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We demonstrate the feasibility of deuterium solid-state NMR off-resonance rotating frame relaxation
measurements for studies of slow motions in biomolecular solids. The pulse sequence, which includes
adiabatic pulses for magnetization alignment, is illustrated for static and magic-angle spinning condi-
tions away from rotary resonances. We apply the measurements for three systems with selective deu-
terium labels at methyl groups: a) a model compound, Fluorenylmethyloxycarbonyl methionine-D3

amino acid, for which the principles of the measurements and corresponding motional modeling based
on rotameric interconversions are demonstrated; b) amyloid-b1-40 fibrils labeled at a single alanine
methyl group located in the disordered N-terminal domain. This system has been extensively studied
in prior work and here serves as a test of the method for complex biological systems. The essential fea-
tures of the dynamics consist of large-scale rearrangements of the disordered N-terminal domain and the
conformational exchange between the free and bound forms of the domain, the latter one due to tran-
sient interactions with the structured core of the fibrils. and c) a 15-residue helical peptide which belongs
to the predicted a-helical domain near the N-terminus of apolipoprotein B. The peptide is solvated with
triolein and incorporates a selectively labeled leucine methyl groups. The method permits model refine-
ment, indicating rotameric interconversions with a distribution of rate constants.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Internal motions in proteins on the ls-ms time scale are essen-
tial for functioning of proteins, nucleic acids and complex biologi-
cal systems [1–3]. Relaxation dispersion approaches for proteins in
the solid state have been recently developed and described in
detail [2,4–15], with major efforts devoted to 15N, 13C, and 1H
nuclei [10,14,16,17]. Rotating frame relaxation (R1q) experiments
in solids have the capacity to probe both the fluctuations of the iso-
tropic chemical shift component and the fluctuations of the aniso-
tropic tensor due to conformational changes [14]. Under magic
angle spinning (MAS) conditions, the latter has been shown to
modulate the width of rotational resonances [12,13].

Deuterium is spin-1 nucleus with the typical quadrupolar cou-
pling constant (Cq) in 150 to 200 kHz range [18–20]. Deuterium
NMR relaxation has proven to be a sensitive tool for measuring
the dynamics in a variety of systems [18,19,21–23]. The relaxation
is governed primarily by the quadrupole interaction [18]. We pre-
viously developed the on-resonance R1q experiment for 2H nuclei
under static conditions [24] and rotating solids [15].

The goal of this work is to show the development and applica-

tions of the off-resonance 2H Roff
1q experiment for proteins in the

solid-state under magic-angle spinning (MAS) and static condi-
tions. Recent literature emphasizes the extension of conventional
deuterium NMR approaches for multiply-labeled systems under
MAS conditions [25–29]. The off-resonance condition has been
extensively exploited in solution and solid state NMR applications,
as it allows for application of larger spin-locking fields without the
additional RF-induced heating [3,30]. Larger spin-locking fields
provide an advantage of extending the window of time scale of
the motional modes probed by the measurements, Inn certain
cases it also permits for more accurate determination of motional
parameters, as well as for the refinement of the motional models.
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We demonstrate the applicability of the Roff
1q deuterium NMR

relaxation experiments under MAS and static conditions for three
systems with selective deuterium labels at methyl groups: A) a
model compound Fluorenylmethyloxycarbonyl (FMOC)
methionine-D3 amino acid, for which we demonstrate the princi-
ples of the measurements. The ls-ms time scale motions of the
methionine side-chains are dominated by large-angle rotameric
jumps (Fig. 1A). B) amyloid-b1-40 fibrils labeled at a single alanine
methyl group located in the disordered N-terminal domain [31].
We previously determined the details of the dynamics for this sys-
tem with other deuterium solid-state NMR measurements, such as
on-resonance 2H R1q and Quadrupolar Chemical Exchange Satura-
tion Transfer (Q-CEST), and Quadrupolar Carr-Purcell-Meiboom-
Gill (Q-CPMG) experiments.[15,31,32] The measurements on the
hydrated fibrils comprised of the amyloid-b1-40 protein [33] in
Fig. 1. A) Left: structure of FMOC-methionine amino acid with the deuterated methyl gr
conformers with the tetrahedral geometry, in lieu of the exact model of 27 rotamers in th
[34] Right: schematic representation of the two-site exchange model, in which the disor
terminal domain (blue rectangle). In the free state, the N-terminal domain is assumed to
state, transient interactions with the hydrophobic core quench this mode.[31] The positi
the a-helical domain of VLDL [35,36]. The location of the 15-residue H6 helix is shown wi
387 side chain, which has deuterated methyl groups, is shown in red. Right: the two-site
most likely rotamers. (For interpretation of the references to colour in this figure legend

2

the three-fold symmetric polymorph [33,34] serve as a confirma-
tion of the method for complex biological systems, as the disor-
dered domain undergoes conformational exchange between the
free state and the bound state that transiently interacts with the
fibrils’ core (Fig. 1B). C) A 15-residue, highly hydrophobic, helix-6
(H6) with a selectively labeled leucine methyl group, which is part
of the predicted a-helical domain of apolipoprotein B (apoB)
(Fig. 1C) [35,36]. ApoB the essential protein component of triacyl-
glycerol rich lipoproteins including chylomicrons and very low
density lipoprotein (VLDL) and also low density lipoprotein (LDL,
‘‘the bad cholesterol”). The a-helical domain was shown to be
spontaneously adsorbed to a triolein/water interface and formed
a viscoelastic surface [36]. It was anchored irreversibly to the sur-
face by H6. In our studies we thus solvate the H6 construct with
triolein to mimic its native environment. The new measurements
oup highlighted in red. Right: the model of inter-conversions between four artificial
e methionine side-chain.[37] B) Left: the 3-fold symmetric fibrils structure, top view.
dered N-terminal domain (curved line) transiently interacts with the structured C-
undergo isotropic diffusion, as represented by the gray sphere, while in the bound

on of the labeled methyl group in the A2 residue is shown as an orange dot. C) Left:
th the arrow and the corresponding ribbon diagram is colored in light blue. The Leu-
rotameric exchange model of methyl axis in the leucine side-chain, displaying two
, the reader is referred to the web version of this article.)
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permit the model refinement of the rotameric jumps of the labeled
leucine side-chain.

2. Experimental

2.1. Materials

FMOC-methionine-CD3 was purchased from CDN isotopes (Pointe-
Claire, Canada). The monomeric sequence of the Ab1-40 peptide is
D[A � CD3]EFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV. The
Ab1-40 fibrils, labeled at the A2-CD3 site, were prepared as previ-
ously described in the 3-fold symmetric polymorph [31,38] and
packed into a 5 mm glass tube for static measurement. The fibrils
were hydrated to 200% by weight with deuterium-depleted water
using direct pipetting and equilibrating at room temperature for
5 days.

