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Abstract

We introduce a '>*C—>H Rotational Echo DOuble Resonance (REDOR) technique that uses the difference between on-reso-
nance and off-resonance “H irradiation to detect dynamic segments in deuterated molecules. By selectively inverting specific
regions of the ’H magic-angle spinning (MAS) sideband manifold to recouple some of the deuterons to nearby carbons,
we distinguish dynamic and rigid residues in 1D and 2D '3C spectra. We demonstrate this approach on deuterated GBI,
H/D exchanged GBI, and perdeuterated bacterial cellulose. Numerical simulations reproduce the measured mixing-time
and %H carrier-frequency dependence of the REDOR dephasing of bacterial cellulose. Combining numerical simulations
with experiments thus allow the extraction of motionally averaged quadrupolar couplings from REDOR dephasing values.

Keywords Protein dynamics - Cellulose - Quadrupolar coupling - Deuterium NMR

Introduction

Molecular motions drive a myriad of biological processes
such as enzyme catalysis, ion conduction, substrate trans-
port, and signaling (Hilger et al. 2018; Latorraca et al.
2017; Mandala et al. 2018; Wright and Dyson 2015). Mac-
romolecular dynamics also influence the properties of bio-
materials such as cell walls (Dick-Pérez et al. 2011; Wang
et al. 2016). While X-ray crystallography and cryo-electron
microscopy (cryoEM) are excellent methods for determin-
ing the structures of biomacromolecules, they are ineffective
for providing information about the rates and amplitudes
of molecular motion. In comparison, NMR spectroscopy is
well suited to elucidate molecular motions over a wide range
of timescales (Lewandowski et al. 2015). Specifically, solid-
state NMR spectroscopy is not limited to soluble molecules
(Reif et al. 2021) but can be applied to study motions of
biological macromolecules in a variety of environments such
as lipid bilayers (Mandala et al. 2020), cell walls (Kang et al.
2019) and biofilms (McCrate et al. 2013).
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A large number of solid-state NMR techniques have
been developed to characterize the amplitudes of molecular
motion. Among these, measurements of motionally averaged
dipolar couplings (Munowitz et al. 1981) and quadrupolar
couplings (Witterbort et al. 1987) are especially advanta-
geous. The uniaxial nature of the dipolar coupling tensor
makes it a simple probe of the reorientational geometry
(Schmidt-Rohr and Spiess 1994), whereas the large size of
quadrupolar couplings makes them sensitive to small reori-
entational angles. Among quadrupolar nuclei, the spin-1
deuterium has long been exploited for probing molecular
motion (Alam et al. 1991; Browning and Seelig 1980; Davis
1983; Gall et al. 1982; Kinsey et al. 1981; Struts et al. 2011,
Witterbort et al. 1987) because of the ease of deuterating
biomolecules and the favorable magnitude of *H quadru-
polar couplings in organic compounds. The rigid-limit
quadrupolar coupling constant (C) of aliphatic deuterons
(CD, CD,, CD3) is ~ 170 kHz, which is six-fold larger than
the rigid-limit one-bond 'H-'3C dipolar coupling. The OD
and ND groups have even larger rigid-limit C,, values of
200-250 kHz. These quadrupolar couplings are sufficiently
large to be sensitive to small motional amplitudes, without
being too large to complicate the excitation and inversion
of the ’H NMR spectra. Like "H-'3C dipolar couplings, the
2H quadrupolar tensor of aliphatic deuterons is uniaxial and
aligned with the C-H bond. Due to these favorable prop-
erties, static ’H NMR has been used for many decades to
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characterize the rates and geometry of motions in biomol-
ecules such as phospholipids (Seelig 1977) and nucleic acids
(Meints et al. 2001). However, static *H NMR is limited
to singly deuterated compounds. To obtain dynamics infor-
mation about perdeuterated proteins or other biomolecules,
magic-angle-spinning (MAS) ’H NMR experiments are nec-
essary. Recently, 2D and 3D '*C—H correlation experiments
were introduced to correlate 2H quadrupolar couplings with
13C chemical shifts (Gelenter et al. 2017; Hologne et al.
2005; Shi and Rienstra 2016). These experiments encode
the 2H qudrupolar couplings in the indirect dimension and
resolve the sideband patterns by one or two *C chemical
shift dimensions. These methods have been demonstrated
on model compounds, but their sensitivity is limited due to
the low polarization transfer efficiency between *H and !*C
and the low sensitivity of H excitation (Jain et al. 2014).
Rotational-echo DOuble Resonance (REDOR) is a widely
used and robust approach to recouple heteronuclear dipolar
couplings under MAS using two 180° pulses in each rota-
tion period (Gullion and Schaefer 1989). REDOR has been
applied to a wide range of systems for distance measure-
ments (Cegelski 2013; Reif et al. 2021). For fixed internu-
clear distances in dynamic molecules, REDOR can be used
to measure motionally averaged dipolar couplings to obtain
information about motional geometry (Schanda et al. 2010).
Here we introduce a '>*C—*H REDOR technique (Fig. 1) that
probes site-specific dynamics by off-resonance and selec-
tive dipolar dephasing of molecules with large *H quadru-
polar couplings. Although '*C—?H REDOR NMR has been
explored before for distance measurements in rigid solids
(Cady et al. 2010; Sack et al. 1999, 2000), the incomplete
inversion of the “H spectra with typical rf field strengths of
~50 kHz causes slower and more featureless dipolar dephas-
ing compared to the theoretical dephasing. Here we exploit
weak 2H rf field strengths that are 1.1-1.5 times the MAS
frequency to selectively recouple different regions of the
’H NMR spectra. By applying >H 180° pulses far off reso-
nance to invert deuterons with large quadrupolar couplings,
we cause selective dephasing of immobilized C-D bonds.
These off-resonance spectra are then subtracted from near-
resonance spectra where both rigid and dynamic groups are
recoupled, to yield difference spectra that exhibit the signals
of only dynamic moieties. This experimental approach works
best at slow to moderate MAS frequencies of 10-15 kHz, in
order to retain the quadrupolar coupling anisotropy and to
allow weak and selective H rf field strengths to be used. We
demonstrate this off-resonance *C—>H REDOR method on
1B, BN, 2H-labeled GB1 (CDN-GB1), *C, *N-labeled H/D
exchanged GB1, and 13C, ’H-labeled bacterial cellulose. We
show that this approach readily distinguishes mobile groups
from rigid groups, and can be applied in a 2D '*C-1*C cor-
relation fashion to measured site-resolved dynamics. We fur-
ther evaluate the dependence of '*C—>H REDOR dephasing
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Fig.1 Pulse sequences for off-resonance '*C-H REDOR experi-
ments. a Broadband 2D *C-'"*C correlation with '*C-*H REDOR
dephasing. b Ca/Cb-selective 2D '3C-'3C correlation with *C—"H
REDOR dephasing. The 1D variants of the pulse sequences in (a) and
(b) acquire the signals during the ¢, period and omit the pulses after
that step. ¢ 1D '3C—H REDOR with 2H-13C intionCp to generate
the initial '*C magnetization. This experiment was applied to perdeu-
terated bacterial cellulose

