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Abstract

Slow timescale dynamics in proteins are essential for a variety of biological functions spanning
ligand binding, enzymatic catalysis, protein folding and misfolding regulations, as well as protein—
protein and protein—nucleic acid interactions. In this review, we focus on the experimental and
theoretical developments of 2H static NMR methods applicable for studies of microsecond to
millisecond motional modes in proteins, particularly rotating frame relaxation dispersion (Ry,),
quadrupolar Carr—Purcell-Meiboom-Gill (QCPMG) relaxation dispersion, and quadrupolar
chemical exchange saturation transfer NMR experiments (Q-CEST). With applications chosen
from amyloid-p fibrils, we show the complementarity of these approaches for elucidating the
complexities of conformational ensembles in disordered domains in the non-crystalline solid state,
with the employment of selective deuterium labels. Combined with recent advances in relaxation
dispersion backbone measurements for 1°N/23C/1H nuclei, these techniques provide powerful tools
for studies of biologically relevant timescale dynamics in disordered domains in the solid state.
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1. Introduction

Dynamical modes in proteins are essential for a variety of biological functions spanning
ligand binding, enzymatic catalysis, protein folding and misfolding regulations, as well as
protein—protein and protein—nucleic acid interactions.[1,2,3,4] Slow motions in
microseconds and milliseconds are recognized as the most important of these regulations
and a variety of methods have been developed to probe them, in which solution and solid-
state NMR techniques play a central role.[5] The solid phase allows the direct observation of
timescales of the order of or larger than the typical overall molecular tumbling times found
for globular proteins in solution and also permits for the investigation of the hydration
dependence of the dynamics.[6,7,8] For non-soluble proteins such as those found in
membranes and misfolded fibrillar aggregates, solid-state techniques are of particular
importance.[9,10,11,12]

Recent advances in solid-state NMR techniques for the characterization of microsecond-
millisecond range dynamics have focused on relaxation dispersion-based approaches
probing the backbone 1H, 13C, and 1°N sites with site resolution enabled by magic-angle
spinning (MAS).[9,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28] In particular, much
effort has been devoted to Carr—Purcell-Meiboom-Gill (CPMG)-based and rotating frame
relaxation techniques (Ry,), both of which can probe the fluctuations of either the isotropic
chemical shift or the reorientations of the dipolar and chemical shift anisotropy tensors. The
isotropic component is often analyzed within the Bloch-McConnell formalism[29] in
analogy with solution NMR approaches,[30] while the fluctuations of the anisotropic tensors
often require the full Liouvillian treatment. The near-rotary Resonance Relaxation
Dispersion technique is an example of one of these recently developed techniques for
anisotropic interactions.[13,16,18,23]

Spin-1 deuterium nuclei are known to be sensitive dynamic probes and they represent a
convenient system from theoretical and experimental standpoints: the major interaction is
quadrupolar coupling with tensors in the 150-200 kHz range.[6,7,31,32] The resulting
spectrum is narrower than for other commonly considered quadrupolar nuclei. Compared
with the magnitude of the quadrupole interaction, the CSA and dipolar interactions for the
1H, 13C, and 1°N nuclei can be neglected in most cases. The resulting theoretical and
computational treatments thus essentially represent a single particle case. Deuteron NMR in
the solid state can be particularly advantageous for studies of motions in protein side-chains.

[7]

This review summarizes recent developments in 2H solid-state NMR techniques for
applications to investigations of slow motions in proteins with examples chosen primarily
for the insoluble amyloid fibrils of amyloid-p (AB) protein implicated in Alzheimer’s
disease. The primary focuses are the £y, quadrupolar chemical exchange saturation transfer
(Q-CEST), and time-domain quadrupolar CPMG (QCPMG) techniques (Figure 1), which
we describe in detail for static conditions and discuss the future outlook for coupling them
with the MAS approach. More traditional line-shape analysis techniques have been widely
employed since the 1970s and provide the groundwork for all other approaches. They have
been extensively reviewed elsewhere[6,7,12,31,32,33] and we often compare the dynamical
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ranges of our techniques with those possible with line-shape analysis. They encompass a
wide range of applications including globular proteins, peptides absorbed on surfaces,
membrane proteins, and amyloid fibrils.[8,33,34,35,36,37,38] Of particular note is the
alternative modeling approach proposed by Meirovitch and coworkers.[39]

2. Theory
The basis of the following operators constitutes the density matrix for the spin 1 system:[44]
1010 10—i0 1O—iO 101 0
SXZEIOI,S),IQI' 0 _i’JXZEi O i’Jyzil O —1
010 0i O 0—-i0 0-10 1
(o0 oot [roo (oo @
J,=—l00 0| K=—=[000[S,=—=[00 0[0=—+|0-20].
2 2 2 6
\/_100 100 [00—1 [001

The first row represents the single-quantum coherences, followed by two double-quantum
coherences, K and J ,. S, and Q stand for the Zeeman and quadrupolar order.

