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Robust and efficient band-selective magnetization transfer between CO and CA spins can be achieved in
highly deuterated solid proteins by dipolar-based homonuclear cross polarization. The approach is
designed for moderate magic-angle spinning rates and high external magnetic fields where the isotropic
chemical shift difference of CO and CA considerably exceeds the spinning rate. The most efficient recou-
pling is achieved when the sum of effective radio-frequency fields on CO and CA resonances equals two
times the spinning rate. This method can be directly implemented in proton-detected versions of inter-
residual correlation experiments as needed for resonance assignment in protein solid-state NMR
spectroscopy.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In the last decade solid-state NMR (ssNMR) spectroscopy of
rotating solids has progressed into a unique and powerful tool to
study structure [1–3] and dynamics [4,5] of biological macromole-
cules at atomic resolution. To overcome the inherently low sensi-
tivity and resolution, which limits the application of magic-angle
spinning (MAS) ssNMR, a number of developments have been
made. One promising approach in biomolecular ssNMR is to em-
ploy proton detection to make use of the high gyromagnetic ratio
of protons [6–9]. These experiments became feasible by employing
deuterated samples and/or high sample rotation rates. The ap-
proach resulted in a number of successful studies of dynamics
[4,5] and structure [9–11] of biomolecules. An essential step in
protein NMR studies is the resonance assignment, which requires
new or modified experimental approaches in case of proton de-
tected NMR compared to conventionally used carbon detected
experiments. There are numerous strategies to assign deuterated
proteins in proton-detected experiments using both scalar and
dipolar couplings [9,12–14]. Recent studies show that proton-de-
tected experiments allow for the assignment of rather large sys-
tems, namely the 16 kDa protein SOD [14] and the 21 kDa
protein DsbA [12]. One crucial step in many assignment schemes
is the magnetization transfer between CO and CA nuclei, for exam-
ple in proton-detected experiments of the type (x)CO(CA)NH. Pin-
tacuda and coworkers made use of the relatively strong CO–CA
scalar coupling [14] of 55 Hz in INEPT-type experiments, while
ll rights reserved.
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Zhou et al. applied DREAM [12], that recouples homonuclear dipo-
lar interactions, for polarization transfer. The application of INEPT
transfer bears a number of experimental drawbacks. Due to scalar
relaxation of the second kind [15,16], the transversal magnetiza-
tion life time of CA bound to 2H is relatively short in the absence
of 13C–2H scalar decoupling. Such scalar decoupling has recently
been achieved by Meier and coworkers [17] but in most commer-
cial ssNMR probes the necesseray fourth channel for deuterium is
missing. Furthemore, the INEPT sequence comprises 10 selective
pulses and due to probe inhomogeneity this can result in poor per-
formance. Even moderate magnetization losses on the order of 10%
for a single pulse result in overall losses of 65%. At spinning rates
that can be reached with 3.2 mm probes (�25 kHz), polarization
losses originate also from imperfectly averaged CSAs and from
the interference of spinning rate and the applied 13C RF field with
an amplitude of 6–8 kHz used for the band-selective pulses. Alter-
natively, DREAM [18] can be employed in a straightforward man-
ner and it is very efficient, but requires magic-angle spinning
rates that are higher then the chemical shift difference between
CO and CA (e.g. 120 ppm = 24 kHz at 800 MHz proton Larmor fre-
quency) [19]. This condition is not always achievable at moderate
spinning rates and high magnetic fields.

Here, we present an alternative robust experimental method for
dipolar-based CO–CA magnetization transfer that works well at
moderate MAS rates (ca. 20 kHz) that are smaller than the isotropic
chemical shift difference between the CO and CA bands. The meth-
od relies on efficient band-selective homonuclear cross-polariza-
tion (BSH-CP). Both zero- and double-quantum homonuclear
recoupling can be achieved by continuous RF irradiation, if the
Hartmann–Hahn condition is satisfied, i.e. if the sum or difference
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of the effective fields acting on CO and CA is equal to one or two
times the spinninig rate. Under the experimental conditions of
the present study, we obtained efficient CO–CA magnetization
transfer when (i) the sum was equal to two times the spinning rate
or (ii) when the difference was equal to the spinning rate, respec-
tively. Experimentally, we achieved magnetization transfer rates of
up to 50%, allowing us to record 2D CO–CA correlation spectra of
highly deuterated PrgI needles with high sensitivity [20]. The de-
scribed method is conceptually similar to well-known recoupling
techniques under continuous RF irradiation such as HORROR
[21], DREAM [18], and rotational resonance in the tilted frame
[22–24], but uses different recoupling conditions, providing a
new tool for efficient band-selective homonuclear magnetization
transfer at moderate spinning rates (ca. 20–30 kHz) and high mag-
netic fields (ca. 700–900 MHz 1H Larmor frequency).

