
Journal of Magnetic Resonance 205 (2010) 216–223
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Tailored low-power cross-polarization under fast magic-angle spinning

Jean-Philippe Demers, Vinesh Vijayan, Stefan Becker, Adam Lange *

Max Planck Institute for Biophysical Chemistry, Solid-state NMR, Göttingen 37077, Germany
a r t i c l e i n f o

Article history:
Received 19 March 2010
Available online 6 May 2010

Keywords:
Solid-state NMR
Fast magic-angle spinning
Cross-polarization
Amplitude modulation
Low-power pulse sequences
Bandwidth
MOD-CP
SOCP
1090-7807/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.jmr.2010.04.019

* Corresponding author. Address: Max Planck Institu
Solid-state NMR, Am Faßberg 11, 37077 Göttingen,
2202.

E-mail address: adla@nmr.mpibpc.mpg.de (A. Lang
a b s t r a c t

High static magnetic fields and very fast magic-angle spinning (MAS) promise to improve resolution and
sensitivity of solid-state NMR experiments. The fast MAS regime has permitted the development of low-
power cross-polarization schemes, such as second-order cross-polarization (SOCP), which prevent heat
deposition in the sample. Those schemes are however limited in bandwidth, as weak radio-frequency
(RF) fields only cover a small chemical shift range for rare nuclei (e.g. 13C). Another consideration is that
the efficiency of cross-polarization is very sensitive to magnetization decay that occurs during the spin-
lock pulse on the abundant nuclei (e.g. 1H). Having characterized this decay in glutamine at 60 kHz MAS,
we propose two complementary strategies to tailor cross-polarization to desired spectral regions at low
RF power. In the case of multiple sites with small chemical shift dispersion, a larger bandwidth for SOCP
is obtained by slightly increasing the RF power while avoiding recoupling conditions that lead to fast
spin-lock decay. In the case of two spectral regions with large chemical shift offset, an extension of the
existing low-power schemes, called MOD-CP, is introduced. It consists of a spin-lock on 1H and an ampli-
tude-modulated spin-lock on the rare nucleus. The range of excited chemical shifts is assessed by exper-
imental excitation profiles and numerical simulation of an I2S spin system. All SOCP-based schemes
exhibit higher sensitivity than high-power CP schemes, as demonstrated on solid (glutamine) and
semi-solid (hydrated, micro-crystalline ubiquitin) samples.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The past decade has seen a tremendous development in the
field of solid-state NMR [1,2]. Part of this development can be
attributed to the widespread adoption of high static magnetic
fields. High fields provide better sensitivity, since the improvement
in signal-to-noise ratio (S/N) is roughly proportional to B3=2

0 . Fur-
thermore, chemical shift dispersion directly scales with the field
strength, which is beneficial for the resolution of crowded spectra.
Similar to the progress provided by high B0 fields, a recent wave of
improvement in resolution and sensitivity has been brought about
by the development of very fast MAS probe heads and pulse tech-
niques. MAS frequencies of up to 67 kHz are now reached by rotors
with an o.d. of 1.3 mm. As a consequence of the very fast rotation,
chemical shift anisotropies are efficiently averaged and dipolar
couplings are greatly reduced [3], resulting in narrow line-widths.
The large decrease in sample volume reduces the sensitivity; this
effect is partially compensated since the S/N per unit volume fol-
lows the inverse of the RF coil diameter [4,5]. Therefore, at equal
ll rights reserved.
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MAS speed, the absolute S/N is roughly proportional to the rotor
diameter.

At high static field, large chemical shift dispersions entail the
generation of larger applied B1 fields in order to excite the full
spectral width of nuclei such as 13C and 15N. Strong radio-fre-
quency (RF) irradiation can deposit a high amount of energy in
the sample. The heat contributed can lead to irremediable alter-
ation of the sample. This situation is particularly critical for the
study of biological samples, which are fragile and often preserved
in ionic buffers [6]. In fast MAS experiments, additional heating
is caused by the friction of the MAS rotor with the surrounding
gas, which can increase the temperature by about 60 K at 60 kHz
MAS. To overcome the heating problem, one strategy is to reduce
electric fields through modifications of the RF coil design [7–13].
A concurrent and complementary strategy is the development of
pulse sequences requiring minimal amounts of irradiation power.
This additionally mitigates the strain that strong RF generation im-
poses on the instrumentation. Substantial gains in sensitivity can
further be obtained by combining low-power pulse sequences
and fast MAS with shortening of the recycling delay. For instance,
in the presence of paramagnetic nuclei, the 1H longitudinal relaxa-
tion times are reduced, thus allowing fast acquisition [14–18].