During the spin-locking or saturation periods and in the frame rotating with the Larmor
frequency, the secular part of the Hamiltonian is given by

H = \/%wQé + ﬁwRF(S‘x cos Qt + ‘§y sin Qf),

where wgreis the RF field strength and Q is its off-resonance offset.

.2
wo =5 > + > sin” 8 cos 2¢ )

_3m,.(3cos’0—1 g
|+ A
is the frequency of the secular part of the quadrupole interaction. The quadrupolar coupling

eQqzz
h

dxx—4 .
XYY respectively. eQ
dzz

constant and the asymmetry of the tensor are C, = ,and 5 =

is the electric quadrupole moment of the nucleus and 1g,, = 1g,,) > 19y, are the components
of the electric field gradient tensor in the principal axes system. 7 is defined in the interval 0
< n< 1. The typical values of 2H quadrupolar coupling constants are in the 150 to 200 kHz
range. The relative orientation of the principal axis system of the quadrupole interaction and
the laboratory frame is given by the angles (6, ¢).

The value of w for an individual crystallite fluctuates in the presence of molecular motions
as a result of alterations in the principal axis system’s orientation. The terms fluctuating with
single and double Larmor frequencies are also part of the Hamiltonian and are treated within
the Redfield theory formalism (for details see Eq. 27-34 in reference[31] ).

The secular part of the Hamiltonian in the frame additionally rotating with the offset
frequency Q is given by:
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~

2 A ~ ~
Hsec = \/;CUQQ + \/ia)RFSx + \/EQSZ 4

The evolution of spin system is written in the Liouville-von-Neumann framework when the
dynamics is taken into account. Specifically, the motions can be taken into account through
discrete jumps between several sites representing different internal molecular configurations.
Continuous motions can be reasonably represented by a series of closely spaced sites.
Whether slow time scales can be adequately described by the Redfield approximation
depends on the exact nature of molecular motion. As we argue below, the approximation
must be replaced by more exact treatment for large scale fluctuations. In contrast, the rapidly
oscillating terms of the non-secular Hamiltonian, which do not appear in Egs. (3) and (4),
are treated in the second order of the perturbation theory within the Redfield formalism.[45]

The evolution equation in the presence of discrete conformational jumps between 77 5sites
with the different values of wg is given by

o1 Ai+Kyp Kipo o0 Kip ;1
dlm|_| Ku A+Kp- Ky |m 5
Pn K K, o Ap+ K\ pn

where p;= (Sx Sy Jx Iy Jn K Sz Q) T are the components of the density matrix for a site /
in the basis of the operators of Eq. (1). For the on-resonance situation, this reduces to the
4x4 space with p;= (S, Jx, K, @)7. The other four components of the density matrix are
decoupled and do not have to be taken into account. The CEST and Ry, experiments also
differ in the initial conditions for solving Eq. (5), which are p{0) = w{0,0,0,0,0,0,1,0) 7 for
the CEST experiment and p0) = w(1,0,0,0,0,0,0,0) " for the Ry, experiment, where w;is
the relative weight (occupation number) of site /.

The conformational exchange enters via the off-diagonal elements Kj;= kj;/, where /is the
8x8 identity matrix. The diagonal terms include the superoperator of coherent evolution as
well as relaxation terms due to the rapidly oscillating contributions. The full 8x8 evolution
Ajmatrices is then:

-1 -Q -wg 0 0 0 0 0
Q —r 0 wQo 0 0 —wgrp 0
wg 0 —r Q 0 —wrr O —\/§a)RF
0 —wg -Q -rp, orrp 0 0 0
A=10 0 0 —opp -r3 29 0 0 ©
0 0 wgp O 2@ —-r3 0 0
0 wrrp O 0 0 0 -r 0
0 0 Boggp 0 0 0 0 —rs
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The secular contributions of the rapidly oscillating terms (with the frequencies of w; and
2wy) are calculated to be: [46]

5
r = EJI(H’L) + J2Qwy)

1
rn=5J1@p) +J2Cop)

r3 = Ji(op) + J2Qwyr)
rqg = J1(op) +4J2Qwy)

r5 =3J1(or)

The relaxation due to changes in wp arises directly from the solution of Eq. (5). In the
Redfield limit, these terms would give rise to Jy. The static magnetic field strength
dependence enters Egs. (5) and (6) solely through the relaxation terms r; to 75, which are
only sensitive to timescales of the order of w,. Thus, for slow timescale motions, the main
contribution to relaxation is expected to be field independent.