The H6 peptide with the sequence PLLIDVVTY[L-CD3]VALIP
(residues 378–391 of human apoB) was prepared using solid-
state peptide synthesis. FMOC-Leucine-5,5,5-D3 was purchased
from Cambridge Isotope Laboratories. The peptide was solvated
to 50% by weight with triolein and packed into a 1.3 mm rotor.

All synthetic peptides were prepared and purified by Ther-
mofisher Scientific, Inc. The identity and purity of the peptides
was confirmed by matrix-assisted laser desorption/ionization mass
spectroscopy mass spectroscopy and reversed-phase analytical
HPLC at 95–98% purity level (C18 column, 0.5% acetonitrile/min
gradient).

2.2. NMR spectroscopy

Static Roff
1q measurements were conducted using the 400 MHz

spectrometer at CU Denver equipped with a Phoenix static probe
with a 5 mm coil. For FMOC-methionine the spin-locking field of
30 kHz was employed and the values of offsets ranged from 5 to
105 kHz. The RF field was calibrated using the nutation measure-
ments (Figure S1). Relaxation delays ranged from 0.7 to 28 ms.
These values include the adiabatic ramp durations of 0.4 ms. An
interscan delay of 2.5 s, 32 scans, and 8 dummy scans were
employed. The tanh/tan adiabatic pulses described in the ‘‘Results
and Discussion” section were employed, with the sweep width of
120 kHz. The 90� high power pulse as well as the 180� inversion
pulse utilized 125 kHz RF field strength. The Bruker pulse sequence
code and the Matlab code for generation of the adiabatic shape
pulse are available in SI1 and SI2. For the Ab fibrils, the spin-lock
field was set to 15 kHz, with the range of offsets between 3 and
45 kHz. The tanh/tan adiabatic ramp was employed with the sweep
of 60 kHz. The magnetization decay curve was sampled between
0.5 and 15 ms. The interscan delay of 1.8 s and 1024 scans were
used, with 32 dummy scans. All line shapes were measured using
the quadrupolar echo (QE) pulse sequence [18] with the echo delay
of 31–35 ls. 2H longitudinal relaxation times (T1) were measured
using the inversion recovery scheme with the QE detection, and
were also confirmed with the saturation recovery scheme for
FMOC-methionine. Seven to nine relaxation delays were collected
with values ranging from 100 ls to 6 � T1. Spectra were processed
with the 1 kHz exponential line broadening function. Magnetiza-
tion relaxation decay curves M tð Þ were fitted to a mono-
exponential function with a baseline of the form

M tð Þ ¼ Ae�R1qt þ B ð1Þ
The Roff

1q measurements under MAS conditions were conducted
using the 600 MHz spectrometer equipped with a 1.3 mm triple
resonance probe at the National High Magnetic Field Laboratory.
For FMOC-methionine the spin-lock fields, adiabatic ramp param-
eters, offset ranges, relaxation delays ranges were the same as used
3

in the static case. 10 kHz MAS rate was employed as a major con-
dition, unless otherwise noted in the text. 16 scans were used for
FMOC-methionine, while 64 scans were used for the H6 peptide.
The sweep width of the adiabatic ramp alignment pulse was
120 kHz in all cases, and the spin-locking field of 30 kHz was used
for FMOC-methionine, while two values of the spin-locking fields,
17 and 30 kHz, were used for the H6 peptide. The inter-scan delay
was 1.8 s and 2.4 s for 17 and 30 kHz rf fields, respectively. Spectra
were processed with the 50 Hz line broadening function and the
sum of all side-bands intensities was used to obtain relaxation
decay curves.
2.3. Modeling of motions

The rotameric interconversion mode for FMOC-methionine was
modeled by four artificial symmetrical conformers with the tetra-
hedral geometry [37], while for the Leu-387 site of the H6 peptide
it was sufficient to include two conformers with the jump angle of
109.5�. The explicit modeling of restricted diffusion along the arc
was included for Leu-387 as an additional motional frame with
nine sites separated by 5�, as described in [39].

The spherical diffusion motion of the free state of N-terminal
domain of Ab fibrils coupled to the conformational exchange with
the bound state was modelled in accordance with procedure out-
lined in [31]. Spherical diffusion was represented by small-angle
jumps between 192 discreet sites with the orientations uniformly
distributed on a unit sphere [40], while the bound state was repre-
sented by a single additional site with a fixed orientation and in
exchange with all free-state sites.

The inclusion of coherent interactions, evolution under MAS,
and the details of the detection schemes closely mirrored the pro-
cedure described in references [15,24]. In particular, the time
dependence under MAS of the Liouvilian matrix was modeled by
20 points equally spaced over a single MAS rotation period.
3. Results and Discussion

3.1. Experimental approach

The off-resonance Roff
1q experiment (Fig. 2) relies on the align-

ment of magnetization along the effective field, given by the vector
sum of xRF(spin-lock field) and X (off-resonance offset), which we
will refer to as the tilted axis. As will be elaborated in detail in the
Theory and Computational Approaches section, the relaxation rate
thus has contributions originating from the longitudinal laboratory
frame component (T1), which has to be measured independently or
taken into account experimentally. The experiment can also be
more precise if one starts with the inversion of the magnetization,
in analogy to the inversion recovery experiment. Thus, our pulse
sequence consists of the heat compensation block, followed by
an optional inversion pulse, followed by the variable-time spin-
lock flanked by the alignment elements, the latter described in
detail below. The detection block is either a single 90� pulse when
the measurement is performed under MAS condition, or can be
replaced by the quadrupolar echo detection scheme for the static
conditions [18,24]. The experiment is repeated for a series ofX val-
ues and can employ several values of xRF .

Molecular motions can significantly narrow the line shapes and
an efficient alignment of magnetization for deuterium requires
optimization of adiabatic shape pulses for specific magnitudes of
the effective quadrupolar tensor. Fast methyl rotations average
the quadrupolar coupling constant, Cq, by a factor of 1/3 to about
55 kHz, with the possibility of the additional motions further
affecting the line shapes [25,28,29]. In our systems additional slow



Fig. 2. Pulse sequence for the 2H solid-state static Roff
1q measurements under MAS conditions. The heat compensation block (Tmax-T) is followed by the inter-scan delay d1 and

the (optional) inversion pulse, followed by a shaped pulse consisting of a variable spin-lock period(T) which is flanked on both sides by the adiabatic alignment ramp of the
form tanh/tan (Eq.2). The optimized adiabatic shape parameters are a = 1.5, b = 5, s = 200 ls and the steepness DX0 of 40–120 kHz range. The last 90� pulse immediately
precedes FID collection. For the experiment under static condition, the quadrupolar echo detection scheme can be added.
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motions lead to the effective magnitudes of the tensor in the 3 to
58 kHz range.

To achieve the adiabatic alignment of the magnetization, we
have employed the conventional ‘‘tanh/tan” shape [30] with the
RF field modulations given by

xRF tð Þ ¼ xRF
tanha t=sð Þ

tanha
ð2aÞ

where s is the duration of the ramp and a is the steepness
parameter.

