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The combined use of selective deuteration, stereo-array isotope labeling (SAIL), and fast magic-angle
spinning effectively suppresses the 1H�1H dipolar couplings in organic solids. This method provided
the high-field 1H NMR linewidths comparable to those achieved by combined rotation and multiple-pulse
spectroscopy. This technique was applied to two-dimensional 1H-detected 1H�1H polarization transfer
CHH experiments of valine. The signal sensitivity for the 1H-detected CHH experiments was greater than
that for the 13C-detected 1H�1H polarization transfer experiments by a factor of 2–4. We obtained the
1H�1H distances in SAIL valine by CHH experiments with an accuracy of about 0.2 Å by using a theory
developed for 1H�1H polarization transfer in 13C-labeled organic compounds.

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

Measurement of 1H�1H distances is widely used to analyze 3D
molecular structures in solution NMR such as nuclear Overhauser
effect spectroscopy (NOESY) [1,2]. Many 1H�1H distance correla-
tions are obtained by low c nuclei, 13C/15N, detection in solid state
NMR [3–9]. In these solid-state experiments, a 1H�1H mixing per-
iod sandwiched by CH/NH cross-polarization (CP) connects the
13C/15N evolution and detection periods under isotropic chemical
shifts. However, the signal sensitivity of low c nuclei is much lower
than that of proton in principle [10]. The CP efficiency depending
on the 1H-spin systems complicates the quantitative analysis and
reduces the sensitivity of 1H�1H polarization transfer experiments.
These problems can be solved by direct 1H detection in 1H�1H
transfer experiments.

In solids, however, it is difficult to obtain high-resolution 1H
NMR spectra, because the 1H chemical shift differences are often
comparable to the linewidths of signals broadened by the strong
homonuclear dipolar interactions. The resolution of 1H NMR spec-
tra can be improved by narrowing the linewidth. First, combined
rotation and multiple-pulse spectroscopy (CRAMPS) reduces the
linewidth to 0.1–1 ppm for rigid solids at the expense of chemical
shift scaling [11–17]. Windowless multiple-pulse sequences pro-
vide higher resolution under higher spinning frequencies by indi-
ll rights reserved.
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rect detection in 2D NMR [15–17]. Second, magic-angle spinning
(MAS) with the frequencies faster than about 30 kHz also enables
high-resolution 1H NMR experiments by using small rotors espe-
cially at high fields [18–22]. However, the limitation in sample
amount leads to low sensitivity. Third, the resolution of 1H NMR
spectra is improved by 1H-spin dilution [23–29]. The 1H linewidths
of 0.2 ppm have been attained by random deuteration of an amino
acid with MAS at moderate spinning frequencies [23,27]. However,
nonselectivity in random deuteration entails sensitivity reduction
due to low 1H abundance. In contrast, selective deuteration has
demonstrated the usefulness for proteins where only hydrogens
exchangeable with water are fully protonated, although this meth-
od can be applied only to water-exchangeable hydrogens. The line-
widths of the amide protons were about 0.5 ppm [24].

In this study, we show high-resolution 1H NMR spectra ob-
tained by combined use of the second and third approaches, i.e.
fast MAS and 1H dilution. We selectively diluted an amino acid
by using novel deuteration technique, stereo-array isotope labeling
(SAIL) developed by Kainosho and co-workers [30,31]. The SAIL
amino acids have one proton in methylene groups by stereo-spe-
cific replacement with a deuteron and one proton in methyl groups
by replacement with two deuterons. Isopropyl groups have only
one covalently bonding 13C�1H pair as shown in the inset of
Fig. 1. Thus, SAIL method attenuates strong dipolar coupling net-
works of 1H spins and removes overlaps of 1H signals without los-
ing the sensitivity and the information for protein structures. We
have utilized SAIL valine under fast MAS. We compare 1H detection
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Fig. 1. 1D MAS 1H NMR spectra of uniformly 13C,15N-labeled valine (a,b) and SAIL
valine (c) with spinning frequency 12.5 kHz (a) and 27.0 kHz (b,c). Background 1H
signals were suppressed by using the 13C-filter pulse sequence in Fig. 2b (see
Section 4 for details). SAIL valine structure under an acidic condition is also shown.
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and 13C detection of 1H�1H correlations. Finally, we present the
distance analysis by the 1H-detected 1H�1H correlation
spectroscopy.
2. Results and discussion

2.1. 1D MAS 1H NMR spectra of isotope-labeled valine

Fig. 1 shows 1D 13C-filtered 1H NMR spectra of uniformly
13C,15N-labeled valine and SAIL valine obtained under MAS at a
1H NMR frequency of 700 MHz. Proton resonances at a, b and
c1,2 in valine were not resolved at the spinning frequency of
12.5 kHz for uniformly labeled valine. The increase of the spinning
frequency to 27 kHz allowed the distinction of the a proton signal
from the large signal consisting of b and c1,2 resonances. SAIL that
eliminates five methyl protons in valine gave well-resolved 1H sig-
nals as seen in Fig. 1c. The linewidths of b and c2 protons de-
creased by a factor of 2.9 and 3.7, respectively, as shown in Table
1. Thus the elimination of protons as in SAIL valine suppresses
strong dipolar couplings. This leads to sensitivity enhancement of
all the signals. A single c2-proton in SAIL valine gave intensity
about 1.3 times stronger than that for six protons in uniformly la-
beled valine for an equal amount of samples.