For the Redfield limit to hold, the relaxation rate needs to be smaller than the rate of the
motions that cause it.[45] In particular, the transitions involving different Zeeman levels

. coék ®Q 2 .
yield a rate of the order of 7 < (@) k < k, where kstands for the motional rate
(3 +k

constant. If the Redfield approximation were used to calculate the relaxation rates due to
2
changes in wg, their value would be estimated as rp ~ wTQ. This condition serves as an upper

limit for the relaxation rate because the change in wg is taken as the value of wg itself.
When rg < kholds, the Redfield limit is applicable. The sufficient condition can be written
as wp < k. The Redfield limit is also an adequate approximation if the changes in wpare
much smaller than wg itself (e.g., the case of small-angle fluctuations) even for the case of
slow motions. The Redfield and Liouvillian approaches were recently compared for 1H R
relaxation under MAS conditions.[22] Further, the Redfield treatment is adequate for small-
angle fluctuations and spinning speeds far from the rotary resonance conditions, while the
Liouvillian treatment is necessary for other cases.

For the case of the QCPMG experiment, no spin-locking field is involved and thus the only

secular term in the Hamiltonian is \/ga)Qé. Thus, there is no mixing of the single-quantum
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coherences of Eq. (1) during the evolution period and only the S, coherence needs to be
taken into account.

To gain a qualitative insight into the behavior of the coherent (oscillating) and non-coherent
contributions to the relaxation, we focus on the on-resonance £, experiment. This case
leads to the space of four inter-converting coherences (Sy, Jy, K, @). We first consider the
limit of the coherent contributions in the absence of motions:

S, 0 -wg 0 0 S,
d|Je| |wo 0 —wrr —\Borr|J, o
dtfg| |0 WRF 0 0 K
o 0 3orr O 0 o
The eigenvectors of Eq. (7) with the corresponding eigenvalues are given by[46]
2CORF ~ (UQ ~ ~
o S+ Z—wl(K +4/30),0
Br_ls
TK - EQ’ 0 (8)
@0

o in RF (2. RAY .
V2o S ﬁjx 2o (K+430), xiw)

where cof = a)é + 4w . The frequency w, depends on the crystallite orientations. Motions

modulate the values of wg, but an additional variability arises due to the inhomogeneity of
the RF field. Thus, for the third and fourth eigenvectors, the complexity of the oscillations
depends on multiple factors other than the relaxation. The initial decay of magnetization has
a strong oscillating component, leading to effective “dead-time,” which has to be excluded
from the analysis [41]. Similar dead-time considerations have to be applied to the analysis of
15N Ry, relaxation under MAS conditions.[23] By contrast, the first two eigenvectors,

2 o ~ ~ ~ 1A S

G;—R;FSX + ;UTQI(K + ﬁQ) and @K - %Q, are non-oscillating eigenvectors. The term

2 ~ — ~ L .
(Z)—R;FSX + ;TQl(K + \/§Q) governs the magnetization decay curves beyond the dead-time for

the on-resonance single quantum Ry, measurement. This indicates that relatively strong RF
fields are needed for the effective locking and detection of .S, magnetization. The analysis

points to an option to focus instead on the quadrupolar order coherence O, for which the
effectiveness of locking is best for smaller RF fields. This option is discussed further in the
Future Directions section.

3. Experimental approaches

3.1 Hardware

The optimal performance of the console and probe setup for the 2H static measurements in
Figure 1 is governed by three major factors: the power requirements of the 2-2.5 s 90°
pulses needed to cover the full-width powder pattern, the spin-lock/QCPMG train power
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duty cycle requirements, and the minimization of the acoustical ring-down to the 20-30 s
range, beyond which the signal loss due to transverse relaxation becomes pronounced for
protein samples. The inhomogeneity of the coil is another consideration, as it leads to
dampening of the observed coherent oscillations. To accommodate a wide range of
temperatures, the setup needs to be optimized to protect the magnet from cold or hot air by
adjusting frame cooling flows and adding a flow line directly into the bore of the magnet.

3.2 Sample Preparation

Sample preparation for 2H static NMR often requires introduction of site-specific labels to
obtain residue-specific data. For small peptides up to about 100 residues in length, solid-
state peptide synthesis is a viable option. Another route is the usual protein expression
methodologies combined with strategies to label selective residue types.[47] For protein
powder hydration, water can be incorporated by either vapor diffusion or direct pipetting of
regular or deuterium depleted H,0. A typical required amount of material spans 10 to 30 mg
range for proteins with 30 to 70 amino acids.