The modulation of the offset during the ramp time is given by
Xþ DX tð Þ, where X is the final frequency offset after the ramp
and DX tð Þ is the additional offset during the ramp time:

DX tð Þ ¼ DX0
tan atanbð Þ 1� t=s½ �ð Þ

b
ð2bÞ

where DX0 is the sweep and b is the steepness parameter for the
offset.

The parameters that require optimization are the steepness a
and b, the pulse duration s, and the sweep DX0. The optimal sweep
depends on the effective tensor magnitude [25,41,42], ranging in
our cases from 120 kHz for the effective Cq value of 55–58 kHz
to 40 kHz for the effective Cq value of 3–10 kHz. A short duration
of around 200 ls ensures no significant relaxation occurs during
the ramp period. For the short pulse duration of 200 ls the best
value of a is around 1.5 with b = 5, as tested computationally for
Cq of 55 kHz. Several examples of these optimizations are shown
in Fig. 3 and Figure S2. The second ramp brings magnetization
along the z-axis of the lab frame.

Another obvious option is to perform the alignment with a sin-
gle hard pulse corresponding to the desired value of the offset. This
method is more prone to errors due to pulse calibrations, uneven
powder pattern excitation, differences in chemical shifts when
multiple conformers or sites are considered, and effects of the RF
field inhomogeneity.

If the measurement is performed under MAS, it is important to
be aware of multiple rotary resonances at the conditions given by
xeff ¼ n

2xMAS, where n is an integer,xMAS is the MAS rate andxeff is
the effective spin-locking field along the tilted axis. The rotary res-
onance effect can be included in the analysis but renders the dis-
persion curve complicated. In this work we thus constrict the off-
resonance measurements under MAS to a low spin rate of 10 kHz
and RF amplitudes of at least 30 kHz.

3.2. Theory and computational approaches

I. General Equations for Roff
1q relaxation

The basis of the following operators constitutes the density
matrix for the spin 1 system:
4

bSx ¼ 1
2

0 1 0
1 0 1
0 1 0

0
B@

1
CA; bSy ¼ 1

2

0 �i 0
i 0 �i

0 i 0

0
B@

1
CA;

bJx ¼ 1
2

0 �i 0
i 0 i

0 �i 0

0
B@

1
CA;bJy ¼ 1

2

0 1 0
1 0 �1
0 �1 0

0
B@

1
CA ð3Þ

bJz ¼ 1ffiffiffi
2

p
0 0 �i

0 0 0
i 0 0

0
B@

1
CA; bK ¼ 1ffiffiffi

2
p

0 0 1
0 0 0
1 0 0

0
B@

1
CA;

bSz ¼ 1ffiffiffi
2

p
1 0 0
0 0 0
0 0 �1

0
B@

1
CA; bQ ¼ 1ffiffiffi

6
p

1 0 0
0 �2 0
0 0 1

0
B@

1
CA

The first row represents the single-quantum coherences, fol-

lowed by two double-quantum coherences, bK and bJz.bSz and bQ
stand for the Zeeman and quadrupolar order. They obey the follow-
ing normalization condition tr(Ok

+Ol) = dkl.
During the spin-locking or saturation periods and in the frame

rotating with the Larmor frequency, the secular part of the Hamil-
tonian is given by

bH ¼
ffiffiffi
2
3

r
xQ

bQ þ
ffiffiffi
2

p
xRF

bSx cosXt � bSy sinXt
� �

where xRF is the spin-l RF field strength and X is its off-resonance
offset.

xQ ¼ 3p
2

Cq
3cos2H� 1

2
þ g
2
sin2 H cos 2/

� �
ð4Þ

is the frequency of the secular part of quadrupole interaction with
the angles (H;/Þ representing the rotation of the principal-axis sys-
tem (PAS) of the quadrupole interaction with respect to the labora-

tory frame. The quadrupolar coupling constant is given by Cq ¼ e2qQ
h ,

and g ¼ qxx�qyy
qzz

represents the asymmetry of the tensor, defined in

the interval 0 6 g 6 1 with qzzj j P qyy

�� �� P qxxj j. eQ is the electric
quadrupole moment of the nucleus and eq is the largest component
of the electric field gradient.

Under the MAS conditions and for g ¼ 0

xQ tð Þ ¼ 3p
4

Cq

ffiffiffi
2

p
sin 2HMAS sin xMASt þ /MASð Þ

�
� sin2 HMAS cos 2xMASt þ 2/MASð Þ

�
ð5Þ

where HMAS and /MAS are the polar and azimuthal angles with
respect to the axis of rotation, respectively.

In the frame additionally rotating around the z-axis with the
offset frequency of X, the secular part of the Hamiltonian becomes



Fig. 3. The effectiveness of the adiabatic magnetization alignment for the tanh/tan ramp (Eq. 2) for various parameters. The calculations were performed using Cq = 55 kHz
and the spin-lock field of 30 kHz. A) The final magnetization along the tilted axis at the end of the ramp M’ as a function of offset X for three values of DX0 indicated in the
legend, with a = 1.5, b = 5. B) M’ along the instantaneous tilted axis during the pulse duration time t for several values of a and b = 5. C) M’ along the instantaneous tilted axis
during the pulse duration time t for several values of b and a = 1.5. Static conditions were assumed.
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bHsec ¼
ffiffiffi
2
3

r
xQ

bQ þ
ffiffiffi
2

p
xRF

bSx þ
ffiffiffi
2

p
XbSz ð6Þ

The evolution of the density matrix can be written using the
basis of Eq.(3) in the superoperator formalism. The matrix defining
the evolution equation in Liouville – von Neumann formalism is a
sum of the Hamiltonian super-operator for the spin density matrix
and Markovian transition rate matrix between states with different
values ofxQ , representing different spin environments. As a result,
it implicitly includes the relaxation due to the fluctuations in the
xQ value, which, in general, cannot be treated within the Redfield
approximation. The rapidly oscillating non-secular part of the
Hamiltonian is treated in the 2nd order of the perturbation theory,
i.e. in the Redfield approximation for rapidly oscillating terms [43].
As we will discuss in detail later, they include all the terms of the
spectral density function of the order of the Larmor and twice the
Larmor frequency.

If the molecular motions are given by discrete jumps between n
sites with different values of xQ sampled by the conformational
exchange, the evolution matrix becomes
5

d
dt

q1

q2

..

.

qn

0
BBBB@

1
CCCCA¼

iL1 þK11 �RL;1 K12 � � � K1n

K21 iL2 þK22 �RL;2 � � � K2n

..

. ..
. . .

. ..
.

Kn1 Kn2 � � � iLn þKnn �RL;n

0
BBBB@

1
CCCCA

�

q1

q2

..