2.2. 2D 1H/13C-detected 1H–1H polarization transfer experiments

SAIL amino acid along with fast MAS under a high static field
permits the measurement of high-resolution 1H�1H correlation
Table 1
Linewidths of 1D MAS 1H NMR signals shown in Fig. 1.

Sample MAS frequency (kHz) Linewidthsa (ppm)

HO HN Ha Hb Hc2

u-Valine 12.5 0.88 1.1 1.2 2.1 3.5
u-Valine 27 0.61 1.1 0.97 1.8 1.9
SAIL valine 27 0.48 1.1 0.66 0.62 0.52

a Linewidths were measured by fitting Lorentzian functions to experimental
signals.
with direct 1H detection. Fig. 3 compares a 1H-detected CHH spec-
trum with a 13C-detected CHHC spectrum for SAIL valine at the
MAS frequency of 27 kHz. Pulse sequences for two-dimensional
CHHC [3–9] and CHH [32] 1H�1H polarization transfer experi-
ments are shown in Fig. 2. The prepared initial 13C magnetization
is modulated by the 13C chemical shifts during the t1 period. The
13C magnetization is transferred to 1H at the beginning of the
1H�1H dipolar mixing period with CP. After the mixing period,
the 1H magnetization is directly detected or transferred back to
the 13C for the detection under heteronuclear decoupling fields.

Cross peaks Ca/Ha, Cb/Hb and Cc2/Hc2 in the CHH spectrum and
diagonal peaks in the CHHC spectrum come from the spins that
took the same coherence transfer pathways except the third CP
and the final detection. Although 1D 1H signals have linewidths lar-
ger than 13C signal by more than five times in Hz, the 1H-detected
CHH experiment give the a, b and c peaks larger than the corre-
sponding 13C-detected peaks by a factor of 2.5, 2.1 and 4.4 in S/N,
respectively. The CHH experiment gave a larger number of cross
peaks than the CHHC experiment partly because of the higher sen-
sitivity of the CHH experiment. The CHHC experiment gave the a/b
and b/c2 cross peaks, while the CHH experiment gave the a/b, b/c2,
a/c2 a/HN, b/HN and CO/HN peaks. Here, amide and hydroxyl pro-
tons do not bond directly to 13C. The methyl peak intensities in
the CHHC spectrum were especially smaller than those in the
CHH spectrum, because the contact time of the third CP was opti-
mized for the methine proton. Thus, the intensities of the CHHC sig-
nals depend largely on the efficiency of the third CP from 1H to 13C.
In our previous work on the CHHC sequence [9], we had to perform
two experiments different in contact time to obtain the complete
correlations: one optimized for CHa�CHb correlation and the other
for CHa�CHc

3. A single 1H-detected CHH experiment, however,
yielded the two correlations for CH and CH3. Therefore, CHH exper-
iments for the SAIL amino acid have not only higher sensitivity but
also higher time-efficiency than the CHHC experiment. It was re-
ported that an increase in MAS frequency enhances the sensitivities
of 1H-detected CH correlation experiments relative to those of 13C-
detected ones at high fields [19]. Since SAIL suppresses the homo-
nuclear couplings similarly to the increase in MAS frequency, SAIL
should further enhance the advantage of the 1H detection also in
the CH correlation spectroscopy.

2.3. 1H–1H distance measurements for SAIL valine

Finally, we measured 1H�1H distances for Ha�Hb, Ha�Hc2, and
Ha�HN spin pairs by quantitative analysis of the initial build-up
Fig. 2. Pulse sequences for 2D high-resolution 13C-resolved 1H�1H polarization
transfer experiments with 13C detection (a) and 1H detection (b). The initial 13C
magnetization is prepared mainly by ramped-amplitude CP from the 1H magne-
tization. The sequences have the 13C chemical shifts evolution period for t1. After
the 1H�1H mixing, the 1H polarization is transferred to 13C in (a) or directly
detected in (b).