Low-power alternatives compatible with very fast magic-angle
spinning of the rotor have been recently introduced for many of
the fundamental building blocks of solid-state NMR pulse
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sequences. This comprises proton hetero-nuclear decoupling (e.g.
XiX [19–21], TPPM [22–24], PISSARRO [25]), mixing schemes (e.g.
HORROR [26], ocHORROR [27], DREAM [21,28,29], RFDR [30–32],
MIRROR [33], PARIS [34], PAR [35,36]), and cross-polarization
[37,38]. Low-power cross-polarization schemes, such as
band-selective 1H–13C cross-polarization [37], and second-order
cross-polarization (SOCP) [38], are easily incorporated into
multidimensional experiments. The band-selective 1H–13C CP
was included in the low-power pulse sequence for CC-RFDR [17].
We have recently presented a set of low-power solid-state NMR
experiments assembled based on SOCP, (NCA, N(CO)CX and CC),
that are sufficient for protein resonance assignment under fast
MAS, and which include sequential 15N–13C correlation [18]. SOCP
is a second order recoupling experiment, part of the growing fam-
ily that presently consists of PAIN-CP [39], PAR [35,36,40], MIRROR
[33], RESORT [41] and SOCP.

An intrinsic limitation of the low-power CP schemes is their
band-selective aspect, since a low-power irradiation cannot effi-
ciently spin-lock the full range of chemical shifts for rare nuclei.
In the current article, we present two strategies to alleviate this
limitation. In case of multiple sites with small chemical shift dis-
persion, we employ SOCP with increased RF frequency. In case of
regions with large chemical shift dispersion, low-power CP is em-
ployed with an amplitude modulation on the rare nucleus (the ‘‘S”
spin) spin-lock pulse. This constitutes an extension of the present
schemes which restores the high information content per spec-
trum that is found in broadband excitation while conserving the
benefits of low-power solid-state NMR pulse sequences.

In order to select optimal conditions, we first characterized the
decay of 1H spin-locked magnetization as a function of RF-field
strength and MAS frequency. The effect of amplitude modulation
on cross-polarization is then analyzed through experimental and
simulated excitation profiles. The efficiency of the cross-polariza-
tion schemes is demonstrated on solid (glutamine as a dry powder)
and semi-solid (hydrated, micro-crystalline ubiquitin [42]) sam-
ples. Finally, SOCP with increased bandwidth is used to record an
entirely low-power 2D 13C–13C correlation experiment on ubiqui-
tin. The obtained spectrum contains correlations for complete ami-
no acid spin systems, including carbonyl, aromatic and methyl
carbons.
2. Materials and methods

2.1. Sample preparation

Uniformly [13C, 15N]-labeled ubiquitin was recombinantly ex-
pressed in E. coli and purified as previously described [42,43]. Mi-
cro-crystals were obtained by precipitating the sample with
polyethylene glycol [44]. Approximately 1 mg of micro-crystalline
protein was filled into a rotor of o.d. 1.3 mm. A 1.3-mm rotor was
packed with 2.91 mg of uniformly [13C, 15N]-labeled L-glutamine
purchased from Cambridge Isotope Laboratories (Cambridge, MA).
2.2. Solid-state NMR spectroscopy

Spectra were recorded at 18.8 T (800 MHz 1H Larmor fre-
quency) on a Bruker Avance III standard-bore spectrometer
equipped with a 1.3-mm triple-resonance probe head (Bruker).
Three MAS frequencies were used for the spin-lock experiments:
40.2, 49.9, and 60.0 kHz. All other experiments were performed
at 60.0 kHz. The temperature of the ubiquitin sample was esti-
mated to be +6.7 �C at a MAS frequency of 40 kHz, +17.0 �C at
50 kHz and +31.0 �C at 60 kHz. This estimate was obtained by com-
parison of the isotropic 1H chemical shift of water at high-speed
MAS to published chemical shifts [45]. For all experiments, the
1H–13C and 1H–15N dipolar couplings were decoupled during
acquisition using 12 kHz of XiX decoupling on 1H [19,20]. A recy-
cling delay of 2 s was employed. Chemical shifts are reported in
ppm from DSS, calibrated using adamantane as external reference
[46]. CP-MAS spectra were acquired with 128 scans for ubiquitin
(Fig. 4a,b and d) and 32 scans for glutamine (Figs. 4 and 6). The
2D 13C–13C DREAM spectrum was recorded with 250 t1 points
and 288 scans, for a total experimental time of 40 h. The maximum
acquisition time was 6.2 ms in the t1 and 14.4 ms in the t2 dimen-
sion. Double-quantum 13C–13C mixing was accomplished by a tan-
gential amplitude sweep [28,29] from �25 to �35 kHz during
5 ms.
2.3. Measurement of excitation profiles

