
Published on the Web 07/26/2013 www.pubs.acs.org/accounts Vol. 46, No. 9 ’ 2013 ’ 2127–2135 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2127
10.1021/ar4000482 & 2013 American Chemical Society

Sensitivity and Resolution Enhanced Solid-State
NMR for Paramagnetic Systems and
Biomolecules under Very Fast Magic

Angle Spinning
SUDHAKAR PARTHASARATHY,†, ) YUSUKE NISHIYAMA,§ AND

YOSHITAKA ISHII*, †, ‡
†Department of Chemistry and ‡Center for Structural Biology, University of

Illinois at Chicago, Chicago, Illinois 60607, United States, and §JEOL RESONANCE
Inc., 3-1-2 Musashino, Akishimashi, Tokyo 196-8558, Japan

RECEIVED ON FEBRUARY 16, 2013

CONS P EC TU S

R ecent research in fast magic angle spinning (MAS) methods has drastically
improved the resolution and sensitivity of NMR spectroscopy of biomolecules

and materials in solids. In this Account, we summarize recent and ongoing develop-
ments in this area by presenting 13C and 1H solid-state NMR (SSNMR) studies on
paramagnetic systems and biomolecules under fast MAS from our laboratories.

First, we describe how very fast MAS (VFMAS) at the spinning speed of at least
20 kHz allows us to overcomemajor difficulties in 1H and 13C high-resolution SSNMR
of paramagnetic systems. As a result, we can enhance both sensitivity and resolution
by up to a few orders of magnitude. Using fast recycling (∼ms/scan) with short 1H
T1 values, we can perform

1H SSNMRmicroanalysis of paramagnetic systems on the
microgram scalewith greatly improved sensitivity over that observed for diamagnetic
systems. Second, we discuss how VFMAS at a spinning speed greater than∼40 kHz
can enhance the sensitivity and resolution of 13C biomolecular SSNMR measure-
ments. Low-power 1H decoupling schemes under VFMAS offer excellent spectral resolution for 13C SSNMR by nominal 1H RF irradiation
at∼10 kHz. By combining the VFMAS approachwith enhanced 1H T1 relaxation by paramagnetic doping, we can achieve extremely fast
recycling in modern biomolecular SSNMR experiments. Experiments with 13C-labeled ubiquitin doped with 10 mM Cu-EDTA
demonstrate how effectively this new approach, called paramagnetic assisted condensed data collection (PACC), enhances the sensitivity.

Lastly, we examine 13C SSNMR measurements for biomolecules under faster MAS at a higher field. Our preliminary 13C
SSNMR data of Aβ amyloid fibrils and GB1 microcrystals acquired at 1H NMR frequencies of 750�800 MHz suggest that the
combined use of the PACC approach and ultrahigh fields could allow for routine multidimensional SSNMR analyses of proteins at
the 50�200 nmol level. Also, we briefly discuss the prospects for studying bimolecules using 13C SSNMR under ultrafast MAS at
the spinning speed of ∼100 kHz.

1. Introduction
SSNMR has established its status as one of the most power-

ful methods for noncrystalline solid materials1,2 as well as

the method of choice for structural biology.3�5 SSNMR

provides excellent structural insights for proteins in non-

crystalline assemblies. Notably, for large protein assemblies

such as amyloid fibrils, high-resolution SSNMR methodolo-

gies usingmagic angle sample spinning (MAS) have offered

structural details as a primary structural probe.4,6 SSNMR has

also been an attractive option for structural elucidation of

membrane-bound proteins and proteins in nano/micro-

crystals.5,6 However, to date, limited sensitivity and resolu-

tion have been two major bottlenecks for biomolecular

SSNMR. For example, until recently, a typical multidimen-

sional SSNMRanalysis required asmuch as 0.5�1.0 μmol of
13C-labeled samples.3�5 For many biomolecules and ad-