.

qn

0
BBBB@

1
CCCCA ð7Þ

where qi ¼ Sx; Sy; Jx; Jy; Jz;K; Sz;Q
� 	T are the components of the den-

sity matrix for the site i in the basis of the operators of Eq.(3). The
off-diagonal blocks represent conformational exchange and are
given by Kij ¼ kijI, where I is the 8 � 8 identity matrix and the
diagonal blocks Kii ¼ �P

j–iKji provide conservation of probability.
The 8 � 8 evolution matrices Li represent superoperators of the

secular part of the Hamiltonian bHsec in the basis of qi and are
given by:
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iL¼

0 �X �xQ 0 0 0 0 0
X 0 0 xQ 0 0 �xRF 0

xQ 0 0 X 0 �xRF 0 �
ffiffiffi
3

p
xRF

0 �xQ �X 0 xRF 0 0 0
0 0 0 �xRF 0 X 0 0
0 0 xRF 0 �X 0 0 0
0 xRF 0 0 0 0 0 0
0 0

ffiffiffi
3

p
xRF 0 0 0 0 0

0
BBBBBBBBBBBBB@

1
CCCCCCCCCCCCCA
ð8Þ

The rapidly oscillating terms of the quadrupole interaction con-
tribute to the relaxation of the coherences qi. They can be treated
in the Redfield approximation and result in the diagonal relaxation
matrix RL ¼ 3p2

2 C2
qdiag r1; r1; r2; r2; r3; r3; r4; r5ð Þ, with the following

terms:[44]

r1 ¼ 5
2 J1 xLð Þ þ J2 2xLð Þ

r2 ¼ 1
2 J1 xLð Þ þ J2 2xLð Þ

r3 ¼ J1 xLð Þ þ J2 2xLð Þ
r4 ¼ J1 xLð Þ þ 4J2 2xLð Þ
r5 ¼ 3J1 xLð Þ

ð9Þ

Note that relaxation terms in reference [44] include also relax-
ation due to changes in xQ values, which in this work are calcu-
lated in the Liouville – von Neumann formalism and are thus
excluded from the RL. terms of Eq. (9). The J1 and J2 terms are trea-
ted within the Redfield approximation, based on the assumption
that the relaxation rate is significantly smaller than the rate of
motions which cause it [43].

II. Relaxation in Redfield limit for static case

All computations done for the comparison with experiment
were performed in Liouville – von Neumann framework outlined
above. It is, however, instructive to gain some semi-quantitative
understanding of the relaxation by adopting a simplifying Redfield
approach, which allows for analytical treatment. In the Redfield
approximation, a single coherence represents all exchanging sites.
Its evolution is governed by the Hamiltonian given in Eq.(6) with
the quadrupolar coupling xQ averaged over the exchanging sites.
The relaxation matrix RL now includes contributions from the fluc-
tuations of the dipolar coupling calculated in the second order of
perturbation theory. Because equilibrium coherence for the Hamil-
tonian in the absence of excitation is not zero but Sz, the relaxation
matrix should multiply q� Sz rather than q: As the result, the evo-
lution of the coherence vector in the frame rotating around the z-
axis with the offset frequency of X is given by:

dq
dt

¼ iLq� R q� Szð Þ ð10Þ

where R is the matrix of relaxation rates, which is, in general, non-
diagonal.

First, we determine the equilibrium coherence. Assuming that
the relaxation rates R are much smaller than oscillation terms iL,
we consider the equilibrium coherence in the form
qeq ¼ bq0 þ dq, where q0 is a unitary coherence satisfying
Lq0 ¼ 0 and tr qþ

0q0

� 	 ¼ 1 and dq satisfies the condition
tr qþ

0 dq
� 	 ¼ 0. We assume that the dq term is small, as the relax-

ation matrix elements in R are much smaller than the oscillatory
terms in L under spin-locking conditions. The coefficient b thus
serves as the amplitude of the coherence at t ! 1. From the obser-
vational point of view, it is therefore seen as baseline of the mag-
netization decay.

Substitution into Eq. (10) yields
6

dqeq

dt
¼ 0 ¼ iL bq0 þ dqð Þ � R bq0 þ dq� Szð Þ
¼ iLdq� bRq0 þ RSz � Rdq

Taking trace with the q0 coherence one finds
i � tr qþ

0 Ldq
� 	� tr qþ

0 Rq0

� 	
bþ tr qþ

0 RSz
� 	� tr qþ

0 Rdq
� 	 ¼ 0. In the first

term, qþ
0 L ¼ Lq0ð Þþ ¼ 0 because L is a Hermitian operator and the

fourth term is of the second order in the relaxation rates. Taking
to account only the terms of the first order in R, one can solve
for b

b ¼ tr qþ
0 RSz

� 	
tr qþ

0 Rq0

� 	 ð11Þ

To estimate the relaxation rate, we note that the oscillating
coherences are rapidly averaged and that the observable coherence
is proportional to q0. Thus, the relaxation rate is given by

Roff
1q ¼ tr qþ

0 Rq0

� 	 ð12Þ
The Liouville operator iL, given in Eq. (8) has two linearly inde-

pendent eigenvectors with the eigenvalue zero. Without further
approximations, the analytical expressions for the coherence q0

span complicated combinations from all base coherences, which
makes analytic calculations cumbersome.

We therefore consider the limit of xQ � xeff , in which case one
of the coherences with eigenvalue 0 corresponds to the magnetiza-
tion along the tilted axis q0 ¼ sin h;0;0;0;0;0; cos h;0ð Þ with
h ¼ tan�1 X

xRF
. Another coherence with eigenvalue 0, corresponds

to the magnetization perpendicular to the tilted axis and can be
ignored. The relaxation rate becomes:[45]

Roff
1q ¼ tr qþ

0 Rq0

� 	
¼ 3p2

2
C2
q
3
2
sin2 h sin2 hJ0 2xeff

� 	þ cos2 hJ0 xeff

� 	� �


þ 5
2
� 3
2
cos2 h

� �
J1 xLð Þ þ 1þ 3 cos2 h

� 	
J2 2xLð Þ

�
ð13Þ

The baseline is:

b ¼ tr qþ
0 RSz

� 	
tr qþ

0 Rq0

� 	 ¼ cos hR1z

Roff
1q

ð14Þ

where

R1 ¼ 3p2

2
C2
q J1 xLð Þ þ 4J2 2xLð Þð Þ ð15Þ

is the usual rate of the longitudinal relaxation. The latter expression

follows from the fact that quadrupolar operator bQ commutes with

the operator bSz and therefore its fluctuations do not modify the
relaxation of Sz coherence. We note that, similar to the case of

homonuclear dipolar relaxation of spin-1/2 nuclei [14], Roff
1q is not

a simple combination of R1q and R1 due to the structure of the space
of coherences of Eq. (3).

Note that in our case the R1q term includes all effects due to
motions including the ‘‘intrinsic relaxation” for terms containing
J xLð Þ, which could be viewed as an equivalent of R0

2 contributions

[46]. Additional possible R0
2 contributions due to dipolar (with

external spin I, which would be especially important for the case
of a directly bonded 13C nucleus) and 2H CSA interactions are not
included in these expressions. The dipolar contributions could be
significant for larger values of X for which the initial coherence
would contain SzIz terms.