3.3 Temperature Control

Temperature control is important for the accurate determination of dynamics and avoidance
of sample damage or dehydration. Lead nitrate can serve as a useful reference temperature
calibration standard, establishing the calibration curve without the additional RF heating
component. Temperature calibration can be performed by recording static lead nitrate line
shapes[48] and using the freezing point of D,0, 3.8°C, as the fixed point for the calibration.
A lanthanide complex, Hg TmDOTP, was also recently introduced as a sensitive internal
thermometer by Zhang et al.[49] As mentioned earlier, in QCPMG measurements, the
number of echoes should be limited to avoid sample heating, in addition to adjusting the
length of the inter-scan delay. RF heating in QCPMG experiments usually cannot be judged
directly from the temperature or heater power reported by the temperature controller.
However, lead nitrate calibration experiments can help in quantifying this effect.[50] For
hydrated powder protein samples, we have found that limiting the acquisition to 15-20
echoes with a recycle delay of 0.5-0.8 s is usually sufficient to avoid internal heating.

In the Q-CEST experiment, the RF field is weak (~1-3 kHz) but long saturation times
greater than 10 ms require recycle delays of at least 0.8 s for hydrated protein samples. The
Ry, measurement with the RF field strength in the 20-35 kHz range can introduce
substantial additional heating of the sample. While the heat compensation block controls for
identical heating throughout different delays of the same RF field, different RF fields still
need to be controlled for differential heating effects. Samples with sensitive values of T1 as a
function of temperature can be used as standards to calibrate differential relaxation delays
for each value of the RF field. As a first approximation, these calibrated values of the inter-
scan delays can be used for the protein samples of interest when the same probe is
employed.

3.4 Performing the experiment

3.4.1 Ry, experiment—The pulse sequence of Figure 1B utilizes a heat compensation
block to ensure a constant total spin-lock time throughout all relaxation delays and is
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conceptually analogous to the pulse sequences presented by Vega for half-integer
quadrupolar spins.[44] This pulse sequence has also been employed by Wimperis and
coworkers.[51] As with all relaxation dispersion techniques, the key factor to probing the
motions is to obtain the relaxation rates as a function of the spin-lock field that renders a
different extent of the refocusing of slow motions.[30]The spin-lock field strength can be
calibrated using a pulse sequence similar to the one in Figure 1B by adding a nutation pulse
with a 90° phase shift after the spin-lock period.

For hydrated protein powders, spin-lock fields higher than 25-35 kHz and relaxation times
beyond 20-30 ms can lead to temperature gradients throughout the sample. The lowest field
that can maintain the locking of the magnetization depends on the effective quadrupolar
coupling constant of individual samples. For methyl groups the typical value of Gy is 53-57
kHz after averaging over fast methyl jumps, leading to the minimum effective locking at
around 15 kHz RF field strength.[42] Smaller RF amplitudes in this case will not lock all of
the crystallite orientations and, thus, can contribute to changes in the effective relaxation rate
which should not be interpreted as a consequence of motions. If there are additional fast
motions that lead to further narrowing of the tensor, the condition on the minimum value of
the RF at which the effective locking is obtained is relaxed. This was observed to be the case
for the A2-CDg site in the hydrated AB1_4q fibrils, for which the additional fast motions,
which will be discussed in section 4.1, led to a very significant tensor narrowing (Figure 2B,
right panel). The relatively low signal governs how many points can be sampled along the
magnetization decay curves: in general, 10-15 relaxation delays are expected to be sufficient
with the lowest value in the 100-400 ps range depending on the extent of the coherent
oscillations in the initial decays. The static quadrupole echo detection block (z—90°—71), in
principle, permits for the relaxation anisotropy analysis. In practice, this is difficult to
achieve for protein samples due to low sensitivity and, thus, one usually focuses on the
major singularities of the spectra. Magnetization decay curves are in general non-
exponential and for higher sensitivity samples one can attempt a double exponentional fit
(Figure 2). For low sensitivity samples, a single exponential fit is usually performed, with or
without the baseline parameters, depending on the data. It is very important that the
modeling procedures utilize relaxation delays that are identical to the experimental
conditions.