on the 2H resonance offset using numerical simulations for
deuterated bacterial cellulose.

Materials and methods
Sample preparation

The CDN-GB1 sample used in this study was expressed in
E. coli as previously described (Franks et al. 2005; Gelenter
et al. 2017). The protein was purified using size-exclusion
chromatography, and the protein solution was concentrated
to 30 mg/ml in 70% D,0. To produce microcrystalline pro-
tein, 1 ml of the GB1 solution was mixed with three 1 ml ali-
quots of the crystalizing solution, which contains 2-methyl-
2,4-pentanediol (MPD) and isopropanol (IPA) at a 2:1
ratio. The concentrated solution was not properly buffered,
leading to crystallization occurring at unoptimal pH. This
led to imperfect microcrystals, which give rise to broader
linewidths than GB1 crystallized under ideal conditions. 3¢,
5N-labeled and protonated GB1 was expressed similarly
(Franks et al. 2005; Gelenter et al. 2017). For H/D exchange,
the protein solution was concentrated to 40 mg/ml using
an Amicon Ultra-15 concentrator with a 5 kDa molecular
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weight cut off (Millipore). This solution was exchanged with
D,O to reach an estimated deuteration level of 96% before
being concentrated to 20 mg/ml for crystallization. The deu-
teration level was estimated to be 80% for labile sites by
comparing >N CP and DP spectral intensities.

13C, 2H-labeled bacterial cellulose was produced from
Acetobacter xylinus sub sp. sucrofermentans (ATCC
700178) and purified using a previously published procedure
(Bali et al. 2013; Gelenter et al. 2017; He et al. 2014). The
growth medium contained 98% D,0O with U-3C6and 1, 2,
3,4,5, 6, 6-D; labeled D-glucose as the sole carbon source.
After 2 weeks of growth at room temperature, the cellu-
lose pellicles were frozen at —20 °C and ground to a slurry
using a Waring blender. The bacterial debris was removed
by successive washing in 1% NaOD until the supernatant
A,q, absorbance was < 0.01. Finally, cellulose was neutral-
ized by washing with D,O until the pH of the surrounding
solvent reached ~ 7.