The spectral density functions J0, J1, and J2 depend on the orien-
tation of a crystallite in the lab frame. For a polycrystalline sample,
the observed value of the relaxation rate is derived from the single
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exponential fit of the relaxation decay curve [2]. This curve in turn
is the average of the relaxation decay curves for the individual
crystallites. When the initial coherence can be approximated as
the coherence of norm 1 aligned along the tilted axis,
q0 ¼ sin h;0; 0;0;0;0; cos h;0ð Þ, the relaxation leads to magnetiza-
tion decay between the values of 1 and b of Eqs. (13)–(15), corre-
sponding to the amplitude change of 1� b.

On the contrary, when the initial coherence is �q0, as is the case
for the relaxation experiment with inversion, the amplitude
changes between the values of �1 and b, corresponding to the
overall change in amplitude of 1þ b. We will demonstrate that
for a large class of applications relevant to the study of the side-

chain dynamics of proteins, the dependence of Roff
1q on crystalline

orientation is much more pronounced than the dependence of

the R1 term. If this is the case, the larger value of Roff
1q is positively

correlated with the smaller value of the baseline b and, therefore,
with the larger value of the amplitude change in the magnetization
in the experiment without initial inversion. The larger change of
the magnetization amplitude for a particular crystallite orientation
leads to the larger weight given to the relaxation rate associated
with this orientation in the averaging procedure based on the aver-
aging of the relaxation curves over all orientations. Thus, the initial
condition with no inversion renders the overall observed relax-
ation rate larger, due to the orientation-dependent baseline effect.
Conversely, when the initial magnetization is produced with inver-
sion, the baseline effect will lead to a smaller relaxation rate. This is
elaborated in more detail in SI3.

To demonstrate this difference in orientation dependencies, we
have performed a simple simulation (Fig. 4) with the model similar
to what we will encounter for some of the experimental cases in
the following section. The model includes the fast methyl three-
site jump mode and a slower large-angle 2-site jump mode with
the angle between the orientations of 90�. An additional example
yielding similar qualitative conclusions is shown in Figure S3, with
the motional model and its parameters similar to the case of
FMOC-methionine-D3.

Thus, in general the observed experimental relaxation rate is
expected to be different for the initial condition of the inversion
along the tilted axis. As can be seen from Fig. 4, the overall ampli-
tude change of the relaxation signal is significantly larger in the
case of inversion, especially for large values of the offset X; and,
therefore, experiments performed under the initial condition of
inversion provide a more precise measurements of relaxation rates,
Fig. 4. A): A correlation plot of Roff
1q with R1 for individual crystallites. The rates are calcu

baseline b for individual crystallites. The baseline values are obtained according to E
X
2p ¼ 40kHz. 6765 different crystallite orientations are included. The rate constant for thre
constant of 5 � 103s�1.
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in analogy to the accuracy of the inversion recovery experiment for
the laboratory frame relaxation rate measurements.

3.3. FMOC-methionine amino acid

I. Description of the FMOC-methionine structure and the
motional model for large angle jumps

FMOC-methionine (Fig. 1A) has a long methyl bearing side
chain and the FMOC group that mimics hydrophobic environ-
ments, such as those found in proteins’ hydrophobic cores
[37,47,48]. As such, it is a interesting model system for NMR tech-
nique development with application to studies of molecular
motions. The long side chain of methionine has three dihedral
angles, which, in principle, permit for 27 rotameric states. Of
course, not all of these states are populated in restricted environ-
ments, and, as such, we have found that the approximation of four
symmetrical conformers with tetrahedral geometry is a sufficient
model of rotameric inter-conversions in methionine [37]. In addi-
tion to the rotameric inter- conversion, there are fast methyl
three-site jumps that average the effective value of the quadrupo-
lar coupling constant to 58.3 kHz [25,42].

II. Implementation of the Roff
1q measurements

We will use FMOC-methionine to demonstrate the applicability

of the Roff
1q experiment with and without the optional inversion

pulse (Fig. 2) under static and 10 kHz MAS conditions, the use of
the tanh/tan ramp alignment, and a joint fit of the line shape and

Roff
1q data.
The experimental static powder pattern is narrowed compared

to what is expected in the absence of large angle motions (Fig. 5),
with the abrupt drop of intensity at around ± 14.4 kHz. With this
narrowing, we expect a relatively efficient locking with greater
than 24xRF–30 kHz, based on prior detailed analysis of the spin-
locking behavior in dimethyl-sulfone [15,24]. When performing
experiments under MAS, an additional consideration is to choose
the xRF value away from the major rotary resonance conditions,
given byxeff ¼ n

2xMAS, as discussed in the ‘‘Experimental approach”
section. We thus choose xMAS = 10 kHz, andxRF = 30 kHz. At the
static condition we also perform measurements at xRF of 20 and
30 kHz. In the Supporting Information (Figure S4) we show one
example of data obtained under 60 kHz MAS, indicating extensive
presence of rotary resonances.
lated according to Eqs. (13) and (15). B) The correlation of Roff
1q with the relaxation

q. (13). The Larmor frequency was xL
2p ¼ 61:4MHz, Cq ¼ 165kHz, xRF

2p ¼ 30kHz, and
e-site jumps was set to 5 � 109s�1, and the 90� 2-site jumps were modeled with rate



Fig. 5. Roff
1q data for FMOC-Methionine-D3 at static conditions, 9.4 T and 303 K, and at 10 kHz MAS conditions, 14.1 T and 310 K. A) A normalized experimental static QE

spectrum (black) overlaid with the simulations according to the model of Fig. 1A with krot = 2�107 s�1 and the ratio of rotameric populations of 13:1:1:1 (red) or krot = 2�107 s�1

and the ratio of 13:6:1:1 (blue) with Cq = 58.3 kHz. The simulated line shapes employed additional line broadening of 2 kHz in comparison to the experimental spectrum. B)
The spectrum at the 10 kHz MAS condition. C) Examples of magnetization decay curves for the Roff

1q measurements at the static conditions and the spin-locking field of 30 kHz
with and without the optional inversion pulse of Fig. 2. The two different values of the off-resonance offsets are shown directly on the panels. The integrated intensities were
collected over the entire spectral region. The lines represent the fit to the monoexponential function with baseline of Eq.(1). The tanh/tan ramp of Eq. (2) was employed for
magnetization alignment with a = 1.5, b = 5, andX0 = 120 kHz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The values of offsets are chosen to cover the tilt angles between
about 9 to 80�. The adiabatic alignment was achieved with the
tanh/tan ramp of Eq.(2) with a = 1.5, b = 5, and X0 of 120 kHz.
The efficiency of alignment against the theoretical values was
tested for one case under static conditions: X=2p=5kHz,
xRF=30 kHz for X0 values of 120 kHz and 80 kHz and coincided
within the error bars with the calculations of Fig. 3A. Another
experimental consideration is to minimize RF-induced heating to
the sample, and for that reason we use the interscan delay of
1.8 s forxRF = 20 kHz and 2.4 forxRF = 30 kHz. These delays were
previously optimized based on the T1 times of deuterated dimethyl
sulfone, whose relaxation times are very sensitive to slight changes
in temperature [24]. The maximum relaxation time during the
spin-lock period was set to 35 ms, again as the pre-caution to min-
imize RF-induced heating. The heat-compensation block of Fig. 2
ensured that the total RF-induced heating was the same for all
relaxation delays. The heat compensation pulse has a square shape,
to provide the same constant amplitude time period for different
relaxation delays. For the static case, the detection block of Fig. 2
was modified to incorporate the QE scheme with the 30–35 ls
echo time, which minimizes phase distortions due to probe ringing
effects [18].

