hz) experiment were recorded with 512 complex points in t3 (spectral width: 4000 Hz). A recycle delay of 1.5 s
was used, the total measurement time for the 3D experiment was 12 h on a BRUKER DRX600 equipped with a H,C,F,P QXI probe with
z-gradients. The 2D reference and transfer experiments differ by the phase cycling on the receiver. In the 3D HCP,φ1 = x,−x, φ2 =x,x,−x,−x,
φ3 = x,−x,−x,x; in the 2D reference experiment,φ1 =x,x,−x,−x, φ3 =x,−x,x,−x. Pulse sequences can be obtained upon request from
hs@org.chemie.uni-frankfurt.de.

Figure 2. 2D cross peak selected (A) and reference peak selected (B) HC(P) experiment of a 1.5 mM sample of 5′-CGCUUUUGCG-3′ in D2O,
100 mM NaCl, 20 mM phosphate buffer (300µl in a Shigemi microtube). The coupling constants2J(C3′i ,Pi+1), 2J(C5′i ,Pi ) and3J(C2′i ,Pi+1),
together with the resonance assignments and stereospecific assignments for the pro-S H5′′, are given in the figure. Squared cosine apodisation
was used after zero-filling once in theω2 andω1 dimensions and linear prediction inω1 to double the number of complex points.
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Figure 3. The cross peak intensities in the 3D HCP experiment for the H4′
i ,C4′i ,Pi (to the 5′ end) ICP(i,i) measured atω1(Pi ) and the

H4′i ,C4′i ,Pi+1 (to the 3′ end) ICP(i,i+1) measured atω1(Pi+1) and the reference peak Iref(i) in the 2D reference experiment.

Figure 4. H, P projection from the 3D HCP showing the31P resolution of the 10-mer 5′-CGCUUUUGCG-3′. Squared cosine apodisation
was used after zero-filling once in theω3, ω2 andω1 dimensions and forward linear prediction in the31P dimension to double the number of
complex points. Weak cross peak intensities for the H5′

i -C5′i -Pi and H5′′ i -C5′i -Pi cross peaks for U4 are also observed in a CT-HSQC.

2D reference experiment. The coupling is then given
by Equation (1):

J(C,P) = 1

πτCT
arctg

√(
ICP

Iref

)
(1)

whereτCT is the period during which the coupling
evolves.

Figure 2 shows the two-dimensional H,C-plane
of the HCP experiment of 5′-CGCUUUUGCG-3′.
The 1H,13C correlations in this selectively labelled
RNA are well resolved and the coupling constants
2J(C3′i ,Pi+1), 3J(C2′i ,Pi+1), 3J(C2′i ,Pi+1) and2J(C5′i ,Pi)
(nomenclature according to IUPAC, Sänger, 1984) for

the four uridine nucleotides could be extracted ac-
cording to Equation (1). The coupling constants using
this new method agree within 0.3–1.0 Hz to values
obtained from a P-FIDS experiment (see Table 1).

For 13C nuclei that couple to two31P nuclei such
as the C4′, the P-FIDS, J-modulated CT-HSQC and
a two-dimensionalquantitative HCP method all fail
to provide individual 3J(C4′,P) coupling constants
because the two coupling constants cannot be dis-
entangled from the measurable cross peaks in the
HC-(P). However, thes coupling constants can be
obtained from the 3D version of the HCP by quan-
tifying the observed individual correlations of C4′
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Figure 5. (a) Experimental 1D rows from the P-FIDS experiment (Schwalbe et al., 1994) with (solid line) and without (dashed line)31P
decoupling during acquisition for H3′ resonances for residue U5. The broadening of the coupled (dashed) multiplet is clearly visible. (b) Fitting
of the coupling of interest in a one-parameter fit gives a coupling of 7.2 Hz for3J(H3′i , Pi+1).

