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A novel '"H-"C correlated two-dimensional experiment, CT-
HMQC-J, for the measurement of three-bond proton—-phosphorus
coupling constants in *C-labeled DNA is described. The experi-
ment is based on the intensity difference of ‘H-"C cross peaks in
the presence and absence of the proton—-phosphorus coupling in-
teraction during the constant-time period in HMQC experiment.
The *J(H, P) coupling constants can be easily extracted from the
intensity ratios of the two experiments. The method has been
applied to a uniformly **C,"*N-labeled d(GGAGGAT) 7-mer DNA
sample. The proton—-phosphorus coupling constants determined
from CT-HMQC-J, together with the other three-bond coupling
constants, are used to determine B and e torsion angles. The
introduction of B and e restraints has improved the convergence
as well as the quality of d(GGAGGAT) structure.
Press
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Backbone torsion angles of nucleic acids are an import i
resource for local structural determination because the proton—
proton NOE can only provide constraints fpandd angles out
of six backbone torsion anglea (o ¢). Torsion angles can be
deduced from three-bond coupling constants using the Karp
equation. In order to obtain a unique torsion angle from t
Karplus equation, three related coupling constants are nee
due to the fact that multiple torsion angles correspond to
given coupling constant in the Karplus curve. Coupling co
stants of*J(H3!, P..,) and®J(H5//5%, P,) are thus critical in

obtaining uniqueB(P,—0O5{—C5-C4) and ¢(C4—-C3-03—

Pi,1) angles. Some methods have been developed to measure
the *J(H3/, P.,) and *J(H5!/57, P) coupling constants for

“C-unlabeled and uniformly’C-labeled nucleic acidsl{4).

The values of'J(H, P) coupling constants can be extractec
easily from the intensity ratios of two 2D experiments with anc
without *J(H, P) dephasing. Its utility is demonstrated for a
uniformly *C,””N-labeled d(GGAGGAT) 7-mer DNA duplex
sample.

The pulse sequences of CT-HMQCare illustrated in Fig.
1. The experiments are modified from the constant-tim
HMQC scheme?X). Two pulse sequences, reference and attet
uated experiments, are used to determin€de3;, P..,) and
*J(H5!/5"7, P,) coupling constants. The shaded proton scrambl
pulse is used to destroy proton antiphase coherence develoj
during the constant-time period due to the proton homonucle
coupling interaction. The constant time duratidn, is set to
25 ms so that the dephasing 61C magnetization due to
C-*C one-bond coupling constant-40 Hz) is eliminated.
The 180° pulses offP in the T, period are applied in such a
way that the coupling interaction betwe&d and *'P is refo-
sed in the reference and active in the attenuated experimer
e composite 180° pulses i in the attenuated experiment
are used to remove potential error caused by different tot
length of P pulses from the two experiments. The dephasin

gtor in the attenuated experiment is dependent upon tl

ince coupling interaction betweéiC and*®'P is refocused in

1€ two experiments, the attenuated factor is edg(), where

fa
giyration of constant time and tHd(H, P) coupling constant.

I%he\] is *J(H, P) coupling constant. Thus, tA&H, P) coupling

constant is given by equation
*J(H, P) = arccosl ol )/ (7To), [1]

where thel ., andl  are the volumes of cross peaks from the

In this report, we present a different, yet a straightforwar@ftenuated and reference experiments.

approach to measure tHd(H3;, P.,) and *J(H5!/57, P)

The implementation of the CT-HMQG-experiment has

coupling constants. The proposed experiment, CT-HMQRC-been demonstrated on 1.5 mM unifornifg, *N-labeled d(G-
uses the principle developed in thé(H,—H,) coupling mea- GAGGAT) DNA oligonucleotide §) recorded in DO on a
surement§) and HSQC spin echo difference experimegjt ( Varian Inova 500-MHz spectrometer at 0°C. The experimen

were processed and analyzed using FELIX 97.0 (Molecule

To whom correspondence should be addressed. Fax: (212) 717-3ogénulations) on a SGI O2 workstation. Shown in Fig. 2A is the
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region of ‘H3'-*C3’ and 'H5'/H5"-"*C5’ from the reference
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FIG. 1. Pulse sequences of the CT-HMQCexperiment for’J(H, P) measurement in &C-labeled oligonucleotide. The experiment is composed o
reference and attenuated schemes. Narrow and wide bars correspond to 90° and 180° pulses, respectively. The shaded square is a proton sdthmble
duration of 1 ms and strenth of 30.5 kHz. The phases of all pulses are x axis unless otherwise indicalidgd*Thend®P carrier frequencies were 5.05, 75,
and —4.5 ppm, respectively. Field strengths of thepulse,*C high-power pulse, GARP decouplingg] on **C, and*P hard pulse were 30.5, 20.8, 2.2, and
7.4 kHz, respectively in both reference and attenuated experiments. Strengths and duration of gradientsswigéde@tm, 0.5 ms), g2 (9 G/cm, 0.3 ms),
g3 = (28 G/cm, 1 ms), g4 (9 G/cm, 0.2 ms). Constant time duration andvere set to 25 and 1.5 ms, respectively. Phase cyclingdwas x, —x; ¢, =
X, X, =X, =X; ¢3 = 4(X), 4(—x); and Acg.= X, —X, —X, X. Quadrature detection duririg was achieved via States—TPRI9J on ¢..