The magnetization decay curves (Fig. 5 and Figure S5) were
sampled over the entire powder pattern in the static case and inte-
grated over all sidebands in the MAS case. The data were fitted to
the mono-exponential function with baseline (Eq. (1)) to account
for infinite sampling time and a clear presence of the baseline in
the experimental data. ForxRF = 30 kHz two versions of the exper-
iment were collected: with and without the optional inversion
pulse. As expected, the numerical value of the baseline is strongly
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affected by the inversion pulse, especially for large values of offsets
for which the T1 contribution to the relaxation is significant. This
effect is more pronounced when the T1 value is large compared
to the on-resonance rotating frame T1q = 1/R1q relaxation time.

The T1 contribution was measured independently by the inver-
sion recovery measurements (Figure S6) and the resulting values
were: 135 ± 5 ms for the 10 kHz MAS conditions and 114 ± 5 ms
for the static conditions. The differences between static and MAS
values reflect some differences in temperatures. The on-
resonance relaxation time T1q is 10–11 ms, which is significantly
smaller than the T1 value, accentuating the need to include the lim-
ited sampling of the magnetization decay curves in calculations

and fitting procedures. In general, the off-resonance Roff
1q measure-

ment will be more accurate for systems with smaller values of
the ratio T1=T1q. In this sense the methionine side-chains with rel-
atively long T1 values at room temperatures, compared to those
typically found leucine and valine residues [19,41,42], is a chal-
lenging test of the method.

As explained in the Theory section, the resulting Roff
1q rates, dis-

played in Fig. 6, in the presence and absence of the inversion do not
necessarily coincide. The reader is referred also to Eqs. (13)–(15).
Further, larger experimental uncertainties are expected for the
experiment in the absence of inversion, which is corroborated by
the data. Once we discuss the model’s parameters, we will also

directly compare the experimental ratio of Roff
1q values with and

without the inversion against the calculations.
One additional confirmation of the validity of the experiment is

to assess any potential differences in the positive and negative val-
ues of off-resonance offsets. In cases where the isotropic chemical



Fig. 6. Roff
1q rates in FMOC-Methionine-D3 versus xeff at A) static conditions, 9.4 T and 303 K, and B) 10 kHz MAS conditions, 14.1 T and 310 K with (black circles) or without

(blue circles) the inversion pulse of Fig. 2. The values ofxRF are indicated directly on the panels. The red circles represent the values of the on-resonance R1q relaxation rates.
The lines represent the best fit according to the model of Fig. 1A with the rotameric weights in the 13:6:1:1 ratio and krot of either 2�107 s�1 (yellow line) or krot = 4�107 s�1

(purple line), and Cq = 58.3 kHz. C) Experimental (black circles) and simulated (line) ratio of Roff
1q rates with and without the inversion pulse. The simulations were performed

with krot = 4�107 s�1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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shift interaction is the major contributor to the Roff
1q rates (such as

the case for 13C and 15N-based Roff
1q measurements) [2,49], and the

chemical shift of the conformers is significantly different, the relax-
ation rates can differ for positive and negative values of the offsets.
In our case the symmetry of the quadrupolar interaction, which is

the major contributor to the 2H Roff
1q relaxation, is such that no dif-

ference should be observed if the alignment is performed correctly:
for negative offsets the adiabatic sweep should start with � X0.
The equivalence of results from negative and positive offset values
was confirmed experimentally. We have also tested one additional
mode of alignment in which the adiabatic pulse is designed in such
a way that the effective field is constant throughout the pulse. The

results are presented in Figure S7 and yield identical Roff
1q dispersion

profiles to that of the more conventional alignment of Eq. (2).
Due to the presence of multiple protons in this model com-

pound as well as in selectively deuterated peptides that we
employ, we have performed a version of the measurements in
the presence of proton decoupling during the spin-lock times for
the 10 kHz MAS condition to test for potential coherent contribu-
tions from proton dipolar network. We have not observed any
changes in the resulting magnetization decay curves. This indicates
that simulations of the relaxation rates need to take into account
only the quadrupolar interaction terms.

III. Fitting Roff
1q rates and line shape data to the motional model

Our next goal is to define the motional model and the corre-
sponding parameters that can explain both the line shapes and

the Roff
1q data (Figs. 5 and 6). In order to parametrize the rotameric

mode of Fig. 1A with four symmetrical conformers, we need to
know the relative weights (w1:w2:w3:w4) and the rotameric inter-
conversion rate constant krot, defined as the sum of the forward
and backward rates. In addition to these large angle fluctuations
there are also fast methyl three-site jumps, which may or may
not have an influence on the R1q rates beyond in three-fold
decrease in the value of Cq. Another possible motional mode are
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smaller-angle fluctuations within the rotameric wells [19,42,47].
These fluctuations usually lead to subtler modifications of line
shapes compared to the large-angle jumps, such as further narrow-
ing of the distance between the ‘‘horns” of the powder pattern and
slanting of the ‘‘shoulders” of the powder pattern. If they occur on a
very fast time scale, they may not have an effect on the R1q values
in the presence of the more effective slower large-angle jumps
mode.

Our fitting strategy is to first obtain a rough match of the model
parameters for the values of the on resonance R1q rate and the
shape of the QE pattern, focusing on the rotameric inter-
conversion mode. We start with the simplest assumption of a sin-
gle major conformer and three equivalently populated minor con-
formers in w:1:1:1 ratio and a single rotameric rate. With this
assumption, in order to approximately match the on-resonance
R1q rate of 100 s�1 at 30 kHz spin-lock field strength, one needs
the krot value on the order of 1.5 to 4.5 �107 s�1 with the value of
w in the range of 2–20. As usual, there is a correlation in the fitted
values of w and krot when only a single temperature is considered
[50]. However, the simulated line shape under these ranges of
parameters (see Fig. 5A red line, shown for w = 13) is very far off
from the experimental one. The next step is to assign unequal
weights to two out of the four conformers in the w1:w2:1:1 ratio.
This approach has also been used for joint fitting of the line shape
and 2H quadrupolar CEST data of Met-35 side chain of Ab fibrils
[20,38]. The line shapes are significantly more sensitive to the
numerical values of the weights (Figure S8) in comparison to the
on and off resonance R1q rates (Figure S9). If we keep the krot value
in the range necessary to approximately fit the on resonance R1q
value of 100 s�1, which is given by krot of 2-4�107 s�1, then the
required ratio of populations is 13:6:1:1. Several examples of sim-
ulated line shapes are shown in Figure S8 to demonstrate the sen-
sitivity of the fits to the values of w1 and w2.

