
J-Deconvolution Using Maximum Entropy Reconstruction Applied to 13C-13C
Solid-State Cross-Polarization Magic-Angle-Spinning NMR of Proteins

Ingo Scholz, Stefan Jehle, Peter Schmieder, Matthias Hiller, Frank Eisenmenger,
Hartmut Oschkinat, and Barth-Jan van Rossum*

Leibnizinstitut fu¨r Molekulare Pharmakologie, Robert-Ro¨ssle-Strasse 10, 13125 Berlin, Germany, and
Freie UniVersität Berlin, Takustrasse 3, 14195 Berlin, Germany

Received February 6, 2007; E-mail: brossum@fmp-berlin.de

Solid-state magic-angle-spinning (MAS) NMR spectroscopy has
emerged as a versatile tool for structure determination of biological
macromolecules, and several examples of protein structures solved
using MAS NMR have been presented recently.1-5 MAS NMR still
relies strongly on13C detection. Hence,13C-13C scalar couplings
can impair both resolution and sensitivity in13C-labeled prepara-
tions. J-couplings lead to a splitting of the carbon lines into
multiplets or, when not resolved, become manifest in an effective
line broadening. CR signals, for example, containJ-couplings to
the C′ and, if present, the Câ spins, with coupling constants ofJCRC′

≈ 55 andJCRCâ ≈ 35 Hz, respectively.
Various experimental approaches exist forJ-decoupling. The

downside of many experimental methods is that they can bring
about a penalty in signal-to-noise ratio (S/N) that is often intolerable
for solid-state NMR of “difficult” biological samples, like mem-
brane proteins.J-couplings in the indirect dimension (t1), for
example, can be eliminated by using so-called “constant-time”
delays.6 However, this method may result in limited sensitivity
because of the relaxation that takes place during the constant-time
interval. In solids, relaxation processes are generally fast, which
renders this method less practical for sensitivity reasons. Another
approach relies on the refocusing ofJ-couplings by combining band-
selective and hard 180°-pulses to selectively suppress couplings
between certain groups of spins. This method was first established
for liquid-state NMR7 and later introduced into solid-state NMR.8

A drawback is that it can only be applied int1. In a different
strategy, homonuclearJ-couplings in the direct dimension (t2) may
be removed by using an adiabatic pulse train for selective irradiation
during acquisition.9 This method, however, requires dedicated
hardware for simultaneous irradiation and detection on the same
NMR nucleus. An innovative method that allowsJ-decoupling in
both dimensions is based on combination of an IPAP spin-state
selection filter within a constant-time interval int1 with a zero-
quantum PDSD (proton-driven spin diffusion) sequence, resulting
in a spin-state selective polarization transfer.10,11The constant time
interval and the duration of the selective pulses to ensure spin-
state selection, however, may cause a substantial loss in sensitivity
owing to relaxation.

An alternative strategy to removeJ-couplings is by postacqui-
sition data processing. Deconvolution of the raw time-domain data
using maximum-entropy (MaxEnt) reconstruction to removeJ-
couplings has been demonstrated for liquid-state NMR data.12-15

The purpose of this Communication is to demonstrate that decon-
volution of MAS NMR data with MaxEnt reconstruction allows
removal of splittings due toJ-couplings without expenses in
sensitivity. We show that a combination of MaxEnt reconstruction
in t2 with a selective pulse int1 produces fullyJ-resolved data in
both dimensions. The method was applied to preparations of
proteins expressed on media containing [2-13C]-glycerol as the only

carbon source, leading to labeling schemes that result in a restricted
set of J-couplings so that the effect of decoupling is readily
observed. When using [2-13C]-glycerol as carbon source, valines
contain13CR-13Câ spin-pairs that can be suitably used for investiga-
tion of the performance of the decoupling technique without being
obscured by overlap from signals from other residues. As a test
system we used a [2-13C]-glycerol preparation of theR-spectrin
SH3 domain, which is denoted as 2-SH3.1 As an example of a
membrane protein with higher molecular weight (281 residues),
we used a preparation of the outer-membrane protein G obtained
using [2-13C]-glycerol as carbon source, denoted as 2-OmpG.16

Figures 1a-c show the valine CR-Câ cross-peaks of 2-SH3,
recorded or processed under different conditions. The data in Figure
1a is the reference spectrum, which is a 2D PDSD17 correlation
experiment (25 ms mixing). The spectrum in Figure 1b was obtained
with similar experimental settings, but the pulse sequence addition-
ally contained a hard 180°-pulse and a band-selective 180°-pulse
at the frequency of the CR during t1. Figure 1c shows the same

