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Free induction decay (FID) signals in solid state NMR measure-
ments performed with magic angle spinning can often be extended
in time by factors on the order of 10 by a simple pulsed spin locking
technique. The sensitivity of a structural measurement in which the
structural information is contained in the dependence of the inte-
grated FID amplitude on a preceding evolution period can therefore
be enhanced substantially by pulsed spin locking in the signal detec-
tion period. We demonstrate sensitivity enhancements in a variety
of solid state NMR techniques that are applicable to selectively iso-
topically labeled samples, including *C-'*N rotational echo dou-
ble resonance (REDOR), *C-3C dipolar recoupling measurements
using the constant-time finite-pulse radio-frequency-driven recou-
pling (fpRFDR-CT) and constant-time double-quantum-filtered
dipolar recoupling (CTDQFD) techniques, and torsion angle mea-
surements using the double quantum chemical shift anisotropy
(DQCSA) technique. Further, we demonstrate that the structural
information in the solid state NMR data is not distorted by pulsed
spin locking in the detection period. © 2002 Eisevier Science (USA)

Key Words: dipolar recoupling; REDOR; magic angle spinning;
solid state NMR; pulsed spin locking; sensitivity enhancement.

INTRODUCTION

A wide variety of solid state NMR techniques have been de-
veloped as experimental probes of the atomic-level structure of
molecular solids. Often these techniques can provide structural
information that is not available from other physical measure-
ments, as in the cases of noncrystalline biological solids, syn-
thetic polymers, and other complex noncrystalline molecular or
network solids. Applications of these techniques are frequently
limited by sensitivity considerations, with the requisite number
of nuclei typically lying in the 0.1-1.0 umole range for '*C
NMR measurements in a 9.4 T field at room temperature and
with data acquisition times ranging from many hours to many
days. Therefore, approaches to sensitivity enhancement in solid
state NMR are of considerable current interest (/—/8).
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Many structural techniques such as dipolar recoupling mea-
surements (/9-33) or tensor correlation (34—42) measurements
on selectively isotopically labeled compounds share a common
feature that the structural information is contained in the depen-
dence of integrated free induction decay (FID) signals on a pre-
ceding evolution period (e.g., a dipolar dephasing period), rather
than in the direct time-dependence of the FID. In other words,
the one-dimensional NMR spectrum or lineshape in the signal
detection period is of little interest. In such cases, the sensitivity
of the structural measurement can be enhanced by extending the
FID using pulsed spin locking (43—45) (PSL) or a Carr—Purcell
echo train (46). The utility of this approach to sensitivity en-
hancement has been appreciated and demonstrated previously in
the context of multiple quantum NMR (MQNMR) of solids (47,
48), one-dimensional '*C NMR spectroscopy of samples with
inhomogeneously broadened lines under magic-angle spinning
(MAS) (49), relaxation measurements on slowly-relaxing ma-
terials (50, 51), one-dimensional spectroscopy of half-integer
quadrupolar nuclei in static powders (52), indirect detection of
13C NMR spectra through 'H NMR signals under MAS (6), and
indirect detection of '*N overtone NMR (53-55), >N NMR (I8)
and >2H NMR (/7) spectra in static solids. However, to our knowl-
edge, the potential impact of PSL on the sensitivity of structural
measurements based on heteronuclear and homonuclear dipo-
lar recoupling techniques and tensor correlation techniques has
not been explored, particularly in the case of measurements per-
formed with MAS. We demonstrate this impact below by a series
of experimental examples, performed under MAS at moderate
(i.e., 5.0 kHz) or high (i.e., 20.0 kHz) frequencies, in which ex-
perimental data obtained with and without PSL are compared
directly. Importantly, these examples also demonstrate that the
structural information contained in the measurements is not sig-
nificantly perturbed or distorted by PSL detection.

