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Abstract Previously introduced for highly deuterated
proteins, band-selective magnetization transfer between
CO and CA spins by dipolar-based homonuclear cross
polarization is applied here to a protonated protein. Robust
and efficient recoupling is achieved when the sum of
effective radio-frequency fields on CO and CA resonances
equals two times the spinning rate, yielding up to 33 % of
magnetization transfer efficiency in protonated ubiquitin.
The approach is designed for moderate magic-angle spinning rates and high external magnetic fields when the
isotropic chemical shift difference of CO and CA considerably exceeds the spinning rate. This method has been
implemented in NiCOi-1CAi-1 and CAi(Ni)COi-1CAi-1
two-dimensional interresidual correlation experiments for
fast and efficient resonance assignment of ubiquitin by
solid-state NMR spectroscopy.
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Introduction
Solid-state magic-angle spinning (MAS) NMR has made
significant progress in the determination of protein structure (Wasmer et al. 2008; McDermott 2009; Jehle et al.
2010; Bayro et al. 2011; Huber et al. 2011; Loquet et al.
2012; Sengupta et al. 2012; Asami et al. 2013; Hong and
Schmidt-Rohr 2013; Weingarth and Baldus 2013) and
dynamics (Chevelkov et al. 2009; Schanda et al. 2010;
Lewandowski 2013). This became possible in part due to
recent hardware developments resulting in higher external
magnetic fields and faster MAS rates.
Nowadays, spectrometers with external magnetic fields
corresponding to proton Larmor frequencies between 800
and 1,000 MHz are becoming more and more available for
the study of complex biomolecules. At higher external
fields, higher MAS rates are preferable for efficient CSA
suppression to minimize spinning sidebands thus simplifying and increasing the intensity of multidimensional
spectra. Changes in the experimental conditions very often
require modifications of existing and development of new
protocols for the best experimental performance.
A crucial step for site-specific protein characterization is
the resonance assignment. For carbon-detected solid-state
NMR on uniformly [13C, 15N]-labeled proteins the most
commonly applied approach is based on two- and threedimensional (2D and 3D) versions of hetero- and homonuclear correlation experiments such as NCO, NCA, NCOCX,
NCACX, CA–CA and CX–CX (Pauli et al. 2001; Igumenova
et al. 2004; Shi et al. 2009; Schuetz et al. 2010). One essential
component in these pulse schemes is the CO–CA magnetization transfer needed to obtain interresidual correlations
between N of a given residue and CA of the previous residue.
A number of recoupling techniques can be employed for this
step, the most common being proton-driven spin diffusion
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(PDSD) (Szeverenyi et al. 1982), DARR/RAD (Takegoshi
et al. 2001; Morcombe et al. 2004), DREAM (Verel et al.
2001), HORROR (Nielsen et al. 1994), rotational resonance
recoupling in the tilted rotating frame (R2TR) (Takegoshi
et al. 1995), RFDR (Bennett et al. 1998) and MIRROR
(Scholz et al. 2008), where the choice is mostly determined
by the experimental conditions. A detailed overview of
modern recoupling methods can be found elsewhere (De
Paepe 2012; Mithu et al. 2013). At an external magnetic field
corresponding to 850 MHz proton Larmor frequency and a
spinning rate of 20 kHz the above listed recoupling methods
could be not optimal for CO–CA polarization exchange:
PDSD and DARR/RAD suffer from an increased Zeeman
energy difference and homonuclear coupling suppression,
DREAM and HORROR are not applicable since the isotropic
chemical shift difference of CO and CA considerably
exceeds the spinning rate, R2TR is a too narrow-banded
scheme. RFDR proved to be a very simple and efficient
approach to transfer magnetization from CA to CO spins
with up to *35 % magnetization transfer efficiency at
moderate MAS rates (*10 kHz) in a perdeuterated protein
(Huang et al. 2011) and in a protonated AGG sample,
employing high-power proton decoupling (Bayro et al.
2009). At high external magnetic fields, RFDR requires
higher 13C RF field strength for broader excitation band
width and thus extremely high proton power for heteronuclear decoupling (Bennett et al. 1998; Bayro et al. 2008),
which is not feasible in applications to sensitive biomolecules. Recent studies have shown that RFDR can also be
efficient even without high-power proton decoupling (Bayro
et al. 2008) at fast MAS rates around 30 kHz, but exact
transfer rates were not reported. So far, the performance of
RFDR without high-power heteronuclear decoupling at the
MAS rate of 20 kHz—as employed in our study—has not
been studied yet, to the best of our knowledge. MIRROR is a
band-selective second-order recoupling technique and at the
considered conditions also too narrow banded. Additionally,
the reported maximal efficiency of polarization transfer
(Scholz et al. 2008) for two carbon resonances in a model
compound is lower than the efficiency we could achieve in a
protein with band-selective recoupling (vide infra).
In this communication we show that the previously
introduced band-selective homonuclear CP (BSH-CP)
scheme (Chevelkov et al. 2013) for efficient magnetization
transfer between CO and CA spins in deuterated proteins
can be used in protonated proteins as well. The approach is
designed for moderate magic-angle spinning rates (ca.
20 kHz) and high external magnetic fields (corresponding
to 700–900 MHz of proton resonance frequency) where the
isotropic chemical shift difference of CO and CA considerably exceeds the spinning rate. Both zero- and doublequantum homonuclear recoupling can be achieved by
continuous RF irradiation, if the Hartmann–Hahn condition
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is satisfied, i.e. if the sum or difference of the effective fields
acting on CO and CA is equal to one or two times the spinning rate. One potential draw-back of BSH-CP is related to
comparatively long recoupling times, as discussed in detail
before (Chevelkov et al. 2013). In case of deuterated samples
where no high-power proton decoupling needs to be applied
this is not a severe limitation. However, these long recoupling times may prohibit the application to protonated proteins due to the requirement of high-power proton-carbon
decoupling. We show here that efficient recoupling can be
obtained at moderately long recoupling times around 4–5 ms
and moderately high recoupling powers around 70 kHz,
enabling very useful applications of BSH-CP to protonated
proteins. The most efficient recoupling is achieved when the
sum of effective radio-frequency fields equals two times the
spinning rate, yielding a transfer efficiency of up to 33 %.
Here we applied this method to obtain NiCOi-1CAi-1 and
CAi(Ni)COi-1CAi-1 2D correlation spectra of protonated,
uniformly [13C, 15N]-labeled ubiquitin. Supplemented by 2D
C–C PDSD and NCA spectra these data allow for a rapid, and
almost complete, backbone resonance assignment.

