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A two-dimensional {*P} spin-echo-difference constant-time
[®C, *H]-HMQC experiment (2D {*'P}-sedct-[°C, ‘H]-HMQC) is
introduced for measurements of *Jc,» and *J,» scalar couplings
in large **C-labeled nucleic acids and in DNA-protein complexes.
This experiment makes use of the fact that *H-"C multiple-
quantum coherences in macromolecules relax more slowly than
the corresponding “C single-quantum coherences. *J¢,p and *Jyzp
are related via Karplus-type functions with the phosphodiester
torsion angles B and e, respectively, and their experimental as-
sessment therefore contributes to further improved quality of
NMR solution structures. Data are presented for a uniformly “C,
N-labeled 14-base-pair DNA duplex, both free in solution and in
a 17-kDa protein—-DNA complex. © 1999 Academic Press

Key Words: *J¢,» and *Jse scalar couplings; protein-nucleic
acid complexes; multiple-quantum coherence; NMR structure de-
termination; **C labeling.

ences (SQC). The new 2D*P}-sedct-[°C, 'H]-HMQC
scheme (Fig. 1a) takes advantage of the fact tiht"*C
multiple-quantum coherence (MQC) relaxes more slowly tha
C single-quantum coherencd9-22. Furthermore, when
compared with HSQC, 2D*C, 'H]-HMQC (22) exhibits
greatly enhanced sensitivity for CH groups in larger macro
molecules. With 2D {'P}-sedct-[°C, "H]-HMQC, only a sin-
gle reference experiment needs to be recorded for measurem
of both *J.,» and®J, s, and no additional ct delay is required
for attenuation by'J,s», Since the delays for the dephasing of
'H-"*C MQC by *J¢,p and®J,;» are overlaid (Fig. 1a). Over-
all, only three subspectra are thus recorded in measurements
the two types of couplings: (I) a reference subspectrum wit
decoupling of both®J,» and *Jcs during the ct delay, (Il) a
subspectrum with decoupling 88, and (Ill) a subspectrum
with decoupling of*Jy.. Signal attenuation in (Il) and (Ill)

Nuclear magnetic resonance (NMR) structure determinatié®fative to (1) yields*Jyze and *Jese, respectively §—8. A
of nucleic acids makes extensive use of vicinal scalar coupling@tential drawback of 2D ¥P}-sedct-[*C, *H]-HMQC arises
(1-3). In particular,*Jcse and®J,e are related with the torsion from the fact that measurements tf.,» and *J,s» are pre-
anglesp and e, respectively 4), which define the phosphodi- vented by®J,,; dephasing during the ct delay. However, the
ester backbone conformation. In this Communication wdSQC measurements cannot in general provide complete s
present the 2D ¥P}-sedct-[°C, 'H]-HMQC experiment, a Of these data either. Due to severe spectral overlap of thied C5
spin-echo-difference constant-time (ct) scheed|, for mea- signals 23) in 2D {*P}-sed dual ct-{’C, 'H]-HSQC, only
surement 0fJese and 3J,p in °C-labeled nucleic acidslQ— three *Jyspe or *Juge couplings could be obtained for the
17) and their protein complexes. The couplings were detedntp(C399-DNA complex, and five such couplings were
mined for a uniformly *C/**N-labeled 14-base-pair DNA measured for the free DNA.
duplex prepared by solid-phase synthesis, both free in solutiorin view of the limited chemical shift dispersion of the K3
and in the 17-kDaAntp(C399 homeodomain—-DNA complex H4', and H3/H5" resonancesl( 23, we did not use aH spin
(15). lock for suppression ofH—"H J dephasing during the ct delay,

The 2D {*P}-sedct-[*C, '*H]-HSQC 6, 9 and 2D {P}- 7, (20), since even a weak continuous-wave spin lock woul
sed dual ct°’C, 'H]-HSQC (7) experiments measure signakause significant Hartmann—Hahn transfettdimagnetization
attenuation of cross peaks that are caused by padsivend (22) and thus prevent accurate data analysis. Fdr th@ sugar
*J.» couplings, respectively. Use for larger systems is limitggucker @) determines’d,, dephasing by'J,zus, *Jusz, and
by rapid T, relaxation of*H and **C single-quantum coher- 33,,,,,.. Losses are minimal and maximal in G&do and
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try, State University of New York at Buffalo, 816 Natural Sciences Compledet = 2/ Jcc = 46 ms, the losses in an ideal B-DNA (A-RNA)