vanced materials, preparing such large quantities of iso-

tope-labeled samples is often prohibitive. The situation has

been similar in SSNMRof paramagneticmaterials and param-

agnetic biomolecules. The magnetic nature of paramagnetic
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metal ions severely limits sensitivity and resolution. For this

reason, in spite of the renewed importance of paramagnetic

systems inmodernmaterial science, high-resolution SSNMR

analysis of paramagnetic systems has been notoriously

difficult. Large spectral bandwidths (500�2000 ppm) due

to paramagnetic shifts make fundamental radio frequency

(RF) pulse techniques for 13C and 1H SSNMR, such as cross-

polarization (CP) and 1H RF decoupling, and 1H�1H dipolar

decoupling, ineffectivebecauseof thedifficulty in theexcitation.

In 13C SSNMR, evenunderMAS, large anisotropic paramagnetic

shifts (100�500ppm) split a signal into numerous sidebands at

the conventional spinning speed (ωR/2π = 5�10 kHz).

In this Account, we discuss recent progress in high-resolution
13C and 1H SSNMR of paramagnetic systems and biomole-

cules using fast MAS for sensitivity and resolution enhance-

ments. We present how SSNMR for the two seemingly

different research subjects of paramagnetic systems and

biomolecules are interconnected by common concepts

and techniques using fast MAS. Traditional SSNMR typically

utilizes MAS at 5�15 kHz, which is sufficient to suppress

spinning sidebands for diamagnetic spin-1/2 systems under

high-power 1H RF decoupling. A combination of such tradi-

tional MAS, a large amount of sample (>50 mg), and a

moderate static magnetic field (∼9.4 T) has been long

considered as the optimum scheme for SSNMR. However,

recent advances in fast MAS technologies have fundamen-

tally changed the situation, increasing achievable spinning

speed to a range of 20�80 kHz.7�12 Such fast spinning can

eliminate a majority of the spin interactions in organic

compounds such as 1H�13C and 1H�1H dipolar couplings

as well as the large paramagnetic spin interactions, provid-

ing novel pathways of enhancing sensitivity and resolution

in SSNMR. Here, we present the effectiveness of modern 13C

and 1H SSNMRexperiments with fastMAS using our recently

published and new preliminary data as notable examples.

2. Resolution and Sensitivity Enhanced
SSNMR of Paramagnetic Materials
More than one-third of the elements in the periodic table

exhibit paramagnetism. Redox reactions involving para-

magnetic ions such as Cu2þ and Fe3þ often play a vital role

in biological reactions and chemical catalyzes.13 High-

resolution 13C and 1H SSNMRoffers a powerful tool for struc-

tural analysis of organic materials and biomolecules. For

paramagnetic systems, however, large spectral dispersion

due to hyperfine shifts traditionally imposed severe techni-

cal difficulties in high-resolution 13C and 1H SSNMR studies,

prohibiting applications of essential SSNMR techniques such

as 1H decoupling, MAS, and CP. SSNMR of 7Li/6Li and other

abundant spins has been effective for analysis of paramagnetic

inorganic systems,14 yet these options are not available for a

variety of paramagnetic complexes. Although there were a

handful of excellent studies that involve selective 2D- or 13C-

labeling,15,16 ingeneral, applicationsofSSNMRtoparamagnetic

systems have been severely hampered.

2.1. 1H SSNMR of Paramagnetic Systems by Very Fast

MAS. Recently, our group has reestablished 1H and 13C

SSNMR as a method applicable to a broad array of para-

magnetic complexes using very-fast MAS (VFMAS) at the

spinning speed of 20 kHz or more, which we call VFMAS

approach.17�21 As the spinning speed in the approach be-

comes comparable to themagnitude ofmajor spin interactions

in organic solids such as 1H�13C and 1H�1H dipolar couplings,

the VFMAS approach effectively removes homogeneous line

broadening due to these interactions. Figure 1a�c shows the

spinning speed dependence of 1H MAS spectra of Cu(DL-Ala)2 3
(H2O).Clearly, ahigh-resolution