Materials and methods
Sample preparation
Uniformly [13C, 15N]-labeled ubiquitin was prepared as
described earlier (Lazar et al. 1997). Approximately 20 mg
of material, precipitated using poly(ethylene glycol) (PEG)
(Seidel et al. 2005), was transferred into a 3.2 mm rotor.
Solid state NMR spectroscopy
All experiments were conducted on a 20 T wide-bore
spectrometer (Bruker Biospin, Germany) equipped with an
Avance III console and a (1H, 13C, 15N) triple-resonance
3.2 mm probe. The employed MAS rates were 21 and
11 kHz. The effective sample temperature was 8 ± 2 °C as
measured by the temperature-dependent water proton resonance relative to an internal DSS reference (Boeckmann
et al. 2009). At 21 kHz MAS, we tested the efficiency of
BSH-CP with a 1D version of a BSH-CP based NCOCA
experiment, in comparison to results from 1D versions of
standard PDSD-based NCOCX as well as NCO, NCA and
13
C-CP experiments. To assess the efficiency of this
method for resonance assignment we recorded at this
spinning rate also several 2D correlation spectra based
on BSH-CP: NiCOi-1CAi-1 (BSH-CP-NCOCA) and
CAi(Ni)COi-1CAi-1, as well as standard NCA and
13
C–13C PDSD spectra. For comparison, 2D NCOCX
correlation spectra employing PDSD for CO–CA
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magnetization transfer were obtained at spinning frequencies of 21 and 11 kHz.
The pulse sequences for the 2D BSH-CP-NCOCA and
CAi(Ni)COi-1CAi-1 experiments are shown in Fig. 1a, b,
respectively. All other experiments used routine protocols
which can be found elsewhere (Baldus et al. 1998; Pauli
et al. 2001). The BSH-CP-NCOCA spectrum was recorded
in 12.5 h using 128 scans, a 3.2 s interscan delay, and
maximum isotropic chemical shift evolution times of 13.5
and 9.5 ms for 15N and 13C, respectively. Similar parameters were employed for the CAi(N)COCAi-1 correlation
spectrum: The overall measurement time was 36.5 h, with
384 scans, an interscan delay of 3.3 s, and maximum isotropic chemical shift evolution times in the indirect and
direct dimensions of 8 and 9 ms, respectively. The experiment is conceptually similar to the CAi–CAi-1 correlation
experiment previously described by Siemer et al., (2006)
but benefits from the improved efficiency of CO–CA
polarization transfer due to the application of BSH-CP
(Chevelkov et al. 2013) instead of R2TR (Takegoshi et al.
1995).
In Fig. 1, open, filled and hacked bars represent hard
180°, 90° and trim pulses. Typical radiofrequency (RF)
strength of proton and carbon hard pulses was set to 83 and
49 kHz, respectively. During direct and indirect isotropic
chemical shift evolution periods of 13C and 15N nuclei,
SPINAL-64 (Fung et al. 2000) heteronuclear decoupling
was applied on the 1H channel with an RF strength of
78 kHz. WALTZ-64 (Shaka et al. 1983) decoupling with
an RF field strength of 2.5 kHz was applied on the 15N