Signal intensity was detected after a cross-polarization of 5 ms
through a series of 1H–15N CP-MAS spectra of glutamine (Fig. 2). To
record a complete profile, the 15N carrier was swept from 102 kHz
upfield to 102 kHz downfield of the resonances in steps of 750 Hz.
The glutamine 15N spectrum has two resonances corresponding to
the side-chain amide and to the backbone amine at 111.1 ppm and
38.16 ppm, respectively. The homonuclear dipolar couplings be-
tween 15N are considered to be insignificant, based on the large
distance separation between two nitrogen atoms in the crystal
structure (Refs. [47,48]). Hence, signals from both side-chain and
backbone were combined in the analysis to increase S/N.
2.4. Quantum mechanical simulations

The simulated excitation profiles of 1H–15N CP in glutamine
were obtained from a step-wise integration procedure of the Liou-
ville–von Neumann equation within the numerical simulation rou-
tine GAMMA [49]. Neglecting scalar through-bond couplings, the
relevant Hamiltonian in the Zeeman interaction frame contains
15N isotropic chemical shift, dipolar couplings (1H–1H and
1H–15N) and RF irradiation on 1H and 15N (time-dependent in case
of MOD-CP). Mimicking the situation in an NH2 group, a proton-
proton distance of 1.74 Å (corresponding dipolar coupling:
23.2 kHz) and proton-nitrogen distances of 1.05 Å (dipolar cou-
pling: 10.5 kHz) were used. To obtain a complete excitation profile,
simulations were carried out in steps of 375 Hz such that the 15N
isotropic chemical shift covered a range from –102 kHz to
+102 kHz. The expectation value of spin-locked 15N magnetization
was averaged for all time points between 6 ms and 8 ms. Powder
averaging involved 120 orientations. All simulated profiles were
adjusted with a single, global scaling factor in order to be com-
pared with experimental profiles. This global scaling factor was
found by least-squares fitting of simulated to observed signal
intensities.
3. Results and discussion

3.1. Characteristics of spin-locked magnetization

A ubiquitous building block in solid-state NMR pulse sequences
is the spin-lock RF pulse. Magnetization is preserved along a given
axis in the rotating frame by the application of an external field~B1

parallel to this axis. If the RF field is sufficiently strong, then
dephasing due to dipolar couplings and chemical shifts is small
or negligible. Magnetization can thus be stored for relatively long
periods, limited only by the spin–lattice relaxation in the rotating
frame with a time constant T1q. However, at specific amplitudes
of the RF field, some spin interactions are reintroduced because
of the interference between RF irradiation and MAS. These
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recoupling conditions lead to dephasing and loss of stored
magnetization.

We studied the dependence of recoupling conditions on MAS
frequency, performing the spin-lock experiments at three different
MAS frequencies: 40 kHz, 50 kHz, and 60 kHz (Fig. 1). The decay of
1H (the ‘‘I” spin) magnetization was monitored by applying a spin-
lock for 2.5 ms in glutamine, with nutation frequencies mH

1 ranging
from 0 to 3� mMAS. The remaining magnetization was transferred
for detection to the nearest 13C nucleus through a high-power ZQ
CP. The signal presented in Fig. 1 represents the addition of inten-
sities from all five 13C resonances of glutamine. The three intensity
curves at different MAS were individually normalized against a
control experiment in which the 1H spin-lock period was omitted
(i.e. a normal ZQ CP experiment without a spin-lock between 1H
90� pulse and CP).