2. Materials and methods

Expression, purification and polymerization of perdeuterated
15N- and 13C-labelled wild-type PrgI protein was performed as de-
scribed before [3,20]. A low degree of protonation of the sample
was achieved according to the approach described earlier by Reif
and coworkers [6]. Proton back-exchange took place in a buffer
containing a mixture of 10% 1H2O and 90% 2H2O. Approximately
12 mg of material were packed into a 3.2 mm rotor. All experi-
ments 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 MAS rate was ad-
justed to 20 kHz and the effective sample temperature was set to
12 ± 2 �C as measured by the temperature-dependent water proton
resonance relative to an internal DSS reference.

Hard proton and carbon pulses employed RF field strengths of
70 kHz and 50 kHz, respectively. WALTZ-16 [25] decoupling with
an RF field strength of 2.5 kHz was applied on the 15N channel dur-
ing 13C evolution and detection periods to remove heteronuclear
scalar couplings. A contact time of 3.2 ms and 2.35 ms was used
for the H-CO and H-CA heteronuclear CP steps, respectively. A con-
stant proton field strength of �49 kHz was used, whereas the 13C
RF field strength was ramped down to 80% from an initial value
of �32 kHz.

3. Theoretical background

In this section we briefly outline the theory of the spin dynam-
ics of two dipolar-coupled homonuclear spins I and S in a pow-
dered solid under MAS and continuous RF irradiation. A detailed
description has been presented elsewhere [22–24]. For the sake
of simplicity we neglect the chemical shift anisotropy (CSA). The
total spin Hamiltonian (SH) in the rotating frame is given by the
sum of the time-dependent dipolar part HD(t) as well as the Zee-
man and RF field part HZ:

HðtÞ ¼ HZ þ HDðtÞ ð1Þ

with the Zeeman and RF field interactions:

HZ ¼ �DxI � IZ � DxS � SZ �x1 SX þ IXð Þ ð2Þ

where DxX is the isotropic chemical shift offset from the carrier fre-
quency for the spin X (I or S). The cartesian components x, y, z of
spin operators S and I are represented by SX, SY, SZ and IX, IY, IZ,
respectively. The amplitude of the applied continuous RF irradiation
is x1.

The dipolar interaction in the rotating frame is represented by:

HDðtÞ ¼ DðtÞ � SZIZ �
1
4

IþS� þ SþI�ð Þ
� �

ð3Þ
where the spatial part of the dipolar coupling D(t) is periodically
modulated by MAS with the spinning rate xr and can be expressed
as:

DðtÞ ¼
X

n¼�1;�2

xD;n � expði � nxrtÞ ð4Þ

xD;�1 ¼ �
ffiffiffi
2
p

2
� d � sin 2hDð Þ � expð�i �uDÞ

xD;�2 ¼
1
2
� d � sin2 hDð Þ � expð�2i �uDÞ

ð5Þ

where the polar angles hD and uD define the direction of the inter-
nuclear S–I vector in a rotor-fixed frame and the dipolar coupling
constant d ¼ �ðl0=4pÞðc2�h=r3Þ depends on the internuclear dis-
tance r and the gyromagnetic ratio c. l0 and �h are the permeability
of free space and Planck’s constant, respectively.