The experimental line shape has a clear slanting of the shoul-
ders, as well as the narrowed widths between the barely visible
horns of the powder pattern. Mechanistically, this indicates the
presence of smaller-angle motions inside the rotameric wells.
Intra-well motions much faster than inter-well jumps have a



Fig. 7. Experimental data for A2-CD3 methyl site in the disordered N-terminal
domain of Ab1-40 fibrils, obtained at 14.1 T and 310 K under static conditions. A)
Experimental 2H line shapes using the QE pulse sequence.[31] B) An example of Roff

1q
magnetization decay curve for the spin-locking field of 15 kHz, the offset value of
35 kHz and other parameters detailed below. The intensities were integrated over
the � 2.5 to 2.5 kHz spectral region. The line shows the fit to the monoexponential
function with baseline of Eq. (1). C) The relaxation times, Toff

1q ¼ 1=Roff
1q , (black circles)

versusxeff. The tanh/tan ramp of Eq. (2) was employed for magnetization alignment
with a = 1.5, b = 5, X0= 40 kHz, and the spin-locking field of 15 kHz. The line
represents the simulations according to the model of Fig. 1B with D = 3.5�106 rad2/s
and kex = 3 �104 s�1, and pbound = 0.08.
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negligible effect on the R1q rates. Its effect on the line shape can be
very roughly included as additional exponential line broadening.
Thus, all simulated static spectra for FMOC methionine are shown
with an extra line broadening of 2 kHz in comparison to the exper-
imental data. Deuteron-deuteron dipolar interaction and potential
contributions from proton dipolar network could also be partially
responsible this broadening [51] and we are not able to distinguish
the two effects based on the line shape alone. The presence of
intra-well motions was shown in our prior work based on the tem-
perature dependence of T1 longitudinal relaxation times in FMOC-
methionine in a wide temperature range of 325–150 K [48]. On the
other hand, the fact that the proton decoupling does not change
the observed rotating frame relaxation rate at a low MAS of
10 kHz indicates that the residual inhomogenous broadening due
to proton dipolar network is relatively minor. A more quantitative
approach of the effect of the intra-well motions on the line shapes
is explored in the Leu-387 H6 peptide section. We emphasize that
while in our approach the effects of motions are included in expli-
cit motional modeling, it is possible to draw comparison to effec-
tive tensor characterization obtained using modern site-specific
approaches [25–29] by calculating the resulting values of effective
quadrupolar coupling constants and asymmetries, or even order
parameters.

We do not need to include the additional fast methyl jumps

mode into simulations of Roff
1q rates, because the rotameric mode

alone yields T1 value of 97–183 ms. The three-site fast methyl
jumps with the rate constant greater than 1� 1010 s�1 are not an
effective mechanism of T1 relaxation in the presence of the rota-
meric motions, which are closer to the Larmor frequency.

Finally, once the range of parameters is narrowed, we perform
simulations with the relative weights of 13:6:1:1 and a range of
krot values around 1-5�107 s�1 for the entire relaxation dispersion
profiles obtained with and without the inversion pulse. The best
fit for both static and 10 kHz MAS condition (shown in the solid
lines Fig. 6) in the presence of the inversion pulse is given by the
krot = 4 �107 s�1. An example of the fit’s sensitivity to the rate con-
stant values is shown in Figure S10. The fit in the absence of the
inversion pulse (collected at 30 kHz spin-lock field only) is not as
good, with the pattern of simulations deviating from the experi-
mental line. As the precision for the non-inversion experiment is
worse, it is more prone to experimental imperfections, such as RF
inhomogeneity, which may obscure some features of the disper-
sion profile.

We also compare the experimental ratio of the Roff
1q rates with

and without the inversion pulse to the calculated ratio using the
best-fit model parameters. While there is a qualitative agreement,
the shape of the experimental profile is again somewhat different
from the computed one, due to the discrepancies in the dispersion
profile of the data without the inversion pulse (Fig. 6C). Unlike the
theoretical calculations of Fig. 4 and Figure S3 (the latter one with
the model parameters matching what we have found for the
FMOC-methionine system), the computations in this case involved
the full Liouvilian approach.

Another good control for the validity of the model is to perform
complementary 2H CEST measurements, which should be sensitive
to the same types of motions and are expected to be consistent
with the same model and its parametrization. We have performed
such measurement at the 60 kHz MAS condition, presented in Fig-

ure S11, which cross-validated the results obtained from the Roff
1q

experiment.

3.4. N-terminal disordered domain of Ab1-40 fibrils

Ab1-40 fibrils, which comprise deposit in brains of patients with
Alzheimer’s disease, form a complex biomolecular system for
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which multiple structural and dynamic investigations have been
performed [33,52–55]. The structure of the fibrils consists of the
hydrophobic core spanned by b-sheets and a disordered N-
terminal domain [33,34,52,53]. We have extensively studied the
dynamics of the disordered domain with 2H solid-state NMR and
determined that it undergoes a conformational exchange between
at least two states: a free state that undergoes large scale rear-
rangements and leads to significant spectral narrowing (Fig. 7A)
and a bound state, in which the domain transiently interacts with
the core and the large scale rearrangements are quenched
[15,31,32,56]. The labeled methyl group of A2-CD3 is located at
the N-terminal flexible terminus.

We applied the Roff
1q experiments to the hydrated Ab1-40 fibrils in

its 3-fold symmetric polymorph [33,34] using the spin-locking
field of 15 kHz strength under static conditions. The lower spin-
locking amplitude is sufficient in this case because of the signifi-
cantly smaller value of the effective tensor in the free state (the
value of Cq is in around 3 kHz) [31] and helps in controlling the
RF-induced heating, which would be detrimental to the sample.
The adiabatic alignment can be achieved using the tanh/tan shape
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with the 40 kHz sweep-width. The longitudinal relaxation time is
measured to be 35 ms (Figure S6).

The results are shown in Fig. 7. We apply the previously devel-
oped model of Fig. 1B [31], which consists of several fitting param-
eters: the fraction of the bound state which was determined from
the line shape decomposition as 0.08. The conformational
exchange constant kex and the effective isotropic diffusion coeffi-
cient D, representing the large-scale rearrangements of the free
state. The R1 factor was taken into account phenomenologically,
by including an additional term in the Liouvillian evolution matrix,
which was identical for all eight coherences of Eq. (3) [38]. The
parameters obtained from the prior on-resonance 2H R1q results
at static conditions were D = 3.5�106 rad2/s and kex = 3 �104 s�1 with
pbound = 0.08. This same set or parameters yields a good fit to the

new Roff
1q data. Thus, in this case we have confirmed the model,

but we did not obtain any further insights in comparison to the
on-resonance experiments [15].

