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Abstract  
 The coexistence of rigid and mobile molecules or molecular segments abound in biomolecular 
assemblies. Examples include the carbohydrate-rich cell walls of plants and intrinsically disordered proteins 
that contain rigid β-sheet cores. In solid-state NMR spectroscopy, dipolar polarization transfer experiments 
are well suited for detecting the rigid components, whereas scalar-coupling experiments are well suited for 
detecting the highly mobile components. However, few NMR methods are available to detect the segments 
that undergo intermediate-amplitude fast motion. Here we introduce two NMR experiments, 2D T2H-filtered 
CP-hCH correlation and 3D J-INADEQUATE CCH correlation, to observe this intermediate-amplitude 
motion. Both experiments involve 1H detection under fast magic-angle-spinning (MAS). By combining 1H 
transverse relaxation (T2H) filters with dipolar polarization transfer, we suppress the signals of both highly 
rigid and highly mobile species, thus revealing the signals of intermediate mobile species. 1H detection 
under fast MAS is crucial for distinguishing the different motional amplitudes. We demonstrate these 
techniques on several plant cell wall samples and show that they allow the selective detection and resolution 
of certain hemicellulose and pectin signals, which are usually masked by the signals of the rigid cellulose 
and the highly dynamic pectins in purely dipolar and scalar NMR spectra.  
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Introduction  
 Dynamic disorder and dynamic heterogeneity are common in functional materials and biological 
assemblies. In extracellular matrices of plants, fungi, and other organisms, rigid biopolymers such as 
cellulose and chitin coexist with highly mobile polymers such as homogalacturonan (HG) and α-1,3-glucan 
1-4 (Fig. 1). This coexistence imparts both mechanical strength and flexibility to the cell wall, thus protecting 
the plant cells while allowing them to grow5-6. In neurodegenerative diseases, intrinsically disordered 
proteins aggregate to form a rigid core that is comprised of a small portion of the protein, whereas the rest 
of the protein forms a disordered fuzzy coat 7-10. In virus capsid proteins, intrinsically disordered domains 
coexist with rigid domains to carry out multiple functions 11. To understand the molecular basis for the 
properties of these materials and the protein aggregation process in diseases, it is important to characterize 
both the structure of the rigid components and the dynamics of the mobile components.  
 
 Magic-angle-spinning (MAS) solid-state NMR (ssNMR) spectroscopy is well suited for elucidating 
both the structure and dynamics of molecular assemblies12. Many dipolar-coupling based polarization 
transfer NMR experiments are available to characterize the structures of immobilized components. 
Complementarily, scalar-coupling based polarization transfer NMR experiments allow the detection of 
segments that undergo fast large-amplitude motions. Highly dynamic segments have been well documented 
in intrinsically disordered regions of amyloid proteins13-16. For example, in the amyloid fibrils formed by 
the full-length tau protein, the N-terminal domain is nearly isotropically mobile, and exhibits narrow 1H, 
15N, and 13C linewidths in 2D 1H-13C and 1H-15N INEPT spectra as well as 2D 13C-13C TOCSY spectra 
measured under MAS. In contrast, the β-sheet core of tau fibrils is fully immobilized and can be detected 
in 2D and 3D dipolar correlation spectra 9, 17-18. Compared to these two limits, a proline (Pro)-rich region of 
the protein exhibits Cα-Hα order parameters of ~0.40 9. In general, segments whose motional amplitudes 
lie between the isotropic limit and the rigid limit must be present in dynamically heterogeneous systems. 
With solid-state NMR spectra as the readout, here we operationally define intermediate-amplitude motion 
as those with order parameters of 0.30-0.60 19-20. This intermediate-amplitude motion should be 
distinguished from intermediate-timescale motion, whose rates are comparable to the size of nuclear spin 
interactions such as 1H-13C dipolar coupling, thus broadening NMR lineshapes by interfering with 1H 
decoupling and with polarization transfer processes. When ultrafast MAS frequencies of ~100 kHz are used, 
microsecond-timescale motions can also broaden spectral lineshapes by interfering with sample spinning.  
 