Solid-state NMR experiments and data analysis

Solid-state NMR experiments were conducted on a 600 MHz
(14.1 T) Bruker Avance III HD spectrometer using a 3.2
mm 'H/'*C/>’H MAS probe. 1*C chemical shifts were refer-
enced to the CH, peak of adamantane at 38.48 ppm on the
tetramethylsilane (TMS) scale (Morcombe and Zilm 2003).
Experiments on GB1 were conducted under 14 kHz MAS
at a set temperature of 268 K, while experiments on bacte-
rial cellulose were conducted under 10 kHz MAS at a set
temperature of 278 K. Due to frictional heating, the true
sample temperature is 10-15 K higher than the set tempera-
ture (Bernard et al. 2017).

Experiments on GB1 began with 'H-'*C cross-polariza-
tion (CP) (Pines et al. 1972), while experiments on deuter-
ated bacterial cellulose began with 2H-'3C Rotor Echo Short
Pulse IRradiATION cross-polarization (RESPIRATIONCP) (Jain
et al. 2012). GB1 samples were spun under 14 kHz MAS,
while deuterated bacterial cellulose was spun under 10 kHz
MAS. Rectangular >C 90° and 180° pulses used an rf field
strength of 50 kHz. 2H 180° REDOR pulse field strengths
were set to 11.1 kHz for experiments on bacterial cellulose
and 20 kHz for experiments on GB1. The '*C Gaussian 180°
pulse during the REDOR period on H/D GB1 was 285 ps
(47,) to selectively invert and refocus the BCa and *Cb
polarization. For the two GB1 samples, 'H two-phase pulse-
modulation (TPPM) decoupling (Bennett et al. 1995) was
applied at a field strength of 71 kHz during both the REDOR
period and the '*C acquisition period. No 'H decoupling was
used for deuterated cellulose, which allowed a short recycle
delay of 0.75-1.0 s to be used for these experiments. A recy-
cle delay of 2.0 s was used for both GB1 samples. The *C
acquisition times were 13.5 ms in all experiments, while the

indirect 1*C dimension of the 2D *C—'3C correlation experi-
ments used a maximum evolution time of 4.1 ms.

Numerical simulations

The *C—?H REDOR dephasing was read off as the intensity
ratio of the dephased spectrum S and the control spectrum
Sy as a function of mixing time. The REDOR dephasing as
a function of 2H rf carrier frequency was simulated using
the software SpinEvolution (Veshtort and Griffin 2006). We
considered a four-spin system as a simplified model of bacte-
rial cellulose, consisting of the C6 carbon and the three ali-
phatic deuterons that are the closest to C6: the two C6 deu-
terons and the C5-bonded deuteron (Nishiyama et al. 2003).
All simulations were run with either a quadrupolar coupling
constant (Cy) of 170 kHz and an asymmetry parameter 1) of
0 or a C, of 85 kHz and an n of 1. In both cases the Euler
angles were set to (0, 0, 0), which aligns the principal axis
of the 2H quadrupolar coupling tensor with the z-axis of
the crystallite frame, which is the same orientation as the
2H-13C dipolar coupling. The 'H Larmor frequency was set
to 600 MHz and the chemical shift anisotropy (CSA) was
not included for either H or '*C. Inclusion of the CSA for
13C did not alter the simulations results. Simulations were
run for an MAS frequency of 10 kHz and a rectangular >H
180° pulse at an rf field strength of 11.1 kHz. The simu-
lation pulse sequence consisted of the RESPIRATIONCP apq
REDOR portions of the experimental pulse sequence used
for bacterial cellulose (Fig. 1c). REDOR dephasing curves
were simulated for 2H carrier frequencies between — 250 and
250 kHz in 5 kHz increments. All simulations were carried
out using the *rep2000 set of Euler angles, which uses the
REPULSION powder averaging scheme (Bak and Nielsen
1997) and an n_gamma value of 20, where n_gamma speci-
fies powder averaging over the third angle. We found that
this choice both avoids irregularities and is computation-
ally faster than other sets of Euler angles, such as the ASG
method (Alderman et al. 1986).