to both the intra- and interresidual31P nuclei. In
the 3D version of the HCP the cross peak intensity
of the H4′i ,C4′i ,Pi correlation ICP(i,i), is proportional
to sin2(π3J(C4′i,Pi)τCT) cos2(π3J(C4′i,Pi+1)τCT) and
the cross peak intensity of the H4′i ,C4′i ,Pi+1 correla-
tion, ICP(i,i+1), is proportional to cos2(π3J(C4′i,Pi)τCT

sin2(π3J(C4′i,Pi+1)τCT). The intensity of the H4′,C4′
correlation Iref(i) in the 2D reference experiment is
proportional to cos2(π3J(C4′i,Pi)τCT) cos2(π3J(C4′i,
Pi+1)τCT) (see Figure 3). The two desired3J coupling
constants can be derived from Equation (2):

J(C4′i,Pi) = 1

πτCT
arctg

√(
ICP(i, i)

Iref(i)

)
J(C4′i,Pi+1) = 1

πτCT
arctg

√(
ICP(i, i + 1)

Iref(i)

)
(2)

While the cross peaks have to be extracted from a
3D experiment, the reference intensity can only be
extracted from a 2D experiment and therefore, inten-
sities obtained from experiments with different overall
measurement time have to be compared. Similar ap-
proaches for the measurement of3J(N,Cγ) in a protein
have been obtained by Konrat et al. (1997) and Hu
et al. (Hu and Bax, 1997; Hu et al., 1997). The fol-
lowing procedure for the quantification of the cross
peak and the reference peak has been applied in this
communication.

For both the 2D reference and the 3D experiment,
a 3D Fourier transformation has been applied. The 2D
data set was copied to yield the real part of the31P
spectrum, while the imaginary part was set to 0. A

3D Fourier transformation of the reference experiment
then yields a spectrum with peaks at theω1(

31P) = 0
frequency. Coupling constants for e.g. a J(C4′

i ,Pi) are
then given by:

ICP

Iref
= NSCP

NSref
tan2 (π3J(C4′i,Pi)τCT) (3)

Alternatively, a calibration constant can be obtained
from already determined coupling constants of car-
bons coupled to only one31P. Both procedures gave
the same results. Figure 4 shows a H,P-projection
from the 3D HCP experiment with marked H4′,P cross
peaks and the extracted coupling constants.

The tree staggered rotamers aroundβ and ε

are shown in Figure 5 together with the theoret-
ical coupling constants taking the parametrisations
for 3J(C,P) and3J(H,P) by Lankhorst et al. (1984).
All 3J(C4′i ,Pi) coupling constants are large, indicat-
ing a conformation close to 180◦ for β. This is
further supported by the small3J(H5′proR

i ,Pi) and
3J(H5′′proS

i ,Pi) coupling constants for all U residues
except U6, where the two H5′ proton resonances over-
lap (see Table 1). For a more precise determination
of the angleβ, the diastereotopic H5′, H5′′ pro-
tons need to be assigned stereospecifically. This has
been achieved from measurement of2J(H5′proR

i ,C4′i )
and 2J(H5′′proS

i ,C4′i ) coupling constants derived in
a C5′,H5′ selective HSQC (Marino et al., 1996)
and from 3J(H5′proR

i ,H4′i ) and 3J(H5′′proS
i ,H4′i ) (see

Table 1) measured in the forward-directed HCC-
TOCSY-CCH-E.COSY (Schwalbe et al., 1995). With
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Figure 6. Coupling constants around the backbone angleβ: (a–d) Theoretical Karplus curves (as lines) and experimental values (data points),

respectively, for: – – –3J(H5′′proS
i ,Pi ),�; · · · 3J(H5′proR

i ,�; — 3J(C4′i , Pi ), . The coupling constants were calculated using the calibration of

Lankhorst et al. (1988):3J(C,P) = 6.9 cos2 φ− 3.4 cosφ+ 0.7; 3J(H,P) = 15.3 cos2 φ− 6.1 cosφ+ 1.6. The rmsJ in dependence ofβ (—)
for a fit to a single conformation is shown. Unique minima are found for a, b, d and e. The staggered rotamers are shown at the top as well as
theβ values for canonical A-form RNA (A) and B-form DNA (B). The standard deviation of coupling constants measured in three different
experiments is indicated as a vertical error bar on the rmsJ curve.

the stereospecific assignments, the rmsJ curves forβ

(Figure 6a–d)) that are asymmetric with respect to
reflection aboutβ = 180◦ have been obtained.