Fig. 1 The general pulse sequence for a 2D NCOCA and b 2D
CAi(N)COCAi-1 correlation experiments based on band-selective
homonuclear (BSH) CP transfer from CO to CA under continuous RF
irradiation when the Hartmann-Hahn condition is satisfied
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channel during 13C evolution and detection periods to
remove heteronuclear scalar couplings. A hard 180° pulse
was applied on the 13C channel to remove scalar couplings
during 15N indirect evolution periods. 78, 76 and 71 kHz
CW decoupling were applied on the 1H channel during
CA–N, N–CO SPECIFIC CP (Baldus et al. 1998) and
BSH-CP transfer steps, respectively. CO–CA BSH-CP was
achieved by applying a continuous RF irradiation during
4 ms in the middle of the CA band with an average RF
strength of 13.2 kHz and a linear ramp from 100 to 80 %.
Prior to BSH-CP, the CO magnetization was flipped by a
63° hard trim pulse along the effective BSH-CP RF field.
After BSH-CP, a second 50 kHz hard trim pulse was
applied during 4.4 ls on-resonance with CA to bring the
CO magnetization to the X axis without affecting the CA
magnetization. The phases of both trim pulses with respect
to the BSH-CP spin lock pulse are depicted in Fig. 1a, b.
SPECIFIC CP (Baldus et al. 1998) was used for N–CO
polarization transfer by applying a constant RF field of
8.8 kHz on 13C and on 15N an RF field with initial strength
of 13.5 kHz ramped down linearly to 80 %. In BSH-CPNCOCA and CAi(N)COCAi-1 experiments, contact times
for the NCO CP step of 3 and 3.6 ms, respectively, were
used. For the CA–N SPECIFIC CP step we used a constant
15
N RF field of 5 kHz, while the RF field on CA was
ramped down to 80 % from an initial value of 17.1 kHz.
The contact time was 3.5 ms.
Initial 1H–15N and 1H–13CA magnetization transfer was
achieved by CP with contact times of 340 and 190 ls,
respectively. The 1H RF field strength was ramped down to
80 % with an average value of 53 kHz, while the RF field
on the X channel was 53 kHz minus the spinning frequency
to satisfy the n = 1 Hartmann-Hahn condition.
An NCA correlation spectrum (Baldus et al. 1998) was
recorded at a spinning rate of 21 kHz within 3.3 h with 32
scans, a 3.5 s interscan delay, and maximum acquisition
times of 13 and 10 ms for 15N and 13C isotropic chemical
shift evolution, respectively. A 13C–13C correlation
experiment with a PDSD mixing time of 50 ms was
recorded in 19.2 h with 40 scans, a 2.7 s interscan delay,
and maximum 13C isotropic chemical shift evolution times
in the indirect and direct dimensions of 11 and 15 ms,
respectively.
For comparison with BSH-CP-NCOCA, two NCOCX
experiments were recorded at MAS rates of 21 and 11 kHz,
using a PDSD mixing time of 50 ms for CO-CX transfer.
At the MAS rate of 21 kHz we used 64 scans, a 3.5 s
interscan delay, and maximum evolution times of 10 ms in
both dimensions. The total experimental time was 4.3 h. At
the MAS rate of 11 kHz we used 192 scans, a 3 s interscan
delay, and 11 and 10 ms for maximum 15N and 13C isotropic chemical shift evolution times, respectively. The
total experimental time was 14.5 h. The applied RF fields
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were similar to the ones used for BSH-CP-NCOCA and
CAi(N)COCAi-1 experiments.

