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Deuteron Quadrupolar Chemical Exchange Saturation
Transfer (Q-CEST) Solid-State NMR for Static Powder
Samples: Approach and Applications to Amyloid-β Fibrils
Liliya Vugmeyster,*[a] Dmitry Ostrovsky,[b] and Riqiang Fu[c]

We provide an experimental and computational framework for
2H quadrupolar chemical exchange saturation transfer NMR
experiments (Q-CEST) under static solid-state conditions for the
quantification of dynamics on μs-ms timescales. Simulations
using simple 2-site exchange models provide insights into the
relation between spin dynamics and motions. Biological
applications focus on two sites of amyloid-β fibrils in the 3-fold
symmetric polymorph. The first site, the methyl group of A2 of
the disordered N-terminal domain, undergoes diffusive motions
and conformational exchange due to transient interactions.

Earlier 2H rotating frame relaxation and quadrupolar CPMG
measurements are combined with the Q-CEST approach to
characterize the multiple conformational states of the domain.
The second site, the methyl group of M35, spans the water-
accessible cavity inside the fibrils’ core and undergoes extensive
rotameric exchange. Q-CEST permits us to refine the rotameric
exchange model for this site and allows the more precise
determination of populations and rotameric exchange rate
constants than line shape analysis.

1. Introduction

Chemical exchange saturation transfer (CEST) experiments are
widely used in solution NMR spectroscopy for the elucidation of
minor conformational states exchanging with the major state at
a slow timescale.[1–4] The weak RF field saturates the minor
resonance when its offset matches its chemical shift and the
resulting reduction in the spin polarization transferred to the
major resonance via the chemical exchange. In a similar dark
saturation transfer (DEST) approach,[5] the minor state, which is
not visible due to a very large transverse relaxation rate, can
become saturated and observed via the transfer of the
saturated coherence to the major state during the conforma-
tional exchange. Simulations of these processes often involve
Bloch McConnell equations[6] and the Redfield limit
approximation.[7]

The situation in solids and, especially, for quadrupolar
nuclei, is more complicated due to the presence of anisotropic
interactions that require, in general the full Liouvillian
treatment.[8–9] An interesting application has been discussed by
Siemer et al.[10] CEST measurements can, in essence, be consid-
ered to be an off-resonance longitudinal rotating frame R11

experiment. Figure 1 shows an example of the pulse sequence
used in this work, in which a saturation period is followed by
the quadrupolar echo detection scheme.[11] The evolution of
such conditions in the absence of exchange has been
considered in detail.[12–14] It is useful to extend the experimental
and simulations approaches of CEST to deuterium nuclei, which
are sensitive to motions.[11] Deuterium has a modest quadrupo-
lar coupling constant, with a typical upper limit of about
200 kHz, which makes it easy to work with experimentally.
Further, the interaction is large enough to render most chemical
shift anisotropy and dipolar interactions negligible, which
simplifies theoretical and computational treatments.[15]

The goal of this work is to demonstrate how CEST can be
used for applications involving deuterium nuclei under static
solid-state powder conditions. The theory and computational
framework within the full Liouvillian treatment is presented for
the quadrupolar-CEST (Q-CEST) for deuteron nuclei and is
complemented by modeled 2-site exchange examples to gain
insights into the spin dynamics at the μs-ms timescale. We then
focus on applications to biological solids, particularly to the
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Figure 1. Pulse sequence for the Q-CEST experiment for 2H nuclei under
static powder conditions. After the inter-scan delay d1, the small amplitude
RF saturation pulse ωRF (t,Ω) is followed by the quadrupolar echo detection
scheme 90°–τ–90°–τ. The RF field strength and saturation pulse duration t
are chosen to fit the dynamic profile of the system as well as its longitudinal
relaxation characteristics and is applied for multiple values of the off-
resonance offset Ω. The phase cycle is φ1=x,-y, -x, y, x,-y, -x, y; φ2=-y, -x, y,
x, y, x, -y, -x; φrec=–y, -x, y, x, -y, -x, y, x.
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amyloid-β (Aβ1-40) fibrils labeled with deuterium at two sites.
One of these sites, the methyl group of A2, belongs to the
flexible N-terminal domain (Figure 2A), the dynamics of which
we have previously studied with on-resonance R11 relaxation,
quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) and line shape
approaches.[16–17] The second site, the methyl group of the M35
side chain, is a part of the water-accessible cavity of the
fibrils[18–21] (Figure 2A–C) and has been previously studied by
line shape analysis and longitudinal relaxation.[21–22] In both
these cases, Q-CEST provides additional information on the
dynamics that complements previous measurements.