Fig. 3. 2D 13C�13C (a) 13C�1H (b) dipolar correlated NMR spectra of SAIL valine. The 1H�1H mixing time was 593 ls. The contour levels in the carbonyl region are lowered by
a factor of 3.3 for (b).
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curves using a quantum mechanical approach. The transferred
polarization from proton 1 to 2 is described by the following equa-
tion [9]:

M1;2ðtÞ � sin2 1 sin2 n t ð1Þ

with

tan 1 ¼ deff

kjdeff j
; n ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

eff þ ð1:2kdeff Þ2
q

; and

k ¼ 0:7
deff

jdeff j
þ 0:67: ð2Þ

Here, deff and seff are an effective 1H�1H dipolar coupling strength
and an isotropic chemical shift difference, respectively. Polarization
is normalized so that the source polarization M1;1ð0Þ ¼ 1:0. Fig. 4
represents the initial build-up curves obtained by the experiments
and Eq. (1) for the polarization transfer from Ha to Hb, Hc2, and
HN. Details of the signal quantification are given in Ref. [9]. The
build-up curves fitted to experimental signal intensities gave
1H�1H distances of 2.6 Å for Ha�Hb, 2.9 Å for Ha�Hc2, and 2.9 Å
for Ha�HN. These distances, respectively, agree with 2.5 Å, 3.0 Å
and 2.7 Å in the neutron diffraction structure within an accuracy
of ±0.2 Å [33]. This agreement verifies the validity of the theoretical
analysis at a fast MAS frequency near 30 kHz. The CHH experiments
for SAIL valine provide distances with higher signal sensitivities
than the CHHC experiments for uniformly 13C-labeled valine by a
Fig. 4. Experimental polarization amplitudes transferred from 1Ha to 1Hb, 1Hc2, and
1HN

3 are shown as a function of mixing time by circles, triangles, and squares,
respectively. The solid, dashed, and dotted lines are calculated by using Eq. (1) with
the distances of 2.6, 2.9, and 2.9 Å, respectively. The isotropic chemical shifts of Ha,
Hb, Hc2, and HN are 4.8, 2.7, 1.3, and 8.2 ppm, respectively.
factor of more than 3. We can obtain a larger number of 1H�1H dis-
tances by the CHH experiments than by the CHHC experiments as
stated previously. Relayed magnetization transfer was not conspic-
uous under our experimental condition smix < 0.15 ms. Sparse 1H
dipolar coupling networks in SAIL amino acids would also contrib-
ute to longer distance measurements by suppressing the relayed
transfer as for NOE measurements in solution NMR [31].
3. Conclusions

We have shown high resolution and sensitivity of solid-state 1H
NMR of a SAIL amino acid under fast MAS. All the proton signals of
SAIL valine were well resolved at the MAS frequency of 27 kHz and
the 1H resonance frequency of 700 MHz without using multiple-
pulse homonuclear decoupling sequences. The 1H signal intensities
in the SAIL amino acid were stronger than those in the uniformly
13C,15N-labeled amino acid owing to attenuation of 1H-homonu-
clear dipolar couplings. The 1H�1H correlation spectrum of SAIL
valine was obtained by the 1H-detected correlation sequence with
a sensitivity higher than that by the 13C-detected sequence with a
factor of 2–4. Unlike the 13C-detected correlation sequence, the 1H-
detected correlation sequence yields the peaks for protons not di-
rectly bonding to 13C without the amplitude modulation due to the
1H�13C CP. Thus this 1H-detected 1H�1H correlation spectroscopy
of peptides and proteins consisting of SAIL amino acids would be a
useful tool for the distance analysis as exemplified for valine.
4. Materials and methods

Pulse sequences for the NMR experiments were shown in Fig. 2.
The 1H RF amplitude was 70 kHz for the p/2 pulse, 62 kHz for all CP
periods and 85 kHz for the TPPM decoupling sequence consisting
of 170� pulses with RF phase shifts of 16� [34]. The 13C RF ampli-
tude was 70 kHz for the p/2 pulse and varied from 30 to 43 kHz
in the first CP. The 13C RF field amplitude was switched to
37 kHz for the second and third CP periods. The contact time of
the first CP was 2 ms, and that of the second and third CP was
74 ls which was optimized for the polarization transfer by the
CH dipolar coupling in methines. The 13C GARP decoupling [35]
with amplitude 7 kHz was applied to the 1H detection. Eight FIDs
were accumulated with a recycle delay of 5 s. An FID with 512 data
points and a dwell time of 20 ls was zero-filled to 1024 points and
Fourier-transformed by using Biosym Felix950. The chemical shifts
were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate [36].
The 1D 1H NMR spectra in Fig. 1 were obtained with the pulse
sequences in Fig. 2b at sm = 1 ls and t1 = 10 ls to subtract the



256 H. Takahashi et al. / Journal of Magnetic Resonance 203 (2010) 253–256
background 1H signals. Experiments were performed at room
temperature on a Varian Infinity Plus-700 spectrometer with a
broadband triple resonance probe for a 2.5-mm/ rotor. Uniformly
13C,15N-labeled L-valine hydrochloride (Shoko Co. Ltd., Tokyo,
Japan) and SAIL valine hydrochloride were crystallized from a
dilute HCl solution [33].
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