Results and discussion
A detailed quantum–mechanical description of two dipolarcoupled homonuclear spins in a powdered solid under MAS
and continuous RF irradiation has been presented earlier
(Nielsen et al. 1994; Takegoshi et al. 1995). Recoupling
takes place at various conditions when the modulations of the
spatial and spin parts of the spin Hamiltonian mutually
cancel each other. At the given experimental conditions,
recoupling of the flip–flop and flop–flop terms that correspond to n = 1, ZQ and n = 2, DQ transitions, respectively,
occurs when the difference or sum of the effective fields
acting on CO and CA is equal to one (n = 1, ZQ) or two
(n = 2, DQ) times the spinning rate, respectively (Chevelkov et al. 2013). At an external magnetic field of 20 T
(850 MHz 1H Larmor frequency) and at 21 kHz MAS, the
n = 1, ZQ and n = 2, DQ recoupling conditions for CO
(resonance at 178 ppm) and CA (resonance at 58 ppm) spins
are therefore fulfilled at carbon RF field strengths equal to 5.2
and 13.1 kHz, respectively, applied on resonance on CA. In
our previous studies of band-selective homonuclear (BSH)
CP (Chevelkov et al. 2013), we considered in detail a number
of relevant parameters determining the performance of this
technique, which is based on continuous RF irradiation.
Recoupling scaling factors, magnetization transfer dynamics, optimal irradiation frequency, robustness with respect to
RF field miscalibration and inhomogeneity as well as isotropic chemical shift variations were analyzed analytically
and/or numerically. The experimental results revealed very
high magnetization transfer rates of up to 50 % from CO to
CA in a deuterated protein. A potential problem in the
application of the scheme to protonated proteins lies in the
heat deposition associated with heteronuclear decoupling
during BSH-CP, which ultimately limits the maximum
length of the recoupling period and thus the transfer
efficiency.
Figure 2 shows the CO–CA homonuclear magnetization
transfer efficiency as a function of the applied RF field
strength on CA (top panel) and as a function of the BSHCP contact time (middle panel) for the n = 2, DQ recoupling condition and as a function of the applied 1H CW
decoupling RF field strength (bottom panel) for the n = 2,
DQ recoupling condition. One-dimensional experiments
were performed according to the pulse scheme shown in
Fig. 1a, with the 13C field ramped down to 80 % during
BSH-CP. The top panel reveals magnetization transfer at
both recoupling conditions, namely n = 1, ZQ and n = 2,
DQ at maximum RF field strengths of ca. 5.9 and
14.6 kHz, respectively. Due to the amplitude variation
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from 100 to 80 %, the fields of 5.9 and 14.6 kHz need to be
multiplied by a factor of 0.9 yielding 5.3 and 13.1 kHz as
the average values, in excellent agreement with the theoretical expectations. The first trim pulse (see Fig. 1a) was
set to 63° during the whole optimization. For the top panel
we used a contact time of 4.5 ms and 71 kHz of 1H CW
decoupling power. For the middle panel we used 14.6 kHz
of maximum 13C RF field strength and 71 kHz of 1H CW
decoupling power. For the bottom panel we set the CO–CA
contact time to 6.75 ms and the 13C RF recoupling field to
14.6 kHz. The optimization reveals that DQ transfer provides higher transfer efficiency compared to ZQ transfer, as
described earlier (Chevelkov et al. 2013). The magnetization builds up relatively slowly and reaches a maximum
after 5 ms for the n = 2, DQ recoupling condition, as
plotted in the middle panel. Finally, the bottom panel
shows the dependence of magnetization transfer efficiency
on the employed 1H CW decoupling RF field. The maximum transfer rate was 33 % at a contact time of 6.75 ms
and with a 1H decoupling field of 98.5 kHz, as determined
by comparing integral values of initial CO band and final
CA band signals. The proton decoupling power can be set
to 71 kHz as a good compromise between performance on