3.4.2 QCPMG time-domain experiment—Historically, this technique has been
developed and applied to enhance the sensitivity of quadrupolar nuclei static line shapes and
detect motions based on the line shape.[6,50,52] We adapted this technique to measure the
transverse relaxation times in singly labeled protein samples using the time-domain
approach. Using Bruker neo console technology led to a significant reduction in artifacts in
the magnetization decay curves. Multiple full echoes (Figure 1A) refocus the motions as a
function of the spacing interval, zocpme = 72+ 271 + 90°/2. More than about 20 echoes can
introduce significant sample heating and this is recommended as an upper limit for protein
samples. The lowest value of zgcpmg is chosen to avoid sample heating and also limited by
the acoustic ringing of the console/probe setup. The maximum value of zqocpmg is limited
only by the length of the decay itself. The typical range for zgcpmc that we found useful is
50 to 350 ps. The total acquisition length for each value of zgcpmg defines the timescales of
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motions to which the experiment is most sensitive and can govern the shape of the relaxation
dispersion profiles, as further demonstrated in Section 4.1. Integrated echo intensities
(Figure 3) can usually be fitted to a single-exponential function with no offset. As expected
from the theory of quadrupolar coupling interactions, the magnetization decay curves in
Figure 2,3 as well as the Q-CEST saturation profiles for the A2-CDj5 site presented in
Section 4.2 did not change in the presence of proton decoupling power with 70 kHz power.

3.4.3 Q-CEST experiment—Q-CEST exploits the transfer of the saturation of
polarization between different conformational states due to the presence of conformational
exchange. Although there are some analogies with the solution NMR CEST and DEST
approaches,[30,53,54] the situation is more complex due to the anisotropic nature of the
quadrupolar interaction and powder pattern dependence. The measurement is repeated for
multiple values of the off-resonance offsets (Figure 1C), usually spanning the full range of
the effective quadrupolar coupling constant, and utilizes a weak RF field. A 1-3 kHz RF
field strength will likely suffice for most applications and this is governed by the condition
that the RF field strength should be smaller than the typical value of the difference in cg in
the two exchanging states. In order for the isotropic chemical shift fluctuations to potentially
contribute toward the Q-CEST profiles they have to be on the order of 8-12 ppm for the
saturation field of 1 kHz. The maximum saturation times employed are governed by the
restrictions imposed by the longitudinal relaxation competing with the saturation transfer
and sample heating considerations. The minimum saturation times are governed by the
efficiency of the conformational exchange (i.e., rate constants and populations). The typical
ranges of the saturation times for protein samples are expected to lie between 1 and 40 ms.
For offsets close to a zero frequency, a larger number of scans is usually necessary. In some
cases, it can be sufficient to perform the experiment for a single value of the RF field and a
single value of the saturation time; however, in many cases, it will be useful to have at least
two different fields and two different saturation times to provide a better set of constraints of
the modeled parameters. Because /, component commutes with the secular part of the
quadrupolar operator, spin-locking by weak RF fields is possible. Due to the weak RF field,
it is useful to perform field calibrations by employing a D,O sample using either methods
similar to those described for the /7;, measurements or a simple power calibration based on
a 90° pulse width.

Q-CEST significantly expands the sensitivity range compared with line-shape analysis by
orders of magnitude, and qualitative insights can be obtained by examining the modeled
saturation profiles for a simple 2-site jump scenario (Figure 4). The experimental and
simulated plots are usually shown for the ratios of intensities, at times ¢fand #= 0, referred to
as /(H//(0). The most general approach is to integrate /2 over either the entire powder
pattern or the spectral region most sensitive to the line-shape distortions. Coherent
oscillations are expected for /, and are most pronounced when Q = +wg (blue line in Figure
4C). Motions can significantly broaden these profiles, as shown in Figure 4C.

4. Example applications to Amyloid-g fibril systems

In this section, we demonstrate the applications of the 2H Rip, Q-CEST, and QCPMG
measurements to elucidate the dynamics of the disordered domain of ABq_4 fibrils.
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[38,40,41,42] A fibrils, hallmarks of Alzheimer’s disease, exist in multiple morphological
forms, of which we considered the more toxic 3-fold symmetric polymorph.[55] The
disordered N-terminal domain (residues 1-16) has been found to be mobile by multiple
studies and has been implicated in the aggregation control of Ap aggregates.
[56,57,58,59,60] These techniques permitted for elucidation of details of the conformational
ensemble of the domain. We focused on three selectively labeled sites spread throughout the
disordered region, A2-CDj3, t-H6-D3, and G9-D».