The effective fields xX,eff for spins I and S are determined by the
applied RF field x1 and the chemical shift offsets DxX:

xX;eff ¼ x2
1 þ Dx2

X

� �1=2 ð6Þ

and are tilted with respect to the static external magnetic field by
the angles:

bX ¼ arctanðx1=DxXÞ ð7Þ

Transformation into a tilted rotating frame determined by the effec-
tive RF fields can be achieved using the unitary operator:

U1;eff ¼ expðibI � IYÞ � expðibS � SYÞ ð8Þ

The resulting Zeeman and dipolar terms are then given by:

H0Z ¼ �xI;eff � I0Z �xS;eff � S0Z ð9Þ

H0DðtÞ ¼ DðtÞ � A � S0ZI0Z �
1
4

B � S0þ � I
0
� þ S0� � I

0
þ

� ��

þ1
4

Q � S0þ � I
0
þ þ S0� � I

0
�

� �
þ R � S0Z � I

0
� þ P � S0� � I

0
Z

�
ð10Þ

The geometrical scaling factors A, B, Q, R and P have been described
elsewhere [22–24]. The relevant ones for zero- and double-quan-
tum recoupling (ZQ and DQ, respectively) are B and Q:

B ¼ 1
2

1þ cos bS � cos bI � 2 sin bS � sin bIð Þ

Q ¼ 1
2

1� cos bS � cos bI þ 2 sin bS � sin bIð Þ
ð11Þ

Transition into the interaction frame by the unitary operator

U2;eff ðtÞ ¼ expð�ixI;eff � I0ZtÞ � expð�ixS;eff � S0ZtÞ ð12Þ

reduces the SH to the dipolar interaction only. Using the transfor-
mation property of raising and lowering operators,
expð�ix � SztÞ � S� � expðix � SztÞ ¼ S� � expð�ix � tÞ, one can readily
obtain the SH in the interaction frame:

H00DðtÞ ¼ U2;eff ðtÞH0DðtÞU
�1
2;eff ¼

X
n¼�1;�2

xD;n � expðinxrtÞ
( )

� A � S00ZI00Z
�
� 1

4
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00
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�
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00
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�
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�
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00
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�
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00
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00
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Fig. 1. (A) Pulse sequence for CO–CA 2D correlation experiments based on band-selective homonuclear (BSH) CP transfer. (B) Effective 13C RF field strength for several carbon
resonances with different chemical shifts as a function of the 13C RF field strength applied at 58 ppm. Deviations from Hartmann–Hahn conditions as defined in the text are
plotted as well. (C) Scaling factor B for n = 1 ZQ recoupling, and scaling factor Q=

ffiffiffi
2
p

for n = 2 DQ recoupling. Circles indicate the scaling factors for RF field strengths that fulfill
the recoupling conditions. (D) Required RF field strength for homonuclear CO–CA CP at the n = 2 DQ recoupling condition as a function of carrier frequency offset from
58 ppm. (E) Scaling factor Q=

ffiffiffi
2
p

for CO–CA transfer at the n = 2 DQ recoupling condition as a function of carrier frequency offset from 58 ppm. (F) Deviation from the
recoupling condition for n = 2, DQ BSH-CP as defined in the text as a function of carrier frequency offset from 58 ppm.
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where the sum and difference of effective fields are given by Reff =
xS,eff + xI,eff and Deff = xS,eff �xI,eff.
Recoupling takes place at various conditions when the modula-
tions of the spatial and spin parts of the SH mutually cancel each
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other. Here, we are interested in recoupling of the flip–flop and
flop–flop terms that correspond to ZQ and DQ transitions, respec-
tively, and which occur at:

Deff ¼ jxS;eff �xI;eff j ¼ n �xr ð14Þ

and

Reff ¼ xS;eff þxI;eff ¼ n �xr ð15Þ

where n = 1, 2.
Recoupling techniques that fulfill Eqs. (14) and (15) are (I) rota-

tional resonance in the tilted frame [22–24] which is a frequency-
selective recoupling method and (II) HORROR [21] and DREAM [18]
which require that the recoupling RF field strength is set to approx-
imately half of the spinning rate, which directly defines the recou-
pling band width. These techniques are applicable when the
isotropic chemical shift differences between the recoupled spins
are considerably smaller than the spinning rate.