Fig. 2 CA magnetization signal after CO-CA BSH-CP transfer as a
function of maximal RF field strength applied on CA (top), BSH-CP
contact time (middle), and decoupling power on protons (bottom). All
spectra were acquired on a 20 T wide-bore spectrometer at an MAS
frequency of 21 kHz. The data in the middle and bottom panels were
recorded for the n = 2, DQ recoupling condition
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Fig. 3 a NCO, b PDSD-based NCOCX, and c BSH-CP based
NCOCA 1D spectra of uniformly [13C, 15N]-labeled ubiquitin at
21 kHz MAS, as well as d a PDSD-based NCOCX spectrum recorded
at 11 kHz MAS. All spectra at 21 kHz MAS (a–c) were recorded with
64 scans, whereas the spectrum at 11 kHz MAS (d) was recorded with
128 scans. The spectra in a and d are scaled down by a factor of 2

one hand and sample and hardware safety on the other
hand.
We compared the performance of BSH-CP at an MAS
rate of 21 kHz with the performance of PDSD in NCOCX
experiments at MAS rates of 21 and 11 kHz. We employed
PDSD as an illustrative reference for its clarity, easy and
error-free set up and the fact that this experiment is well
known and widely used for assignment, despite the fact that
it does not deliver highest performance. Figure 3 shows
13
C spectra obtained with 1D versions of NCO, NCOCX,
and BSH-CP NCOCA experiments recorded at an MAS
rate of 21 kHz with 64 scans and an NCOCX 1D 13C
spectrum recorded at 11 kHz MAS with 128 scans. For the
BSH-CP step in the NCOCA experiment the contact time
was set to 4.5 ms and the proton CW decoupling power
during recoupling to 71 kHz. A PDSD time of 100 ms was
employed in both NCOCX spectra. The NCO spectrum and