As previously described [38], spin-locked proton magnetization
decays rapidly when the ratio of nutation frequency to MAS fre-
quency, j ¼ mH

1 =mMAS, is around j ¼ 1
4, 1

3, 1
2, 1, 3

2, or 2. Those conditions
are indicated in Fig. 1 by asterisks. At j ¼ 1

2, the HORROR condition
[26], homonuclear dipolar couplings are recoupled; at the j ¼ 1 ro-
tary resonance condition, chemical shift anisotropies as well as
homonuclear and hetero-nuclear dipolar couplings are recoupled;
while the j ¼ 2 rotary resonance condition recouples chemical
shift anisotropies and hetero-nuclear dipolar couplings. The
j ¼ 1

4, 1
3, and 3

2 conditions can be understood in terms of higher-or-
der perturbation theory [38,50].

Two inferences can be made as the MAS frequency increases.
First, the overall magnetization decay is slower at high MAS, for
all nutation frequencies with ratio j < 2. Second, the range of
RF-field frequencies (in Hz) affected around the j ¼ 1

2 and j ¼ 1
conditions becomes considerably narrower at high MAS. The nar-
rowing of the j ¼ 1

2 and j ¼ 1 conditions is consistent with the
interpretation that, while CSA and hetero-nuclear couplings are
efficiently averaged out at 40 kHz of MAS, the averaging of proton
homonuclear couplings benefits from further increase in the MAS
frequency. Nicely, at 60 kHz MAS, we can find a band of frequen-
cies below the j ¼ 1

4 ratio which very effectively conserves the ini-
tial magnetization. After 2.5 ms of spin-lock, more than 95% of the
magnetization is preserved for nutation frequencies between 7 kHz
and 14 kHz. Other regions of low decay can be found in the follow-
Fig. 1. Proton spin-lock efficiency as a function of RF-field strength mH
1 and MAS

frequency mMAS. Signal intensity is detected indirectly on 13C after 2.5 ms of 1H spin-
lock. Spin-lock efficiency is measured at three different MAS frequencies: 40 kHz
(green squares), 50 kHz (blue triangles), and 60 kHz (red circles). Asterisks indicate
recoupling conditions that lead to rapid magnetization decay, near the ratios
j ¼ 1

4 ;
1
3 ;

1
2 ; 1; 3

2 ; 2
� �

. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
ing intervals: 1
4 < j < 1

3, 1
2 < j < 1, 1 < j < 3

2, 3
2 < j < 2, j > 2. At

low MAS, however, only frequencies above the j ¼ 2 condition
efficiently prevent rapid magnetization decay.

3.2. Second-order cross-polarization with increased bandwidth

Thus far, two cross-polarization schemes at low RF power and
high MAS have been proposed. Under magic-angle spinning,
cross-polarization is obtained when the effective nutation frequen-
cies of the rare and abundant spins match the Hartmann-Hahn
condition (Eq. (1)), see Refs. [51–54]. The addition (+) and differ-
ence (�) conditions correspond to double-quantum (DQ) and
zero-quantum (ZQ) transfer, respectively.

mS
1 � mI

1

�� �� ¼ n � mMAS; n ¼ f0;1;2g ð1Þ

The band-selective 1H–13C CP scheme [17,37] employs the n = 1
DQ condition. The proton spin-lock frequency is set between the
j ¼ 1

2 and j ¼ 1 ratio, at mH
1 ¼ mMAS � mC

1, such that a low-power
pulse can be used to spin-lock rare nuclei. In second-order cross-
polarization (SOCP) [38], the I and S spin-lock frequencies are
matched at the n = 0 Hartmann–Hahn condition, mI

1 ¼ mS
1. Magneti-

zation transfer occurs predominantly through second-order cross-
terms between homonuclear I–I and hetero-nuclear I–S dipolar
couplings. SOCP allows the use of low-power RF for both nuclei,
such that the proton spin-lock frequency is set below the j ¼ 1

4
condition.

It should be noted that extending the bandwidth of SOCP is eas-
ily achieved by increasing the RF-field strength for both I and S nu-
clei while preserving n = 0 Hartmann–Hahn matching. The
efficiency of the SOCP transfer deteriorates when mH

1 approaches
the j ¼ 1

4 recoupling condition. However, the fast decay of spin-
locked 1H magnetization is avoided when the nutation frequency
is carefully selected between the j ¼ 1

4 and j ¼ 1
3 ratios. Past the

j ¼ 1
3 ratio however, this approach is not advisable since recou-

pling conditions are encountered and power deposition in the sam-
ple increases with the square of the applied frequency. Increasing
the bandwidth of SOCP is best suited when the chemical shift dis-
persion is small in comparison to the MAS frequency, which is
most likely the case for moderate static fields and fast MAS, e.g.
B0 6 14:1 T (600 MHz 1H Larmor frequency) and 60 kHz MAS.