Here, we show that homonuclear Hartman–Hahn CP transfer –
fulfilling also Eqs. (14) and (15) – at moderate MAS rates and at
high magnetic fields can be efficiently employed for band-selective
CO–CA magnetization transfer in deuterated proteins even though
the isotropic chemical shift difference of CO and CA considerably
exceeds the spinning rate. As will be shown below, the resulting
relatively weak scaling factors for ZQ and DQ recoupling entail
the use of long CP contact times. Nevertheless, in highly deuterated
proteins, experimental drawbacks that would usually be associated
with such long contact times such as significant loss of magnetiza-
tion, sample heating and eventually probe damage, can be avoided
because no high power proton decoupling is required.
Fig. 2. Top: CA signal after CO–CA BSH-CP as a function of maximal RF field
strength applied at 58 ppm. Bottom: CA magnetization build-up as a function of
contact time during BSH-CP at the n = 2 DQ recoupling condition.
4. Experimental results and discussion

Fig. 1A presents the pulse program for 2D CO–CA correlation
spectroscopy based on band-selective homonuclear CP (BSH-CP)
transfer. Directly excited proton magnetization is selectively trans-
ferred to CO by CP followed by a proton flip back (FB) pulse in order
to preserve and reuse remaining proton magnetization [26].
Employing a proton FB allows reducing the experimental time by
a factor of 2.2. After subsequent chemical shift evolution, the CO
magnetization is flipped by a hard trim pulse along the Z0 axis of
the tilted rotating frame determined by the 13C RF field applied
on CA for BSH-CP. The flip angle is (90-bCO) and determined by
Eq. (7). Polarization from CO is transferred to CA under continuous
RF irradiation, chosen to satisfy the n = 2, DQ recoupling condition
for CO/CA spin pairs. During 13C evolution and detection periods,
WALTZ-16 [25] is applied on the 15N channel to remove 15N–13C
scalar couplings. No proton decoupling is used during any stage
of the experiment.

The calculation results presented in Fig. 1B–F assume an exter-
nal magnetic field corresponding to 850 MHz 1H Larmor frequency
and an MAS rate of 20 kHz. Fig. 1B shows the effective 13C RF field
strength for a number of carbon resonances with different chemi-
cal shifts as a function of the 13C RF field strength applied at
58 ppm as determined by Eq. (6). The red and black lines represent
the effective 13C fields at 58 ppm and 68 ppm, respectively. Within
the band of the CA resonances the effective fields are not very
dependent on the resonance position which can be seen from the
fact that the lines lie very close together. The chemical shift varia-
tions in the CO band affect the effective RF field more strongly, as
demonstrated by the blue and green dashed lines corresponding to
resonances at 178 ppm and 183 ppm, respectively. The difference
is about 1 kHz and can mismatch the BSH-CP conditions for some
resonances due to chemical shift dispersion. Solid blue and green
lines show the deviation of two resonances at 58 ppm and
178 ppm from ideal DQ, n = 2 and ZQ, n = 1 conditions at different
13C field strengths applied at 58 ppm. The calculations were made
according to Eqs. (14) and (15). The deviations from DQ, n = 2
(DCPDQ2) and ZQ, n = 1 (DCPZQ1) recoupling conditions were calcu-
lated as DCPDQ2 = x178ppm,eff + x58ppm,eff � 2xr and DCPZQ1 =
x178ppm,eff �x58ppm,eff �xr respectively. These values show quali-
tatively how robust the recoupling is with respect to possible RF
field variations. The plot shows that ZQ and DQ recoupling take
place at RF strengths of 6.5 and 11.8 kHz, respectively.

The efficiency of the magnetization transfer is determined by
the scaling factors of the recoupled interactions, provided by Eq.
(11). Green and blue lines in Fig. 1C represent the scaling factor
B for ZQ recoupling, n = 1 and the factor Q=

ffiffiffi
2
p

for DQ recoupling,
n = 2, respectively, as a function of the applied RF field amplitude.
In the latter case we scaled the factor Q by

ffiffiffi
2
p

to allow for a direct
comparison of the considered scaling factors, because the ampli-
tude of the recoupled interaction at conditions with n = 2 is smaller
by

ffiffiffi
2
p

compared to the amplitude at conditions with n = 1, which
follows from Eq. (5). The low steepness of the lines indicates that
the recoupling conditions are robust with respect to RF field ampli-
tude variations.

