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Solid-state NMR is rapidly growing as a tool for structural and
dynamical characterization of a range of highly pertinent biomo-
lecular systems.1 Recently, striking examples have been provided
for microcrystalline globular proteins,2 fibrils,3 and membrane
complexes.4 All of these studies rely on 2D or 3D homonuclear
and heteronuclear experiments correlating 13C, 15N resonances of
uniformly 13C- and 15N-labeled proteins. These experiments provide
both the assignment of the resonances, and the constraints for the
structural or dynamical determination.5

Precise control of coherence transfer between groups of spins is
essential in these studies to obtain unambiguous correlations. For
example, in the quest for controlled transfers, a series of one-bond
correlation experiments have been developed using J-coupling
between neighboring nuclei.6 Another key method is the band-
selective SPECIFIC-CP (spectrally induced filtering in combination
with cross-polarization) experiment, which yields sequential as-
signments by providing distinct N-CO and N-CA transfers along
the protein backbone.7 This experiment depends on the possibility
of directing dipolar coherence transfer between N and C spins, based
on the difference in the chemical shifts of the carbon resonances.

Analogs of the SPECIFIC-CP experiments for homonuclear 13C
correlations have so far only been proposed using selective pulses
combined with phase-cycled z-filters after a broadband cross-
polarization (CP) to remove undesired polarization from portions
of the 13C spectrum.8 In the following, we demonstrate an approach
that allows simple, band-selective 1H-13C CP. In turn, this enables
the rapid acquisition of directed homonuclear 13C-13C 2D correla-
tions with high sensitivity. This is demonstrated with the acquisition
of a high-resolution aliphatic correlation of a microcrystalline
sample of the paramagnetic, oxidized form of human superoxide
dismutase (SOD),9 and with the acquisition of a high-resolution
CO-CR correlation for the protein domain GB1.10

At conventional magic angle spinning (MAS) frequencies,
1H-13C CP is intrinsically broadband, with the whole proton bath
being in contact with all the carbons.11 Selective transfer would
require low-power irradiation on 13C resonances. Low power CP
has indeed been considered with success in solution NMR.12 In
solids, because of the overlap of several broad zero-quantum (ZQ)
anddouble-quantum(DQ)Hartmann-Hahnmatchingconditions,13-15

low-power irradiation entails a substantial price in the transfer
efficiency.

Recently, new hardware developments have opened the way to
ultrafast (>60 kHz) MAS with small diameter rotors (e.g. 1.3 mm).
These spinning rates enter a regime where homonuclear 1H-1H

couplings are efficiently averaged,16 and DQ and ZQ matching
conditions become well spaced. We demonstrated that, in this
regime, broadband CP could be achieved using low rf amplitudes.15

Here we show that band-selective 1H-13C CP transfer can be
achieved using either ZQ or DQ matching conditions if careful
attention is paid to the choice of rf field amplitudes and 13C carrier.
In particular, if the carrier is placed on the CO or the aliphatic 13C
regions, and the matching condition is chosen so that the 13C
amplitude is smaller than the frequency differences, then perfectly
selective CP is achieved with no loss in sensitivity.

Figure 1 shows an investigation of optimal conditions for band-
selective 1H-13C CP to the carbonyl and aliphatic carbons of fully-
(15N,13C)-labeled, oxidized human SOD. Figure 1a shows the
Hartmann-Hahn profiles obtained by varying the proton rf-field
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Figure 1. 13C spectra of (15N,13C)-labeled SOD recorded at 60 kHz MAS.
(a) Matching profiles for specific (upper panels) and broadband (lower
panels) CP. Intensity of the CO carbon signal (left panels) and of the
aliphatic carbon signals (right panels) at variable proton rf-field strength.
In the two upper panels, the carbon rf-field strength ω1

C/2π is 15 kHz and
the 13C carrier ΩC is 176 (right) and 40 ppm (left), respectively. In the two
lower panels, the 13C rf-field strength ω1