3.3. Amplitude-modulated second-order cross-polarization (MOD-CP)

For higher static fields and very large chemical shift offsets, the
SOCP with increased bandwidth approach is not appropriate and
an alternative has to be sought. Pulses with a cyclical amplitude
modulation are commonly employed for the selective excitation
of two resonances [55–57]. A cross-polarization scheme with co-
sine or sine amplitude modulation has already been presented in
solution-state NMR [58]. We thus considered the use of cosine
amplitude modulation in combination with low-power CP in order
to transfer polarization to multiple regions separated by a large
chemical shift offset.

An applied RF pulse is described by a field strength B1 (T) and a
reference transmitter frequency mref (Hz). By multiplying this gen-
eral pulse with a cosine modulation of frequency mmod (Hz), we ob-
tain (Eq. (2)):

~Bmod
1 ¼ ~B½B1 ;mref � � cosð2pmmodtÞ
¼ B1 � cosð2pmref tÞ � cosð2pmmodtÞ �~ex þ sinð2pmref tÞ

�
� cosð2pmmodtÞ �~ey

�
ð2Þ

The effect of the modulation results from the product-to-sum
trigonometric identity. It can be seen that this is equivalent to irra-
diation with two fields of half the strength (Eq. (3)). Therefore, in



Fig. 2. Excitation profiles for SOCP and MOD-CP. For the experimental profiles (red), the signal intensity is measured on the 15N resonances of glutamine after 5 ms of cross-
polarization. Numerical simulations of the excitation profiles are shown in black. (a) SOCP, with mH

1 ¼ mN
1 ¼ 10 kHz. (b) MOD-CP, with mH

1 ¼ 10 kHz, mN
1 ¼ 20 kHz, and

modulation frequencies ranging from 3 kHz to 36 kHz. Above 9 kHz of modulation frequency, two bands of intense positive transfer are observed at offsets of �mmod and
þmmod. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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order to preserve the properties of the original pulse but transmit it
simultaneously at two different offsets, the field strength has to be
doubled.
~Bmod
1 ¼ B1 �

1
2

cos 2pðmref � mmodÞt þ cos 2pðmref þ mmodÞt
� �

~ex

�

þ1
2

sin 2pðmref � mmodÞt þ sin 2pðmref þ mmodÞt
� �

~ey

�

¼~B 1
2B1 ;mref�mmod½ � þ~B 1

2B1 ;mrefþmmod½ � ð3Þ

MOD-CP is achieved by application of a spin-lock pulse on 1H
and an amplitude-modulated spin-lock pulse on the S spin
(Fig. 4c). For two sites of interest, with isotropic chemical shifts
dA and dB (ppm), the frequency of the amplitude modulation (in
Hz) is mmod ¼ 1

2 � jdA � dBj � mLarmor. The reference transmitter position
for the S spin (in ppm) is set to the middle frequency between the
two sites: Xref ¼ 1

2 � jdA þ dBj. Compared to the regular SOCP, the ap-
plied field strength (B1) for the rare spin is doubled. The original
field strength applied on 1H and carrier position are preserved. Fol-
lowing from (Eq. (3)), n = 0 Hartmann–Hahn matching is estab-
lished at resonance frequencies mref � mmod and mref þ mmod.
Additionally, the final phase for each excitation band can be con-
trolled independently [56,59].

Excitation profiles (Fig. 2) confirm that the bandwidth and
intensity of transfer remain constant for large modulation frequen-
cies, mmod >

1
2 m

S
1. From the experimental profiles, one can conclude

that MOD-CP is a suitable method for the excitation of regions with
large chemical shift separation. All features of the experimental
profiles could be well reproduced by profiles simulated numeri-
cally within the GAMMA spin-simulation environment [49]. We
considered an I2S spin system as in an NH2 group with two
1H–15N dipolar couplings and one 1H–1H dipolar coupling, as ex-
plained in more detail in the experimental section. Two bands of
intense positive transfer are found at offsets of �mmod and þmmod

relative to the carrier frequency, corresponding to on-resonance
n = 0 Hartmann–Hahn matching (Fig. 3). Other transfer conditions,
with n > 0, are also matched off-resonance; this is seen in the exci-
tation profile as positive (ZQ) or negative (DQ) transfer bands far
away from the carrier position. The signal intensity for those bands
is however reduced since the axis of the effective RF field is tilted
away from the transverse plane.



