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A two-dimensional {31P} spin-echo-difference constant-time
13C, 1H]-HMQC experiment (2D {31P}-sedct-[13C, 1H]-HMQC) is
ntroduced for measurements of 3JC4*P and 3JH3*P scalar couplings
n large 13C-labeled nucleic acids and in DNA–protein complexes.
his experiment makes use of the fact that 1H–13C multiple-
uantum coherences in macromolecules relax more slowly than
he corresponding 13C single-quantum coherences. 3JC4*P and 3JH3*P

re related via Karplus-type functions with the phosphodiester
orsion angles b and e, respectively, and their experimental as-
essment therefore contributes to further improved quality of
MR solution structures. Data are presented for a uniformly 13C,

5N-labeled 14-base-pair DNA duplex, both free in solution and in
17-kDa protein–DNA complex. © 1999 Academic Press

Key Words: 3JC4*P and 3JH3*P scalar couplings; protein–nucleic
cid complexes; multiple-quantum coherence; NMR structure de-
ermination; 13C labeling.

Nuclear magnetic resonance (NMR) structure determin
f nucleic acids makes extensive use of vicinal scalar coup
1–3). In particular,3JC49P and3JH39P are related with the torsio
nglesb ande, respectively (4), which define the phosphod
ster backbone conformation. In this Communication
resent the 2D {31P}-sedct-[13C, 1H]-HMQC experiment, a
pin-echo-difference constant-time (ct) scheme (5–9), for mea-
urement of3JC49P and 3JH39P in 13C-labeled nucleic acids (10–
7) and their protein complexes. The couplings were de
ined for a uniformly 13C/15N-labeled 14-base-pair DN
uplex prepared by solid-phase synthesis, both free in sol
nd in the 17-kDaAntp(C39S) homeodomain–DNA comple
15).

The 2D {31P}-sedct-[13C, 1H]-HSQC (6, 8) and 2D {31P}-
ed dual ct-[13C, 1H]-HSQC (7) experiments measure sign
ttenuation of cross peaks that are caused by passive3JCP and

3JHP couplings, respectively. Use for larger systems is lim
y rapid T2 relaxation of 1H and 13C single-quantum cohe

1 To whom correspondence should be addressed at Department of C
ry, State University of New York at Buffalo, 816 Natural Sciences Comp
uffalo, NY 14260.
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nces (SQC). The new 2D {31P}-sedct-[13C, 1H]-HMQC
cheme (Fig. 1a) takes advantage of the fact that1H–13C
ultiple-quantum coherence (MQC) relaxes more slowly

13C single-quantum coherence (19–22). Furthermore, whe
ompared with HSQC, 2D [13C, 1H]-HMQC (22) exhibits
reatly enhanced sensitivity for CH groups in larger ma
olecules. With 2D {31P}-sedct-[13C, 1H]-HMQC, only a sin-
le reference experiment needs to be recorded for measur
f both 3JC49P and 3JH39P, and no additional ct delay is requir

or attenuation by3JH39P, since the delays for the dephasing
1H–13C MQC by 3JC49P and 3JH39P are overlaid (Fig. 1a). Ove
ll, only three subspectra are thus recorded in measureme

he two types of couplings: (I) a reference subspectrum
ecoupling of both3JHP and 3JCP during the ct delay, (II)
ubspectrum with decoupling of3JCP, and (III) a subspectrum
ith decoupling of3JHP. Signal attenuation in (II) and (II

elative to (I) yields3JH39P and 3JC49P, respectively (6–8). A
otential drawback of 2D {31P}-sedct-[13C, 1H]-HMQC arises

rom the fact that measurements of3JC29P and 3JH59P are pre
ented by2JHH dephasing during the ct delay. However,
SQC measurements cannot in general provide complet
f these data either. Due to severe spectral overlap of the9H
ignals (23) in 2D { 31P}-sed dual ct-[13C, 1H]-HSQC, only
hree 3JH59P or 3JH50P couplings could be obtained for t
ntp(C39S)–DNA complex, and five such couplings we
easured for the free DNA.
In view of the limited chemical shift dispersion of the H9,
49, and H59/H50 resonances (1, 23), we did not use a1H spin

ock for suppression of1H–1H J dephasing during the ct dela
ct (20), since even a weak continuous-wave spin lock wo
ause significant Hartmann–Hahn transfer of1H magnetization
22) and thus prevent accurate data analysis. For H39, the suga
ucker (4) determines3JHH dephasing by3JH39H49,