1HSSNMRspectrumisobserved

in (a) at the spinning speed of 24 kHz, which sufficiently

suppresses large anisotropic paramagnetic shifts spanning

∼200 ppm as well as 1H�1H dipolar couplings. Only 18 ms of

the experimental time was required for collecting the high-

quality spectrumwith 4 scans for 17mg of the sample because

of the fast recycling (∼5ms) offeredby very short paramagnetic
1HT1 relaxation time (∼1.5ms). In contrast, veryweakor nearly

nosignalsareobservedat the spinning speedof5�10kHz in (b,

c) because of splitting into numerous sidebands and line broad-

ening due to paramagnetic interactions. It is noteworthy

that large anisotropic paramagnetic shifts originate from the

thermally averageddipolar interactions betweenparamagnetic

FIGURE 1. Spinning speed dependence of 1H MAS spectra of (a�c)
Cu(DL-Ala)2 3 (H2O) and (d�f) Mn(acac)3 obtained at 1H NMR frequency of
400.2 MHz by π/2-pulse excitation. The spinning speed is indicated in
the figure. The inset in (d) is the expanded center line region. The spectra
wereobtainedat 1H frequencyof 400.2MHzwith1-pulse excitationand
a rotor synchronous echo with 4 scans for each spectrum. The assign-
ment for Cu(DL-Ala)2 and Mn(acac)3 was obtained from separate 2D
13C/1H correlation NMR experiments. The total experimental times
wereonly (a�c) 18msand (d�f) 12ms.Thedataweremodified fromref17.
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electron spin and nuclear spin.20,22 The anisotropic paramag-

netic shifts are generally proportional to (Sþ1)SγI/RIS
3,22 where

γI is the gyromagnetic ratio of the nuclear spin I, S is an electron

spin number, and RIS is the distance between I and the electron

spin S at the paramagnetic center (S= 1/2 for Cu2þ). Thus, for a

paramagneticmetal ion having a larger electronic spin number

S, the range of the paramagnetic shift can be even greater. The

VFMAS approach is effective for such systems having larger

paramagnetic shifts. Figure 1d�f shows the spinning-speed

dependence of 1H MAS spectra of Mn(acac)3 (S = 5/2; 14 mg).

Clearly, well resolved 1H lines are observed for CH3 and CH

group for Mn(acac)3 in (d). The system has extremely large

paramagnetic shifts spanning∼800ppm(or320kHz). For these

types of systems, traditional high-resolution 1H SSNMR tech-

niques such as CRAMPS23 are not effective. In contrast, VFMAS

approach, which utilizes averaging by sample spinning, is

effective, regardless of large resonance offsets due to para-

magnetic shifts. These data prove that the VFMAS approach

enhances sensitivity and resolution by a few orders of mag-

nitude, greatly impacting SSNMR analysis of paramagnetic

systems.17,19,21

2.2. 1H SSNMR for Microanalysis of Paramagnetic Sys-

tems under VFMAS. The short T1 values of paramagnetic

systems are highly beneficial for enhancing the sensitivity of

SSNMR in the VFMAS approach. Figure 2 displays an exam-

ple of 1H SSNMR microanalysis by comparing a 1H SSNMR

spectrum of (a) Cu(L-Ala)2 (20 nmol or 5.0 μg) with that of a

diamagnetic control (b) L-Ala (40 nmol or 4.0 μg). For the

most intense CH3 signal, the signal-to-noise ratio (S/N) of 41

was obtained within 2 min for (a). Hence, analyzing several

nmol of the paramagnetic samples is feasible by SSNMR.

With improved resolution under VFMAS, the spectrum for

Cu(L-Ala)2 in (a) shows distinctive spectral features from

those of Cu(DL-Ala)2 (Figure 1a). In a control experiment for

40 nmol (3.8 μg) of L-Ala shown in Figure 2b, we obtained a

S/N of 3.4 for the peak at 8.2 ppm, which corresponds to

NH3
þ, in a common experimental time (2min). Note that the

slightly greater CH3 signal at ∼1 ppm overlaps with a back-

ground signal (marked by #). Therefore, the results support

an intriguing conclusion that with the aid of the VFMAS

approach, SSNMR of paramagnetic systems yields about a

10-fold sensitivity advantage over SSNMR of the diamag-

netic system for unit sample amount (i.e., 40 nmol of Ala).