EXPERIMENTAL METHODS

NMR experiments were carried out at room temperature with
Varian/Chemagnetics Infinity-400 spectrometers, operating at
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3C NMR frequencies of 100.4 and 100.8 MHz and with
Varian/Chemagnetics magic angle spinning (MAS) probes with
rotor diameters of 3.2 mm and 6 mm. '*C-detected '3C/**N ro-
tational echo double resonance (REDOR) experiments used the
pulse sequence described by Anderson et al. (56), with 10.0 us
7 pulses on both 3C and >N nuclei and at a MAS frequency
VR = 5.0 kHz. Constant-time double-quantum-filtered dipolar
recoupling (CTDQFD) experiments used the pulse sequence de-
scribed by Bennett et al. (34), with a total radio-frequency-driven
recoupling (20, 26, 28) (RFDR) period of 160tg =32.0 ms
(in the notation of reference (34), L =32 and M + N =128),
where 1 is the MAS rotor period, with 13.7 us '3C m pulses
and vg = 5.0 kHz. Double quantum chemical shift anisotropy
(DQCSA) experiments used the pulse sequence described by
Blanco and Tycko (35) in which three 7 pulses recouple the
CSA interactions in the evolution period and with double quan-
tum (DQ) excitation periods of 48t (pulse sequence in Fig. 2b
of Ref. (35), with n = 48). 13C 7 pulses in the RFDR train during
the excitation periods were 13.7 us, and vg = 5.0 kHz. Constant-
time finite-pulse radio-frequency-driven recoupling (fpRFDR-
CT) experiments used the pulse sequence described by Ishii et al.
(57), with a total fpRFDR evolution period of 768t and with
two repetitions of the six-pulse WAHUHA cycle (in the notation
of reference (57), M + 2N =384 and K =2). BCn pulses in
the evolution period were 15.0 us, and vg =20.0 kHz. In all ex-
periments, '3C 7 pulses in the dipolar recoupling periods were
actively synchronized with an MAS tachometer signal. Proton
decoupling fields during the recoupling periods were 120 kHz in
REDOR and fpRFDR-CT experiments and 80 kHz in CTDQFD
and DQCSA experiments. The '3C carrier frequency was set to
the middle of the NMR signals of interest in all PSL experi-
ments, with the exception of the experiments for Fig. 7 where
the dependence on resonance offset was explored deliberately.
As depicted in Fig. 1a, PSL trains consisted of Np repetitions
of the pulse sequence element t,—1,— P—1,—7;, where 1| repre-
sents a period during which Ng FID signal points were digitized
with a dwell time 74 (25 us in all measurements), 7, represents a
dead time delay, and P represents a '>C rf pulse with flip angle 6p,
length 7p, and phase set to coincide with the direction of the '3C
magnetization of interest (i.e., to provide a spin locking field).
Spin locking pulses were synchronized with MAS by adjusting
the timing so that 2(t; 4 t;) + 7p = kTR, With kK =4 in measure-
ments at vg = 5.0 kHz (i.e., REDOR, CTDQFD, and DQCSA)
and k£ =20 in measurements at vg =20.0 kHz (i.e., f{pRFDR-
CT). Following the digitization of 2Np Ny signal points under
PSL, an additional N signal points were acquired, again with
dwell time 4. Values of Np and Ny are given in the figure cap-
tions. In all PSL experiments, 2Np Nsg + N4 =2500. The same
number of data points was digitized in non-PSL experiments,
with the same dwell time. The spectrometer’s receiver band-
width was set to approximately 1.3/¢4 in experiments performed
both with and without PSL. Proton decoupling fields during
PSL were 70-85 kHz. Data processing included application of
20 Hz Gaussian line broadening to FIDs obtained with PSL. Line
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FIG. 1. (a) Schematic illustration of pulsed spin lock (PSL) detection in
a structural measurement with magic-angle spinning (MAS) at frequency vr
(rotor period tr). After an evolution period in which a pulse sequence for
measuring dipole—dipole couplings or other structural parameters is applied,
a train of Np spin-locking pulses with flip angle fp and length 7p is applied
with a spacing of ktr between pulses, where & is an even integer. Ng signal
points are digitized in each t; period. Dead time periods are 1. No points
are digitized at the end of the PSL train. (b) Experimental time-domain 3¢
NMR signals from polycrystalline glycine-1-'>C,'SN (5% labeled molecules)
atvg = 5.0kHz and an NMR frequency of 100.4 MHz, obtained with and without
PSL. The rf carrier frequency is nearly on-resonance with the carboxylate sig-
nal. Np =72, Ns =14, Ny =484, 6p = 180°, 11 =350.0 us, o =45.0 us, and
p = 10.0 us.

broadening of FIDs obtained without PSL was matched to the
intrinsic linewidths to maximize the signal-to-noise ratio (SNR)
in the spectrum. Total experiment times and all other conditions
of data acquisition and processing were indentical in PSL and
non-PSL versions of each measurement.