Fig. 3. Simulation of magnetization transfer as a function of carrier offset and MOD-
CP modulation frequency. Positive transfer is indicated in red and negative transfer
in blue. The dominant transfer at offsets of �mmod and þmmod corresponds to an on-
resonance n = 0 Hartmann–Hahn condition. Magnetization transfer occurs as well
off-resonance at sideband Hartmann–Hahn conditions (n = 1, n = 2), albeit with
lesser intensity. Numerical simulations were carried out within the GAMMA spin-
simulation environment considering an NH2 spin system.

Table 1
Experimental parameters for cross-polarization at 60 kHz MAS and 800 MHz 1H
Larmor frequency.

Sample m1 (kHz) scp

(ms)
Region
excited

13C Xref

(ppm)
Notes

Double-quantum (n=2) CP
Ubiquitin 1H 85 1.3 Broadband 100 100–80% ramp on 1H pulse

13C 35

Zero-quantum (n=1) CP
Glutamine 1H 100 0.8 Broadband 100 100–80% ramp on 1H pulse

13C 40

Second-order (n=0) CP
Ubiquitin 1H 9 2.5 C0 175

13C 9 Ca 56
Cb 28

Glutamine 1H 10 5.0 C0 177.5
13C 10 Ca/Cb 42.5

SOCP with increased bandwidth
Ubiquitin 1H 19 1.4 Ca + Cb 40

13C 19

Amplitude-modulated SOCP (MOD-CP)
Ubiquitin 1H 9 C0 + Ca 115.5 11.9 kHz modulation on 13C pulse

13C 18 2.5 C0 + Cb 101.5 14.7 kHz modulation on 13C pulse
Glutamine 1H 10 5.0 C0 + Ca/Cb 110 13.5 kHz modulation on 13C pulse

13C 20

Amplitude-modulated band-selective CP
Glutamine 1H 50 3.0 C0 + Ca/Cb 110 13.5 kHz modulation on 13C pulse

13C 20

m1: mean frequency of the RF-field.
sCP: contact time.
Xref : transmitter frequency.
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Simulation and experiments demonstrate the consistent perfor-
mance of MOD-CP over a wide range of modulation frequencies. A
notable limitation is that the modulation frequency must be suffi-
ciently large, mmod >

1
2 m

S
1 (see Fig. 3). Below this threshold, the two
Fig. 4. Comparison of cross-polarization efficiencies. (a) 13C CP-MAS spectra of m
mH

1 ¼ mC
1 ¼ 9 kHz, on the C0 (green), Ca (red), or Cb region (blue). The 13C carrier positions ar

is compared to high-power CP (black, as in a). (c) Pulse schemes for SOCP (top) and MOD
lock pulse, and the frequency mC

1 is doubled to excite both 13C regions. (d) MOD-CP can ex
MAS spectra of glutamine using high-power ZQ CP (black), MOD-CP (blue), and SOCP on
better visibility.
excitation bands come close together such that the rare nuclei
experience two B1 fields. The two effective fields have a slightly dif-
ferent axis of nutation, resulting in dephasing of magnetization
icro-crystalline ubiquitin utilizing high-power DQ CP (black), or regular SOCP,
e indicated by arrows. (b) SOCP on the aliphatic region with mH

1 ¼ mC
1 ¼ 19 kHz (pink)

-CP (bottom). In MOD-CP, a cosine amplitude modulation is applied to the 13C spin-
cite both the C0 and Ca regions (red), or both the C0 and Cb regions (blue). (e) 13C CP-
the C0 (green) or Ca (red) regions. Spectra are shifted from the high-power ZQ CP for
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rather than spin-lock. In this case, SOCP with increased bandwidth
can be employed to complement MOD-CP.

3.4. Optimal cross-polarization conditions

The efficiency of three cross-polarization schemes was as-
sessed: (i) high-power CP, (ii) SOCP, and (iii) MOD-CP. We acquired
13C CP-MAS spectra in order to compare the three schemes in
terms of bandwidth and sensitivity (Fig. 4). The optimized experi-
mental parameters for cross-polarization are summarized in
Table 1.

