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A novel 1H–13C correlated two-dimensional experiment, CT-
MQC-J, for the measurement of three-bond proton–phosphorus

oupling constants in 13C-labeled DNA is described. The experi-
ent is based on the intensity difference of 1H–13C cross peaks in

he presence and absence of the proton–phosphorus coupling in-
eraction during the constant-time period in HMQC experiment.
he 3J(H, P) coupling constants can be easily extracted from the

ntensity ratios of the two experiments. The method has been
pplied to a uniformly 13C,15N-labeled d(GGAGGAT) 7-mer DNA
ample. The proton–phosphorus coupling constants determined
rom CT-HMQC-J, together with the other three-bond coupling
onstants, are used to determine b and e torsion angles. The
ntroduction of b and e restraints has improved the convergence
s well as the quality of d(GGAGGAT) structure. © 1999 Academic

ress

Key Words: CT-HMQC-J; nucleic acids; structure refinement;
H–31P coupling constant; torsion angles.

Backbone torsion angles of nucleic acids are an impo
esource for local structural determination because the pro
roton NOE can only provide constraints forg andd angles ou
f six backbone torsion angles (a to z). Torsion angles can b
educed from three-bond coupling constants using the Ka
quation. In order to obtain a unique torsion angle from
arplus equation, three related coupling constants are ne
ue to the fact that multiple torsion angles correspond
iven coupling constant in the Karplus curve. Coupling c
tants of3J(H39i , Pi11) and 3J(H59i /50i , Pi) are thus critical in
btaining uniqueb(Pi–O59i–C59i–C49i) and e(C49i–C39i–O39i–
i11) angles. Some methods have been developed to me

he 3J(H39i, Pi11) and 3J(H59i /50i , Pi) coupling constants fo
13C-unlabeled and uniformly13C-labeled nucleic acids (1–4).
n this report, we present a different, yet a straightforw
pproach to measure the3J(H39i , Pi11) and 3J(H59i /50i , Pi)
oupling constants. The proposed experiment, CT-HMQJ,
ses the principle developed in the3J(HN–Ha) coupling mea
urement (5) and HSQC spin echo difference experiment6).

1 To whom correspondence should be addressed. Fax: (212) 717
-mail: weidong@sbnmr1.ski.mskcc.org.
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he values of3J(H, P) coupling constants can be extrac
asily from the intensity ratios of two 2D experiments with
ithout 3J(H, P) dephasing. Its utility is demonstrated fo
niformly 13C,15N-labeled d(GGAGGAT) 7-mer DNA duple
ample.
The pulse sequences of CT-HMQC-J are illustrated in Fig

. The experiments are modified from the constant-
MQC scheme (7). Two pulse sequences, reference and a
ated experiments, are used to determine the3J(H39i , Pi11) and

3J(H59i /50i , Pi) coupling constants. The shaded proton scram
ulse is used to destroy proton antiphase coherence deve
uring the constant-time period due to the proton homonu
oupling interaction. The constant time duration,Tc, is set to
5 ms so that the dephasing of13C magnetization due

13C–13C one-bond coupling constant (;40 Hz) is eliminated
he 180° pulses on31P in theTc period are applied in such
ay that the coupling interaction between1H and 31P is refo-
used in the reference and active in the attenuated experim
he composite 180° pulses on31P in the attenuated experime
re used to remove potential error caused by different

ength of 31P pulses from the two experiments. The depha
actor in the attenuated experiment is dependent upon
uration of constant time and the3J(H, P) coupling constan
ince coupling interaction between13C and31P is refocused i

he two experiments, the attenuated factor is cos(pJTc), where
heJ is 3J(H, P) coupling constant. Thus, the3J(H, P) coupling
onstant is given by equation

3J~H, P! 5 arccos~I att/I ref!/~pTc!, [1]

here theI att and I ref are the volumes of cross peaks from
ttenuated and reference experiments.
The implementation of the CT-HMQC-J experiment ha

een demonstrated on 1.5 mM uniformly13C,15N-labeled d(G
AGGAT) DNA oligonucleotide (8) recorded in D2O on a
arian Inova 500-MHz spectrometer at 0°C. The experim
ere processed and analyzed using FELIX 97.0 (Molec
imulations) on a SGI O2 workstation. Shown in Fig. 2A is

egion of 1H39–13C39 and 1H59/H50–13C59 from the referenc
66.
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xperiment scheme. The resonance assignments of1H and 13C
ave been given by Kettaniet al. (8). The stereospecific a
ignments of H59(proS) and H50(proR) have been achiev
rom both the 2D HCCH-E.COSY (9) and the HSQC-C59H59
xperiments (10). Peak intensity comparisons from the re
nce and attenuated experiments are illustrated in Figs. 2
C, the 1D slices from CT-HMQC-J spectra for the1H39–

13C39 and 1H59/H50–13C59 of A3 ribose, respectively. Th
erived 3J(H39i , Pi11) and 3J(H59i /50i , Pi) coupling constant
sing Eq. [1] are listed in Table 1. The error of the experim
as been estimated by assuming the coupling consta

1H19–31P to be zero as described by Legaultet al. (11). The
oot-mean-square deviation of relative volume based o
19–C19 cross peaks is 0.005. Since this deviation only co

or 0.4 ; 0.6% of the volume ratio of H39–C39 and H59/H50–
59, this error is not further considered in derivingb and e
ngles from the3J(H39i , Pi11) and 3J(H59i /50i , Pi) coupling
onstants.