Polycrystalline glycine in which 5% of the molecules were
ISN-labeled at the amine site and '*C-labeled at the carboxyl
site (glycine-1-'3C,"N) was prepared by recrystallization of a
mixture of labeled and unlabeled glycine. Polycrystalline Ala—
Gly—Gly in which 3% of the molecules were '3C-labeled at the
carbonyl sites of Alal and Gly2 ('*C,—AGG) was prepared as
previously described (58). The peptide N—acetyl-Lys—Leu—Val—-
Phe—Phe—Ala—Glu—-NH; (residues 16-22 of the Alzheimer’s S-
amyloid peptide, A B16_22) was synthesized with a 13C label at the
carbonyl site of Leul7 and a >N label at the amide site of Ala21
and fibrillized as previously described (59). Polycrystalline L-
alanine with a '3C label at the carboxylate site (alanine-1-'C)
was used as received from Cambridge Isotopes Laboratories.

RESULTS

Figure 1b shows '3C FID signals of glycine-1-'>C, SN ob-
tained with and without PSL under conditions employed in the
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FIG. 2. '3C-detected '3C/'>N REDOR data for glycine-1-'3C,1’N (5%
labeled molecules), obtained with the pulse sequence of Anderson et al.
(56) (a) So and AS REDOR spectra plotted alternately for increasing '>C—
5N dephasing period tcn. Bottom is with PSL, showing 300 Hz spectral
widths in each spectrum. Top is without PSL, showing 2000 Hz spectral
widths in each spectrum. Data are acquired at 100.4 MHz, with vg =5.0 kHz,
Np=72, Ng =14, Ny =484, 0p = 180°, t; =350.0 us, 7o =45.0 us, and 7p =
10.0 ps. Total of 36 scans in each REDOR data set. (b) REDOR build-up curves
measured with (asterisks) and without (open circles) PSL. Error bars shown
for data without PSL represent uncertainty derived from the root-mean-squared
noise in the experimental spectra. Corresponding uncertainty for data with PSL
is about equal to the size of the symbols.

REDOR experiments. PSL clearly extends the FID signals sub-
stantially, in this case by a factor of six or more. Figure 2 com-
pares REDOR data obtained with and without PSL. The SNR of
the data is enhanced by PSL. Good agreement between REDOR
build-up curves obtained with and without PSL is found, indi-
cating that the internuclear distance information in the REDOR
measurement is not distorted by PSL detection. In these experi-
ments 6p = 180°, so that the PSL train was identical to a rotor-
synchronized Carr—Purcell echo train. For glycine-1-'3C, N, a
sample in which '3C—~13C dipole—dipole couplings are negligibly
small, the effectiveness of PSL is insensitive to 6p over a broad
range around 180°.