Fig. 1D shows the required RF field strength for homonuclear CP
between two resonances at 58 ppm and 178 ppm as a function of
the RF carrier offset from 58 ppm to higher ppm values. Fig. 1E rep-
resents the scaling factor Q=

ffiffiffi
2
p

for the n = 2, DQ recoupling condi-
tion between two resonances at 58 ppm and 178 ppm as a function
of RF carrier offset from 58 ppm. Fig. 1F shows the difference be-
tween double MAS rate (2xr = 40 kHz) and sum of effective fields
at 183 ppm and 68 ppm when the applied RF field matches the
DQ, n = 2 CP condition for two resonances at 58 ppm and
178 ppm. The plot reveals the deviation from the ideal recoupling
condition due to possible isotropic chemical shift variations of CA
and CO. Fig. 1D and E indicate that both scaling factor and RF field
strength for the DQ, n = 2 recoupling condition are well acceptable
at any RF carrier position, while the deviation from the recoupling
condition due to chemical shift dispersion is minimal when the RF
carrier is set to the center of the CA band, which is imposed by the
larger chemical shift dispersion of this carbon type compared to
CO.
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Fig. 2 demonstrates CO–CA homonuclear magnetization trans-
fer as a function of the applied RF field strength (top) and for the
n = 2 DQ recoupling condition as a function of the CP contact time
(bottom). One-dimensional experiments were performed accord-
ing to the pulse scheme shown in Fig. 1A, with the 13C field ramped
down to 80% amplitude during BSH-CP. The top panel shows mag-
netization transfer at both recoupling conditions, namely ZQ, n = 1
and DQ, n = 2 at maximum RF field strengths of ca. 7 kHz and
12.8 kHz, respectively, in agreement with the theoretical expecta-
tions (Fig. 1 and Eqs. (14) and (15)). The trim pulse was set to 70�
during the RF field strength optimization (as shown in the top pa-
nel), as a compromise between optimal values of 76� and 65� for
ZQ and DQ transfer, respectively. A contact time of 14 ms was used.
The optimization reveals that the DQ transfer provides higher
transfer efficiency compared to ZQ transfer, which is in line with
theoretical expectations concerning the scaling factor and the
recoupling bandwidth. The magnetization builds up relatively
slowly and reaches a maximum after 11 ms for DQ, n = 2 recou-
pling, as plotted in the bottom panel. Notably, such long contact
Fig. 3. (A, C and E) CA and CO signal after BSH-CP in comparison with (B, D and F)
reference heteronuclear CP spectra. The number of scans for homonuclear CP
experiments (A, C and E) was two times more than for the reference experiments (B,
D and F). The numbers in the panel refer to the integrated signal in the regions
43.3–70.3 ppm (CA) or 168.5–186 ppm (CO); the different number of scans was not
accounted for. The estimated efficiency of BSH-CP in each experiment is given in
parentheses.
times are not a severe limitation for the application to highly deu-
terated proteins, due to the resulting extremely long coherence
lifetime in the absence of high-power proton decoupling. Further-
more, the moderately high RF strength for DQ, n = 2 recoupling
makes the transfer quite robust in terms of hardware instability
and RF inhomogeneity. The build-up dynamics are consistent with
results from numerical simulations as presented in the subsequent
section.

Fig. 3 compares reference 1D 13C spectra obtained by band-
selective H-CO or H-CA CP (panels B, D, F) with spectra obtained
by n = 2, DQ homonuclear CP following band-selective H-CO or
H-CA CP (panels A, C, E). The 1D version of the pulse scheme in
Fig. 1A was employed for the spectra in panels A and C. The CO
spectrum in panel E was recorded by means of a straightforward
adaptation of the above mentioned pulse sequence, which is de-
picted in Fig. 1 of the Supporting information (SI). During homonu-
clear CP the carbon RF field was ramped down to 70% in C and E
and to 80% in A. Panels B, D and F give 1D CA and CO reference sig-
nals obtained by standard band-selective heteronuclear
1H–13CA/13CO CP. The same experimental spectrum is plotted in
B and D. The number of scans for BSH-CP experiments in A, C
and E was two times more then for the reference spectra in B, D
and F. For the maximal 13C RF field strength that was ramped down
to 80% and 70% during BSH-CP optimal values of 12.8 kHz and
14.4 kHz were found and the optimum contact times were
11.4 ms and 13.5 ms, respectively. Fig. 3 reveals that the carbon
signal is smaller by factor of 2–2.5 in the homonuclear CP spectra
compared to the reference spectra. The data also show the advan-
tage of using a less steep ramp on the 13C RF field. Integral values
for the regions 43.3–70.3 ppm or 168.5–186 ppm are provided in
the panels, without accounting for the number of scans. The values
in parentheses refer to the estimated efficiency of homonuclear CP.
This is given by the ratio of the integral value of the current spec-
trum and the integral value of the reference spectrum of the carbon
Fig. 4. A 2D CO–CA correlation spectrum of U-[2H, 13C, 15N]-labeled type three
secretion system (T3SS) needles (at 10% back-exchange of amide protons). The CO–
CA transfer relied on BSH-CP at the n = 2 DQ recoupling condition. The spectrum
was recorded on an 850 MHz spectrometer at 20 kHz MAS.
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region, that was polarized prior homonuclear CP transfer. To calcu-
late the efficiency we normalized the integral values by the num-
ber of scans used. In detail, the values from the following panels
were compared: A and F, C and F, E and B. The CA region after het-
eronuclear CP contains 11 CB resonances of Ser and Thr, so we esti-
mated that 88% of the intensity in the spectrum corresponds to CA
resonances by assuming equal polarization of CA and CB and no
polarization of the flexible residues M1 and A2 [20]. We neglected
a possible contribution of the side chain signals of Asp, Asn, Glu
and Gln to the CO region after H-CO CP. In any case, including this
contribution into the analysis would only increase the estimated
efficiency of CO–CA transfer. The presented results show a high
efficiency of up to 50% for BSH-CP transfer which suggests its use
as a building block in Ni–COi�1–CAi�1 experiments that are of par-
amount importance in protein resonance assignment.