Buffalo, NY 14260. helix are 7% (27%) and 27% (79%), respectively (the pucke
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sugar pucker, which applies to most DNA duplexes, and me:
surement of*Jc,p in nucleotides withy™, which is usually
observed in both DNA and RNA24). In fact, a dramatic
decrease in intensity relative to the '€dsignals of nucleotides
with v*, which might be registered between two experiment
with 7, = 23 ms andr,, = 46 ms, would yield the structural
information that the corresponding torsion angle is eitjiear
v~ . The new scheme can thus be expected to be the experim
of choice for larger systems, because losses duéltg
dephasing are either overcompensated by the gain arising frc
slower relaxation of HMQCZ2) or provide constraints fof.

To compare 2D {'P}-sedct-[°C, 'H]-HMQC with the
corresponding HSQC experiments, we modified the origine
2D {*P}-sed dual ct-{°C, *H]-HSQC scheme, which had
been designed for selectively deuterated nucleic adij<q
ensure that'H-'H antiphase magnetization that emerge:

FIG. 1. (a) Pulse scheme of 20°P}-sedct-{°C, *H-HMQC. Thep RF dUIing the evolution ofJ is dephased prior to detection
pulse sequences denoted as “Ref'J\ip,” and “J.," were applied to record (See the legend to Fig. 1b). Figure 2 affords a comparison
the reference spectrum, and for the measuremeritd.gf and*Jcss, respec-  corresponding HMQC and HSQC reference subspectra. F
tively. Suppression of residual HDO magnetization is achieved witlz ftigr the 17-kDaAntp(C393—DNA complex we obtained average

[90°(¢pg)—75—90°(¢po)]. Delays: 7, = 1.5 ms,r, = 11.5 ms (yieldingr, = 23 P . L .
ms) or 23 ms (yielding, = 46 ms), andr; = 2 ms. Durations and amplitudes sensitivity gains of 1.5 to 2.4. This is in agreement with

of the sine-bell-shaped pulsed field gradients (PFG): 46@nd 5 G/cm for Predictions 22) and significantly larger gains can be ex-
G, 1 ms and 50 G/cm fdB,, and 400us and 10 G/cm fo6,. Phase cycling: pected for larger systems (e.g., nucleic acids with more the
d1 =X b2 = X, =X b3 = 8{x}, 8{—x}; &, = 2{x}, 2{ —x}, 2{y}, 50 nucleotides), which places 2D*P}-sedct-[*C, 'H]-
2{=y} s = 16{x}, 16{ =x}; ¢s = x, =X; &; = 2{x}, 2{ =X}; s = HMQC in a unique position for studies 685 and>J¢sp in

Vi do = —Y; e = X 2{—x}, x. (b) Pulse scheme of 2D*¥}-sed dual . . . - . ‘
ct-[**C, "H]-HSQC (7) for the measurement 8, scalar couplings extended large nucleic acids and nucleic acid—protein complexe:

by a cluster of radiofrequency and PFG pulses (indicated in the gray box)@verlap in the SPeCtral regions of the G813" and C4_|'_|4,_ _
dephaséH—'H antiphase magnetization that might emerge during the evol6f0Ss peaks (Fig. 2) will foreseeably become a limiting

tion of *J,» (see below). Delays, = 1.5 ms,, = 11.5 ms (forr, = 23 ms) factor for systems with more than about 30 nucleotides, i
or 23 ms (forre = 46 ms),m, = 1.72 ms;7, = 6.79 ms,7s = 851 MS7 = particylar atr, = 23 ms, so that preparation of segmentally

3.57 ms,r; = 3 ms, 7y = 2.83 ms, and, = 2.5 ms. The evolution period for . 13 . . .
dephasing by?P is given byr, = 7, + . + 75 + 180°C°C) + 180°¢H) = ©F selectively “C-labeled nucleic acids10-17% will be

17.0588 ms. Durations and amplitudes of the sine-bell-shaped PFG$ts400
and 5 G/cm forG;, 3 ms and 40 G/cm fo6,, 300 us and 30 G/cm foG,,