3JH39H29, and
3JH39H20. Losses are minimal and maximal in C29-endo and

39-endo, respectively (1–3). For tct 5 1/1JCC 5 23 ms and
ct 5 2/1JCC 5 46 ms, the losses in an ideal B-DNA (A-RN
elix are 7% (27%) and 27% (79%), respectively (the pu

is-
,

1090-7807/99 $30.00
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mplitudes were assumed to be 35°). For H49, the sugar pucke
nd the backbone dihedral angleg (4) determine 3JH39H49,

3JH49H59, and 3JH49H50. The losses are, fortct 5 23 ms andtct 5
6 ms, respectively, 2 and 9% for C29-endo/g1, 14 and 50%

or C39-endo/g1, 28 and 89% for C29-endo/g t, 36 and 94% fo
39-endo/g t, 30 and 91% for C29-endo/g2, and 38 and 95% fo
39-endo/g2. Hence, measurements performed withtct 5 23
s are not critically affected by losses from3JHH dephasing
oreover,tct 5 46 ms yields less than 50% signal reduc

or both measurement of3JH39P in nucleotides with a C29-endo
ugar pucker, which applies to most DNA duplexes, and m
urement of3JC49P in nucleotides withg1, which is usually
bserved in both DNA and RNA (24). In fact, a dramati
ecrease in intensity relative to the C49H signals of nucleotide
ith g1, which might be registered between two experim
ith tct 5 23 ms andtct 5 46 ms, would yield the structur

nformation that the corresponding torsion angle is eitherg t or
2. The new scheme can thus be expected to be the exper
f choice for larger systems, because losses due to3JHH

ephasing are either overcompensated by the gain arising
lower relaxation of HMQC (22) or provide constraints forg.
To compare 2D {31P}-sedct-[13C, 1H]-HMQC with the

orresponding HSQC experiments, we modified the orig
D { 31P}-sed dual ct-[13C, 1H]-HSQC scheme, which ha
een designed for selectively deuterated nucleic acids (7), to
nsure that1H–1H antiphase magnetization that emer
uring the evolution of3JHP is dephased prior to detecti
see the legend to Fig. 1b). Figure 2 affords a compariso
orresponding HMQC and HSQC reference subspectra
he 17-kDaAntp(C39S)–DNA complex we obtained avera
ensitivity gains of 1.5 to 2.4. This is in agreement w
redictions (22) and significantly larger gains can be e
ected for larger systems (e.g., nucleic acids with more
0 nucleotides), which places 2D {31P}-sedct-[13C, 1H]-
MQC in a unique position for studies of3JH39P and 3JC49P in

arge nucleic acids and nucleic acid–protein comple
verlap in the spectral regions of the C39–H39 and C49–H49
ross peaks (Fig. 2) will foreseeably become a limi
actor for systems with more than about 30 nucleotide
articular attct 5 23 ms, so that preparation of segment
r selectively 13C-labeled nucleic acids (10 –17) will be

ectangular 90° and 180° pulses are indicated by thin and thick black ve
ars, respectively, and phases are indicated above the pulses. RF pulse
80°(1H) 5 11.8ms, 180°(13C) 5 27 ms, and 180°(31P) 5 106 ms. Where no
adiofrequency phase is marked, the pulse is applied alongx. For the1H pulses
he carrier was placed at the position of the water line at 4.64 ppm, and th13C
nd31P carriers were set to 65 and22.1 ppm, respectively. A GARP sequen
27) with RF5 3.3 kHz was used to decouple13C during proton detection, an
WALTZ16 sequence (28) with RF 5 0.6 kHz to decouple31P during carbon

hemical shift evolution. Quadrature detection int 1(
13C) is accomplished b

lternating the phasesf2 or f3 in (a) and (b), respectively, according
tates–TPPI (29).