Althoughwewill not discuss the details, our group and other

demonstrated that the VFMAS approach is also highly

effective for 13C SSNMR for a variety of paramagnetic

systems.18,20,21,24 Traditional CPMAS approaches are not

effective for paramagnetic systems because of large spectral

dispersions and anisotropic hyperfine shifts. Strong RF fields

available at the VFMAS probes offer sensitivity-enhanced
13C SSNMR for paramagnetic systems via polarization trans-

fer from 1H by dipolar INEPT or CP,18,19 combined with the

advantage of short 1H T1 values due to paramagnetic

relaxation. As will be described below, we demonstrate that

a similar sensitivity-enhancement approach using paramag-

netic relaxation enhancements is feasible for nonparamag-

netic systems, including proteins, under VFMAS.

3. NewOpportunities in Studying Biomolecules
by VFMAS

3.1. Low-Power Decoupling under VFMAS. VFMAS ap-

proach also opens an avenue to novel SSNMR methodolo-

gies for nonparamagnetic systems. Since the spinning speed

is comparable to or greater than strongest spin interactions

in organic solids, such as 13C�1H and 15N�1H dipolar

couplings, nontraditional strategies of SSNMR experiments

can produce optimum results. One area of great interest is 1H

decoupling since traditional decoupling for SSNMR requires

highpower irradiationof 1HRF fields,whichmay result in the

degradation of heat sensitive biological samples or probe

arcing. Ishii and co-workers showed the effectiveness of cw

low-power 1H decoupling for 1H detected 2D 13C and 15N

SSNMR experiments under VFMAS at 30 kHz.8,25 Recently,

Ernst et al. examined the low-power decoupling using cw

FIGURE 2. 1H VFMAS spectra of (a) Cu(L-Ala)2 and (b) L-Ala obtained at
the 1H NMR frequency of 400.2 MHz with one-pulse excitation at the
spinning speed of 28.57 kHz. The sample amounts are (a) 20 nmol (5 μg)
and (b) 40 nmol (4 μg). An experimental time was 2 min each. A total of
(a) 38700 and (b) 76 scans were recordedwith recycle delays of (a) 3ms
and (b) 1.6 s, respectively. Background signals and spinning sidebands
are marked by # and /, respectively. The spectrum (a) is scaled so that
the two spectra display a common noise level. The data were modified
from ref 17.
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and XiX decoupling sequences, the latter of which offers

excellent resolution.9,26 Here, we show examples of applica-

tions using an alternative low-power TPPM decoupling

sequence, which provides a slightly better performance over

low-power XiX.10

Figure 3 shows the 1H decoupling dependence of 13C

CPMAS spectra of uniformly 13C- and 15N-labeled L-ala under

VFMAS at 40 kHz that were obtained with (a) low-power

TPPM (lpTPPM) decoupling at the RF field (ω1/2π) of 10 kHz,

(b) cw decoupling at ω1/2π of 200 kHz, and (c) TPPM

decoupling at ω1/2π of 200 kHz. Under VFMAS, the lpTPPM
1H decoupling in (a) yielded superior resolution and sensi-

tivity over the cw decoupling at 200 kHz in (b). Considering

that the lpTPPM sequence requires only 0.25% of the RF

power used for the sequences in (b, c), it is striking that

lpTPPM offers comparable performance to that of the high-

power TPPM in (c). With this low-power sequence, the

recycle delay can be adjusted to the optimum value with

nearly no restrictions due to sample heating problems.10,27

Probe arcing is rarely the issue with lpTPPM. With these

advantages, low-power 1H decoupling sequences such as

lpTPPM,10 XiX,9 and recent variants28 are replacing high-

power decoupling under VFMAS at 40�50 kHz or above in

many recent biological applications, where sample degra-

dation by rf irradiation should be avoided.29�33 Reflecting

major changes in the SSNMR methodologies, MAS at a

spinning speed above 40�50 kHz is often called ultrafast

MAS in recent articles.31,34�36 Aswill be discussed in the next

section, the low-power decoupling offers a key tool in

sensitivity enhancements with extremely fast recycling.