 Although many dipolar and scalar ssNMR experiments have been employed to observe the highly 
rigid molecules and the nearly isotropically mobile segments in molecular assemblies, few methods are 
available to detect segments that undergo intermediate-amplitude fast motion 21. The NMR signals of these 
intermediate-amplitude mobile components are usually obscured by the signals of the rigid species in the 
dipolar NMR spectra and by the signals of the highly mobile species in the scalar NMR spectra. To detect 
species that undergo intermediate-amplitude motion, here we introduce two 1H-detected fast MAS solid-
state NMR techniques, a 2D T2H-filtered hCH correlation experiment and a 3D J-INADEQUATE CCH 
correlation experiment. The experiments incorporate transverse relaxation (T2) filters into dipolar cross-
polarization (CP) experiments. 1H and 13C T2 filters are used to suppress the signals of the rigid domains, 
whereas CP suppresses the signals of the highly mobile domains. In this way, we selectively detect the 
intermediate mobile segments in the spectra. We demonstrate these experiments using the intact cell walls 
of two model plants, Arabidopsis thaliana and Brachypodium distachyon22-23. We show that with suitable 
choices of the 1H and 13C T2 filter times and the CP contact time, we can observe the signals of the 
intermediate mobile polysaccharides in these cell walls. These polysaccharides include the hemicellulose 
xyloglucan (XyG) in Arabidopsis and surface cellulose and glucuronoarabinoxylan (GAX) in 
Brachypodium. By suppressing the signals of both the rigid cellulose and the highly mobile pectins, we 
dramatically enhance the spectral resolution for observing the hemicelluloses and the less mobile pectins.  
 
Materials and Methods 
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Preparation of 13C-labeled plant cell wall samples and 13C, 15N, 2H-labeled Aβ40 fibrils 
 Three uniformly 13C-labeled cell wall samples are used in this work: Arabidopsis thaliana seedling 
primary cell walls24, apical section of the Arabidopsis inflorescence25, and Brachypodium distachyon 
seedling primary cell walls26. The two seedling cell walls were produced in liquid culture containing 13C-
enriched glucose as the only carbon source2, 26, whereas the inflorescence cell walls were produced in 
atmosphere containing 13C-enriched CO2. To minimize the water 1H signal in the 1H-detected NMR 
experiments, we exchanged these protonated cell walls in D2O. Approximately 5 mg of hydrated cell walls 
were incubated in 100 µL of 99% D2O at room temperature overnight. The cell wall was then pelleted at 
14,500 g for 10 minutes using an Eppendorf 5418 centrifuge, and the pellet was manually packed into 
Bruker 1.3 mm MAS rotors. The amounts of hydrated cell walls packed into the rotors were ~2 mg for the 
Arabidopsis seedlings, ~1 mg for the Arabidopsis inflorescence, and ~1 mg for the Brachypodium seedlings. 
To reduce loss of hydration water from fast spinning, we added two plugs to the two ends of the MAS rotor. 
Silicone plugs were used for the Brachypodium cell wall sample while FKM plugs were used for the 
inflorescence sample. No water loss was found for the Arabidopsis seedling sample, thus no plug was used.  
 
Solid-state NMR experiments 
 All solid-state NMR experiments were conducted on a 14.1 T Bruker AVANCE III HD NMR 
spectrometer operating at 1H and 13C Larmor frequencies of 600.10 MHz and 150.92 MHz. A Bruker 1.3 
mm HCN MAS probe was used. Most experiments were conducted at an MAS frequency of 55 kHz. At 
this rate, a thermocouple temperature of 253 K was used to reach a sample temperature of ~287 K. The 
sample temperature was estimated based on the 1H chemical shift of residual water at 4.87 ppm, using the 
equation Teff (K) = 96.9 × (7.83 − δH2O)27. 1H chemical shifts were internally calibrated to the 1H chemical 
shift of sodium trimethylsilylpropanesulfonate (DSS) at 0 ppm. 13C chemical shifts were externally 
calibrated to the 14.0 ppm methyl 13C peak of Met in the tripeptide formyl-MLF on the tetramethylsilane 
(TMS) scale28-29.  
 
 Typical radiofrequency (rf) field strengths for hard pulses were 83.3 kHz for 1H and 62.5 kHz for 
13C. For the 2D CP-hCH experiment (Fig. 2a), CP contact times were 1 ms for 1H-13C CP and 0.4 ms for 
the reverse 13C-1H CP. The rf field strengths were 94 kHz for 1H and 32-45 kHz (70-100% ramp) for 13C. 
The 2D refocused INEPT (rINEPT)-hCH experiment used polarization transfer times of τ = 1.79 ms and τ′ 
= 1.19 ms (Fig. 2b). In the 2D T2H-filtered CP-hCH experiment, the τH period was up to 1 ms for Arabidopsis 
seedling and inflorescence cell walls, and up to 2 ms for Brachypodium cell walls. For the 3D J-
INADEQUATE CCH experiment, the τH periods were 0.25 ms and 0.4 ms for the Arabidopsis and 
Brachypodium seedling cell walls, respectively. All experiments used 10 kHz WALTZ-16 1H and 13C 
decoupling and 15-kHz MISSISSIPPI 30 for water suppression. Additional experimental parameters are 
listed in Table S1.  
 