TAB
Coupling Constants and Backbon

G1 G2 A3

J(P, C49) (Hz) 11.0 8.6
J(P, H50) (Hz) 0.7 2.3
J(P, H59) (Hz) 2.9 3.5
(°)/rmsJa 173/0.6 168/1.9

J(C49, P) (Hz) 12.3 6.5 ca. 0
J(H39, P) (Hz) 2.5 7.7 8.2
J(C29, P) (Hz) 1.5 1.5 8.2
(°)/rmsJ 180/0.5 221/1.1 266/0.6

a rmsJ is calculated using Eq. [2].

FIG. 1. Pulse sequences of the CT-HMQC-J experiment for3J(H, P)
eference and attenuated schemes. Narrow and wide bars correspond
uration of 1 ms and strenth of 30.5 kHz. The phases of all pulses are x
nd24.5 ppm, respectively. Field strengths of the1H pulse,13C high-power
.4 kHz, respectively in both reference and attenuated experiments. Str
3 5 (28 G/cm, 1 ms), g45 (9 G/cm, 0.2 ms). Constant time duration ant
, x, 2x, 2x; f 3 5 4(x), 4(2x); and Acq.5 x, 2x, 2x, x. Quadrature
-
nd

t
of

ll
ts

For a two-spin system in a large biomolecule, the multi
uantum coherence relaxes more slowly than the corres

ng single-quantum magnetization state (12). Therefore, com
ared to the CT-HSQC, the CT-HMQC enhances the inte
f 1H–13C cross peaks of ribose in a 36-mer RNA sample

wo- to threefold except for1H59/H50–13C59, whose multiple
uantum relaxation rate is increased by the dipole intera

rom the geminal proton (13). Although the cross peaks
1H59/H50–13C59 are weaker than those of1H39–13C39 in this
tudy, decent intensity of1H59/H50–13C59 cross peaks from
oderately sized RNA (27-mer) has been observed (un

ished result). The intensity of1H59/H50–13C59 cross peak ca
e enhanced by the CT-HTQC scheme (13); unfortunately, i
annot be used to measure the3J(H59i/50i, Pi) coupling constan
ecause the magnetization of both protons is transverse d

he constant-time period.
In addition to the3J(H59i /50i , Pi) and 3J(H39i , Pi11), other

ouplings required for a uniqueb and e angle (3J(C49i , Pi),

1
orsion Angles of d(GGAGGAT)

G4 G5 A6 T7

6.0 8.4 7.9 10.2
2.1 0.8 2.4 1.6
1.3 0.3 4.8 1.8

190/3.4 182/2.4 155/1.9 179

8.3 7.0 8.4
3.9 6.5 8.6
0.9 ca. 0 1.3

198/1.8 213/1.5 217/0.2

surement in a13C-labeled oligonucleotide. The experiment is compose
0° and 180° pulses, respectively. The shaded square is a proton scramith

is unless otherwise indicated. The1H, 13C, and31P carrier frequencies were 5.05,
e, GARP decoupling (18) on 13C, and31P hard pulse were 30.5, 20.8, 2.2, a
ths and duration of gradients were g15 (11 G/cm, 0.5 ms), g25 (9 G/cm, 0.3 ms)
re set to 25 and 1.5 ms, respectively. Phase cycling wasf 1 5 x, 2x; f 2 5
tection duringt 1 was achieved via States–TPPI (19) on f2.
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3J(C49i , Pi11), and 3J(C29i , Pi11)) have been determined fro
uantitative HCP (14) and HSQC-J (11) experiments and a

isted in Table 1. The most favorable value of torsion angle
hus be found from the three related couplings using the e
ion (14)

rmsJ 5 ~S~~ Jexp 2 Jthe!
2!/3! 1/ 2, [2]

here the rmsJ is the root-mean-square deviation of the c
ling constant,Jexp is the experimental coupling constant, a
the is the calculated one from the parameterized Karplus e
ions (15) for a given value of a torsion angle. From the cur
f rmsJ versusb and e angles as shown in Fig. 3, the m

avorableb and e values are those which give the minim
msJ values. The deduced torsion angles and the assoc
msJ values are listed in Table 1.