Fig. 4 shows a CO–CA correlation spectrum acquired within
35 h according to the pulse scheme presented in Fig. 1A. For
the BSH-CP transfer, 13C RF power was applied during 11.4 ms
Fig. 5. CA magnetization dynamics during BSH-CP at different RF field strengths, as
indicated in the figure. The top panel represents simulation results for CA and CO
spins shifted by 1 ppm and 120 ppm from the RF carrier frequency at 0 ppm, the
bottom panel shows results for CA and CO resonances at 16 ppm and 125 ppm,
respectively.
at �58 ppm and ramped down to 80% from an initial RF strength
of �12.8 kHz. Maximum acquisition times were 19.8 ms and
15.75 ms for the direct and the indirect dimensions, respectively.
Prior to Fourier-transformation the data were apodized in both
dimensions with a 45�-shifted squared sine bell window function.
The spectrum demonstrates excellent signal to noise and
resolution. Also the fact that it exhibits cross peaks from the
edges of the CA and CO bands, demonstrates the broad recoupling
bandwidth.
5. Numerical simulations

In order to investigate the dynamics of magnetization transfer
during BSH-CP at variations of 13C isotropic chemical shift and RF
field strength we performed SIMPSON [27] simulations for a spin
system comprising a directly bound CO and CA pair with an inter-
nuclear distance of 1.53 Å. This corresponds to a dipolar coupling
of 2121 Hz. For comparison with the experimental data, 20 kHz
MAS and an external magnetic field corresponding to 850 MHz
proton Larmor frequency were used. Other parameters of the sys-
tem and calculations are given in the SI (spin system section of
SIMPSON input file).

Fig. 5 shows the CA magnetization build-up as a function of con-
tact time. The initial magnetization of CO is calibrated to 1. The
simulation describes the pulse sequence of Fig. 1A with the 13C
RF field ramped down to 80%. The curves are color coded according
to maximal RF amplitudes, as given in the figures. The top panel
shows simulation results for CA and CO spins shifted by 1 ppm
and 120 ppm from the carrier frequency at 0 ppm, while the bot-
tom panel shows results for resonances at 16 ppm and 125 ppm.
More simulation results can be found in the Supporting informa-
tion, e.g. for other sets of chemical shifts, as well as for a 13C RF field
ramped down to 70% during BSH-CP. In summary, the simulations
show that BSH-CP is robust with respect to probe inhomogeneity
and chemical shift dispersion. The comparison to the experimen-
tally obtained data (see Fig. 2) reveals similar magnetization trans-
fer dynamics, in particular regarding the build-up time.
6. Conclusions

We could show that band-selective homonuclear CP (BSH-CP)
can be applied for efficient polarization transfer between CO and
CA regions in highly deuterated proteins at moderate MAS rates
and high magnetic fields. The most efficient recoupling is achieved
when the sum of effective RF fields on CA and CO resonances is
equal to two times the spinning rate. This method can be directly
implemented in proton-detected variants of inter-residual correla-
tion experiments without the requirement of ultra-fast MAS.
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