Results

Figure 2 shows the 1D 'C and 2H MAS spectra of CDN-
GB1, H/D exchanged GB1, and CD-labeled bacteria cel-
lulose. All three samples are hydrated with D,O. The '*C
CP-MAS spectra (Fig. 2a—c) show the '*C chemical shift
resolution of these macromolecules, while the 2H MAS side-
band spectra (Fig. 2d—f) illustrate the overlap of multiple
types of deuterons in deuterated and hydrated samples. First,
the deuterated water gives rise to a high isotropic peak that
dominates the spinning sidebands of the anisotropic deuter-
ons. Second, in CDN-GB/1, the sideband intensities of both
rigid aliphatic groups with a Cg, of ~170 kHz and mobile
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Fig.2 1D '*C (a—c) and ?H (d—f) MAS spectra of GB1 and bacterial
cellulose. a, d CDN-GBI. b, e H/D exchanged *C, 1*N-labeled GB1.
¢, f Perdeuterated bacterial cellulose. All ZH MAS spectra were meas-

methyl groups with motionally averaged Cy’s overlap. In
H/D exchanged GB1, the signals of rigid backbone amide
deuterons overlap with the signals of mobile sidechain deu-
terons such as the lysine amines (Fig. 2e). In bacterial cel-
lulose, most deuterons have rigid-limit CQ’s of ~170 kHz
(Fig. 2f), while a small fraction of deuterons have smaller
quadrupolar couplings (Gelenter et al. 2017). However, the
latter’s contribution to the overlapped 1D 2 H spectrum can-
not be easily resolved.

Off-resonance 2H REDOR dephasing depends
on the quadrupolar coupling strength

Figure 3 shows the °C spectra of CDN-GB1 and H/D GB1
under on-resonance (*H carrier frequency at 0 kHz) and
+70-kHz off-resonance ?H REDOR pulses. The *H tf field
strengths were 20 kHz in these experiments. For CDN-GB 1
(Fig. 3a, b), REDOR dephasing is observed for all 13C sites,
but the amount of dephasing, as manifested by the differ-
ence spectrum (AS), differs depending on the *C—2H dipo-
lar couplings. Carbonyl carbons show much less dephas-
ing than aliphatic carbons, as expected due to the lack of a
directly bonded deuteron. Between on-resonance and off-
resonance “H irradiation, on-resonance irradiation caused
larger dephasing, with higher AS intensities. This can be
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ured using RESPIRATION-4 excitation. The CDN-GB1 and H/D-
GB1 spectra were measured under 14 kHz MAS while the bacterial
cellulse spectra were measured under 10 kHz MAS

attributed to the larger fraction of intensities in the center of
the ?H spectrum. The methyl '*C signals show much higher
AS intensities in the on-resonance REDOR spectrum than
the off-resonance spectrum. This is consistent with motional
averaging of the methyl ?H quadrupolar coupling as well
as 3C-2H dipolar coupling, which make far-off-resonance
2H pulses ineffective for inverting the methyl H coherence.
Thus, off-resonance ’H REDOR pulses dephase rigid deu-
terons more than they dephase mobile deuterons.

e '*C—"H REDOR spectra of H/D exchanged GBI
(Fig. 3c—e) selectively detect the '°C sites that are in close
proximity to labile hydrogens such as backbone amide
deuterons and sidechain OD and ND groups. Since these
exchanged deuterons are not directly bonded to carbons, the
REDOR mixing time required for observing dipolar dephas-
ing is longer than that of CDN-GB1. We found that a mix-
ing time of 7.1 ms was ideal for observing dephasing while
retaining sufficient '3C spectral intensities. To remove the
BCa-'3CO J-coupling during the mixing time, we applied
a selective *Co Gaussian 180° pulse (Jaroniec et al. 1999).
The bandwidth of this Gaussian 180° pulse was such that
some '*Cb signals with chemical shifts near the '*Ca region
were also refocused. The on-resonance and off-resonance
’H-dephased REDOR difference spectra are similar for this
sample, with the off-resonance spectrum giving slightly
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Fig.3 '*C-?H REDOR spectra of CDN-GB1 and H/D exchanged
GB1. a '3C REDOR spectra of CDN-GB1 with on-resonance *H
REDOR pulses. The 2H rf field strength is 20 kHz. The control S,
dephased S, and difference AS spectra are shown. b '*C REDOR
spectra of CDN-GB1 with 70 kHz off-resonance H REDOR
pulses. Little dephasing is observed for the sidechain methyl peaks.

lower difference intensities compared to the on-resonance
’H-dephased spectrum due to the lower H spectral intensity
at an offset of + 70 kHz compared to the on-resonance case.

2D 3C-"3C resolved *C-?H REDOR spectra of GB1

To obtain site-resolved information for '3C—>H REDOR
dephasing, we conducted a 2D 3C-'3C resolved '*C-*H
REDOR experiment using a 30 ms '*C CORD mixing
period (Hou et al. 2013) (Fig. 1a). The 2D spectra show the
2H-dephased '*C signals in the indirect dimension while the
direct dimension provides site resolution. We first demon-
strate this experiment on CDN-GB1 (Fig. 4), and compare
the difference spectrum (AS) measured under on-resonance
and +70-kHz off-resonance H irradiation. The *H rf field
strengths were 20 kHz in these experiments. When on-reso-
nance “H pulses were applied for 1.7 ms, difference intensi-
ties are observed for both methyl carbons between 15 and
22 ppm (Fig. 4b) and for other aliphatic carbons between
70 and 40 ppm. When +70 kHz off-resonance >H REDOR
pulses were applied, we obtained a distinct AS spectrum in
which the methyl carbons exhibit minimal dephasing while
Ca and Cp carbons show similar dipolar dephasing as the
on-resonance AS spectrum (Fig. 4c). Taking the difference
between the two AS spectra yielded a AAS spectrum that
only exhibits the signals of mobile deuterons (Fig. 4d). Most
of these AAS signals can be assigned to methyl carbons