the NCOCX spectrum obtained at 11 kHz have been scaled
down by a factor of 2 in Fig. 3a, d. The integrated CA band
signal after BSH-CP in the NCOCA experiment is 30 %
from the integrated initial CO band signal detected in the
NCO experiment. At the same time, the CA signal intensity
in the BSH-CP NCOCA spectrum is around 10 and 30 %
of the CA signal intensity in standard HCA and NCA cross
polarization experiments. The high performance of the
recoupling scheme may be further improved up to 33 % by
using longer contact times and/or higher proton decoupling
power, as indicated in Fig. 2. Table 1 summarizes the
observed CO–CA transfer rates in PDSD-based experiments compared to the performance of BSH-CP recoupling. The BSH-CP based scheme provides around 1.6
times higher magnetization transfer efficiency compared to
the NCOCX scheme based on PDSD with 100 ms mixing
time at 21 kHz MAS, as obtained by integrating the CA
bands. The amplitude of the CA signal in the BSH-CPNCOCA spectrum is 1.7 times higher than in the PDSDbased NCOCX spectrum (171 %, see panels b and c).
Because PDSD is known to become inefficient at high
MAS rates we also recorded an NCOCX spectrum at
11 kHz MAS. However, we find that at 11 kHz MAS, the
efficiency of polarization transfer to CA after PDSD with
100 ms mixing time is 1.2 times less compared to the
experiment recorded at 21 kHz MAS. This can be
explained in part by the observation, that spin diffusion to
side chains is quenched at higher MAS, while at 11 kHz
MAS it is very efficient, resulting in reduced CA signal.
Surprisingly, the CO–CA transfer during PDSD at an MAS
rate of 21 kHz was relatively efficient, while the spin diffusion from CA to side chains was almost quenched. This
may be explained by near rotational resonance conditions
(Raleigh et al. 1988; Seidel et al. 2004) for CA–CO spin
pairs, even though the average chemical shift difference for
a CA–CO spin pair is *25.5 kHz and considerably
exceeds the spinning frequency. Importantly, we found that
despite careful optimizations, SPECIFIC CP NCO transfer
at 11 kHz was twice less efficient compared to NCO
transfer at 21 kHz. Usually in PDSD-based NCOCX

Table 1 Selected experimental parameters and CO–CA transfer efficiencies obtained in 1D PDSD-based NCOCX spectra
Experiment type

Number of scans

MAS rate, kHz

CO–CA transfer efficiency in PDSD-based experimentsa
Relative to BSH-CP recoupling, mixing time
100 ms

NCO

64

21

NCOCA

64

21

50 ms

20 ms

NCOCX

64

21

1/1.6 = 0.63

1/(1.61.2) = 0.52

1/(1.61.6) = 0.39

NCOCX

128

11

1/(1.61.2) = 0.52

1/(1.61.21.1) = 0.47

1/(1.61.21.1) = 0.47

a

The transfer efficiency is given relative to the transfer efficiency obtained in the BSH-CP NCOCA experiment by comparing integrals of the
CA band
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Fig. 4 Overlay of 2D BSH-CP-NCOCA (red) and 2D NCOCX (blue)
spectra of uniformly [13C, 15N]-labeled ubiquitin. The NCOCA
spectrum was acquired at an MAS frequency of 21 kHz with a 4 ms
BSH-CP contact time, within a total experimental time of 12.5 h. The
NCOCX spectrum was acquired at an MAS frequency of 11 kHz with
PDSD transfer for 50 ms within 14.5 h of total experimental time.
Prior to Fourier-transformation, the data of both spectra were
apodized in both dimensions with a 51°-shifted squared sine bell
window function

Fig. 5 2D BSH-CP-NCOCA
correlation spectrum of
uniformly [13C, 15N]-labeled
ubiquitin obtained at an MAS
frequency of 21 kHz and a
magnetic field of 20 T within
12.5 h. Prior to Fouriertransformation, the data were
apodized in both dimensions
with a 51°-shifted squared sine
bell window function. Labels
containing one letter and one
number refer to NiCAi-1 and
NiCOi-1 correlations. The
prime sign refers to signals from
a second polymorph
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experiments shorter mixing times are employed to prevent
inter-residual CO–CA or CA–CA transfer during the PDSD
mixing step. Mixing times between 20 and 50 ms are
suitable for exclusively intra-residual magnetization
transfer. At an MAS rate of 21 kHz, the CA signal intensity
obtained with mixing times of 20 and 50 ms (data not
shown) was 1.6 and 1.2 times less compared to the CA
signal intensity recorded with a mixing time of 100 ms.
The transfer dynamics are different at 11 kHz MAS: The
CA signal intensity obtained with mixing times of 20 and
50 ms was 1.1 times less in both cases (data not shown)
compared to the CA signal intensity recorded with a mixing time of 100 ms.
Two-dimensional NCOCX spectra recorded at MAS
rates of 11 and 21 kHz with a PDSD mixing time of 50 ms
show a sizeable number of cross peaks, which are not interresidual correlations between Ni and CAi-1 nuclei. Thus,
significantly shorter PDSD times are required for exclusive
one bond CO–CA transfer. In contrast, BSH-CP NCOCA
spectra exhibit exclusively Ni–CAi-1 correlations, because
different from the second-order PDSD phenomenon, BSHCP employs a first-order recoupling effect and the undesired sequential CO–CA and CA–CA transfers are suppressed by dipolar truncation (Hodgkinson and Emsley
1999; Bayro et al. 2009). Figure 4 compares a 2D BSHCP-NCOCA spectrum recorded at 21 kHz MAS with 4 ms
recoupling with a 2D NCOCX spectrum recorded at
11 kHz MAS with a mixing time of 50 ms. The above