1 ms and—-50 G/cm forG,, 400 us and 15 G/cm foGs, and 2 ms and 50
Glcm for Gs. Phase cyclingip, = X; ¢, =y, —VY; ¢ = X; ¢y, = 2{x}, rectangular 90° and 180° pulses are indicated by thin and thick black vertic:
2{—x}; bs =2{x}, 2{ y}, 2{ —x}, 2{ —vy}; ¢s = 8{x}, 8{ —x}; ¢, = X, bars, respectively, and phases are indicated above the pulses. RF pulse leng
—X; g = 2{x}, 2{ —X}; o =V; 1o = 8{—V}, 8{ ¥}, brc = X, 2{—x}, 180°(‘H) = 11.8 us, 180°(°C) = 27 us, and 180%P) = 106 us. Where no

x. Dephasing of'H-'H antiphase magnetization emerging during the radiofrequency phase is marked, the pulse is applied aloRgr the'H pulses
90°(*H) pulse denoted withp, stores the desiretH in-phase magnetization the carrier was placed at the position of the water line at 4.64 ppm, artithe
alongz. All terms that have to be dephased then possess transverse pratod™P carriers were set to 65 are2.1 ppm, respectively. A GARP sequence
product operators. Duringr[-90°(**C)-G,] (with x = 7, 8, 9) these terms (27) with RF = 3.3 kHz was used to decoupfi€ during proton detection, and
evolve into antiphase with respect ff€, are converted intdH-"°C multiple- a WALTZ16 sequence2g) with RF = 0.6 kHz to decouplé'P during carbon
spin coherence, and are dephased. The aforementioned variable duratigns ohemical shift evolution. Quadrature detectiontj(**C) is accomplished by
s, andr, ensure effective dephasing o, values in the range 140-180 Hz.alternating the phaseé, or ¢, in (a) and (b), respectively, according to
The last 90°{H) pulse recreatesH SQC for detection. For (a) and (b), States—TPPI29).

(@) » . 05 0g Oy amplitudes were assumed to be 35°). For Hide syga3r pucker
. 1 Tli | w |y |y Orec and the backbone dihedral angle (4) determine °J,zus,
H b 1y 8Jhans, and®J.ue. The losses are, for, = 23 ms andr, =
P L 46 ms, respectively, 2 and 9% for Géndok ", 14 and 50%
Bc | 2722720272272 | GARP for C3'-endo# ", 28 and 89% for C2endok', 36 and 94% for
" f ! E C3'-endoA!, 30 and 91% for C2endok~, and 38 and 95% for
Mp R | WALTZ | f WALTZ C3'-endok . Hence, measurements performed with= 23
o & E ms are not critically affected by losses froid,, dephasing.
31p ppp ' I : WALTZ Moreover, 7, = 46 ms yields less than 50% signal reductior

j
1
]
!
]
i for both measurement 68,55 in nucleotides with a C2endo
L}
;
|




COMMUNICATIONS 493

. *HA D NI {cana’ TP
©;(*C) [ppm] il @,(3C) fppm)

(a) m(@n *
-85
86

(C) r((@‘
-85
86

‘@{&r_ A ,
y 4 6 w("H) [ppm] 4. z 40 a. 2 4.0
gain = l 5 gain = 1 8 gain = 1 7 gain = 2 4