The conformational analysis for the angleε is more
complex. While all four uridine residues are close to a
staggered canonical rotamerβ = 180◦, a variation of
angles is observed around the angleε. The analysis
of coupling constants for U4 is in agreement with an
angleε = −146◦, close to the canonical A-form an-
gle of −151◦ (Sänger, 1984). For U5, U6, and U7,

taking the parametrisations by Lankhorst et al. de-
rived from temperature-dependent coupling constant
measurements on small oligonucleotides, we find for
fitting to a single conformation an angleε ∼ 125◦,
which is close, but not identical to the angles of 155◦
observed for B-form helices. As can be seen in Fig-
ures 7a–d, the rmsJ is also near the minimum values
for an eclipsed conformation withε ∼ 0◦, which can-
not be excluded on the basis of coupling constant data
alone (Table 2). Fitting the data to a two-state model
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Figure 7. Coupling constants around the backbone angleε: (a–d) Theoretical Karplus curves (as lines) and experimental values (data points),
respectively, for : – – –3J(H3′i ,Pi+1), �; · · · 3J(C2′i ,Pi ), #; — 3J(C4′i ,Pi+1),  . The rmsJ in dependence ofε (—) for a fit to a single
conformation is shown. The staggered rotamers are shown at the top as well asε values for canonical A-form RNA (A) and B-form DNA (B).
The standard deviation of coupling constants measured in three different experiments is indicated as a vertical error bar on the rmsJ curve.

with fixed ε values found in canonical A- and B-form
RNA (−151◦, 155◦, respectively), no significant im-
provement is found. Fitting to a two-state model with
two free angles forε, eclipsed rotamers are found as
predominant rotamers. On the basis of the coupling
constant data alone, we are not in a position to exclude
conformational averaging and a single, non-canonical
conformation aroundε. We are in the process of struc-
ture calculation using additional experimental torsion
angle restraints and a quantitative analysis of the NOE
data to address this problem.

For the determination of3J(C4′,P), the C4′i ,Pi and
C4′i ,Pi and C4′i ,Pi+1 cross peaks in the 3D HCP ex-
periment need to be resolved. In cases in which either
of the two correlations overlap with C4′,P cross peaks
of other residues, as may be likely in larger mole-
cules, further correlation steps, e.g. like proposed in
the HCP-CCH-TOCSY (Marino et al., 1994b; Wij-
menga et al., 1995), will be needed to achieve better
resolution. If the sequential cross peaks for a single
residue mutually overlap, cross peak integration will
yield:
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Table 1. 3J(H,P) and3J(C,P) coupling constants and backbone angles.

Residue U4 U 5 U6 U7

Coupling

β 3J(H5′proS
i ,Pi)