The conditions for broadband transfer at high power were opti-
mized for maximal overall signal intensity. A linear amplitude
sweep is used on the 1H spin-lock pulse to ensure that the transfer
is resilient to Hartmann-Hahn mismatch [60]. In ubiquitin, the best
cross-polarization was obtained at the DQ n = 2 condition, with
mH

1 ¼ 85 kHz (mean frequency), mC
1 ¼ 35 kHz during 1.3 ms. In glu-

tamine, best transfer was achieved at the ZQ n = 1 condition, with
nutation frequencies of mH

1 ¼ 100 kHz, mC
1 ¼ 40 kHz, and a contact

time of 0.8 ms.
Much lower nutation frequencies are employed for SOCP:

2.5 ms of spin-lock at 9 kHz for ubiquitin, and 5 ms at 10 kHz for
glutamine. The higher sensitivity of regular SOCP compared to
high-power CP is readily apparent (Fig. 4a and e), and is explained
by various reasons. An intrinsic feature of SOCP is that the initial
magnetization can originate from protons not directly coupled to
the S spin. In the thermodynamic limit, a narrow 13C bandwidth
Fig. 5. 13C–13C DREAM correlation spectrum of micro-crystalline ubiquitin. (a) SOCP is u
used with the 13C carrier at 56 ppm to first excite the Ca region. In the other case, SOCP w
aliphatic region. A tangential amplitude sweep applied on 13C allows dipolar recoupling o
overlayed. Positive and negative peaks are indicated in dark and light blue, respectively, f
with increased bandwidth. For illustrative purposes, cross-peaks enabling the assignme
also contributes to enhanced signal, since magnetization is shared
among a lesser number of carbons. Matching at the n = 0 condition
makes the SOCP scheme less sensitive to RF field inhomogeneities
and thermal drift of the amplifiers [38]. Finally, the 1H spin-lock is
most efficient at low RF power, as previously discussed.

The two proposed strategies to extend the 13C bandwidth are
complementary and suited to different situations. The first strat-
egy, consisting of SOCP transfer with increased RF power levels,
is appropriate for small chemical shift dispersion. For instance,
by selecting the 1H and 13C nutation frequency between the
j ¼ 1

4 and j ¼ 1
3 ratios, one can excite the full 13C aliphatic region

in a spectrometer operating at 18.8 T (800 MHz 1H Larmor fre-
quency). This would not be possible with MOD-CP; at 18.8 T, the
Ca and Cb regions have a separation of 5.6 kHz, which is lower than
the desired nutation frequency, 1

2 m
C
1 � 9 kHz. The second strategy,

MOD-CP, is best suited for two regions with a large chemical shift
offset. The excitation of the full 13C aliphatic region at 60 kHz MAS,
from about 5 to 75 ppm, is illustrated for uniformly labeled ubiqui-
tin by the spectrum of SOCP with increased bandwidth (Fig. 4b).
Nutation frequencies of 19 kHz are used during 1.4 ms.

We acquired a 2D 13C–13C DREAM spectrum (Fig. 5) employing
SOCP with mH

1 ¼ mC
1 ¼ 19 kHz as the initial cross-polarization step

and compared it to a similar spectrum employing SOCP with
mH

1 ¼ mC
1 ¼ 9 kHz [18]. All cross-peaks from the regular SOCP spec-

trum appear at the same position in the increased-bandwidth SOCP
spectrum. In addition, the latter spectrum contains many cross-
peaks which are absent in the regular SOCP spectrum. This offers
sed for the initial polarization transfer from 1H to 13C. In one case, regular SOCP is
ith increased bandwidth is employed with the 13C carrier at 40 ppm to excite the full
f adjacent carbons. (b) The 2D spectra resulting from those two SOCP conditions are

or regular SOCP (spectrum reproduced from [18]); and in dark and light red for SOCP
nt of the Ile23 spin system are indicated.