3.2. Sensitivity Enhancement by PACC by Use of Para-

magnetic Relaxation Enhancement. Restricted sensitivity

of SSNMR is one of the major bottlenecks in SSNMR-based

structural analysis. Typically, as much as 0.5�1 μmol of an

isotope labeled sample is required for basic multidimen-

sional SSNMR experiments, which severely limits biological

applications. Since the introduction of high-resolution 13C

SSNMR by the CPMAS method, data collection for SSNMR

has been inefficient due to long idling delays required for

magnetization recovery through 1H T1 relaxation between

scans. Even in modern multidimensional SSNMR schemes,

95�99% of the experimental time is typically “wasted” for

recycle delays.

Recently, we proposed an approach to break the long-

standing 1H T1 boundary problem for hydrated proteins by

combining paramagnetic doping, very-fast magic-angle

spinning (MAS), and fast recycling of the low-rf-power

sequences.21,25 In this approach, which we call “paramag-

netic-relaxation-assisted condensed data collection” (PACC),

we achieve a reduction in 1H T1 by orders of magnitude

down to 50�100 ms by carefully adjusting the paramag-

netic-doping level.11,27,37 Figure 4a, b shows a comparison

of 1D 13CCPMAS spectra of (a) 13C- and 15N-labeled ubiquitin

microcrystals doped with 10 mM Cu2þ-EDTA and (b) un-

doped ubiquitin microcrystals. The spectrum in (a) was

collected with the PACC approach with a recycle delay of

150 ms while that in (b) was collected by a conventional

CPMAS method with a recycle delay of 0.7 s. With the PACC

approach, the data collection was effectively accelerated by

∼5-fold in (a). The difference spectrum in (c) clearly shows

only negligible changes in the 13C spectrum due to the fast

recycling or the addition of Cu-EDTA. Cu-EDTA was selected

as dopants since Cu2þ ions with an optimum electron-spin

correlation time (τe ∼ 10�9 s) reduces T1 considerably

FIGURE 3. 13C CPMAS spectra of L-alanine obtained at the 13C NMR frequency of 100.6 MHz (9.4 T) by the (a) low-power TPPM (lpTPPM), (b) high-
power cw, and (c) high-power TPPM1Hdecoupling sequences at the spinning speedof 40kHz. The rf-field intensities used for the low-power andhigh-
power decoupling sequences are 10 kHz and 200 kHz, respectively. In the lpTPPM sequence, the pulse width (τW) was 49 μs and the phase was
alternatedbetween�φ andφ (φ=18.5�), while for high-power TPPM τWwas2.54μs andφ=10.5�. The pulsewidth and thephaseanglewere carefully
optimized. The spectra are scaled by a common scale for comparison. The data were modified from ref 10.
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without substantial paramagnetic broadening in 13C/15N

SSNMR spectra unlike Gd3þ ions and nitroxide radicals,

which introduce severer broadening for their longer τe
(10�8�10�7 s).11 To attain extreme fast recycling with the

recycle delay matched to 3T1, we employed the lpTPPM 1H

decoupling atω1/2π of 10 kHz in both (a, b) under VFMAS at

40 kHz. As the acquisition periods of (a, b) are ∼30 ms,

recycle delays of 2�3 s would be needed with traditional

high-power 1H decoupling in order to avoid sample heating

or probe arcing; the required delays are often much longer

than typical 1H T1 of hydrated proteins (300�500 ms).

Overall, compared with the traditional CPMAS using high-

power decoupling, the PACCapproachprovides acceleration

of data collection by a factor of up to 20.