The structure of the d(GGAGGAT) duplex DNA has be
olved previously in our laboratory from a combined NM
olecular dynamics study without any torsion angle

traints (8). The oligomer containing a tandem of the GG
riplet repeat sequence adopts a duplex structure w
nterlocked arrowhead-shaped motifs are aligned thro

z A and G z G mismatch formation. The chain reversa
he p–A3–p segment is revealed by an unusuale angle of
3, which has an averaged value of 277° from 15 refi
tructures (8). Thee angle of A3 has been determined to
66° from this study, which verified the unusual value

his angle reported before (8).
To evaluate the effect ofb ande restraints on the structu

f d(GGAGGAT) duplex, the structure calculation has b
erformed using the X-PLOR program (16). In the first stage
5 structures of 100 attempts at embedding and optimiz
ave been selected using distance geometry and sim
nnealing refinement based on their acceptable covalent g
try, low distance restraints violations, and favorable n
onded energy. In the second stage, these 15 structures
een submitted to molecular dynamics refinement with
ithout b ande restraints. The range of theb ande has bee
et to630° about the values in Table 1.
The quality of the two sets of 15 structures obtained with
ithoutb ande restraints has been measured. The use ofb and
angles increases the convergence of the structures. Com

o the structures withoutb ande restraints, the pairwise rm
s reduced from 0.946 0.28 Å to 0.696 0.33 Å, and the rms
rom the mean structure is reduced from 0.656 0.22 Å to
.476 0.22 Å. At the same time, the quality of the structu
sing theb ande restraints is better. This is evidenced by

mproved rmsd for the distance restraints, the rmsd is red
rom 0.017–0.021 to 0.015–0.02 Å. No distance viola
.0.2 Å) has been observed for both cases.

In summary, we have introduced a 2D experiment,
MQC-J, to determine the3J(H39i , Pi11) and 3J(H59i /50i , Pi)
oupling constants in a straightforward manner for13C-labeled

g
tal
or-

.
d

.

FIG. 2. Shown in (A) is the spectrum of the CT-HMQC-J reference
xperiment for the region of H39–C39 and H59/H50–C59 of the 13C-labeled
(GGAGGAT) oligonucleotide. The spectral widths(Hz)/complex points a
1, F2 were 4400/80 and 8000/1024 with 160 transients per FID. The
xperimental time was 8.5 h. The F1 resolution was enhanced through m

mage linear prediction (20) resulting in a final matrix size of 2563 2048 rea
oints. The H59 and H50 are corresponding to proS and proR, respectiv
hown in (B) is the peak intensity comparison from reference (ref.)
ttenuated (att.) experiments for1H39–13C39 of A3 ribose sliced at13C chem-

cal shift of 80.2 ppm. Shown in (C) is the peak intensity comparison
eference (ref.) and attenuated (att.) experiments for1H59/H50–13C59 of A3
ibose sliced at13C chemical shift of 68.5 ppm. The 1D slices from ref. and
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NA. The method is applicable to moderately sized13C-
abeled RNA (unpublished results). To resolve the chem
hift overlaps for a larger nucleotide sample, the 2D ex
ent can be extended to a 3D version using a13C-TOCSY

ransfer step so that the1H39–13C39 and 1H59/H50–13C59 cross
eaks can be read out from the well-resolved1H19 region. A
imilar approach, a 3D HCCH-COSY spin-echo differe
xperiment, has been reported recently to measure3J(C29, P)
17). The b and e angles deduced from3J(H39i , Pi11) and

3J(H59i /50i , Pi) and other related coupling constants have
roved the quality of the d(GGAGGAT) structure significan

FIG. 3. Coupling constants versusb (A) and e (B) torsion angles o
esidue G2: Thin solid lines in (A) are the theoretical Karplus curve
J(H50i , Pi),

3J(H59i , Pi),
3J(C49i , Pi) based on the parameterized Karp

quations (15) and the thicker solid line is the rmsJ curve calculated using E
2]. The experimental coupling constants of3J(H50i , Pi),

3J(H59i , Pi),
3J(C49i ,

i), and the minimum rmsJ are represented byE, ƒ, ‚, andF, respectively
hin solid lines in (B) are the theoretical Karplus curves of3J(H39i , Pi11),
J(C29i , Pi11), and 3J(C49i , Pi) and the thicker solid line is the rmsJ curve
alculated using Eq. [2]. The experimental coupling constants of3J(H39i , Pi11),
J(C29i , Pi11),

3J(C49i , Pi11), and the minimum rmsJ are represented byE, ƒ,
, and F, respectively. The most favorable torsion angles are the
orresponding to the minimum values of rmsJ in (A) and (B).
tly
al
i-

e
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