2. Results and Discussion

2.1. Theory Overview

The density matrix for the spin-1 system can be written on the
basis of the following operators:[13]

bSx ¼
1
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0 1 0
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(1)

bSx , bSy , bJx , and bJy are coherences associated with the single-
quantum transitions, bK and bJz are coherences associated with
the double-quantum transitions, and bSz and bQ represent Zee-
man and quadrupolar order. The ninth coherence is propor-
tional to the unity operator and does not participate in any
interactions. The operators in the basis of Eq. (1) obey the
following normalization condition, tr(Ok

+Ol)=δkl.
During the saturation period and in the frame rotating with

the Larmor frequency, the Hamiltonian is given by Eq. (2):

bH ¼

ffiffiffi
2
3

r

wQ
bQþ

ffiffiffi
2
p

wRFðbSxcosWt þ bSysinWtÞ, (2)

where wRF is the RF field strength and W is its off-resonance
offset.

wQ ¼
3p

2 Cq
3cos2q � 1

2 þ
h

2 sin2qcos2�
� �

(3)

is the frequency of the secular part of the quadrupole
interaction, with the angles (q; �Þ representing the rotation of
the principal-axis system of the quadrupole interaction with
respect to the laboratory frame. The quadrupolar coupling

constant is given by Cq ¼
e2qQ

h , and h ¼
qxx � qyy

qzz
represents the

asymmetry of the tensor, defined in the interval 0�η�1 with j
qzz j � jqyy j � jqxx j . eQ is the electric quadrupole moment of the
nucleus and eq is the largest component of the electric field
gradient.

In the presence of molecular motions, the value of wQ for an
individual crystallite does not remain constant, but rather
changes due to alterations in the principal-axis system
orientation. In addition to the dependence of wQ originating
from molecular motions, there is an additional dependence of
wQ in powder solids on the orientation of the crystallite to the
static magnetic field, as is the case for all anisotropic
interactions. Additional terms in the Hamiltonian include

Figure 2. A) A diagram of one molecule of Aβ1-40 within the fibrillar structure.
The structure of the monomer for residues 9 and beyond is taken from the
protein data bank file 2LMP.pdb[34] and is shown as a ribbon diagram, while
the residues 1–9 of the N-terminal domain are shown schematically as a line.
The whole disordered N-terminal domain spans residues 1–16. The methyl
groups of A2-CD3 and M35-CD3 studied in this work (orange dots) belong to
the disordered N-terminal domain and the structured core, respectively. B)
Top view of the 3-fold symmetric fibrils structure,[34] with the side chains of
M35 pointing into the water-accessible cavity shown in red. C) The ensemble
of eight structural subunits of the 3-fold symmetric structure.[34] shown as
black ribbon diagram made in swisspdb viewer software.[43]
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quadrupole interaction terms, which fluctuate with single and
double Larmor frequencies. They are treated separately through
the Redfield theory.

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

bHsec ¼

ffiffiffi
2
3

r

wQ
bQþ

ffiffiffi
2
p

wRF
bSx þ

ffiffiffi
2
p

WbSz (4)

The evolution of the density matrix can be written on the
basis of Eq. (1) in the superoperator formalism. The Liouville–
von Neumann formalism combines the Hamiltonian super-
operator for the spin density matrix with the Markovian jumps
between states, with the different values of wQ simulating the
various spin environments. It, therefore, includes the relaxation
due to the fluctuations in the wQ value, which, in general,
cannot be treated within the Redfield approximation. The
rapidly oscillating part of the non-secular Hamiltonian, not
shown explicitly in Eq. (4), is treated in the second order of the
perturbation theory (i. e. the Redfield approximation for rapidly
oscillating terms).[7] As we elaborate later, these include all the
spectral density terms of the spectral density function of the
order of the Larmor and twice the Larmor frequency.

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

d
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(5)

where 1i ¼ ðSx; Sy; Jx; Jy; Jz; K; Sz;QÞT are the components of the
density matrix for site i on the basis of the operators of Eq. (1),
with the coefficients corresponding to the components of the
density matrix as for the operators themselves, but without
hats. The off-diagonal blocks represent conformational ex-
change and are given by Kij ¼ kijI, where I is the 8×8 identity
matrix and the diagonal blocks Kii ¼ �

P
j6¼i Kji provide the

conservation of probability. The 8×8 evolution Ai matrices,
which include the coherent evolution given by bHsec as well as
relaxation in the Redfield limit due the rapidly oscillating non-
secular components, are given by

A ¼
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(6)