Figure 3 compares CTDQFD data for '3C,—~AGG obtained
with and without PSL. Figure 3a shows that the resolved NMR
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lines of the two labeled carbonyl carbons in the DQ-filtered MAS
spectrum are collapsed to a single, sharper line by PSL and the
spinning sideband lines are split due to amplitude modulation
of the FID signals imposed by PSL. The observed splitting de-
pends on the separation between PSL pulses and the dead time
in the PSL train. Figure 3b shows that the CTDQFD dephasing
curve, which contains information about the peptide conforma-
tion (34), is not affected significantly by PSL. CTDQFD data
points in Fig. 3b were obtained by summing the areas of center-
band and first-order sideband signals in the non-PSL spectra or
by summing the centerband and the four most intense sideband
signals (at +4.285 kHz and £5.715 kHz). Similar summations
were used to generate the data points in Figs. 2b and 4a.
Figure 4a compares DQCSA data for '*C,-AGG obtained
with and without PSL. The DQCSA evolution curve, which
contains information about the peptide conformation (35), is
not affected significantly by PSL. Figure 4b shows the depen-
dence of the centerband lineshape for '*C,-AGG under PSL
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FIG. 3. Constant-time double-quantum-filtered dipolar recoupling (CT-
DQFD) data for polycrystalline 13C,-AGG (3% labeled molecules), obtained
with the pulse sequence of Bennett et al. (34) (a) DQ-filtered 13C NMR spectra
obtained at '3C-13C evolution times tcc from 3.2 ms to 25.6 ms in incre-
ments of 3.2 ms. Left is without PSL. Right is with PSL, showing the appar-
ent splitting of spinning sideband lines due to amplitude modulation of the
time-domain signals imposed by PSL. Data are acquired at 100.8 MHz, with
vrR =5.0 kHz, Np =280, Ns =14, Npo =260, 6p =162°, 11 =350.0 us, o=
45.5 us, and tp =9.0 pus. (b) CTDQFD dephasing curves measured with (as-
terisks) and without (open circles) PSL. Uncertainty due to noise in the experi-
mental spectra is about equal to the size of the symbols: total of 1024 scans in
each CTDQFD data set.
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FIG. 4. (a) Double quantum chemical shift anisotropy (DQCSA) curves
for 13C,-AGG (3% labeled molecules), obtained with the pulse sequence of
Blanco and Tycko (35). 13C NMR signals are detected with (asterisks) and
without (open circles) PSL. Uncertainty due to noise in the experimental spectra
is less than the size of the symbols. Data are acquired at 100.8 MHz, with
vr =5.0 kHz, Np =80, Ns =14, Ny =260, 0p =162°, t; =350.0 us, 1o =
45.5 pus, and 7p = 9.0 us: total of 16384 scans in each DQCSA data set. (b) De-
pendence of the spin-locked centerband '*C NMR lineshape for 13C,-AGG on
6p for a constant '3C rf amplitude of 50 kHz. Values of #p range from 180°
(lowest spectrum) to 27° in decrements of 9°.
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FIG. 5. Constant-time finite-pulse radio-frequency-driven recoupling
(fpRFDR-CT) curves for polycrystalline L-alanine-1-'3C (99% labeled
molecules), obtained with the pulse sequence of Ishii ez al. (57) '3C NMR signals
are detected with (asterisks) and without (open circles) PSL. ¢ is the effective
13C-13C dipolar dephasing period. Uncertainty due to noise in the experimental
spectra is less than the size of the symbols. Data are acquired at 100.4 MHz,
with vg =20.0 kHz, Np =52, Ns =18, Npo =628, 6p =180°, 11 =450.0 us,
79 =45.0 ps, and 7p = 10.0 us: total of 32 scans in each fpRFDR-CT data
set.
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on 6p. For 1*C,-AGG, the relatively strong '*C~!*C couplings
(3.2 A internuclear distance) lead to significant broadening of
the PSL lineshape at p &~ 180°, presumably through an RFDR
recoupling mechanism. At 6p < 120°, significant splitting of the
centerband lineshape is observed. Optimal values of 0p at mod-
erate MAS frequencies appear to be in the 130-160° range for
samples with significant homonuclear couplings.

Figure 5 compares fpRFDR-CT data for alanine-1-'3C ob-
tained with and without PSL. The fpRFDR-CT dephasing curve
reflects internuclear distances (57). Again, the experimental
curve is not affected by PSL. The f{pRFDR-CT data are acquired
at vg =20.0 kHz, indicating that sensitivity enhancements can
be obtained without degradation of structural information even
at high MAS frequencies.

DISCUSSION

The improvement in SNR brought about by PSL is &=
[(moAy)/(mpst Aps)]'/?, where Ay and my are the linewidth
and number of summed sidebands without PSL, and Apg; and
mpgr, are the apparent linewidth and number of summed side-
bands with PSL. This expression assumes matched filtering,
identical lineshapes with and without PSL, and identical num-
bers of scans. Of course, the data acquisition time required to
achieve a specified SNR scales as &2, assuming a fixed repeti-
tion rate for signal averaging. As an example, £2 ~ 4 for the
REDOR data in Fig. 2. While this value is already significant,
it represents an underestimate of the sensitivity enhancements
expected in many measurements on samples that are of genuine
interest in chemistry, physics, materials science, and structural
biology. Most samples that are not polycrystalline compounds
exhibit substantial inhomogeneous broadening from structural
disorder, either conformational disorder of the molecule of inter-
est or disorder of the surrounding matrix. This inhomogeneous
broadening typically increases '°C MAS NMR linewidths Ag to
the 1.5-6 ppm range but does not affect Apgy. Thus, values of
£? ranging from 7 to 30 are expected for typical noncrystalline
samples at a field of 9.4 T.

As an illustration of the sensitivity enhancement achievable
in structural measurements on noncrystalline compounds of bio-
logical interest, Fig. 6 compares REDOR data obtained for amy-
loid fibrils formed by the peptide A ;62> with and without PSL.
REDOR measurements on this sample have previously shown
that the S-sheets in Ao, fibrils have an antiparallel structure
(59). In this case, £ &~ 12, corresponding to a reduction in '*C
linewidth from 250 Hz to 20 Hz.