For the 2D LG-CP experiments, the 1H effective field strength during the LG-CP spin lock was 102 
kHz, while the transverse 13C rf field strength was 42 kHz. The LG-CP contact time ranged from 0 to 1.2 
ms with an increment of 30 µs. The T2-filtered LG-CP experiment used a τH period of 1 ms for Arabidopsis 
seedling and inflorescence cell walls and 2 ms for Brachypodium cell walls. The 2D dataset was cosine-
transformed for the dipolar dimension using the Bruker topspin commands xf2, zeroim, and xf1. The t1 
dwell time of 30 µs was used for the Fourier transformation of the indirect dimension, thus the observed 
splitting is the actual splitting of the segment multiplied by the LG-CP scaling factor 𝑐𝑐𝑐𝑐𝑐𝑐(54.7˚) = 0.577.  
 
 All NMR spectra were processed in the Bruker Topspin 3.5 and 4.1 software. 1H and 13C chemical 
shifts of Arabidopsis cell walls were taken from previous studies 24-25, and were verified by the 3D J-
INADEQUATE CCH spectra measured here. The 13C chemical shifts of Brachypodium cell walls were 
taken from a previous study26, while the 1H chemical shift of GAX was guided by the arabinoxylan chemical 
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shifts in wheat 31. Peak intensities were reported from the peak maximum and were fit to single exponential 
decay functions to give the T2H values.  
 
Results and Discussion  
2D and 3D correlation experiments for detecting intermediate-amplitude mobilities  
 The standard 2D 1H-detected CP-hCH experiment detects rigid solids by two 1H-13C CP steps. The 
13C chemical shift is encoded in the indirect dimension (t1) while the 1H chemical shift is detected during 
the t2 period (Fig. 2a). At fast MAS frequencies of ~60 kHz, low-power 1H decoupling is sufficient during 
13C chemical shift evolution. The standard 2D rINEPT-hCH experiment for detecting highly mobile 
molecules replaces the CP steps by scalar-coupled rINEPT transfer (Fig. 2b). For protonated aliphatic CHn 
(n = 1, 2, 3) groups, the 1JCH constant ranges from 120 to 150 Hz, which corresponds to an rINEPT transfer 
time (2τ + 2τ') of 10-13 ms. At slower MAS rates, rigid protonated organic compounds typically have 1H 
and 13C T2 relaxation times of less than 1 ms and 6 ms, respectively. Thus the 1H-13C rINEPT transfer steps 
serve to suppress the magnetization of the rigid molecules.  
 
 To selectively detect intermediate mobile species, we add a 1H T2 (T2H) relaxation filter to the CP-
hCH experiment (Fig. 2c). The filter time (2τH) and 1H-13C CP contact times can be tuned to adjust the 
degree of intermediate-amplitude motion to be observed. In addition to this T2H-filtered CP-hCH experiment, 
we designed a 3D J-INADEQUATE 13C-13C-1H correlation (hCCH) experiment (Fig. 2d) to observe 
intermediate mobile species. This experiment uses 13C-13C J-coupling to generate 13C double-quantum (DQ) 
coherence during t1 and correlates it with 13C single-quantum (SQ) coherence during t2. The 13C 
magnetization is then transferred to 1H by CP for detection. By combining scalar and dipolar polarization 
transfer steps, this 3D experiment suppresses the signals of the highly rigid and highly mobile molecules, 
thus allowing the detection of intermediate mobile species.   
 
Intermediate mobility spectra of plant cell walls  
 Fig. 3 shows the 2D 13C-1H correlation spectra of Arabidopsis and Brachypodium seedling cell 
walls measured using CP-hCH, T2H-filtered CP-hCH, and rINEPT-hCH experiments. Both samples are 
protonated and 13C-labeled, then washed in D2O to exchange the labile hydrogens. At an MAS frequency 
of 55 kHz, the 2D CP-hCH spectra show broad and overlapping peaks for both samples (Fig. 3a, e). The 
1H linewidths are 1.5-2.0 ppm while the 13C linewidths are about 2 ppm. The only exception is the methyl 
ester peak at (ω1, ω2) chemical shifts of (53.7, 3.82) ppm. The three-site methyl jumps average the 1H 
linewidth while retaining the anisotropic interactions, thus giving rise to high-sensitivity signals.  
 
 When 1H-13C J coupling is used for polarization transfer, the resolution of the 2D spectra improves 
dramatically compared to the CP-hCH spectra. The 1H linewidths decreased to 0.1 ppm while the 13C 
linewidths are about 1.0 ppm. The rINEPT-hCH spectrum of Arabidopsis seedling cell walls shows the 
signals of pectin sidechain arabinose (Ara) and galactose (Gal), as well as the pectin backbone galacturonic 
acid (GA) and rhamnose. The Brachypodium rINEPT-hCH spectrum exhibits fewer signals and lower 
intensities than the Arabidopsis spectrum. This difference can be attributed to the different matrix 
polysaccharide compositions of the two cell walls. Arabidopsis, a dicot plant, contains three major matrix 
polysaccharides: homogalacturonan (HG), rhamnogalacturonan (RG), and XyG, while Brachypodium, a 
grass, contains only GAX as the main matrix polysaccharide in its cell wall.  
 