to
-

ton

f

FIG. 1. (a) Pulse scheme of 2D {31P}-sedct-[13C, 1H]-HMQC. The 31P RF
ulse sequences denoted as “Ref.,” “3JH39P,” and “3JC49P” were applied to recor

he reference spectrum, and for the measurements of3JH39P and 3JC49P, respec
ively. Suppression of residual HDO magnetization is achieved with thez filter
90°(f8)–t3–90°(f9)]. Delays:t1 5 1.5 ms,t2 5 11.5 ms (yieldingtct 5 23
s) or 23 ms (yieldingtct 5 46 ms), andt3 5 2 ms. Durations and amplitud
f the sine-bell-shaped pulsed field gradients (PFG): 400ms and 5 G/cm fo

1, 1 ms and 50 G/cm forG2, and 400ms and 10 G/cm forG3. Phase cycling

1 5 x; f 2 5 x, 2x; f 3 5 8{ x}, 8{ 2x}; f 4 5 2{ x}, 2{ 2x}, 2{ y},
{ 2y}; f 5 5 16{ x}, 16{ 2x}; f 6 5 x, 2x; f 7 5 2{ x}, 2{ 2x}; f 8 5
; f 9 5 2y; f rec 5 x, 2{2x}, x. (b) Pulse scheme of 2D {31P}-sed dua
t-[13C, 1H]-HSQC (7) for the measurement of3JHP scalar couplings extend
y a cluster of radiofrequency and PFG pulses (indicated in the gray b
ephase1H–1H antiphase magnetization that might emerge during the e

ion of 3JHP (see below). Delays:t1 5 1.5 ms,t2 5 11.5 ms (fortct 5 23 ms)
r 23 ms (fortct 5 46 ms),t3 5 1.72 ms,t4 5 6.79 ms,t5 5 8.51 ms,t6 5
.57 ms,t7 5 3 ms,t8 5 2.83 ms, andt9 5 2.5 ms. The evolution period f
ephasing by31P is given bytP 5 t3 1 t4 1 t5 1 180°(13C) 1 180°(1H) 5
7.0588 ms. Durations and amplitudes of the sine-bell-shaped PFGs: 4ms
nd 5 G/cm forG1, 3 ms and 40 G/cm forG2, 300 ms and 30 G/cm forG3,
ms and250 G/cm forG4, 400 ms and 15 G/cm forG5, and 2 ms and 5
/cm for G6. Phase cycling:f 1 5 x; f 2 5 y, 2y; f 3 5 x; f 4 5 2{ x},
{ 2x}; f 5 52{ x}, 2{ y}, 2{ 2x}, 2{ 2y}; f 6 5 8{ x}, 8{ 2x}; f 7 5 x,
x; f 8 5 2{ x}, 2{ 2x}; f 9 5 y; f 10 5 8{ 2y}, 8{ y}; f rec 5 x, 2{2x},

. Dephasing of1H–1H antiphase magnetization emerging duringtP: the
0°(1H) pulse denoted withf9 stores the desired1H in-phase magnetizatio
long z. All terms that have to be dephased then possess transverse
roduct operators. During [t x–908( 13C)–G6] (with x 5 7, 8, 9) these term
volve into antiphase with respect to13C, are converted into1H–13C multiple-
pin coherence, and are dephased. The aforementioned variable duratiot7,

8, andt9 ensure effective dephasing for1JHC values in the range 140–180 H
he last 90°(1H) pulse recreates1H SQC for detection. For (a) and (b
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equired to make full use of the potential of 2D {31P}-sedct-
13C, 1H]-HMQC for studies of large nucleic acids.

13C49 is coupled to 59- and 39-standing31P spins via3JC49P59

nd3JC49P39. Hence, the C49–H49 cross peaks in 2D {31P}-sedct-
13C, 1H]-HMQC are attenuated by two scalar couplings,
wo experiments acquired with differenttct are necessary
xtract the two values (25) (Fig. 3). Moreover, it remains t
nambiguously assign3JC49P59 and3JC49P3. This can be achieve

f measurement of3JH39P and/or 3JC29P allows a sufficiently
recise prediction of3JC49P39 via corresponding Karplus-typ

unctions (1–3) for the torsion anglee, so that the secon
oupling can be assigned to3JC49P5 and translated into a co
traint forb. For smaller13C-labeled nucleic acids, the assig
ent may also be supported by inspection of peak inten

egistered in 3D HCP (22). Alternatively, the two values mig
e used as a pair of constraints to be assigned individ
uring structure refinement. Since3JH39P from 2D {31P}-sedct-