experiment scheme. The resonance assignmerits ahd **C For a two-spin system in a large biomolecule, the multiple
have been given by Kettamit al. (8). The stereospecific as-quantum coherence relaxes more slowly than the correspor
signments of HYproS) and HYproR) have been achieveding single-quantum magnetization stai?)( Therefore, com-
from both the 2D HCCH-E.COSY9} and the HSQC-CH5’ pared to the CT-HSQC, the CT-HMQC enhances the intensi
experiments 10). Peak intensity comparisons from the referef "H-"°C cross peaks of ribose in a 36-mer RNA sample b
ence and attenuated experiments are illustrated in Figs. 2B &nd- to threefold except fotH5'/H5—*C5’, whose multiple-
2C, the 1D slices from CT-HMQQ-spectra for the'H3'— quantum relaxation rate is increased by the dipole interactic
B®C3 and 'H5'/H5"-°C5' of A3 ribose, respectively. The from the geminal protoni@). Although the cross peaks of
derived ®J(H3], P.,) and *J(H5//57, P,) coupling constants 'H5'/H5-**C5’ are weaker than those 0H3'-°C3' in this
using Eq. [1] are listed in Table 1. The error of the experimestudy, decent intensity dH5'/H5"—*C5' cross peaks from a
has been estimated by assuming the coupling constantnudderately sized RNA (27-mer) has been observed (unpu
'H1'-*'P to be zero as described by Legaettal. (11). The lished result). The intensity dH5'/H5—"*C5’ cross peak can
root-mean-square deviation of relative volume based on bE enhanced by the CT-HTQC schen&)( unfortunately, it
H1'—C1’ cross peaks is 0.005. Since this deviation only countannot be used to measure td¢H5//5/, P,) coupling constant
for 0.4 ~ 0.6% of the volume ratio of H3-C3 and H3/H5— because the magnetization of both protons is transverse duri
C5', this error is not further considered in derivifyand e the constant-time period.

angles from the’J(H3], P.,) and *J(H5//57, P, coupling In addition to the®*J(H5//57, P,) and *J(H3], P.,), other

constants. couplings required for a uniqug and e angle (J(C4,, P),
TABLE 1
Coupling Constants and Backbone Torsion Angles of d(GGAGGAT)
G1 G2 A3 G4 G5 A6 T7
*J(P, Cy) (H2) 11.0 8.6 6.0 8.4 7.9 10.2
*J(P, Hs) (Hz) 0.7 2.3 21 0.8 2.4 1.6
*J(P, Hs) (Hz) 2.9 35 1.3 0.3 4.8 1.8
B(°)/rmsJ* 173/0.6 168/1.9 190/3.4 182/2.4 155/1.9 179/1.0
*J(Cs, P) (Hz) 12.3 6.5 ca. 0 8.3 7.0 8.4
*J(Hg, P) (H2) 25 7.7 8.2 3.9 6.5 8.6
*J(C,, P) (Hz) 15 15 8.2 0.9 ca. 0 1.3
€(°)/rms) 180/0.5 221/1.1 266/0.6 198/1.8 213/1.5 217/0.2

*rmsl is calculated using Eq. [2].
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*J(C4;, P.,), and®J(C2}, P,,)) have been determined from

quantitative HCP 14) and HSQCJ (11) experiments and are

listed in Table 1. The most favorable value of torsion angle ca
thus be found from the three related couplings using the equ
tion (14)
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where the rm3 is the root-mean-square deviation of the cou
pling constant,].,, is the experimental coupling constant, and
Jine IS the calculated one from the parameterized Karplus equ
tions (15) for a given value of a torsion angle. From the curve:
of rmsJ versusp and e angles as shown in Fig. 3, the most
favorable and e values are those which give the minimum
rms) values. The deduced torsion angles and the associat
rmsJ values are listed in Table 1.