(d) (e)

?H Carrier = +0 kHz (+0 o) 2H Carrier = +70 kHz (+5 w,)

Trepor = /-1 MS
SO SG
S S
b LaRd AAdad LAAL) RAAA) LAAA] AL LAAL] RALA] L] B AALA bALAd RALL hhAdt RALLY RAAAT LAAL) hiddd N
80 60 40 20 80 60 40 20
"°C (ppm) °C (ppm)

¢ 2H MAS spectra of H/D exchanged GB1. The centerband and the
+70-kHz sideband peaks are highlighted in yellow. d '*C REDOR
spectra of H/D exchanged GB1 with on-resonance “H REDOR
pulses. e 3C REDOR spectra of H/D exchanged GB1 with 70 kHz
off-resonance 2H REDOR pulses. All spectra were measured under
14 kHz MAS on the 600 MHz spectrometer

of Val, Thr, and Ala residues and carbons in dynamic Lys
sidechains. We note that some peaks are overlapped in the
2D BC-13C spectra, and we only annotate those peaks that
can be site-specifically assigned to a single residue. In addi-
tion, some dynamic loop residues such as G41, E42, and
ES56 are also observed in the AAS spectrum. The G41 and
E56 difference peaks appear in the carbonyl region of the
2D spectrum, which is not shown here. Figure 4e shows the
GBI structure (PDB code: 2LGI (Wylie et al. 2011) in which
sites that are detected in the AAS spectrum are indicated as
orange sticks.

Application of the off-resonance '*C—H REDOR experi-
ment to H/D exchanged GB1 yielded a different AAS spec-
tral pattern (Fig. 5). Since only solvent-exposed labile
deuterons such as backbone amide deuteron and sidechain
hydroxyl and amide deuterons are present in this sample,
the difference between the on-resonance (Fig. 5b) and
+70 kHz off-resonance REDOR spectra (Fig. 5c) reveal
those exchangeable deuterons that are dynamic. Figure 5d
shows that the most dynamic exchangeable deuterons result
from the Ce of lysine sidechains such as K13 and K28 and
Ca sites of residues such as M1, Q2, D47, A48 and E56.
These residues are located in the loops of the protein, whose
amide groups are more mobile than those of most other res-
idues (Fig. 5e). In addition, some of the helical residues
such as A24, E27, Q32 and N35, which face the protein
exterior, also exhibit significant conformational dynamics.
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Fig.4 2D '3C-13C resolved '*C—>H REDOR spectra of CDN-GBI.
The spectra were measured under 14 kHz MAS using a REDOR
mixing time of 1.7 ms, and 2H and '3C REDOR rf field strengths of
20 kHz and 50 kHz, respectively. a S, (black) and S (red) 2D spectra
with on-resonance 2H REDOR pulses. Most '>C signals show similar
extents of dipolar dephasing. b AS spectrum obtained from the on-

We attribute this observation to loose crystal packing that
renders these residues flexible, while residues facing the pro-
tein interior are immobilized by sidechain interactions and
backbone hydrogen bonding.

Dependence of off-resonance >*C-2H REDOR
on the 2H carrier frequency: bacterial cellulose

To further evaluate off-resonance '*C-*H REDOR
dephasing, we compared the experimental spectra of 1>C,
’H-labeled bacterial cellulose (Fig. 6a, b) with simulated
REDOR dephasing (Veshtort and Griffin 2006). Deuter-
ated bacterial cellulose is a good model system for analyz-
ing '3C—?H REDOR because of its highly resolved 1D *C
spectrum (Fig. 6¢) and the known quadrupolar couplings