 Compared to both CP-hCH and rINEPT-hCH spectra, the T2H-filtered CP-hCH spectra show 
distinctly different linewidths and chemical shifts. For the Arabidopsis seedling sample, the spectrum 
exhibits surface cellulose, XyG, GA and galactose (Gal) signals, indicating that these polysaccharides 
undergo intermediate-amplitude motion. A 62-ppm peak of the C6 carbon of surface cellulose and XyG 
backbone is observed. This is consistent with the surface of the cellulose microfibril acting as the interface 
with the matrix polysaccharides. The interior cellulose C6 (65 ppm) and C4 (89 ppm) peaks are completely 
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suppressed by the 1H T2 relaxation filter for both Arabidopsis and Brachypodium cell walls, consistent with 
the crystalline nature of interior cellulose. Measurement of the 2D CP-hCH spectra as a function of filter 
time (2τH) shows that interior cellulose has T2H relaxation times of ~0.4 ms whereas surface cellulose and 
XyG backbone have longer 1H T2 values of ~0.8 ms (Fig. 5, Fig. S1).  
 
 The intermediate mobility of XyG and surface cellulose of Arabidopsis observed in the T2H-filtered 
CP-hCH spectra differs from the isotropic mobility of matrix polysaccharides seen in the rINEPT-hCH 
spectra (Fig. 3d). For example, arabinose signals are only detected in the rINEPT-hCH spectrum and are 
absent in the T2H-filtered CP-hCH spectrum. Galactose exhibits sharp signals at (105, 4.7) ppm for Gal1 
and (60.9, 3.49) ppm for Gal6 in the rINEPT-hCH spectrum. The corresponding signals are weaker and 
broader in the T2H-filtered CP-hCH spectrum. These are consistent with the fact that the Ara and Gal 
sidechains of RG I are more mobile than the pectin backbone. Conversely, GA shows a resolved and intense 
C4 peak in the T2H-filtered CP-hCH spectrum, which is attenuated in the rINEPT spectrum (Fig. 3d). 
Galacturonic acid occurs in both HG and RG backbones, which have different mobilities. Previous studies 
of Arabidopsis primary cell walls showed that the linear HG chains are less mobile than the branched RG 
chains 25. Thus, we attribute the strong GA signals in the T2H-filtered CP-hCH spectrum to the HG backbone, 
whereas the sharp GA C4 signal in the rINEPT-hCH spectrum can be attributed to the RG backbone. The 
pectic sugars observed in the rINEPT-hCH spectra undergo large-amplitude motions, whereas the residues 
observed in the T2H-filtered CP-hCH spectra undergo intermediate-amplitude motion. Larger-amplitude 
motions cause smaller residual dipolar couplings and hence longer T2H relaxation times. This is confirmed 
by large T2H values of 10-60 ms for the pectin signals in the rINEPT-hCH spectra, whereas the signals in 
the T2H-filtered CP-hCH spectra exhibit much smaller T2H values of 0.8-4.3 ms (Fig. 5, Fig.S1).   
 
 Similar to the Arabidopsis cell wall, the Brachypodium cell wall shows a well resolved T2H-filtered 
CP-hCH spectrum (Fig. 3f) compared to the unfiltered spectrum (Fig. 3e). The interior cellulose signals are 
suppressed, which reveal the signals of intermediate mobile polysaccharides. Two clear signals at (108.4, 
5.4) ppm and (81.4, 4.2) ppm can be assigned to Ara C1-H1 and C2-H2 peaks, respectively. These 
assignments are confirmed by a two-bond C1-H2 cross peak at (108.4, 4.2) ppm and a C2-H1 cross peak at 
(81.4, 5.4) ppm. Two other cross peaks at (77.8, 3.9) ppm and (85.5, 4.3) ppm can be assigned to Ara C3-
H3 and C4-H4, respectively. These chemical shifts match those of terminal arabinose (t-Ara) in GAX26, 31, 
indicating that the arabinose sidechain of GAX undergoes intermediate-amplitude motion.  
 
