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13C direct detectegrotonlessNMR spectroscopyis a powerful
tool to characterize systems whékesignals are difficult to analyze,
such as paramagnetic systetnsunfolded proteing,systems where
HN signals cannot be observed due to exchange broad@ing,
possibly molecules with large size. In these cases, structural
restraints such as NOEs and dihedral angles may be limited.
Residual dipolar couplinggdc) have been shown to be precious
as structural restraints and as parameters to investigate dyrmics.
Usually, rdc are measured throughiN detected double and triple
resonance experimerftst! Such experiments require relatively long
acquisition/evolution/coherence transfer delays, and therefore, whe
efficient relaxation mechanisms are operative &t NMR lines
are increasingly broaddc may become undetectable. Here, we
address the determinationrafc through?3C direct detection, which
we propose for all or almost all systems mentioned abBwke.of
C*—Cf and ¢&—C', already described throudhi detectiont are
a straightforward result of our approach '8€—13C spin decou-
pling.t Furthermore, we show that®HC* and HN—N rdc can be
obtained through®C detection even when the proton lines are very
broad, or even not detected. This set of fadc is particularly
useful, as it provides the angles arountldhd the orientation of
the peptide planes.

The homonucleatdc.c andJeqcp coupling constants are large
enough to be easily measured from the doublet splitting, e.g., using
IPAP scheme&.In the direct dimensionprotonless!®C detected
NMR experiments such as CACO-IPAIA C' detection (folJcac
measurements) and COCA-DIPAR C* detection ¥Jcqcp) can
be used. Whef®C detected experiments are designed to measure
large!J couplings, the intrinsically lower sensitivity %C detection

is more than compensated by the robustness of the experiments

with respect to signal loss due to fast relaxation.

LJnn andlyecq are even larger than homonuclear C couplings
and therefore would be the most usefuiHf signals were not broad
beyondrdc detectability. However, the correspondifi€ signals
are not as broa#:. We show here that severily and1Jy,c, NOt
visible in IH experiments can be recovered by heteronuclear
detection and proton-recouplédC detected experiments. To this
end, two novel pulse sequences have been developed to obtai
proton-recoupled'®C detected NMR experiments, where the
coupling to hydrogen nuclei is involved only duriigevolution.

The pulse sequences shown in Figure 1 ti& detection to
measureéJyqac, andJyy couplings. FollJyac, the experiment is
based on a variant of the CACO-IPAP pulse sequénesoton
broadband decoupling is switched off durign order to let the
H*—C= coupling develop during €evolution. A selectivé3C? 18C°
pulse is applied after th€C' pulse to refocus bothlc,cs andJcac
couplings!® Observed signals are not affected ¥y transverse
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Figure 1. ReCACO (a), and ReCON (b). Narrow and wide round bars

representr/2 ands selective shaped pulsA.= 4.5 ms,A, = 13 ms,e =

11(0). Pulse field gradients were 0.8 ms long, with maximum intensities of
25 G/cm. Black and gray pulses in the IPAP building blocks indicate pulses
to obtain in-phase term and anti-phase terms, respecfivéRhase cycles

for ReCACO: ¢1 = X, =X, g2 = 4X, 4y, ¢p3 = 2X, 2(—X) for IP, ¢p3 = 2(—y),

2y for AP andérec = X, =X, —X, X, =X, X, X, —X; for ReCON: ¢; = X, —X,

¢2 = 2X, 2(—X), ¢3 = 4X, 4(—X), ¢pa = X for IP, ¢pa = —y for AP and¢rec

=X =X —X X, =X X, X, —X. Experimental details are reported in the
Supporting Information.

relaxation, becaustH are reintroduced as passive spins and are
never excited. LongitudindH relaxation is operative only during
the relatively short evolution period while signal decays during the
longer preparation, mixing and detection periods are drive¥®y
transverse relaxation rates. As this is a variant giratonless
experiment in which HC couplings are reintroduced, we called this
experiment ReCACO.

Likewise, the original CON-IPAf was modified during the
t; period to encodéJyy couplings in the indirect dimension. Also
in HNCA- and HSQC-type experiments, which are commonly used
to measuréJyac, andJyy,®11 the couplings are encoded during
C>* and N evolutions. Thereforé3C direct detected experiments
can be performed with the same resolution available in conventional
1H detected experiments.

This approach is tested on the dicalcium protein calbindjp D
where the native G4 ion at site Il has been substituted with ¥m
(CaTmCb).H NMR signals may be already too broad at distances
as large as 17 A from the lanthanide cerffe€aTmCb undergoes
extensive self-orientation in high magnetic fields, inducing sizable
rdc. This is an ideal testing sample representative of a number of

Tases in whichtH relaxation is fast. In fact, the approach here

described is general and holds for any molecules in any orienting
device, including membrane proteins aligned via paramagnetic
centers'’ Even if the H is not detected because of exchange, the
corresponding couplings can be detected.