Figure 4d shows a comparison of 2D 13C/13C correlation

spectra of (red) uniformly 13C- and 15N-labeled ubiquitinwith

Cu-EDTA collected by the PACC approach and (black) un-

doped ubiquitin by a standard experiment. Although a

moderate static magnetic field of 9.4 T (1H NMR frequency

of 400.2 MHz) was used, a 2D spectrum of excellent quality

(Figure 4d red) was collected only in 5.4 h with the PACC

approach for 1.8 mg (∼200 nmol) of ubiquitin, while the

traditional experiment without the PACC approach required

21.9 h to obtain a similar 2D spectrum (Figure 4d black). The

superimposed 2D spectra (Figure 4d) and the 1D slices

(Figure 4e) show both the doped and undoped samples

yielded almost identical spectra. Despite the relatively short

intrinsic 1H T1 values of the undoped samples, the experi-

mental time was still reduced by 4-fold. We also demon-

strated that the PACC approach allows us to collect a 2D
13C/15N correlation SSNMR spectrum with as little as

22 nmol (∼200 μg) of ubiquitin within 2.7 h at the 1H NMR

frequency of 400MHz. The PACCapproach and its variations

are now widely used for a wide variety of systems including

amyloid fibrils,11,38 membrane proteins,30,39 highly deuter-

ated proteins,37 andmetal-bound proteins.29,38 Recent stud-

ies showed that proteins modified with adequate Cu2þ-

chelator tags offer long-range distance information with

condensed data collection by the PACC method.40,41 Addi-

tional examples of structuralmeasurements using paramag-

netic interactions are available in other references11,42,43

and an excellent review by Jaroniec.44

4. Motivation and Prospects of Studying
Biomolecules by Faster MAS in a Higher Field

4.1. SSNMR Applications in an Ultrahigh-Field Using

VFMAS. The VFMAS approach and the PACC approach are

potentially effective for SSNMR spectroscopy in an ultrahigh

magnetic field. So far, only a few such examples were

recently presented.29,30 Using the PACC scheme at an ultra-

high field at the 1H NMR frequency of 750 MHz (17.6 T), we

have obtained preliminary (a) 2D 13C/13C correlation

FIGURE 4. Comparison of (a�c) 1D 13C CPMAS spectra and (d) superimposed 2D 13C/13C chemical-shift correlation solid-state NMR spectra of
microcrystalline uniformly 13C-labeled ubiquitin in microcrystals (1.8 mg) in the (red) presence and (black) absence and of 10 mM Cu(II)-EDTA at the
1H frequency of 400.2 MHz. In (red) PACC approach and (black) traditional signal collection for (a�c), the recycle delays of 150 and 700 ms were
set to 3 times the T1 values, respectively. The green spectrum (c) is the difference of (a) and (b). In (a, b), signals of 256 scans were accumulated
with the total experimental times of (red) 0.7 min and (black) 3.1 min. (d) Comparison of superimposed 2D 13C/13C correlation SSNMR spectra of
the 13C-labeled ubiquitin samples obtained in (red) PACC and (black) standard methods, together with (e) corresponding 1D slices at selected
positions. The total experimental times were (red) 5.4 h and (black) 21.9 h in (d). All the experiments were performed at the spinning speed of
40 kHz with signal acquisitions under low-power TPPM decoupling at the RF fields of 7 kHz for 1.8 mg of 13C-labeled ubiquitin. The data are
modified from those in ref 11.
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spectrum and (b) overlaid 3DNCACO (blue) and CANCO (red)

spectra on uniformly 13C- and 15N-labeledGB1microcrystals

(∼2mg or 300 nmol) doped with 30mM Cu(II)-EDTA at MAS

of 60 kHz using a new 750 MHz SSNMR system at UIC with

the PACC approach (Figure 5). Figure 5 shows excellent

resolution in the 2D and 3D spectra that were respectively

collected in only 15 min and 1 h each. Our data at 750 MHz

in Figure 5 clearly demonstrate the possibility of completing

sequential assignments after several hours for a few milli-

grams of the protein. Taken as a whole, the data demon-

strate distinctive sensitivity and resolution advantage of

ultrahigh field SSNMR under VFMAS using the PACC ap-

proach over a traditional SSNMR approach in a lower field.