 To investigate whether the polysaccharide mobilities in Arabidopsis cell walls depend on tissue 
type, we further measured the spectra of Arabidopsis inflorescence cell walls (Fig. 4). The apical 
inflorescence is a fast growing region of the flowering plant. Our previous 13C solid-state NMR studies of 
inflorescence cell walls from the basal to the apical regions showed that fast wall expansion in the apical 
region is correlated with a larger amount of pectins, increased esterification and branching of the pectins, 
increased hydration of the wall, and increased mobility of the wall polysaccharides25. Fig. 4a shows the 
T2H-filtered CP-hCH spectrum of apical inflorescence. Compared to the seedling cell wall, the GA signals 
increased in intensities while the surface cellulose and XyG signals weakened (Fig. 4c). This indicates that 
inflorescence contains larger amounts of intermediate mobile pectins but smaller amounts of intermediate 
mobile hemicellulose. This suggests that HG in inflorescence cell walls may play a similar functional role 
as XyG in seedling cell walls. The rINEPT-hCH spectrum of inflorescence exhibits a similar set of cross 
peaks as in the seedling cell walls, except for two additional peaks near (86, 4.2) ppm, which can be assigned 
to branched 2,5-linked Ara and 2,3,5-linked Ara.25 Together, these spectra indicate that inflorescence wall 
polysaccharides are on average more mobile than the seedling wall polysaccharides, consistent with the 
results of the previous 13C ssNMR data 25.  
 
 Although the T2H-filtered 2D CP-hCH spectra vastly enhanced the spectral resolution of observing 
intermediate mobile segments, resonance overlap remains in the 2D spectra. To further resolve the chemical 
shifts of these intermediate mobile species, we measured 3D J-INADEQUATE hCCH spectra (Fig. 2d). 



 6 

This experiment uses 13C-13C J-coupling to generate 13C DQ coherence, which evolves during the t1 period 
before being reconverted to 13C SQ coherence for chemical shift encoding during t2. The F1-F2 plane of the 
3D experiment thus corresponds to a 2D J-INADEQUATE spectrum. The 13C magnetization is finally 
transferred to 1H by CP for detection. We used a total 13C-13C polarization transfer time (4τC) of 7-9 ms, 
optimized based on the 1JCC coupling. This transfer time serves as an effective T2 filter to suppress the 
signals of the rigid molecules. Because of this 13C T2 filter, we used a shortened 1H T2 filter (2τH) of 0.5-0.8 
ms before 1H-13C CP.  
 
 Figure 6 shows the 2D projections and cross sections of the 3D hCCH spectrum of Arabidopsis 
seedling cell walls. The projections indicate that both the rigid cellulose and dynamic pectins are suppressed. 
The main remaining peaks result from surface cellulose, XyG, and GA residues. The F2-F3 projection of 
the 3D spectrum correlates SQ 13C chemical shifts with 1H chemical shifts (Fig. 6b), thus it has a similar 
pattern as the 2D T2H-filtered CP-hCH spectrum. But the resolution of the hCCH spectrum is higher due to 
the better signal suppression by the combined 13C and 1H T2 filters. For example, the GA signals are much 
weaker in the 3D hCCH spectrum than in the 2D T2H-filtered CP-hCH spectrum, which may be attributed 
to fast 13C T2 relaxation of GA. The F1-F2 projection of the 3D spectrum (Fig. 6c) shows a well-resolved 
13C INADEQUATE pattern, resolving the surface cellulose, XyG, and GA signals. Representative 2D cross 
sections along the F2-F3 dimensions (Fig. 6d, e) clearly resolved the signals of intermediate mobile species, 
and allowed the assignment of the 1H chemical shifts of intermediate mobile XyG, GA, and surface 
cellulose for the first time (Table 1).  
 
 The 3D J-INADEQUATE hCCH spectrum of the Brachypodium cell wall (Fig. 7) shows even 
higher resolution than that of Arabidopsis, with only a small number of polysaccharide signals detected. 
The spectrum is dominated by surface cellulose, while the arabinose sidechains of GAX contribute only 
weak C1 and C2 signals. Interestingly, despite the use of a T2H filter of 0.8 ms, weak interior cellulose C4 
and C3/5 peaks remain in the spectrum (Fig. 7c, e). This suggests that the interior cellulose of 
Brachypodium cell walls is slightly less rigid than that of Arabidopsis cell walls.  
 