Fig. 6. The amplitude modulation approach can be used in combination with
various CP schemes. In this case, CP-MAS spectra of glutamine were acquired using
either an amplitude-modulated band-selective 1H–13C CP (red, mH

1 ¼ 50 kHz,
mC

1 ¼ 20 kHz, 3 ms), or an amplitude-modulated SOCP (blue, mH
1 ¼ 10 kHz,

mC
1 ¼ 20 kHz, 5 ms). The spectra are compared to a high-power ZQ CP (black,

mH
1 ¼ 100 kHz, mC

1 ¼ 40 kHz, 0.8 ms) and were shifted for better visibility.
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the possibility of identifying all 13C–13C correlations within the
spin system of an amino acid. The assignment of 13C resonances
from an isoleucine residue (Ile23), from the carbonyl to the methyl
carbons, is highlighted in Fig. 5.

MOD-CP is demonstrated on ubiquitin (Fig. 4d) and glutamine
(Fig. 4e). In ubiquitin, magnetization is transferred simultaneously
to the C0 and Ca regions by applying the 13C pulse at 115.5 ppm
with a modulation of 11.9 kHz. Alternatively, the C0 and Cb regions
are excited with the 13C spin-lock pulse at 101.5 ppm and an
amplitude modulation of 14.7 kHz. In both cases, RF-field frequen-
cies are mH

1 ¼ 9 kHz and mC
1 ¼ 18 kHz, with a contact time of 2.5 ms.

In glutamine, MOD-CP excites all five 13C resonances when the 13C
spin-lock pulse is applied at 110 ppm with a modulation
of 13.5 kHz. RF-field frequencies are mH

1 ¼ 10 kHz and
mC

1 ¼ 20 kHz, with a contact time of 5 ms. With the exception of
C0, which is slightly reduced, all 13C resonances exhibit greater
transfer intensity with MOD-CP and increased-bandwidth SOCP
than with the high-power CP schemes.

Under particular circumstances, a given cross-polarization
scheme might be advantageous compared to another one. Thus,
it was verified that the amplitude modulation approach can be
used in combination with various CP schemes. We used band-
selective 1H–13C CP (Ref. [37]) in combination with a modulated
13C pulse to simultaneously excite C0 and Ca/Cb (Fig. 6). The
band-selective 1H–13C CP could likely be preferred in cases where
the site of interest is scarcely protonated, since SOCP requires at
least two protons coupled to each other with at least one of them
coupled to the S spin. Indeed, band-selective 1H–13C CP works very
well for transfer to carbonyls. In this study, SOCP was preferred be-
cause it is currently the CP scheme with the lowest power
requirement.
4. Conclusion

Three variations of the SOCP scheme are now available for low-
power pulse sequences at fast MAS: regular SOCP, SOCP with in-
creased bandwidth, and MOD-CP. Our results show that all SOCP-
based schemes are more efficient than high-power CP for their
respective bandwidth, while requiring less RF power. Regular SOCP
still offers the highest sensitivity albeit at the cost of low band-
width. MOD-CP and increased-bandwidth SOCP allow the precise
selection of chemical shifts for rare nuclei, extending the spectral
editing capability of SOCP. This can particularly benefit experi-
ments containing multiple 1H CP steps, for instance CHHC and
NHHC [61,62]. In this study, we recorded a 2D 13C–13C correlation
spectrum that contains 13C–13C correlations for complete amino
acid spin systems, including carbonyl, aromatic and methyl car-
bons, as a demonstration of SOCP with increased bandwidth.
MOD-CP supports a wide range of modulation frequencies
(>36 kHz), which is advantageous for the study of biomolecules.
As proton homonuclear decoupling techniques improve [63–67],
MOD-CP could become useful for low-power hetero-nuclear corre-
lation (HETCOR) experiments.

In summary, the proposed schemes are able to tailor cross-
polarization to desired spectral regions with high efficiency and
low RF power. The low power requirements of these schemes pre-
vent RF heating and alteration of the sample. The deleterious ef-
fects of heating on spectral quality as well as the strain on the
instrument are consequently reduced. In addition, sensitivity
enhancement by fast acquisition and decreased recycle time
resulting from paramagnetic relaxation is only feasible if entirely
low-power sequences are available. Those factors advocate for a
general use of SOCP-based schemes as an alternative to high-
power CP. We therefore expect that their use will be beneficial
for the investigation of biomolecular solids at high resolution and
sensitivity.

Many other nuclei, such as 31P, 15N, 29Si, and 19F, cover a large
range of isotropic chemical shifts [68]. Along with developments
in probe head technology, the study of materials containing those
nuclei can also benefit from fast MAS and SOCP-based transfer
schemes.
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