Table 1 summarizes the number of peaks and couplings in
CaTmCb that could be observed and'3C detected experiments,
respectively. As witnessed by the number of observed peaks,
paramagnetic relaxation prevents signal detection for about 50%
of amino acid$8 Recoupled experiments gave ca. 30% increase in
the number of observed couplings. One hundred and thirty-six
residual dipolar couplings could be obtained ¥#& detection
experiments (see Table S1) vs 102khdetected experiments (152
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Table 1. Signals Observed and rdc Measured in 1H and 13C

Experiments
"haca eac: 1J(:ac/; total i
obs. meas. obs. meas. obs. meas. obs. meas. obs. meas. g
i
'H 32 25 34 30 33 31 23 16 122 102 T ,
3 39 36 39 34 42 39 32 27 152 136 > 0 50
@
o
(a) (b) 108
- 67 E f
£ - 1m0 g
fos & zz g Best-fit rdc (Hz)
g ium, m ¥ Figure 3. Correlation between calculated and observed-8¢, HN—N,
- 69 I Ce—C', and C—CF residual dipolar couplings.
m & 114
1785 1750 1745 175 174 173 In summary, due to the smaller magnetogyric ratio, carbon nuclei
B¢ (ppm) B¢ (ppm) . A . ..
suffer less than protons from line broadening. The availability of
(d) 13C direct detected spectra provides an alternative method for the
{:@ 1745 measurement ofdc. With the present approach, residual dipolar
n .j»@ e T couplings can be obtained with a precision which is as good as
4 E@ ) 50 & that achieved withH detection, but with the additional advantage
g g@ " {w@ 2 that 1J couplings can be precisely measured also for briad
S 7 1 resonances. This is a further step in the general strated$Cof
. : . direct detection for structure and dynamics determination. Of course,
175.5 1750 1745 1740 59 58 57

in paramagnetic molecules thesie values beautifully complement

"¢ (ppm) pseudocontact shifts and relaxation data.

B¢ {ppm)

Figure 2. Selected regions of ReCACO (a), ReCON (b), CACO-IPAP (c),
and COCA-DIPAP (d) spectra for CaTmCb sample (1 mM) at 300 Kand  Acknowledgment. This work has been supported by the

175 MHz. European Commission: MEST-CT-2004-504391, QLG2-CT-2002-

vs 122 when we consider signals observed in reference experiment$0988, MIUR-RBLA032ZM7, and EU-NMR 026145 (JRA 2 HET-
but for whichrdc could not be measured due to overlaps). For well- NMR).
isolated!3C’ signals, thé-Jc,c could be measured also from IPAP

versions of one-d|men3|ongl (1D§,C expepments. Overall, this and**C experimentsidc measured for CaTmCh, structure calculation
has allowed us to measuréc involving *H signals as large as 150, t0¢01 and structural statistics. This material is available free of
Hz. Such significant results represent further possibilities for cparge via the Internet at http://pubs.acs.org.
investigating difficult systems. Noteworthy, théc dataset obtained
from H-based experiments is not co-incident with that obtained References
via 13C detection. Therefore, both approaches can be used syner-
gistically. We report in Figure 2 selected regions of 2D spectra.
The selected columns of the 2D spectra are reported in Figure S1
to appreciate the difference in signal intensity for signals that are
affected by substantial line broadening contributions. This is the
case, for example, for Lys 29 and Gly 42, whéig,c, andJuy
are not detectable in the standatt detected experiments, while
ReCON and ReCACO provide a reliable estimate of the coupling.
The fourlJ values that can be obtained through the protonless
and proton-recoupled experiments described here (Table 1), taken
together, efficiently restrain backbone dihedral angles. It is in fact
well-known that three of the fourdc between € and its bound
nuclei are in principle enough to provide the fold of the protein
backbone, if measured with sufficient accuracy with two alignment
tensorst®19 In addition, the H—N rdc can fix the orientation of ) _ [ - o
the pepride planes. e S iney e i Ploil M.
Sample calculations have been performed to analyze the impact (13) Mmiclet, E.; Boishouvier, J.; Bax, Al. Biomol. NMR2005 31, 201—216.
of 13C-derivedrdc in the present protein using an upgraded version (14) Andersson, P.; Weigelt, J.; Otting, G. Biomol. NMR199§ 12, 435~
of the program PARAMAGNETIC CYANA® (see Supporting 441
Information and Figures S1S3). A structure calculated using ca.
1800 NOE (obtained for the €esubstituted derivative) has a
backbone rmsd of 0.68 A. The addition of the 138 obtained 17 véglia, G.; Opella, S. d. Am. Chem. So@00Q 122, 11733-11734.
via 13C detection decreases the rmsd to 0.50 A (Table S2). The (18) Prestegard, J. H.; Al-Hashimi, H. M.; Tolman, J. ®. Re. Biophys.

improvement was most remarkable on the relative orientation of (19) %_'%osq ??’Cgf?l,\;:riz:r'] D.; Blackledge, M. Am. Chem. So@001 123

Supporting Information Available: Experimental details fotH
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