1H-13C dipolar couplings of plant cell walls using 2D LG-CP  
 To verify that the pectins and hemicellulose that are selectively detected by the relaxation-filtered 
2D and 3D experiments indeed undergo fast anisotropic motion, we measured the 13C-1H order parameters 
of the cell wall samples using the 2D LG-CP experiment 32-33. By incrementing the 1H-13C CP contact time 
and following the time-dependent dipolar oscillation in the absence of 1H-1H dipolar coupling, this 
experiment yields the 13C-1H dipolar couplings and resolves them by 13C chemical shifts. We implemented 
this experiment under 55 kHz MAS both without and with a 1H T2 filter. 13C detection in the 1.3 mm MAS 
rotor yielded sufficient sensitivity, bypassing the need for indirect 1H detection. Fig. 8a, b shows the 2D 
LG-CP spectra of Arabidopsis seedling cell walls. It can be readily seen that the C-H dipolar couplings of 
galacturonic acid and xylose carbons at 100, 80 and 70 ppm are reduced compared to the rigid-limit 13C-1H 
dipolar couplings at cellulose-dominant chemical shifts of 105, 89, and 75 ppm. The measured couplings 
correspond to SCH values of 0.50. This reduction of dipolar coupling confirms that these matrix 
polysaccharides undergo intermediate-amplitude motion. The insertion of the 1H T2 filter suppressed the 
13C signals of the cellulose-dominant peaks while retaining the matrix polysaccharide signals. For 
overlapped 13C chemical shifts, the C-H dipolar cross sections exhibit multiple splittings. The application 
of the T2 filter retained the smaller couplings. Thus, the combination of the T2 filter and the resolution of 
multiple splittings in the dipolar dimension of the LG-CP experiment resolves the dynamics of multiple 
molecular segments even when their 13C chemical shifts overlap. The Arabidopsis inflorescence cell wall 
(Fig. 8c, d) shows similar motionally averaged dipolar couplings for the matrix polysaccharides, with a C-
H order parameter of 0.48 for many sites, confirming the intermediate-amplitude motion of various matrix 
polysaccharides.  
 
Comparison with other relaxation-filtered solid-state NMR methods  
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 1H relaxation filters have been extensively used in MAS NMR to selectively detect certain species 
in dynamically heterogeneous mixtures. Most these experiments involve heteronuclear detection under 
slow MAS21. To our knowledge, no experiments have been designed so far to observe species that undergo 
fast anisotropic motions with order parameters between the isotropic limit and the rigid limit. One-
dimensional 1H T1ρ and T2 filtered 13C CP-MAS experiments have been applied to cellulose 34 and starch 35 
to differentiate the highly mobile and completely rigidified species. For hydrated biomolecular samples in 
which water is much more dynamic than proteins or polysaccharides, 1H T2 relaxation filter has been 
employed to identify water-accessible residues. Under slow MAS, a short 1H T2 filter of less than 1 ms is 
usually sufficient to suppress the signals of the rigid protein while retaining the 1H magnetization of water. 
The water 1H magnetization is then transferred to the protein, thus revealing water-accessible residues. For 
hydrated membrane samples, 1H T2 filters in conjunction with 1H spin diffusion have been incorporated into 
13C-detected NMR experiments to identify amino acid residues that line the water-filled pores of ion 
channels36-40. 13C-detected measurements of water 1H T2 and T1ρ relaxation times have yielded detailed 
information about water dynamics in the closed and open influenza B M2 proton channels41. 1H relaxation 
filtered 13C NMR experiments have also been used to study water-accessible matrix polysaccharides in 
plant cell walls2, 42. For amyloid proteins, 1H T2 filters together with 1H spin diffusion have been integrated 
into 2D 13C-13C and 15N-13C correlation experiments to identify the water-accessible surfaces 43 and water 
pockets 9, 44-45 in amyloid fibrils. Recently, 1H T2 relaxation filters featured in 2D experiments that correlate 
the 13C signals of rigid polysaccharides with the 1H signals of mobile polysaccharides in plant cell walls24.  
 
 Compared to these 13C-detected NMR experiments at moderate MAS frequencies, 1H detection 
under MAS frequencies of ~60 kHz and above allows us to address the distinct question of identifying 
molecules that undergo intermediate-amplitude motion. Fast MAS reduces the coherent contribution to 1H 
T2 relaxation 46-49, thus giving rise to longer 1H T2 relaxation times and a larger distribution of T2 values. 
For the three plant cell wall samples studied here, under 55 kHz MAS, the T2H values are ~0.4 ms for interior 
cellulose and twice this value for the intermediate mobile polysaccharides (Fig. 5, Fig. S1). This T2H 
distribution is sufficient for suppressing the signals of the rigid cellulose while retaining the signals of 
hemicellulose.  
 
 The intermediate-amplitude motion of cell wall polysaccharides observed here has similarities with 
the motion of the C-terminal domain of the hepatitis B virus capsid core protein 11. At 4˚C, signals of the 
C-terminal residues are missing in both CP-hNH spectra and INEPT-hCH spectra measured under 100 kHz 
MAS. At room temperature, 2D 1H-1H correlation spectra retrieved the C-terminal Arg signals, indicating 
that the motional timescale of these residues differs from the NMR timescales and the MAS rotation period. 
Indeed, when INEPT instead of refocused INEPT was used to transfer the magnetization with higher 
efficiency between 13C and 1H, these Arg signals were observed in 2D INEPT-hCH spectra. These data are 
broadly consistent with the current results that molecular segments that undergo intermediate-amplitude 
fast motion can be detected using suitably designed experiments. In the case of plant cell walls, the optimal 
approach is to suppress the overlapping signals of the highly rigid molecules by relaxation-filtered 
experiments, whereas in the case of the capsid protein, the best approach is to shorten the polarization 
transfer time.  
 