Examples of the experimental results are shown in Figure 5, which display plots of the
relaxation times 7'y, = % versus spin-lock field strength and 7, (QCPMG) versus zgcpme-
p

For the A2 and H6 sites, the /7y, data were fitted to a double-exponential function (see also
the magnetization decay examples in Figures 2 and 3); for the G9 site, the quality of the data
allowed only for a single-exponential fit with a baseline. The QCPMG measurements were
taken for zqcpmc Values between 53 and 303 ps. For these measurements, the direction of
the dispersion is the opposite that found in solution NMR for cases of probing isotropic
interactions. A possible source of this inversion is the anisotropic nature of the quadrupolar
interactions coupled with the solid powder system and different lengths of the time-domain
acquisition for small and large zgcpmc Values. We modeled this effect by zooming in on
individual crystallite orientations (we refer the reader to Figure S2 in [42]). Tollinger et al.
[62] also observed this inversion of the dispersion in the simulation for °N backbone nuclei
CPMG measurements under MAS conditions when the main motional mechanism was
assumed to be the reorientation of the anisotropic parts of the dipolar °N-'H and 15N CSA
interactions, rather than the isotropic chemical shift interaction.

The combined results of the 2H line-shape analysis[38] in the wide temperature range and
the QCPMG and Ry, data at the physiological temperature[42] led to the model (Figure 6A)
in which two mobile “free” states of the N-terminal domain undergo rotational diffusive
motions. Hydration induces significant line shape narrowing of the free state (Figure 7A),
[38] allowing for the use of the RF field amplitude as low as 5 kHz in the /7y, relaxation
dispersion measurements. The free states participate in the conformational exchange with a
single bound state. In the latter, there are no diffusive motions, the freezing of which likely
originates from the transient interactions with the structured hydrophobic core or
intramolecular interactions. QCPMG and £y, measurements complement each other by
probing somewhat different time scales of motions. For the case of the A2 residue, the Ry,
measurements are sensitive to the exchange between the bound state and slow diffusion free
state (with D, = 3-10 rad?/s, Ay » = 2-3-10% s™1 using notation of Figure 6A), while the
QCPMG relaxation primarily probes the exchange process of the fast diffusion state (with
D, = 1-108 rad?/s, ke 1 = 2-3-10° s71).[42] The relative populations of the slow and fast
diffusion states are 25% and 75% for the A2-CDj site, with a relative total fraction of the
bound state of 8% in relation to both free states. The relative fraction of the bound state as
well as the population of the slow diffusion state increase along the N-terminal sequence.
[38]

For the A2-CDg5 site, we also performed the Q-CEST measurements at RF field strengths of
1.3 and 2.5 kHz and at saturation times of 1 and 20 ms (the laboratory frame longitudinal
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relaxation at this site is 50 ms).[40] The profiles (Figure 7B) given by the /A#//0) values
were obtained by integrating over the entire spectrum, as no spectral distortions were
observed from the line shape. Using the model of Figure 6A with the parameters determined
from Ry, and QCPMG, we obtained a satisfactory fit to the Q-CEST profiles. However, the
sensitivity of the fit to the model parameters provides an additional insight into the
conformational ensemble of the N-terminal domain. In particular, the combined analysis of
all experimental data suggests that the conformational ensemble of the N-terminal domain
consists of a range of free states characterized by different diffusion coefficients (Figure 6B).
Conformational exchange likely occurs with a single bound state.

5. Other selected 2H solid-state NMR techniques for studies of slow
motions

In this section, we briefly mention selected additional 2H solid-state NMR techniques used
for studies of slow motions. These techniques have been extensively reviewed
previously[6,7,33,37,61,62] and the goal here is to draw some parallels with the more recent
approaches discussed in this work. Modifying the traditional line-shape analysis used under
static conditions involves the analysis of the spectral domain of the QCPMG-acquired data.
[52] The techniques improve the sensitivity and increase the dynamical range compared with
quadrupolar echo pulse sequences. Sensitivity enhancement is also obtained by analyzing
the side-band intensities under MAS conditions.[63] The nature of the multiple echo side-
band is fundamentally different from the MAS side-bands: the former arises due to
refocusing the spin part of the Hamiltonian, while the latter is due to spatial rotation. The
analysis of side-band intensities suffers from a lower resolution for each site than static
quadrupolar echo measurements. However, it provides site-specific resolution for samples
with different groups labeled with deuterium when their chemical shifts are resolved.[63,64]
Wimperis and coworkers[65] analyzed the side-band line shapes themselves, as opposed to
their intensities, to overcome this drawback. They also extended this method to compare
single-quantum with double-quantum line shapes[66] in a two-dimensional experiment,
which provides a sensitive test for the presence of the dynamics. An interesting option is to
perform MAS line-shape measurements under a slight offset of the magic angle.[67,68] 2H
chemical shift resolution is obtained in the 2H DQ dimension, while the quadrupole
parameters can be determined from the line shapes patterns reintroduced in the second
dimension by the magic-angle offset.