The most significant drawback of PSL is the loss of spectral
resolution in the directly detected dimension of a structural mea-
surement. In the experimental examples given above, in which
samples are '?C-labeled at specific sites, spectral resolution in
the directly detected dimension carries no important informa-
tion. However, in samples with multiple '3C-labeled sites or
with relatively large natural abundance '*C NMR signals, the
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FIG. 6. (a) 3C-detected '*C/'">N REDOR data for ABj6_p> amyloid fib-
rils, 13C-labeled at the carbonyl site of Leul7 and I5N-labeled at the amide
site of Ala21. Sp and AS REDOR spectra are plotted alternately for incre-
asing '3C-PN dephasing period tcn: top is without PSL; bottom is with
PSL. Data are acquired at 100.4 MHz, with vg =5.0 kHz, Np =72, Ns = 14,
Na =484, 6p =180°, 71 =350.0 us, o =45.0 us, and 7p = 10.0 us: total ex-
periment times were 4.25 h for each complete data set, with a recycle delay of
4 s and approximately 2 mg (2 umol) of labeled sample. (b) REDOR build-up
curves for data obtained with PSL (asterisks) and without PSL (open circles).
Error bars shown for data without PSL represent uncertainty derived from the
root-mean-squared noise in the experimental spectra. Corresponding uncertainty
for data with PSL is about equal to the size of the symbols. The two build-up
curves agree to within the experimental noise, except that all AS /Sy values mea-
sured with PSL are reduced by a factor of approximately 0.67 due to spin-locked
13C background signals (see text).

loss of spectral resolution may complicate the data analysis.
For example, in a '*C-detected '*C/">N REDOR measurement,
loss of resolution between '3C signals from the labeled site of
interest (coupled to ’N) and extraneous signals (not coupled
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to N) leads to a reduction in the experimental AS/S, values
that may be difficult to calibrate unless the REDOR build-up
curve is measured to large enough values of the dephasing time
7eN that the asymptotic value of AS/Sy can be determined. For
example, if the REDOR data in Fig. 6 were recorded only to
Tony < 45 ms, an accurate distance determination would not be
possible. Recording data at larger values of tcn allows the scale
of the AS/So values to be determined experimentally.

Complications due to spin-locked background signals may be
ameliorated in measurements that employ DQ filtering (60, 61),
difference spectroscopy (62), or other methods of signal selec-
tion. In addition, extraneous NMR signals at resonance offsets
greater than (ktg)~! contribute principally to sideband signals
in the Fourier transform of the PSL FID, while on-resonance
signals contribute principally to the centerband. Figure 7 shows
the experimental dependence of the centerband signal amplitude
on resonance offset. Thus, some degree of spectral resolution
may be retained, depending on the timing parameters and car-
rier frequency of the PSL sequence, sufficient to minimize the
contributions to the data from background signals that are far
off-resonance.

The experiments reported above were carried out on samples
in which the '3C signals of interest have a single isotropic shift
(Figs. 2, 5, and 6) or a small isotropic shift difference (Figs. 3
and 4). When the isotropic shift differences are large compared
with (ktg)~!, all signals will not be collapsed into the PSL cen-
terband signal. Thus, in a dipolar recoupling measurement that
depends on large isotropic shift differences (25) or is applied
to systems with large isotropic shift differences (20, 26, 28),
it may be necessary to record PSL FIDs for the different 1*C
sites separately with different rf carrier frequencies, or to an-
alyze the PSL sideband signals if a single carrier frequency is
used.
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FIG.7. Dependence of the area of the spin-locked centerband signal from
L-alanine-1-'3C on the frequency offset of the rf carrier from the carboxylate
13C NMR line. Data are shown for vr =20.0 kHz (open squares, Np =52,
Ns =18, Ny =628, 0p = 150°, t; =450.0 us, 1o =42.5 pus, and tp = 15.0 us)
and vr = 5.0 kHz (open circles, Np =72, Ns =14, Ny =484, 6p =150°, 711 =
350.0 us, 7o =45.0 us, and tp = 10.0 us).
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The labeled '3C sites in the experiments reported have no
directly bonded protons. Similar results are expected for sites
with directly bonded protons, although higher proton decoupling
fields may be required to achieve the 20 Hz PSL linewidths
achieved in our experiments. Although our experiments to date
have been performed at 9.4 T, the PSL technique is not limited
to this specific field value.

In conclusion, we have demonstrated experimentally that sig-
nificant sensitivity enhancements can be achieved through PSL
in solid state NMR measurements of the type that are widely
used in structural measurements. PSL detection has the poten-
tial to make solid state NMR measurements possible that would
otherwise be precluded by the lack of sufficient sample quan-
tities. We anticipate future applications and extensions of PSL
detection, particularly in NMR measurements on noncrystalline
biological solids such as membrane proteins, high molecular
weight complexes in frozen solution, and amyloid fibrils.
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