 In the protonated and D2O exchanged cell wall samples, the T2H values under 55 kHz MAS range 
from ~0.4 to ~9 ms (Fig. 5). This T2H distribution is broader than that of perdeuterated proteins such as Aβ 
fibrils. This broad T2H distribution should facilitate the distinction between the rigid cellulose and the 
intermediate mobile polysaccharides. We attribute the T2H distribution to the relatively high proton density 
of the protonated cell walls, which leads to stronger 1H-1H dipolar couplings for the most rigid component. 
Thus, protonated samples under 60 kHz MAS should favor the selective detection of intermediate-
amplitude motions compared to deuterated samples under 100 kHz MAS.  
 
Conclusion  
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 In summary, the current data show that combining T2 relaxation filters and dipolar polarization 
transfer under fast MAS allows the selective observation of molecules that undergo intermediate-amplitude 
fast motion. Dipolar cross polarization suppresses the signals of isotropically mobile molecules whereas T2 
filters suppress the signals of rigid molecules. For plant cell walls, the 2D T2H-filtered CP-hCH spectra 
reveal hemicellulose and pectin backbone signals that usually overlap with the cellulose signals or the pectin 
sidechain signals. The 3D J-INADEQUATE hCCH experiment achieves a similar purpose but provides 
even higher spectral resolution of these intermediate mobile species. These experiments are generally 
applicable to biomolecular assemblies that exhibit a range of motional amplitudes. The experiments 
presented here require that the intermediate-amplitude motions are fast on the NMR timescales, so that their 
signals will not be broadened by interference with radiofrequency pulses.  
 
Supporting Information Available  
 Figures comparing the T2H values of cell walls, a table of NMR experimental parameters, and NMR 
pulse programs. This material is available free of charge via the Internet at http://pubs.acs.org.  
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Table 1. 1H and 13C chemical shifts (ppm) of intermediate mobile polysaccharides assigned using 
the 2D and 3D experiments shown in this work. Arabidopsis seedling, Arabidopsis inflorescence, 
and Brachypodium seedling cell walls are denoted as samples a, b, and c.  
 
Residue Sample H1 

C1 
H2 
C2 

H3 
C3  

H4 
C4 

H5 
C5  

H6 
C6 

OCH3 
(ppm) 