Laboratory frame 2H 77 relaxation, while sensitive to fast ps-ns timescales, can provide
estimates of slower timescales of the conformational exchange occurring during the
relaxation period of the inversion recovery/saturation recovery experiments in the presence
of multiple conformers or their distributions.[69] Boutis and coworkers also developed two-
dimensional 7;- 7, measurements with applications to water dynamics in elastin and
detected timescales as slow as 10 ps.[70]

6. Future directions

In regard to the /7y, experiments, in addition to single-quantum coherence, other coherences
can be selected in analogy to half-integer quadrupolar nuclei. For the 2H-detected hydrated
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protein sites, coherences that are refocused under lower RF fields can be especially
advantageous to avoid RF-induced heating. Quadrupolar order coherence is expected to have
smaller extent of incoherence oscillation and better refocusing under lower RF field
conditions than single-quantum coherence based on the first eigenvector of Eq. (8).[71] The
excitation scheme developed by Wimperis and coworkers can be used for the broad-band
excitation of the quadrupolar order.[72,73]

An obvious extension of the 2H Ri1p and CEST techniques discussed here is the inclusion of
MAS for multiple-labeled samples to achieve site-specific resolution. While this is in
principle possible and is a promising direction, a number of challenges have to be overcome.
Deuterium itself often does not have sufficient chemical shift resolution. In this case, it can
be obtained from the 13C labeled nuclei in the sample, but requires the introduction of
polarization transfer steps. Cross-polarization to quadrupole spin 1 nuclei has its own set of
challenges and a number of approaches have been developed to optimize the transfer.
[74,75,76,77] The efficiency of cross-polarization may be insufficient for dynamic sites such
as disordered domains, and INEPT-based transfer approaches can be required in these
situations.[78] Special isotopic labeling approaches may also be required to enable optimal
site-specific resolutions for complicated systems, such as those used in proton detection
schemes.[79] During relaxation blocks, similarly to the cases for 13C and 15N nuclei, rotary
resonance conditions have to be taken into consideration when choosing the experimental
conditions. An important distinction between these nuclei is that spin 1 leads to major rotary
resonances with the RF field not only around an integer multiple of spinning frequency but
also at the half-integer spinning frequency, which for spin 1/2 nuclei is seen only for the case
of homonuclear interactions.[13,18,19,20,23] Another important difference is the magnitude
of the quadrupolar interaction, which is of an order of magnitude larger than those entering
two-spin or multiple-spin % systems for 13C, 15N, and 1H nuclei. Thus, even for the case of
methyl groups with a motionally narrowed tensor due to methyl rotation, spinning speeds
beyond 60 kHz are required to average the interactions. For the Q-CEST experiment, the
fast/ultrafast MAS conditions could be especially advantageous to avoid breaking the
saturation profiles (such as those in Figure 7) into the multiple rotary resonances expected
for low-speed MAS.

7. Concluding remarks

Newly adapted 2H solid-state NMR relaxation dispersion and CEST approaches in
combination with more traditional line-shape analysis measurements demonstrate great
potential for the elucidation of the slow-timescale dynamics of the disordered region of non-
crystalline aggregates and fibrils. At present they have been fully explored under static
conditions requiring single-site labeling, but there is a clear possibility for extension to MAS
conditions. In combination with recent advances in backbone-based 15N/13C relaxation
dispersion techniques under MAS conditions,[13] this array of tools would constitute a
powerful combination for protein dynamics studies of biologically relevant timescales.
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. We review 2H static ssNMR methods for studies of slow motions in proteins.
. Main methods include: rotating frame relaxation dispersion,

. quadrupolar Carr—Purcell-Meiboom-Gill relaxation dispersion,

. quadrupolar chemical exchange saturation transfer.

. Applications are chosen from amyloid-g fibrils.
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Figure 1.