FIG. 2. Spectral regions comprising G33' (a—d) and C4H4’ (e—h) cross peaks taken from tfi®-decoupled reference subspectra of 2tP}-sed-[°C,
'H]-HMQC/HSQC experiments recorded for measuremenitlgf, and*J.,» couplings in theAntennapedidnomeodomain—-DNA complex (concentration 1.5
mM, T = 36°C, pH 6.0, solvent BD). Panels a, b, e, and f were taken from a ZfP}-sedct-[*C, *H]-HMQC spectrum recorded with the pulse scheme of
Fig. 1a. Panels ¢ and d were taken from ZfP}-sed-dual ct-{’C, *H]-HSQC (Fig. 1b), and g and h from 20'P}-sedct-[°C, 'H]-HSQC spectra. The, values
used are indicated below the corresponding panels. (Note the increased resolutiow &1&@y for longer 7,.) The average gain in signal-to-noise when
comparing HMQC and HSQC is given below each vertical pair of panels. In b, d, f, and h, a cross section taken along the dashed lines is shown. Th
in d indicate two peaks which are absent in the HSQC spectrum, but are clearly observed by HMQC in b. All spectra were recorded on a Bruker DI
spectrometer equipped with'd-{ °C, *'P} triple-resonance probe. For the experiments with= 23 ms, 376{;) X 512(,) complex points were accumulated,
with t;,,(**C) = 22.5 ms and, ..("H) = 85.2 ms, yielding a measurement time of alodin per subspectrum. Far, = 46 ms, 754(;) X 512(t,) complex
points were accumulated, with., (°C) = 45.0 ms and,,..(*H) = 85.2 ms, yielding a measurement time of about 21 h per spectrum. Fully and pai@ally
®N-labeled DNA oligomers were synthesized on a DNA synthesizer (Applied Biosystems Model 392—28) by the solid-phase phosphoramidite metho
isotopically labeled monomer units that had been synthesized according to the previously described generalRfirafgupraximately 1umol of oligomer
was obtained from fwmol of nucleoside bound to the resin, and the purity of labeled oligomers was higher than 99% as estimated by HPLC analysis on
column (Inertsil ODS-2, GL Science). A full account of the synthesis will be presented elsewhere.

required to make full use of the potential of 2B'®}-sedct- DNA, the corresponding valuesaf = 23 ms andr,, = 46 ms,
[**C, '"H]-HMQC for studies of large nucleic acids. respectively, are 12 and 21 83,35, and 10 and 14 for the
¥C4' is coupled to 5 and 3-standing®P spins via®Jcsps  2Jears and>Jegps Values. We also performed 20'P}-sedct-
and®Jcyps. Hence, the C4-H4' cross peaks in 2D%P}-sedct- [“C, "H]-HMQC for the same DNA duplex free in solution,
[**C, 'H]-HMQC are attenuated by two scalar couplings, anahich was partially”*C/**N-labeled only at those nucleotides
two experiments acquired with different, are necessary to which contact the protein in thAntp(C39§—-DNA complex
extract the two values2p) (Fig. 3). Moreover, it remains to (8, 18. We obtained atr, = 23 ms andr, = 46 ms,
unambiguously assigtlc.es and>Jcyes. This can be achieved respectively, 7 and 2 additiondl,,» values, and 2 and 3
if measurement ofJ..» and/or *J.,» allows a sufficiently additional *Jc,es and *Jesps couplings. Overall, 24 and 22
precise prediction ofJc,py Via corresponding Karplus-type constraints could be derived from heteronuclear scalar co
functions (-3 for the torsion anglee, so that the second plings for the anglee for the free and complexed DNA,
coupling can be assigned td.,»s and translated into a con-respectively, and 12 and 11 constraints were corresponding
straint for 8. For smallerC-labeled nucleic acids, the assignebtained for the backbone dihedral an@léo determine high-
ment may also be supported by inspection of peak intensitigsality NMR solution structures of the DNA duplex and the
registered in 3D HCP2Q). Alternatively, the two values might protein-DNA complex Z6).
be used as a pair of constraints to be assigned individuallyin conclusion, the use of 2D*P}-sedct-[°C, "H]-HMQC
during structure refinement. Siné&,,» from 2D {*P}-sedct- with uniformly **C-labeled DNA enabled the determination of
[**C, "H]-HMQC and 3Jc,» from 2D {*'P}-sedct-[*C, 'H]- *Jcse and?J.se couplings in a DNA—protein complex of size
HSQC were available in the present stud), (these were 17 kDa. The 2D ctfC, 'H]-HMQC experiment can be ex-
primarily used for assigning®Je,e. Overall, for the pected to offer a unique potential of providing conformationa
Antp(C399-DNA complex we obtained at, = 23 ms and constraints for the torsion anglgsand e in nucleic acids and
Tq = 46 ms, respectively, 10 and 17 out of 2B, values, and nucleic acid—protein complexes with molecular weights wel
11 and 18 out of 26J¢,es and?J.spy couplings. For the free above 20 kDa.
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