@ Springer

resonance “H REDOR pulses. ¢ AS spectrum when the 2H REDOR
pulses are 70 kHz off resonance. Little dephasing is observed for
the methyl peaks. d AAS spectrum between the on- and off-reso-
nance AS spectra. The observed peaks result from dynamic residues.
e Dynamic residues whose *C signals are detected in the AAS spec-
trum are shown as orange sticks

for its deuterons (Gelenter et al. 2017). Five out of the six
glucose CD groups have rigid-limit H quadrupolar cou-
plings of 170 kHz and an asymmetry parameters of 0. The
exception is the deuterons attached to C6 in surface cel-
lulose, which undergo trans-gauche isomerization and thus
have a quadrupolar coupling of 85 kHz and an asymmetry
parameter of 1 (Gelenter et al. 2017). The 13C difference
spectra measured with 2H carrier frequencies of 0, +60 kHz
and + 120 kHz and a REDOR dephasing period of 1 ms
show that the iC6 difference intensity is relatively insensi-
tive to the 2H frequency change from 0 to +60 kHz, with
AS/S, values of 0.82 and 0.78, respectively, but the differ-
ence intensity decreased to 0.32 when the H frequency
increased to + 120 kHz (Fig. 6¢). While this attenuated dipo-
lar dephasing at the larger “H frequency offset is expected,



Journal of Biomolecular NMR (2021) 75:335-345

341

(a) Sy, 2H Carrier = 0 kHz

404 40
g 50 £ 503
2 g 3

703 70

S, 2H Carrier = 0 kHz

50 40 30 20
13C (ppm)

AS, 2H Carrier = 0 kHz

—
=
—
(2)
—

70 60 50 40 30 20
13C (ppm)

AS, 2H Carrier = +70 kHz

. .
4
g
o -
PR
2ie . .
'
(hesl 9
.
o - @ P
P X .
‘e .
° D
K]
.
................ L B L B L B

40—: g o 40—5
= < T ]
Oe] ¥ SF TR 3 e0d ¥
A c 1 ¢ .
704 / e 70 ./ k
55 BRLEN EEREY 2SR RN REEEY LA 22 L 2. 5 F-2.21 LR R
70 60 50 40 30 20
13C (ppm)

Fig.5 2D *C-3C resolved '*C—?H REDOR spectra of H/D GBI.
The spectra were measured with a REDOR mixing time of 7.1 ms
under 14 kHz MAS. The rf field strengths of REDOR pulses were
20 kHz for 2H and 50 kHz for 1*C. a S, (black) and S (red) 2D spec-
tra measured with on-resonance 2H REDOR dephasing pulses. b AS
spectrum obtained from the on-resonance S, and S spectra in (a).
¢ AS spectrum for 70 kHz off-resonance 2H REDOR pulses. Note
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that some methyl carbons (red dashed circle) are better dephased in
the on-resonance AS spectrum than the off-resonance AS spectrum.
Blue dashed circle highlight carbons that are similarly dephased in
the on-resonance and off-resonance REDOR spectra. d AAS spec-
trum between the on-resonance and off-resonance AS spectra. These
13C signals result from dynamic residues containing exhchangeable
hydrogens. e Dynamic residues identified in the AAS spectrum
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Fig.6 '*C-’H REDOR data of perdeuterated bacterial cellulose.
a Bacterial cellulose fibrils showing interior cellulose in green and
surface cellulose in yellow. b Chemical structure of cellulose. C6 is
the only carbon not on the sugar backbone. ¢ 1D '3C detected and

surface cellulose C6 shows a much larger intensity change
with the 2H carrier frequency. The sC6 difference intensity
decreased by nearly a factor of two (from 0.61 to 0.34) from
a ’H carrier frequency of 0 to + 60 kHz, while at + 120 kHz,
negligible difference intensity (AS/S, value of ~0.12) was
observed. The narrower “H spinning sideband pattern for
the dynamic deuterons bonded to sC6 makes the REDOR
dephasing of sC6 more sensitive to changes in the “H carrier

paba | | RaLAd 30A0d } T T | bARid BAED LA
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13C (ppm)

2H—dephased REDOR S, S and AS spectra with 1.0 ms REDOR
mixing. The spectra were measured with 2H REDOR on resonance,
60 kHz off resonance, and 120 kHz off resonance, under 10 kHz
MAS

offset. Therefore, the dynamic difference between interior
and surface C6 hydroxymethyl groups affect the REDOR
results.

We measured 1D '3C-detected REDOR spectra as
a function of REDOR mixing times as well as “H reso-
nance offset (Fig. 6¢). The 2H carrier frequency was var-
ied from O to +200 kHz in 20 kHz increments, and the
REDOR mixing time was varied from O to 2 ms in 0.2
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ms increments, yielding a total of 121 1D 3C spectra.
Figure 7a, ¢, d show the measured and simulated Bc2H
REDOR dephasing for the rigid interior cellulose C6 peak
at 65 ppm, while Fig. 7b, e, f show the data for the 61-ppm
surface cellulose C6 and simulations using a motionally
averaged “H quadrupolar coupling of 85 kHz for the deu-
terons bonded to C6. The uncertainties in the experimental
data are propagated from the measured S, and S spectra.
In both experiments and simulations, the rigid iC6 and
the mobile sC6 show similar dipolar dephasing when *H
pulses are on resonance. But off-resonance “H irradiation