The PACC approach in an ultrahigh field is also effective

for heterogeneous protein samples such as amyloid fibrils.

Here, we compare 2D 13C/13C correlation SSNMR spectra of

Cu2þ-bound Aβ(1�40) fibrils38 (Figure 6a, b) collected at 1H

NMR frequencies of (a) 400 MHz and (b) 800 MHz. The data

were obtained with mixing by the fpRFDR scheme45 (a) at

ωR/2π of 20 kHz with high-power 1H decoupling at 90 kHz

and (b) under fastMAS atωR/2πof 50kHzwith low-power 1H

decoupling at 12.5 kHz. In (b), using the PACC approach with

short recycle delays (∼270 ms), we could collect a nicely

resolved spectrum in 1.9 h with a slightly better signal-to-

noise ratio (S/N) for only 1 mg of the Aβ sample, compared

with that for (a), which required 32 h of signal accumulation

for 2mg of the same sample. In (a), the recycle delay (∼1.8 s)

was restricted by probe arcing under high-power 1H

decoupling (8 ms). For a unit amount of the sample, this is

equivalent to 60-fold acceleration of the experiment by

effective use of the PACC approach and ultrahigh field

SSNMR. As the 1 mm JEOL CPMAS probe used for this study

offers spinning up to 80 kHz,12 further sensitivity/resolution

enhancements are possible in combinationwith 1Hdetected

SSNMR.8,25,34 The development of such experimental

schemes is ongoing in our laboratory.

4.2. Faster MAS at ∼100 kHz and Prospects of Its

Applications of Biomolecules. Recent engineering efforts

to develop fast MAS technologies have achieved sample

spinning at ωR/2π of ∼100 kHz or higher. Such fast MAS

methods are likely to offer opportunities for novel NMR

approaches as the spinning speed now approaches 2�4

folds of major spin interactions in organic solids such as
1H�1H and 1H�13C dipolar couplings. On the other hand,

under MAS over ∼100 kHz, traditionally useful RF schemes

may no longer be effective especially for biomolecules, for

which applicable RF fields are restricted due to sample

heating. For example, for efficient CP under fast MAS, the
1H RF field (ωH) is typically matched atωH = ÆωCæþωR, where

ÆωCæ is the average 13C RF field for the ramped CP sequence,

and the ωH value is ∼2.5ωR. However, for MAS at 100 kHz,

such RF values of ωH and ωC become prohibitively large for

heat-labile biomolecule samples (i.e., ωH/2π ∼ 250 kHz). To

address this problem, we have explored a low-power CP

(lpCP) scheme, such as double-quantum 1H�13C CP (DQ-CP),

which was previously introduced by our group for 15N�13C

FIGURE 5. (a) The aliphatic region of a 2D 13C/13C correlation SSNMR spectrum and (b) sequential assignments by 3D (purple) NCOCA and (red)
CANCO spectra of GB1 microcrystal sample incubated with 30 mM Cu2þ-EDTA. The data were collected at the 1H frequency of 750 MHz using the
PACC approach with a recycle delay of 300 ms using a Bruker 1.3 mm CPMAS triple-resonance probe. The experimental times were (a) 15 min and
(b) 1 h for each 3D data.
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CP atωR/2π of 40 kHz.11 Although 1H�13C lpCP schemeswere