2H static/solid-state NMR pulse sequences [40,41,42] A) Time-domain QCPMG: The full
quadrupolar echo acquisition period (t,) is followed by the train of echo units (in square
brackets). d is the inter-scan delay and <, is the pulse ringing delay zqcpme = 72+ 271 +
90° /2. The following 16-step phase cycle is used: ¢1=X,V, =X, ~V; ¢r= VXV, X, =V, =X, =V, =X,
$3= VXY XY, =X~V =X V=XV, =X VX VX $rec= —X )Xy Modified from Larsen et al.
[43] B) R1p: the wrp(max-7) block is designed to provide heat compensation; the
preparation 90° pulse produces transverse magnetization and is followed by a variable spin-
lock delay wrp (7).[41] Detection is preceded by the quadrupolar echo. The phase cycle
corresponds to go=X; $1= V.Y $o= XX $rec = —V,¥. C) Q-CEST: The small amplitude RF
saturation pulse wrr (7,Q) acting on the longitudinal coherence is followed by the
quadrupolar echo for detection. [40] The phase cycle is ¢g1=X,—y, =X, ¥, X,~V, =X, V; $7=-V,
XY XY X VX brec= Y XY X Y X Y X
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Figure 2.

Examples of the experimental decay curves for the /7y, experiment obtained with the pulse
sequence shown in Figure 1B. A) Dimethyl-sulfone-Dg at two values of the spin-lock field
for the major singularities (horns) positions of the powder pattern at 73°C and 14.1 T field
strength. The solid lines correspond to the two-exponential fit. The inserts highlight the
initial decay region.[41] B) Example for the A2-CDg site of the AB1.4¢ fibrils in the 3-fold
symmetric polymorph for a 10 kHz RF field strength.[38] Integrals of the central peak
intensities (circles) versus time shown on a semi-log scale. Integration was taken over the
half-height spectral regions. The fits to the single-exponential function are shown by the blue
dotted lines, while the double-exponential fits are shown as the black lines. Examples of the
partially relaxed line shapes are displayed in the right panel, highlighting a pronounced
spectral narrowing. Data were acquired at 37°C with the static magnetic field strength of
14.1T.
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Figure 3.
2H QCPMG free induction decays obtain with pulse sequence of Figure 1A, shown from the

first echo in the repeated echo unit (designated by the square brackets in the pulse sequence)
for two values of zocpme. Acquired at 14.1 T and 37°C for the A2-CDg site of the hydrated
APB1.49 fibrils in the 3-fold symmetric polymorph.[42]
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Figure 4.
Simulated effects of the 2-site conformational exchange with Gy 1=55 kHz, C; »=180 kHz,

m=1p=0, p;=10%, and different values of k. A) 2H powder pattern line shapes. B) /(#//0)
for powder averages versus the off-resonance offset Q/2r for the saturation time of 100 ms
and wpA21 = 2 kHz. C) (§//0) versus the offset Q/2r for a selected crystallite orientation
with @ g1/2m =33.1 kHz and w g »/2m =10.1 kHz.[40]
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Figure 5.
Selected experimental 2H relaxation dispersion profiles for the N-terminal domain methyl

group sites of the hydrated AP fibrils at 37°C and 14.1 T.[38,42] £y, experiment: the fast
relaxing component of the double-exponential fits of the magnetization decay curves (Figure
2) versus the spin-lock field strength. QCPMG: transverse relaxation time 7, versus
TocpMma. resulting from the mono-exponential fits of the magnetization decay curves (Figure
3). The lines represent the fits to the model shown in Figure 6.
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Figure 6.
A) Cartoon representation of the motional model (three states) for the disordered N-terminal

domain of the hydrated AB1.-4¢ fibrils.[42] The N-terminal domain is represented by the
curved line, while the structured C-terminal domain is shown as the blue rectangle. The
bound state arises due to transient interactions between the two domains. In the two free
states, the N-terminal domain is subject to the isotropic diffusion with the diffusion
coefficients Dy and D,, Dy > D,, shown as the gray spheres, while in the bound state,
interactions freeze this mode. The chemical exchange rate constants corresponding to these
interactions are Agy 1 and Agx 2, respectively. The model also includes the relative populations
of all the states. B) A two-dimensional (D versus kgy) schematic representation of the
sensitivity of the probed time scales for the QCPMG (red), Ry, (blue), and Q-CEST (gray)
experiments for the A2-CDj site in the AB1.49 fibrils obtained from the )(2 values of the
corresponding fits.
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Figure 7.
Experimental results for the A2-CDg site in the hydrated Ap;.4¢ fibrils recorded at 37°C and

14.1 T. A) 2H static/solid-state NMR line shapes for the dry (dotted line) and hydrated (solid
line) states.[38] B) Experimental (circles) and simulated (lines) Q-CEST profiles. A#//0)
integrated over the entire spectrum versus Q/2r for saturation times of 20 ms (red) and 1 ms
(blue) and wrA27 of 1.3 and 2.5 kHz, as indicated on the panels. Simulations were
performed according to the model in Figure 6A, as described in the text. Reprinted from [40]
with a permission from the publisher.
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