Galacturonic acid a, b 5.07 3.84 4.77 4.41   3.82 
(GA)  99.9 68.9 72.0 78.7   53.7 
s/G a, b 4.70 3.50 3.62 3.80 3.72 3.81  
  105.3 72.7 75.5 83.8 75.7 61.5  
Xylose (x) in a, b 5.07 3.60 3.82 3.71    
xyloglucan  99.7 72.4 73.8 70.4 62.3   
Rhamnose (R) a, b      1.26  
       17.3  
Galactose (Gal) a      3.47  
       61.0  
Surface cellulose c 4.61 3.41 3.56 3.68 3.66 3.85  
(s)  105.2 72.6 75.3 84.4 75.1 61.3  
Arabinose (A) c 5.40 4.16 3.89 4.25 3.75   
t-Ara in GAX   108.5 81.5 77.9 85.4 62.1   
Galacturonic acid c 5.02 3.87     3.81 
(GA)  100.0 69.8     54.0 
Ferulic acid c       3.89 
(FA)        56.7 
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Figure 1. Schematic of plant cell walls, showing dynamic heterogeneity among the wall polysaccharides. 
Cellulose microfibrils form the most rigid component and are surrounded by xyloglucan and pectins, which 
have a distribution of motional amplitudes.  
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Figure 2. Pulse sequences for detecting different motional amplitudes. (a) 2D dipolar CP-hCH experiment 
for preferential detection of immobilized molecules. (b) 2D rINEPT-hCH experiment, for preferential 
detection of highly mobile molecules. (c) 2D T2H-filtered CP-hCH experiment. The 1H T2 filter suppresses 
the signals of the rigid molecules whereas CP suppresses the signals of the dynamic molecules. Thus the 
experiment preferentially detects molecules that undergo intermediate-amplitude motion. (d) 3D T2H-
filtered J-INADEQUATE hCCH experiment to resolve the signals of intermediate-mobile molecules. (e) 
1H T2 filtered 2D LG-CP experiment.  
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Figure 3. 2D hCH spectra of Arabidopsis (a-d) and Brachypodium (e-h) seedling cell walls. All spectra 
were measured under 55 kHz MAS on protonated cell walls that were back exchanged with D2O. (a) 2D 
CP hCH spectrum of the Arabidopsis seedling cell wall. (b) Arabidopsis T2H-filtered CP-hCH spectrum, 
measured with a T2H filter time of 2 ms. (c) Arabidopsis rINEPT hCH spectrum. t-A4 denotes terminal 
arabinose C4. (d) Overlay of regions of the T2H-filtered CP-hCH spectrum and the rINEPT-hCH spectrum 
to show the differences in linewidths and chemical shifts between the intermediate mobile and highly 
mobile polysaccharides. (e) Brachypodium CP-hCH spectrum. (f) Brachypodium T2H-filtered CP-hCH 
spectrum. The T2H filter time is 4 ms. (g) rINEPT-hCH spectrum. (h) Overlay of the T2H-filtered CP-hCH 
spectrum and the rINEPT-hCH spectrum.  
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Figure 4. 2D 13C-1H correlation spectra of (a, b) Arabidopsis inflorescence cell walls and (c, d) Arabidopsis 
seedling cell walls. (a) 2 ms T2H-filtered CP-hCH spectrum of inflorescence, showing intermediate mobile 
polysaccharides. (b) rINEPT-hCH spectrum of inflorescence, showing highly mobile polysaccharides. The 
branch points of various arabinose sugars are indicated by the numbers before the dash. (c) T2H-filtered CP-
hCH spectrum of Arabidopsis seedling cell wall. (d) rINEPT-hCH spectrum of the seedling cell wall. All 
spectra were measured under 55 kHz MAS on protonated and D2O exchanged cell walls. The inflorescence 
cell wall shows lower intensities for the T2H-filtered CP-hCH spectrum than the seedling cell wall but higher 
intensities for the rINEPT-hCH spectrum. This indicates that the inflorescence contains larger amounts of 
the highly mobile polysaccharides and smaller amounts of intermediate mobile polysaccharides.  
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Figure 5. 2D hCH resolved 1H T2 decays of polysaccharides in the three cell walls. (a) Arabidopsis seedling 
cell wall. (b) Arabidopsis apical inflorescence cell wall. (c) Brachypodium seedling cell wall. Best-fit 
single-exponential decays with the corresponding T2H values are shown. Interior cellulose signals from the 
CP-hCH spectra show fast decays with short T2 values of ~0.4 ms (red). Slower decays in the CP-hCH 
spectra (blue) result from surface cellulose, xyloglucan backbone, and GA backbone. The rINEPT-hCH 
detected polysaccharide signals show much slower decays (green) with T2H values of ~8 ms to ~46 ms.  
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Figure 6. 3D J-INADEQUATE hCCH spectrum of Arabidopsis seedling cell walls. (a) 2D F1-F3 C(C)H 
projection of the 3D hCCH spectrum. 13C double-quantum (DQ) chemical shift of two coupled 13C sites is 
correlated with the 1H chemical shifts of the protons bonded to the two carbons. (b) 2D F2-F3 (C)CH 
projection of the 3D spectrum. Single-quantum (SQ) 13C chemical shift is correlated with the 1H chemical 
shift. (c) 2D F2-F3 CC(H) projection of the 3D spectrum, which shows INADEQUATE-type DQ-SQ 
correlation of the 13C chemical shifts. (d) Representative F2-F3 cross sections of surface cellulose peaks. 
(e) Representative F2-F3 cross sections of xyloglucan xylose peaks.  
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Figure 7. 3D J-INADEQUATE hCCH spectrum of Brachypodium seedling cell walls. (a) 2D F1-F3 C(C)H 
projection of the 3D hCCH spectrum. (b) 2D F2-F3 (C)CH projection of the 3D spectrum. (c) 2D F2-F3 
CC(H) projection of the 3D hCCH spectrum. (d) Representative F2-F3 cross sections of surface cellulose 
peaks. (e) Representative F2-F3 cross sections of arabinose peaks and weak interior cellulose peaks.  
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Figure 8. 2D 13C-detected 1H-13C LG-CP spectra of Arabidopsis cell walls under 55 kHz MAS. (a) 
Unfiltered and T2H filtered 2D LG-CP spectra of Arabidopsis seedling cell walls. (b) Selected 1D 13C cross 
sections of the seedling spectra. Many pectin and hemicellulose peaks such as at 100 ppm, 79 ppm and 69 
ppm exhibit a reduced dipolar coupling of 5.0 kHz. (c) Unfiltered and T2H filtered 2D LG-CP spectra of 
Arabidopsis inflorescence cell walls. (d) Selected 1D 13C cross sections of the inflorescence spectra, 
showing a reduced dipolar coupling of 4.8 kHz for many matrix polysaccharide peaks.  
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