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Resolution in magic angle spinning (MAS) NMR spectra of solid
macromolecules has recently greatly improved due to progress in
sample preparation, probe and magnet technology, and heteronuclear
decoupling performance, thus opening the field to the structural
characterization of systems highly pertinent in many areas of
modern biology.1,2 One of the main barriers to reach higher
resolution in fully isotopically enriched systems, and even more
complex molecules, is the broadening of the 13C line widths due to
homonuclear 13C-13C scalar J-couplings.

While J-decoupling in the indirect dimension of 13C MAS spectra
can be achieved by constant-time acquisition3 or by application of
semiselective pulses,4 homonuclear J-decoupling in the direct
dimension is more problematic. Approaches have been proposed
which either rely on the selective irradiation of one spectral region
during acquisition5 or make use of deconvolution and spectral
reconstruction.6 Both solutions can work but have practical
disadvantages. For example, the latter scheme relies on postacqui-
sition data processing, while the former imposes stroboscopic
detection, which affects the signal-to-noise ratio.

An alternative for homonuclear J-decoupling, introduced in MAS
NMR7 and now widely employed in solution NMR,8,9 makes use
of semiselective pulses to detect a single component of the 13C
doublet.10 This spin-state selection is based on the combination of
pure in-phase and pure antiphase coherences, separately recorded
in two experiments (IPAP). The scheme relies on a total evolution
period of the J interaction of 1/2J (9.1 ms for, e.g., JCOCA ) 55
Hz). It is therefore only currently practical for the analysis of long-
lived carbonyl resonances. Notably, because of long transverse
dephasing periods, homonuclear IPAP usually does not achieve the
expected gain in sensitivity.

To address this problem, an alternative scheme, dubbed S3E (Spin
State Selective Excitation),11 relies on partial interconversion
between in-phase and antiphase components and requires half of
the time (1/4J, i.e. 4.5 ms for JCOCA ) 55 Hz). This was
implemented in solution 13C NMR8 and recently improved.10,12

Here we show how this method can be adapted to NMR of biosolids
and illustrate it on a microcrystalline sample of the oxidized
superoxide dismutase (SOD),13 a dimeric paramagnetic enzyme of
32 kDa for which it leads to spectra with significantly improved
resolution and sensitivity.

Figure 1 (a and b) shows the pulse-sequences for the new spin-
state selection filter. The A and B blocks of the experiment differ
in the position of the π pulses on the I spin, applied either just
after creation of I transverse magnetization (A) or after evolution
of the scalar coupling at the end of the block (B), when the in-

phase and antiphase operators are both present (see Supporting
Information (SI)). Therefore the change in position of these π pulses,
combined with a suitable cycle of the receiver phase, allows the
recording of two distinct signals, which are both linear combinations
of in-phase and antiphase components. The two doublet components
can then be separated by adding and subtracting the acquired signals
and subsequent first-order phase correction of 90° of one of the
two combinations. These can be combined (after shifting the spectra
to the center of the original multiplet by (J/2 Hz) to remove the
splitting and increase the overall signal-to-noise ratio. It is worth
noting that, due to its design, the pulse sequence that decouples I
from S will at the same time decouple S from I.

Figure 1b shows how this S3E block can be adapted into
conventional solid-state NMR sequences under MAS. In particular,
panel 1b illustrates its incorporation into triple-resonance NCO or
NCA schemes, which constitute the basis of any biomolecular
investigation in MAS NMR.1 Here homonuclear J-decoupling is
performed in the direct dimension, while a double 1H-15N and
15N-13C SPECIFIC CP step15 is used to selectively drive magne-
tization onto the 13C I spin (either CO or CΑ), and the observed
spectrum is labeled in t1 with the 15N chemical shift.
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Figure 1. (a) Pulse sequence elements for the S3E filter. The bell shapes
represent band selective π-pulses, and the delay ∆/4 is set to 1/8J. π pulses
are applied either right before or right after the J evolution period (in red),
and an extra π-pulse is added at the beginning of the evolution period on
the S channel to compensate for transient Bloch-Siegert effects14 due to
the low rf-fields of selective pulses. (b) Pulse sequence for NCO and NCA
correlation experiments. Experimental parameters and the extended phase
cycles are reported in the SI.
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Figure 2 shows the resulting 2D spectra, with some extracted
rows, compared to the same experiments performed without S3E.
In the NCO case (Figure 2a-b; I ) CO, S ) CA), S3E efficiency
is demonstrated through a gain in resolution (up to a factor of 2.2)
and sensitivity (up to a factor of 1.4). Notably, a sensitivity gain is
also observed for 13C spins sitting closer to the paramagnetic Cu(II)
(e.g., Val 81; see SI), while these signals are barely observable
with the IPAP scheme. It is worth noting that the resolution provided
by this experiment, shown in Figure 2a, enables identification of
145 13CO signals, a result up to now inconceivable for a microc-
rystalline protein of such large size.

The NCA correlation constitutes a more challenging target, due
to the shorter refocused transverse dephasing times, T2′, of CA
signals and the additional 1J coupling to CB. However, the S3E
filter still provides a resolution gain with little or no compromise
in terms of sensitivity (Figure 2c). Further improvement can be
obtained by implementing a double S3E scheme (two intertwined
S3E blocks)12 that separates all four spin states of the CA resonance,

while the evolution time is set to only 1/4 of the smaller J value
(not shown). As CA and CB chemical shifts may overlap (Ser, Thr),
it is difficult to decouple all residues, but for many signals the gain
in resolution is significant.

The property of simultaneous decoupling is particularly attractive
when the signals of both coupled nuclei are detected at the same
time, which often happens in biomolecular solid-state applications,
in contrast to solution ones. For example, S3E can efficiently be
used to obtain a J-decoupled NCOCA spectrum (Figure 2d, e),
which provides two resolved regions, one for reading the carbonyl
resonance, and one for sequentially assigning the backbone (in a
sequential walk between NCA and NCOCA as seen in panel (e)).

In conclusion, we have introduced a new experimental approach
to J-decoupling under MAS, which provides both resolution and
sensitivity enhancement for solid-state NMR correlation experi-
ments. The obtained resolution is good enough here to allow
unprecedented insight into the NCO and NCA cross peak regions
of a large paramagnetic protein. This technique may advantageously
be combined with other multidimensional 13C detected experiments
(see SI for the pulse sequences of S3E-PDSD and 3D S3E-NCOCA
as examples) and is expected to be of major interest for solid-state
NMR of proteins, as improving spectral resolution is of great
practical importance for the site-specific characterization of large
biomolecular systems.

Supporting Information Available: Experimental details, pulse
sequences for S3E-PDSD and 3D S3E-NCOCA, S3E theory, and
comparison with IPAP decoupling. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 2. (a) NCO J-decoupled spectrum of dimeric, oxidized SOD at 20
kHz MAS (see SI for details). (b-c) Rows extracted from 2D NCO (b)
and NCA (c) spectra recorded without (left) or with (right) the S3E filter.
(d-e) NCOCA (in red) and NCA (in black). Red lines indicate sequential
walks. Black dotted lines correlate intraresidue CO-CA resonances.
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