13C, 1H]-HMQC and 3JC29P from 2D {31P}-sedct-[13C, 1H]-
SQC were available in the present study (8), these wer
rimarily used for assigning 3JC49P. Overall, for the
ntp(C39S)–DNA complex we obtained attct 5 23 ms and

ct 5 46 ms, respectively, 10 and 17 out of 283JH39P values, and
1 and 18 out of 263J and 3J couplings. For the fre

FIG. 2. Spectral regions comprising C39H39 (a–d) and C49H49 (e–h) cro
H]-HMQC/HSQC experiments recorded for measurement of3JH39P and 3JC49P

M, T 5 36°C, pH 6.0, solvent D2O). Panels a, b, e, and f were taken fr
ig. 1a. Panels c and d were taken from 2D {31P}-sed-dual ct-[13C, 1H]-HSQC
sed are indicated below the corresponding panels. (Note the increas
omparing HMQC and HSQC is given below each vertical pair of pane
n d indicate two peaks which are absent in the HSQC spectrum, but a
pectrometer equipped with a1H-{ 13C, 31P} triple-resonance probe. For the
ith t 1,max(

13C) 5 22.5 ms andt 2,max(
1H) 5 85.2 ms, yielding a measureme

oints were accumulated, witht 1,max (13C) 5 45.0 ms andt 2,max(
1H) 5 85.2 ms

5N-labeled DNA oligomers were synthesized on a DNA synthesizer (A
sotopically labeled monomer units that had been synthesized accordin
as obtained from 5mmol of nucleoside bound to the resin, and the purity
olumn (Inertsil ODS-2, GL Science). A full account of the synthesis w
C49P59 C49P39
d

es

lly

NA, the corresponding values attct 5 23 ms andtct 5 46 ms,
espectively, are 12 and 21 for3JH39P, and 10 and 14 for th

3JC49P59 and 3JC49P39 values. We also performed 2D {31P}-sedct-
13C, 1H]-HMQC for the same DNA duplex free in solutio
hich was partially13C/15N-labeled only at those nucleotid
hich contact the protein in theAntp(C39S)–DNA complex

8, 18). We obtained attct 5 23 ms andtct 5 46 ms,
espectively, 7 and 2 additional3JH39P values, and 2 and
dditional 3JC49P59 and 3JC49P39 couplings. Overall, 24 and 2
onstraints could be derived from heteronuclear scalar
lings for the anglee for the free and complexed DNA
espectively, and 12 and 11 constraints were correspond
btained for the backbone dihedral angleb to determine high
uality NMR solution structures of the DNA duplex and
rotein–DNA complex (26).
In conclusion, the use of 2D {31P}-sedct-[13C, 1H]-HMQC
ith uniformly 13C-labeled DNA enabled the determination

3JC49P and 3JH39P couplings in a DNA–protein complex of si
7 kDa. The 2D ct-[13C, 1H]-HMQC experiment can be e
ected to offer a unique potential of providing conformatio
onstraints for the torsion anglesb ande in nucleic acids an
ucleic acid–protein complexes with molecular weights
bove 20 kDa.

peaks taken from the31P-decoupled reference subspectra of 2D {31P}-sed-[13C,
plings in theAntennapediahomeodomain–DNA complex (concentration
a 2D {31P}-sedct-[13C, 1H]-HMQC spectrum recorded with the pulse schem
. 1b), and g and h from 2D {31P}-sedct-[13C, 1H]-HSQC spectra. Thetct values
resolution alongv1(

13C) for longertct.) The average gain in signal-to-noise wh
n b, d, f, and h, a cross section taken along the dashed lines is shown
clearly observed by HMQC in b. All spectra were recorded on a Bruke
eriments withtct 5 23 ms, 376(t 1) 3 512(t 2) complex points were accumulate
me of about 7 h per subspectrum. Fortct 5 46 ms, 754(t 1) 3 512(t 2) complex
lding a measurement time of about 21 h per spectrum. Fully and partia13C,

ed Biosystems Model 392–28) by the solid-phase phosphoramidite me
the previously described general strategy (30). Approximately 1mmol of oligomer

labeled oligomers was higher than 99% as estimated by HPLC analysis
e presented elsewhere.
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