a,b 3.6 3.0 d 4.0
3J(H5′proR

i ,Pi) 2.5 3.5 d 2.1
3J(C4′i ,P−i) 9.5c 9.0 5.4 7.5

γ 3J(H5′proS
i ,H4′i )e,f 1.9 2.0 d 1.0

3J(H5′proR
i ,H4′i ) 3.3 4.3 d 1.7

2J(H5′proS
i ,C4′i ) −3.5 −4.7 d −2.4

2J(H5′proR
i ,C4′i ) −1.0 0.4 d −1.5

ε 3J(J3′i ,Pi+1) 8.1 7.2 7.4 7.1
3J(C2′i ,Pi+1) 2.2c 5.4 4.8 3.8

2.1g 6.0 5.1 3.8

2.7h 6.6 6.0 3.7
3J(C4′i ,Pi+1) 8.4c 8.5 6.2 3.8

2J(C3′i ,Pi+1) 6.4c 5.0 5.2 4.4

4.8g 5.0 5.3 4.5

5.2h 5.1 5.0 5.0
2J(C5′i ,Pi) 4.3± 0.3c,i 4.9± 0.5 5.2d 5.5± 0.7

4.6g 4.4 5.3 4.9

5.1h 5.3 – 5.6

Backbone angle

β, rmsJJ −174◦ 0.9 176◦ 1.3 180◦k ± 50◦ −165◦ 1.9

ε, rmsJi −146◦ 0.7 129◦ 0.9 125◦ 0.9 123◦ 0.6

a Measured in Hz.
b Measured in PFIDS experiment inω2 (see Figure 5).
c From 3D quantitative HCP.
d Overlapped.
e Measured in HCC-TOCSY-CCH-E.COSY (Schwalbe et al., 1995).
f Stereospecific assignments from C5′,H5′-selective HSQC (Marino et al., 1996).
g From 2D quantitative HCP.
h Values parenthesis from PFIDS experiment inω1.
i Average between H5′proS and H5′proR.
j rmsJ= (∑(Jpred

2− Jexp
2))−1/2/(n)−1/2 measured in Hz, n number of couplings, theoretical J

calculation for J(C,P) and for J(H,P) parametrisations (Lankhorst et al., 1984).
k Based on the observation of only3J(C4′i ,Pi).

sin2(π3J(Ci,Pi)τCT) cos2(π3J(Ci ,Pi+1)τCT) +
cos2(π3J(Ci ,Pi)τCT) sin2(π3J(Ci ,Pi+1)τCT) =
sin2((π3J(Ci,Pi)+ π3J(Ci,Pi+1))τCT) (4)

and therefore only the sum of the coupling3J(C4′i ,Pi)and
3J(C4′i ,Pi)
and 3J(C4′i ,Pi+1) can be determined. In this respect,
the availability of selectively labelled oligonucleotides
prepared by chemical solid phase synthesis may be
of advantage. Furthermore, for larger oligonucleotides
the sensitivity may drop in the rather long CT periods
on carbon. However, sensitivity improvement tech-
niques (Marino et al., 1997; Pervushin et al., 1997)

with greatly improved relaxation properties may sub-
stitute the experiments based on evolution of single
quantum coherences proposed here.

3J(C,P) coupling constants can be determined with
high accuracy from quantitative analysis of a 3D HCP
experiment and a 2D reference experiment. It is shown
that quantification of a 3D HCP yields both3J(C4′i ,Pi)
and3J(C4′i ,Pi+1) coupling constants. Conformational
analysis shows the potential of additional coupling
constant data together with J(H,P) coupling constants
from PFIDS experiments to better define the backbone
anglesβ andε.
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Table 2. Different conformational models to fit experimental coupling constants

Residue U4 U5 U6 U7

Backbone angle

Model I, fixed ε

ε, rmsJa −146◦ 0.7 129◦ 2.1 125◦ 0.9 123◦ 0.6

Model II

ε = 151◦, 155◦, %ε155◦ 100% 1.2 76% 2.7 83% 2.9 85% 3.6

Model III
ε1, ε2, %ε1 0◦ −145◦ 74% 0◦ −62◦ 79% 0◦ −5◦ 69% 124◦ −3◦ 41%

rmsJ 0.4 0.1 0.1 0.5

Model IV
ε = 60◦, 180◦,−60◦ % 26, 67, 7 18, 50, 26 22, 46, 32 25, 38, 37

rmsJ 0.7 1.8 0.7 0.7

a rmsJ= (∑(Jpred
2− Jexp

2))−1/2/(n)−1/2 measured in Hz, n number of couplings, parametrisation for J(H,P)
and J(C,P) from Lankhorst et al. (1984).

The approach reported here can also be applied
in proteins to simultaneously determine1J(Ni,Cα

i ) and
2J(Ni,Cα

i−1) coupling constants from 2D reference and
3D HNCA experiments.
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