C/2π is 100 kHz, and the 13C carrier
is placed at 100 ppm. (b-e) Comparison between a specific CP transfer to
CO carbons (b, ΩC ) 176 ppm, ωC/2π ) 14 kHz ωH/2π ) 46 kHz, 1.5 ms
contact time), a specific CP to aliphatic carbons (c, ΩC ) 35 ppm, ωC/2π
) 14 kHz ωH/2π ) 46 kHz, 1.35 ms contact time), and two conventional
nonselective, high-power CPs (d,e, ΩC ) 100 ppm, ωC/2π ) 100 kHz,
ωH/2π ) 40 kHz, 4.9 ms and 750 µs contact times to yield a maximum
CO and aliphatic 13C signal, respectively). All experiments were performed
on a Bruker Avance III spectrometer operating at a proton frequency of
900 MHz and equipped with a double-resonance 1.3 mm CP-MAS probe.
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strength ωH/2π from 130 to 5 kHz while keeping the carbon field
amplitude fixed either at low (ωC/2π ) 14 kHz) or at relatively
high values (ωC/2π ) 100 kHz). In each profile, ZQ and DQ
Hartmann-Hahn conditions show positive and negative intensity,
respectively, as previously shown.13 Figure 1b-e compares the
whole 13C spectra of SOD recorded for the low carbon field DQ
condition at 60 kHz MAS with ordinary broadband, ZQ CP spectra.
Highly specific 1H-13C CP transfers to the CO or to the 13C
aliphatic could be recorded with carbon and proton fields of 15
and 45 kHz, and a carbon carrier placed at 176 and 40 ppm,
respectively. We note that the 13C bandwidth will be roughly
inversely proportional to the amplitude of the 13C rf field and subject
to broadening by homonuclear couplings, as illustrated by the offset
profile in the SI. Finally, the selectivity does not involve a
compromise in sensitivity. On the contrary, in the broadband
scheme, spin diffusion and dipolar truncation effects yield less
efficient CP for carbonyl, which experience a relatively weak dipolar
coupling to protons. For these nuclei, the low power conditions
bring a substantial enhancement of intensity (in this case, there is
a factor of about 2 in the integral of the CO region between Figure 1
panels d and b), as the polarization transfer does not suffer from
the simultaneous CP process occurring to the aliphatic carbons.

Capitalizing on these effects, Figure 2 shows the application of
the band-selective 1H-13C CP scheme implemented as part of 2D
homonuclear 13C-13C correlation experiments on microcrystalline
protein samples. Here, long experimental times are routinely
required for sampling the large spectral widths that include all the
carbon resonances, while much of the information is often contained
in small regions of the spectrum (CO-CR, or Caliph-Caliph). The
selectivity provided by the low-power CP scheme allows reducing
the spectral width in the indirect dimension without the drawbacks
connected to folding.

Figure 2b shows a Caliph-Caliph-selective DREAM experiment
performed on SOD. The DREAM scheme described previously17

was preceded by an aliphatic-selective 1H-13C CP. Notably, in
addition to the selectivity of the transfer, the low powers used for
both CP and 1H decoupling allow a reduction in the probe duty
cycle and limits sample heating. This in turn enables the use of

fast recycle delays if the 1H T1s are suitably short.15,19 Figure 2 c
shows the CO-CR selective DREAM experiment performed on
fully-(15N,13C)-labeled GB1. Here, the narrow CO indirect dimen-
sion can be sampled with only a few t1 increments in a particularly
short time. This is, for example, extremely useful in experiments
to quickly screen protein preparations in solids in the same way
that 1H,15N-HSQC experiments are used in liquids.

In conclusion, we have introduced a method to selectively
orient polarization from the whole proton bath to a specific part
of the carbon spectra, without any loss of sensitivity for the
aliphatic signals and with a gain for carbonyls, which are more
difficult to polarize with conventional CP. This 1H-13C SPECIFIC-
CP technique may advantageously be combined with 2D corr-
elation experiments to reduce experimental times by sampling
selectively the bandwidths which contain information. The fact
that it may result in totally low rf-field experiments makes it an
ideal choice for the study of biological molecules, and we thus
expect this to become a building block in many correlation
methods used for either assignment or structure determination
in solid proteins.
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Figure 2. (a) Band-selective DREAM pulse sequence. (b-c) DREAM17

correlation spectra at 60 kHz MAS: (b) Caliph-Caliph spectrum of paramag-
netic SOD (the CO region is empty) (CP on aliphatic carbons, ΩC ) 35
ppm, ω1

C/2π ) 14 kHz, ω1
H/2π ) 46 kHz, contact time 1500 µs, mixing

time 5 ms, 384 scans, 0.5 s interscan delay, 300 t1 increments, t1
MAX ) 10

ms, t2
MAX ) 20 ms, total time ) 17 h) and (c) CO-CR spectrum of GB1

(CP on carbonyls, ΩC )176 ppm during CP and 105 ppm during the rest
of the experiment, ω1

C/2π ) 14 kHz, ω1
H/2π ) 46 kHz, contact time 350

µs, mixing time 5 ms, 192 scans, 2 s interscan delay, 80 t1 increments,
t1

MAX ) 10 ms, t2
MAX ) 20 ms, total time ) 8.5 h). XiX proton-decoupling18

(ω1
H ) 13 kHz, τp ) 70 µs) was used in direct and indirect acquisition.

Under these conditions we predominantly see one-bond tranfers. The two
microcrystalline samples each containing about 1 mg of the 13C, 15N-labeled
proteins were prepared as previously described9,10 and directly centrifuged
into the NMR rotor.
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