3.5. H6 helix measurements permit for model refinement

The H6 helix is a 15-residue peptide which was labeled at a sin-
gle residue of Leu-387. The synthesis leads to 50% labeling for each
of the two prochiral methyl groups of the leucine. The numbering
of the residue corresponds to its position in the full length a-helical
domain construct of apoB protein (Fig. 1C). The peptide, produced
by the solid-state peptide synthesis, was solvated with triolein to
50% weight content. Thus, if there are any differences between
the two methyl groups, our results will be an average of the two
sites.

Our goal is to determine the rotameric inter-conversion dynam-
ics for the leucine residue in this peptide. The static QE line shape
indicates two essential features in comparison to the rigid-like pat-
tern that would be expected in the absence of slow motions but in
the presence of fast methyl three-site jumps, shown in Figure S12A.
Fig. 8. Experimental data for the H6 helical peptide hydrated with triolein and with the d
versus xeff for two values of spin lock fields indicated on the panels. The red circles repre
with the 10 kHz MAS rate. The dotted line shows the fit to the two-site rotameric exchan
in the 2:1 ratio. The solid line represents the fit to the model involving a distribution of r
2H line shape under static conditions collected at 9.4 T and 295 K with the quadrupolar e
rotameric exchange model with the single value of krot = 2000 s�1. An additional mode of
central peak represents residual natural abundance triolein signal. (For interpretation of t
of this article.)
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One observes the rise of the intensity in the central component,
which is due to the large-angle motions of the side chain as a result
of rotameric interconversions, as well as an additional narrowing
of the distance between the ‘‘horns” which arises due to smaller-
angle restricted motions within the rotameric wells. It is sufficient
in this case to model the rotameric interconversion with the two-
site model of the effective 109.5� angle jumps, representing the
exchange between the two most likely conformers of the leucine
side chain: v1 = 300� v2 = 180� and v1 = 180� v2 = 60�. (Fig. 1C)
[57]. Theoretically there are nine conformers in the leucine side-
chain, whose weights depend heavily on the surroundings. The
two-site exchange model suggests a relatively restricted environ-
ment allowing for significant populations of only two conformers.
Their relative weights do not have to be equal. The small-angle
fluctuations within the rotameric wells can be fitted within a vari-
ety of models, out of which the model of the restricted arc motions
of the methyl axis has proven to be a good choice in leucine side-
chains of different protein systems [19,50]. The line shape can be
fitted well with the rotameric exchange rate constant krot of
2000 s�1 and the additional mode of fast restricted arc motions
with the arc length of 45� and the rate constant in the fast limit
with respect to the value of Cq. We have assumed the population
of rotameric states in the 2:1 ratio, which is reasonable assumption
given an asymmetric environment around the side chain. This ratio
cannot be determined unambiguously from the data at a single
temperature, as there is a significant correlation between the value
of krot and the relative weights of the rotamers. The central very
narrow peak in the spectrum represents residual natural abun-
dance 2H signal from triolein solvent and is not included in the
simulations.

The Roff
1q experiments in this case were performed under MAS

conditions with 10 kHz spinning rate, with employment of the
tanh/tan ramp using the value of sweep width of 120 kHz. Two val-
ues of spin-locking field of 17 and 30 kHz were used. The spectrum
euterium label on the Leu-387 methyl group. A) Relaxation times, Toff
1q , (black circles)

sent the on-resonance relaxation time. The data were collected at 14.1 T and 295 K
ge model of Fig. 1C with a single krot values of 2000 s�1 and populations of the states
otameric rates around this central value, as detailed in the text. B) The experimental
cho detection scheme (black) overlayed with simulations according to the two-site
fast fluctuations within the rotameric well is included, as described in the text. The
he references to colour in this figure legend, the reader is referred to the web version
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under MAS conditions and examples of magnetization decay
curves are shown in Figure S13, in which the sum of all side-
bands’ intensities have been used. The 2H T1 relaxation time, dom-
inated by fast methyl three-site jumps, was measured to be 51 ms
(Figure S6). Note, that the single-exponential nature of the two
magnetization decay curves suggests no major differences
between the two leucine methyl sites within the precision of these
measurements.

When the Roff
1q rates are simulated according to the 2-site

exchange model with a single rotameric rate of krot = 2000 s�1

and the 2:1 population ratio, there is a discrepancy in the experi-
mental and simulated trend, with the extent of deviations increas-
ing for larger values of offsets (Fig. 8A, dashed line). The fast
motions within the rotameric well have a negligible effect on the
relaxation rate (under 2–3% for our ranges). The R1 factor was

included phenomenologically into the Roff
1q simulations [38], as

explained in the previous sections.

Thus, we need a modified model to describe the 2H Roff
1q data.

One of the possibilities is to include a distribution of rotameric
rates, while maintaining the central value of 2000 s�1. To achieve
an agreement with the experiment we have used a uniform distri-
bution over ln krot, the width of which is 1.6 (Fig. 8A, solid line). As
was the case for the line shapes, there is also the ambiguity/corre-
lation between the choice of the relative weights of the rotamers
and the value of krot (Figure S14 and S15), shown for the on-
resonance R1q). As a control for this more complex model, we have
confirmed that the fitted line shapes in the presence of the distri-
bution of krot are very similar to the single rate fit (Figure S12B).
The need for this distribution signifies a more complex heteroge-
nous environment around the methyl groups, which might be
responsible for binding properties of the H6 helix.

Additionally, we have explored the idea of enhancing the deu-
terium polarization via proton-deuterium Hartmann-Hahn cross-
polarization (CP) prior to the deuterium rotating frame relaxation
period. This polarization step, in principle, can also be useful for
studies involving indirect dynamic nuclear polarization [58]. The
H6 construct is a good candidate to evaluate the efficiency of
the enhancement in biological systems due to low proton T1
relaxation time of 0.8 s, as well as due to relative proximity of
directly bonded protons to the deuterated methyl group in the
leucine side-chain. With the ramped-CP approach [59] the best
efficiency of the enhancement did not exceed 1.25. The optimized
CP contact time of 3 ms and the RF fields of 42 kHz on 2H and
52 kHz on 1H were employed. A linear amplitude ramp between
70 and 100% was used on deuterium during the contact time. The
relatively low efficiency is likely due to the mobility of the methyl
-bearing side chain and the Cq value of 55 kHz for the quadrupo-
lar interaction.

In conclusion, we have demonstrated the 2H Roff
1q measure-

ments could be a useful tool for investigations of molecular
dynamics in a variety of biomolecular systems. We note that spe-
cial care has to be taken for the optimization of the alignment of
magnetization along the tilted axis and the choice of RF field
amplitude for the spin-lock under MAS conditions to achieve suffi-
cient locking without encountering potential complications caused
by rotary resonances. The values of the T1=T1q ratio can somewhat
affect the sensitivity of the measurements to slow motions and
guide the choice of the relaxation delays employed in the
measurements.

We have demonstrated that these techniques can be applied to
amyloid fibrils and large triacylglycerol emulsions, systems that
are notoriously difficult to access. The methods described here
provide new means to investigate details of internal motions in
large and complex systems.
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