caused larger dipolar dephasing to the rigid iC6 than to the
mobile sC6. Larger *H offsets produce less dipolar dephas-
ing compared to small offsets (Fig. 7a, b). In both simula-
tion and experiments, there is little dephasing when the
2H resonance offset exceeds 120 kHz for rigid CD groups
and exceeds 60 kHz for mobile CD groups (Fig. 7a, b).
Thus rigid and dynamic CD groups can be distinguished
based on their REDOR dephasing at 2H offsets between 60
and 120 kHz. Simulations show that smaller >H resonance
offsets lead to overestimates of dipolar dephasing while
larger offsets underestimate dipolar dephasing compared
to experiments (Fig. 7d, f).

(a) iC6
1.0 C,=170kHz,n =0 108 c_ =170kHzn=0 1.0
0.8 Wy ,4/27 = 0 kHz 0.8 Wy /21 = +60 kHz 0.8
206 206 :
@ @ L
@ 04 @B 041 G =170kHz =0
0.2 0.2 0 /27 = +120 kHz
0 O f-mmmmmmmmemm e
0 1.. 2
REDOR mixing time (ms)
(b) sC6 1
1.0 } C,=85kHz,7j=1 1.0 1.0—]-_1 fel ;
I
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S0} \! f 4508 ! i 08
? 04 ? 04 t Y _
5. i B ed C,=85kHz,7i =1
0.2 02p Co= g e W /27 = +120 kHz
Y [EPSO .+ 4 0F.. 0f-Qonf2n=+60kHz ) S
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REDOR mixing time (ms)

Simulation
(d) c,=170kHzn=0 g5

Experiment
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2H carrier offset

2

1
REDOR mixing time (ms)

1 2
REDOR mixing time (ms)

Fig.7 Numerical simulations of '3C-?H REDOR dephasing for
10 kHz MAS compared to experimentally measured dephasing for
bacterial cellulose. a 3C—>H REDOR dephasing curves for interior
C6, with H resonance offsets of 0, +60 and + 120 kHz, and simula-
tions using a four spin system in which all three ’H nuclei have a Cq
of 170 kHz and n=0. b '*C-H REDOR dephasing curves for surface
C6, with H resonance offsets of 0, + 60 and + 120 kHz, and simula-
tions using a four spin system in which the two 2H nuclei bonded to
C6 have a motionally averaged C, of 85 kHz and a motionally aver-
aged 1 of 1, while the 2H nucleus bonded to C5 has a rigid limit Cq

@ Springer

0 1 2
REDOR mixing time (ms)

0 1 2
REDOR mixing time (ms)

_ Simulation
(€) g Experiment g5 (f) C.=85kHzTi=1 g5,
180

b} 08 @ 0.8
2 2

O 120 e 0.6 O 120 0.6
ko ko

= 04 = 0.4
S 60— 8 60 —
n o2& 02

0 TS 0 e — 0

0 1 2 0 1 2
REDOR mixing time (ms) REDOR mixing time (ms)

of 170 kHz and n=0. ¢ Measured '>*C—?H REDOR dephasing map for
interior C6 as a function of REDOR mixing time and “H resonance
offset. d Simulated 2D *C—2H REDOR dephasing maps for interior
C6 sites; all three deuterons in this simulation have a rigid-limit C, of
170 kHz and n =0. e Measured '3C—*H REDOR dephasing maps for
surface C6 deuterons as a function of REDOR mixing time and 2H
resonance offset. f Simulated 2D '*C—>H REDOR dephasing maps for
surface C6 sites, including a motionally averaged quadrupolar cou-
pling of 85 kHz and a motionally averaged n of 1 for the deuterons
bonded to C6
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Fig. 8 Numerical simulations of the dependence of *C—2H REDOR
dephasing on MAS frequency and 2H rf field strength (v;). Simula-
tions used the quadrupolar coupling parameters of surface C6 deu-
terons in bacterial cellulose, with a motionally averaged quadrupolar
coupling of 85 kHz and a motionally averaged n of 1. a Simulated
REDOR dephasing for 10 kHz MAS with 2H rf field strengths of
11.1-66.7 kHz. These conditions correspond to 90-15% of each
rotation period being occupied by the two 2H 180° pulses. The
weaker the 2H rf field strengths, the more selective the REDOR