J Biomol NMR (2013) 56:303–311
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Fig. 6 2D BSH-CP
CAi(N)COCAi-1 spectrum of
uniformly [13C, 15N]-labeled
ubiquitin obtained at an MAS
frequency of 21 kHz and a
magnetic field of 20 T within
36.5 h. Prior to Fouriertransformation, the data were
apodized in both dimensions
with a 51°-shifted squared sine
bell window function. Labels
containing one letter and one
number refer to CAiCAi-1 and
CAiCOi-1 correlations. The
prime sign refers to signals from
a second polymorph

discussed effect regarding relay and long-range magnetization PDSD transfer is clearly visible in the overlay.
Figure 1 of the Supporting Information shows BSH-CPNCOCA and NCOCX spectra, both recorded at 21 kHz
MAS with BSH-CP and PDSD transfer times of 4 and
50 ms, respectively. Even at the significantly higher spinning rate, long range and/or relay correlations are present
in the PDSD-based NCOCX spectrum.
We then recorded a complete set of 2D experiments for
backbone assignment based on BSH-CP for efficient CO–
CA transfer, in order to demonstrate the high performance
of this recoupling technique. BSH-CP-based NCOCA and
CAi(N)COCAi-1, as well as NCA and 13C–13C PDSD
spectra were recorded within a total time of 72 h. The 2D
NCOCA and CAi(N)COCAi-1 spectra exhibit relatively
high resolution (limited by the sample quality) and an
excellent signal-to-noise ratio, as depicted in Figs. 5, 6,
respectively. Figure 2 of the Supporting Information shows
the NCA spectrum. We could rapidly identify sequential
connectivities, sufficient to assign 66 CA and 56 15N
backbone resonances (See assignment table in the Supporting Information). The assignment of CA is facilitated
by the direct CAi–CAi-1 correlations, allowing for the
assignment of 10 more CAs than 15N backbone nuclei.
Even though for a number of residues the CA assignments
of the given and preceding residues are known, the backbone N of the given residue cannot be assigned due to the
low N resolution of the 2D BSH-CP-NCOCA and NCA

spectra. This clearly demonstrates the usefulness of direct
CAi–CAi-1 correlations, which has also been observed
before (Siemer et al. 2006; Shi et al. 2009). We observed
peak doubling for the residues I3, Q31, S65, T66 and L67,
which extends a previous study on a PEG-precipitated
sample by Seidel et al. (2005). Similar to previous solidstate NMR investigations on ubiquitin (Igumenova et al.
2004; Seidel et al. 2005) no assignment could be obtained
for the last 6 C-terminal residues, which is presumably due
to dynamic disorder.
Conclusion
In summary, we have shown that BSH-CP under protoncarbon decoupling is an efficient magnetization transfer
method for CO and CA spins in a fully protonated protein,
that compares very favorably to PDSD-type experiments
which are often applied. The simplicity of the scheme and
the high achievable transfer rates of up to 33 % make it
strongly appealing for MAS NMR applications to biomolecules. The recoupling method has been employed to
obtain interresidual NCOCA and CAi–CAi-1 correlation
spectra, allowing for a rapid sequential backbone resonance
assignment of PEG-precipitated ubiquitin.
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