Figure 1. Valine CR-Câ cross-peaks of 2-SH3 (a-c) and 2-OmpG (d-f),
recorded or processed under different conditions. The data shown in panels
a and d are 2D PDSD reference spectra (25 ms mixing).17 The spectra in
panels b and e additionally contained a hard 180° pulse and band-selective
refocusing pulse on the CRs duringt1. Panels c and f show the same data
as in panels b and e, respectively, deconvolved with maximum-entropy
reconstruction instead of FFT int2, using the Rowland NMR Toolkit version
3.0 (http://structbio.uchc.edu/hochlab_files/rnmrtk.html). TheJ-coupling
constant for MaxEnt reconstruction was set to 35 Hz. The data on 2-SH3
were recorded on a 9.4 T Avance-400 spectrometer, the spectra on 2-OmpG
on a 17.6 T DMX-750 spectrometer (Bruker, Karlsruhe, Germany). For
both experiments the MAS frequency was set to 8 kHz. The preparation
procedures of OmpG and SH3 were described elsewhere.16,18The proteins
were expressed in bacteria on media with [2-13C]-glycerol19 as the sole
carbon source.
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experiment as in Figure 1b, but processed with MaxEnt deconvo-
lution in t2. In Figure 2, we compare various columns and rows
extracted from the data in Figure 1a-c. The differences in line
widths under free precession and under homonuclear decoupling
approximately match with a scalar coupling constantJCRCâ of ∼35
Hz. Hence, even though theJ-couplings are not resolved in the
indirect dimension of the experiment, the line widths are reduced
by the selective pulses (Figure 2, rows I and II). In the direct
dimension, the splittings due to theJ-coupling between the valine
CR and Câ spins are partially resolved and collapse into single peaks
after performingJ-deconvolution with MaxEnt (Figure 2, rows III
and IV, respectively). TheS/N value for the various cross-peaks
increases from Figure 1a to Figure 1b (see Supporting Information).
It is difficult to compare this to theS/N in the data reconstructed
with MaxEnt (Figure 1c), since the apparent noise can be tuned by
the choice of parameters used for the reconstruction. Our aim was
to remove theJ-coupling and not the noise, hence wechosethe
parameters in such a way that the experimental data and the
reconstructed data have about the sameS/N.

The results for 2-OmpG are shown in Figures 1d-f. The data in
Figure 1d contains the reference spectrum while the spectrum in
Figure 1e was recorded using a band-selective refocusing pulse at
the CR frequency duringt1. Figure 1f shows the same experimental
data as in Figure 1e, but processed with MaxEnt deconvolution in
t2. Without J-decoupling (Figure 1d), the 2D13C-13C PDSD
spectrum is very congested in the valine CR-Câ region, which, for
OmpG, comprises the response from 14 valine CR-Câ cross-peaks.
With homonuclearJ-decoupling applied int1, the region of the CR-
Câ cross-peaks becomes better resolved (Figure 1e). The best
resolution is obtained if the data are additionally processed with
MaxEnt in t2 (Figure 1f).

MaxEnt deconvolution needs to be performed carefully to
guarantee that the “mock” FID (the product of the inverse Fourier

transform of the reconstructed spectrum with the convolution kernel)
closely resembles the experimental FID and differences should be
within the error tolerance set for the calculations (see Supporting
Information).12 Possible artefacts that may arise in the reconstructed
spectra are ghost signals or phase distortions. To obtain a qualitative
estimate about the reliability of the method, we compared data
obtained from 2-OmpG deconvolved int1 using the MaxEnt
reconstruction method with data recorded with experimentalJ-
decoupling (data shown in the Supporting Information). The
experimentally decoupled data shows that thet1-line widths are very
similar to those obtained by processing with MaxEnt and that
differences in the cross-peak positions int1 are small (e0.2 ppm).

In conclusion, we have demonstrated thatJ-decoupling using
refocusing pulses int1 and MaxEnt reconstruction int2 leads to
well-resolved spectra without sacrificing theS/N to an intolerable
amount. Since MaxEnt is a postacquisition processing method,
existing data can be reprocessed and analyzed in greater detail.
MaxEnt reconstruction can be seen as a powerful and viable
alternative to experimental approaches forJ-decoupling.
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Figure 2. Slices extracted from Figure 1 for the SH3 CR-Câ cross-peak
of V44 (a), V23 (b), and V53 (c). The small icons schematically depict the
cross-peaks as observed in the 2D data and show the dimension of the
extracted slices. Columns extracted from Figure 1a are displayed in panel
I; columns and rows taken from Figure 1b are shown in panels II and III,
respectively; rows taken from Figure 1c are shown in panel IV.
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