Discussion

This off-resonance '*C—2H REDOR method represents a
simple and efficient approach for identifying mobile sites
in deuterated biomolecules. While direct encoding of a >H
dimension and its correlation with '3C in 2D or 3D experi-
ments have been demonstrated (Gelenter et al. 2017; Hol-
ogne et al. 2005; Shi and Rienstra 2016) and give infor-
mation about motional order parameters, this correlation
approach suffers from low sensitivity because of the low
efficiency of 2H—">C polarization transfer (Jain et al. 2012,
2014; Nielsen et al. 2013) and the explicit encoding of the
2H dimension. 2H—'3C correlation experiments also do not
easily benefit from cross polarization from 'H spins. In per-
deuterated biomolecules, the sparseness of protons neces-
sitates the use of 2H as the excitation nucleus. Although
fast relaxation of 2H spins in principle allows the use of
short recycle delays (Borle and Seelig 1983), in practice
the recycle delays cannot be too short in order to avoid high
tf duty cycles. For partially protonated biomolecules, 'H
decoupling is required, thus long recycle delays are still nec-
essary (McNeill et al. 2009). The current off-resonance 3c.
2 H REDOR approach overcomes these limitations by using
traditional "H—'3C CP to create the initial '*C magnetization,
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dephasing, with low S/S; values. b Simulated REDOR dephasing
for 20 kHz MAS with H rf field strengths of 22.2 and 66.7 kHz.
These conditions correspond to 90 and 30% of each rotation period
being occupied by the 2H pulses. ¢ Simulated REDOR dephasing for
40 kHz MAS with 2H 1f field strengths of 44.4 and 66.7 kHz, which
correspond to 90 and 60% of each rotation period being occupied by
the 2H pulses. REDOR dephasing becomes less frequency-selective
with increasing MAS frequencies

by obviating a *H dimension, and by avoiding “H polariza-
tion transfer to '3C. Instead, we encode the dynamics infor-
mation as different extents of dipolar dephasing between
on-resonance and off-resonance 2H pulses. Mobile carbons
show strong dephasing with on-resonance 2H REDOR
pulses but attenuated dephasing when the 2H pulses are far
off-resonance. In this way, the AAS spectra exhibit the sig-
nals of dynamic groups. Although the 2D '*C—"3C resolved
off-resonance '*C—2H REDOR experiment gives only quali-
tative information about the mobile residues, it is possible
to make this method more quantitative by choosing several
?H resonance offsets and mixing times, and simulating the
resulting dephasing as shown for bacterial cellulose (Fig. 7).
The current off-resonance '*C—>H REDOR approach works
best under moderate MAS frequencies where the anisotropic
2H quadupolar interaction is retained in each rotation period
and where weak 2H 180° pulses can be applied to selectively
invert the deuterons at a given frequency offset. Numerical
simulations for MAS frequencies of 10-40 kHz and *H rf
field strengths from 11.1 to 66.7 kHz (Fig. 8) confirm this
expectation. Using the surface cellulose C6 quadrupolar
coupling parameters as an example, we find that increasing
the ?H rf field strength broadened the frequency range that
exhibit significant REDOR dephasing and slowed down the
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dephasing at 10 kHz MAS. Increasing the MAS frequency to
20 kHz decreased the offset dependence of REDOR dephas-
ing due to better averaging of the quadrupolar couplings.
REDOR oscillations occur at larger offsets, which would
complicate the extraction of the mobile sites. Increasing
the MAS frequency to 40 kHz further decreased the offset
dependence of REDOR dephasing.

Compared to the 2D '3C—'3C resolved '*C—'H DIPSHIFT
method (Dregni et al. 2019) for quantifying the amplitude of
motion, the off-resonance '*C—*H REDOR method differs by
indirectly probing the motional averaging of the ?H quadru-
polar spectra. Because the >H quadupolar coupling of a CD
group is 6-fold larger than the one-bond *C—'H dipolar cou-
pling, H quadrupolar coupling is a more accurate reporter
of dynamics. Moreover, labile hydrogens such as NH and
OH are at least two bonds away from a '*C spin, thus they
are not easily amenable to the >*C—'H DIPSHIFT experi-
ment. In comparison, NH and OH groups can be analyzed
through ?’H NMR spectra. Therefore, off-resonance '3C—>H
REDOR is a sensitive probe of the dynamics of residues that
contain labile hydrogens.

In conclusion, we have demonstrated an off-resonance
13C—2H REDOR technique for investigating the dynam-
ics of perdeuterated or H/D exchanged biomolecules. This
approach uses the difference between on-resonance and off-
resonance “H irradiated *C—?H REDOR spectra to identify
mobile residues. This method is simple to use, and has simi-
lar sensitivity and resolution as regular 2D *C—!3C corre-
lation spectra. We envision this technique to be especially
useful for characterizing the motion of segments containing
exchangeable protons, where no easy alternative methods
are available.
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