The structure of the d(GGAGGAT) duplex DNA has beer
solved previously in our laboratory from a combined NMR-
molecular dynamics study without any torsion angle re
straints 8). The oligomer containing a tandem of the GGA
triplet repeat sequence adopts a duplex structure whe
interlocked arrowhead-shaped motifs are aligned throuc
A - A and G- G mismatch formation. The chain reversal in
the p—A3—p segment is revealed by an unusuahgle of
A3, which has an averaged value of 277° from 15 refine
structures §). Thee angle of A3 has been determined to be
266° from this study, which verified the unusual value of
this angle reported before)

To evaluate the effect g8 ande restraints on the structure
of d(GGAGGAT) duplex, the structure calculation has beel
performed using the X-PLOR prograrhg). In the first stage,
15 structures of 100 attempts at embedding and optimizatic
have been selected using distance geometry and simula
annealing refinement based on their acceptable covalent gec
etry, low distance restraints violations, and favorable nor
bonded energy. In the second stage, these 15 structures h
been submitted to molecular dynamics refinement with an
without B and e restraints. The range of thg# and e has been
set to=30° about the values in Table 1.

The quality of the two sets of 15 structures obtained with an
without 8 ande restraints has been measured. The uggarid
e angles increases the convergence of the structures. Compa

FIG. 2. Shown in (A) is the spectrum of the CT-HMQC+eference tO the structures withoys ande restraints, the pairwise rmsd

experiment for the region of H3C3 and H3/H5'-C5 of the “C-labeled is reduced from 0.94 0.28 A to 0.69+ 0.33 A, and the rmsd
d(GGAGGAT) oligonucleotide. The spectral widths(Hz)/complex points alonfom the mean structure is reduced from 0.650.22 A to

F1, F2 were 4400/80 and 8000/1024 with 160 transients per FID. The t06ﬂ47 + 0.22 A. At the same time. the quality of the structures
experimental time was 8.5 h. The F1 resolution was enhanced through mirror-,~ — =" ) ! )

image linear prediction2Q) resulting in a final matrix size of 258 2048 real _usmg thep ande restrain_ts is better. This is eVidence_d by the
points. The H5 and HZ are corresponding to proS and proR, respectivehfimproved rmsd for the distance restraints, the rmsd is reduc
Shown in (B) is the peak intensity comparison from reference (ref.) arfdom 0.017—0.021 to 0.015-0.02 A. No distance violatior
attenuated (att.) experiments fo3'—*C3' of A3 ribose sliced at*C chem- >0.2 A) has been observed for both cases.

ical shift of 80.2 ppm. Shown in (C) is the peak intensity comparison from . .
reference (ref.) and attenuated (att.) experiments'#tsi’/H5"—°C5' of A3 In summary, we have introduced a 2D experiment, CT

H ’ 3 4
ribose sliced at’C chemical shift of 68.5 ppm. The 1D slices from ref. and attHMQC"]v to determ_me thé\_](H3i, P.+1) and “J(H5{/57, P)
experiments are scaled to the same noise level in both (A) and (B). coupling constants in a straightforward manner'f@-labeled
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FIG. 3. Coupling constants versus8 (A) and e (B) torsion angles of
residue G2: Thin solid lines in (A) are the theoretical Karplus curves of
3J(H5%, P), *J(H5;, P), ®J(C4], P) based on the parameterized Karplus
equations 15) and the thicker solid line is the ridgurve calculated using Eq.
[2]. The experimental coupling constants*d{H5%, P,), 2J(H5;, P), J(C4,
P)), and the minimum rmkare represented by, V, A, and@®, respectively.
Thin solid lines in (B) are the theoretical Karplus curves®afH3;, P.,),
2J(C2, P.,), and®J(C4, P) and the thicker solid line is the rdscurve
calculated using Eq. [2]. The experimental coupling constartd(éf3;, P., 1),
3J(C2, P.,), *J(C4, P.,), and the minimum rmsJ are represented_hyv,
A, and @, respectively. The most favorable torsion angles are the ones
corresponding to the minimum values of riria (A) and (B).

12.

DNA. The method is applicable to moderately siz€Q-
labeled RNA (unpublished results). To resolve the chemic,

shift overlaps for a larger nucleotide sample, the 2D experi-

ment can be extended to a 3D version using@TOCSY
transfer step so that th&13'=°*C3" and ‘H5'/H5"-°C5' cross

peaks can be read out from the well-resolvetl’ region. A 14,

similar approach, a 3D HCCH-COSY spin-echo difference
experiment, has been reported recently to measl(@2’, P)
(17). The B and € angles deduced fromJ(H3!, P.,) and

*J(H5}/5%, P) and other related coupling constants have imsz

proved the quality of the d(GGAGGAT) structure significantly.

10.
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