successfully employed under VFMAS at 40�60 kHz,34,46 our

experiments showed that the CP efficiencies of such lpCP are

generally lower than those for high-power CP at spinn-

ing speeds of 40�70 kHz. In our preliminary data using a

proto-type JEOL 0.75-mmMAS probe atωR/2π of 98 kHz (1H

NMR frequency of 600 MHz), we compared the 13C CPMAS

spectra of uniformly 13C- and 15N-labeled L-alanine (U 13C,

and 15N L-Ala; Figure 7) obtainedwith (a) DQ-CP (ωH/2π∼ 74

kHz, ωC/2π∼ 24 kHz) and (b) standard CP with (c) a 13C MAS

spectrumwithπ/2-pulse excitation. To our surprise, we have

found that the low-power DQ-CP sequence provides better

CP efficiencies (red factors in Figure 7) for CO2 and CH3 than

those for the standard CP as shown in (a) and (b). This ismost

likely attributed to a combination of higher spin lock effi-

ciency under faster MAS32 and smaller CP mismatching due

to RF-inhonogeneity by the use of weaker RF fields in lpCP.46

It is also noteworthy that the enhancement factors observed

here are comparable to or higher than the corresponding

values obtained at a much lower spinning speed of ∼20 kHz.

This clearly indicates new opportunities for designing more

efficient low-power CP schemes using MAS over 100 kHz,

contrary to a common conception that CP efficiencies become

lower at a fasterMAS rate. The notable resolution (Figure 7d�f)

was obtained by low-power TPPM at ωH/2π ∼ 10 kHz. As the

sensitivity and resolution form a critical foundation of biomol-

ecular SSNMR, the data provide excellent prospects for future

use of extremely fast MAS for biomolecular SSNMR.
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FIGURE 6. A comparison of 2D 13C/13C correlation SSNMR spectra of Cu2þ-bound amyloid fibrils of Aβ(1�40) obtained at 1H NMR frequencies of (a)
400MHzwith traditional scheme and at (b) 800MHzwith PACC scheme, togetherwith (c) 1D slices. The total experimental timeswere (a) 32 h and (b)
1.9 h for (a) 2mg and (b) 1mg of the Aβ sample that was uniformly 13C- and 15N-labeled at selected residues Phe-4, Gly-9, Val-12, Leu-17, and Ala-21.
The data in (a, b) were processedwithGaussian broadening of 1.0 ppm in both t1 and t2 periods. Thedata in (a)were acquiredwith the t1 and t2 periods
of 4 and 8ms, respectively on a Bruker Avance III 400MHz spectrometer equippedwith a home-built 2.5mmCPMAS triple-resonance probe. For (a), a
standard 2D 13C/13C correlation sequencewas usedunderMASat 20 kHzwith high-power 1HTPPMdecoupling at the RF intensity of 90 kHz.45During
the mixing period of 1.6 ms, the fpRFDR sequence45 was applied with 13C π-pulses of 15-μs width. The data in (b) was acquired in the PACC scheme
with the t1 and t2 periodsof 2 and8ms, respectivelyonaBrukerAvance800MHz spectrometer equippedwith a JEOL1mmdouble-resonanceCPMAS
probe. In (b), 1H lpTPPM decoupling was applied at 12.5 kHz in the t1 and t2 periods, and the fpRFDRmixing was applied during the mixing period of
1.92 ms with 13C π-pulses of 7 μs widths.

FIGURE7. (a, b) 13C CPMAS SSNMRspectra of U 13C, 15N L-alanine under
super fast MAS at ωR/2π = 98 kHz. with (a) ramped DQ-CP (ωH/2π ∼ 74
kHz, ÆωC/2πæ ∼ 24 kHz) and (b) standard ramped CP (ωH/2π ∼ 250 kHz,
ÆωC/2πæ ∼ 150 kHz) with a contact time of 2 ms compared to (c) a 13C
MAS spectrum by π/2-pulse excitation. The signals were collected with
four scans with recycle delays of (a, b) 3 s and (c) 120 s, where 13C T1
∼ 40 s. The factors in (a, b) denote CP efficiencies, which are the signal
intensities normalized by those in (c). (d�f) Magnified spectral regions of
(a) for (d) CO2

�, (e) CH, and (f) CH3 groups. The datawere collectedwith a
JEOL 0.75mmCPMAS double-resonance probe on a JEOL ECA 600MHz
spectrometer.
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