The diagonal terms represent relaxation due to rapidly
oscillating quadrupole interaction terms similar to the approach
of van der Maarel.[23] In particular, these terms are treated as a
perturbation to the Hamiltonian of Eq. (4) and their secular
contribution can be calculated in the second order of the
perturbation theory:

r1 ¼
5
2 J1 wLð Þ þ J2 2wLð Þ

r2 ¼
1
2

J1 wLð Þ þ J2 2wLð Þ

r3 ¼ J1 wLð Þ þ J2 2wLð Þ

r4 ¼ J1 wLð Þ þ 4J2 2wLð Þ

r5 ¼ 3J1 wLð Þ

The relaxation terms in van der Maarel[23] also include
relaxation due to changes in wQ, which are calculated using the
Liouville – von Neumann formalism in this work and therefore
are excluded from Eq. (6). The J1 and J2 terms are treated within
the Redfield approximation based on the assumption that the
relaxation rate is significantly smaller than the rate of the
motions that cause it.[7] Indeed, the order-of-magnitude esti-
mate of the relaxation rates due to the exchange involving

different Zeeman levels is w2
Q k

w2
Lþk2 <

wQ

wL

� �2
k� k, where k is a

typical motional rate constant, while for relaxation rates due to
fluctuations originating from the secular terms at frequencies
much smaller than Larmor frequency the relaxation is propor-

tional to w2
Q
k and can be on the order of k or even smaller,

depending on the relationship between k and wQ.

2.2. Examples of Q-CEST Profiles for Different 2-Site Exchange
Scenarios

Conformational exchange can modulate an anisotropic inter-
action by affecting either the intrinsic tensor parameters of the
exchanging sites (i. e. modifying the spin part of the interaction)
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or by effecting the spatial part of the interaction via the change
in orientation. Both cases lead to a modulation of the value of
wQ (Eq. (3)) entering into the evolution matrix of Eq. (6).

We consider several simple cases (Figure 3 and Figure S1 in
the Supporting Information) for both these qualitatively similar
scenarios. Figure 3 shows a 2-site exchange between sites with
two values of Cq, namely 180 and 55 kHz, which are taken as
typical cases of the 2H tensor in the presence and absence of
methyl fast rotations.[15] The populations are taken in the 1 :9
ratio. The plots are shown for the ratios of intensities, at times t
and t =0, referred to as I tð Þ=I 0ð Þ. The intensities are integrated
over the entire spectra. For the range of values of the
conformational exchange rate constants kex, the saturation
profiles are very sensitive to the actual rate: 1 · 103 to 1 ·106 s� 1

for the case of Figure 3 and in some cases 1 ·102 to 1 ·108 s� 1 for
the additional examples shown in Figure S1. Outside this range
I tð Þ=I 0ð Þ=1 for all offsets but zero, for which the Iz component
is not locked and undergoes oscillations. The effective spin-
locking of the Iz component by small RF fields is possible, as it
commutes with the secular part of the quadrupolar operator. A
possible treatment of the saturation profiles could be scanning
I tð Þ=I 0ð Þ over the values that coincide with the off-resonance
frequency W=2p. However, in general, significant spectral
distortions not only occur at frequencies in the immediate
proximity of W=2p, an example of which is demonstrated in
Figure S2 for the parameters of Figure 3. Thus, a more general

approach would be to choose either the entire powder pattern
or the region of the maximum spectral distortion to analyze the
saturation profiles I tð Þ=I 0ð Þ. This approach also emphasizes the
strength of the CEST technique in terms of local irradiation
affecting the broad powder pattern.

To gain some physical insights, it is also instructive to
examine the saturation profiles of individual crystallites. Fig-
ure 4 provides such examples for the absence and presence of
motions. The evolution of the Iz component due to the coherent
interactions under spin-locking conditions has been considered
for quadrupolar nuclei by Vega[12–13] and Wimperis and co-
workers.[14,24] In the absence of exchange, Iz coherence under-
goes oscillations, which are especially noticeable near the
condition W ¼ �wQ. The blue line in Figure 4 corresponds to
the maximum of these oscillations. The width of this resonance
is dependent on the value of wRF (Figure S3). Motions signifi-
cantly broaden these profiles when kex is in the middle of the
sensitivity range. Figure 5 shows a detailed example of how
different values of kex affect such broadening for one crystallite
orientation. For a kex of 1 · 103 s� 1, the profiles are effectively in
the static regime with two subsets of sites giving rise to the two
singularities corresponding to the individual ωq values in each
of the conformers. As the rate constant increases toward the
sensitivity range, a typical broadening (coalescence) is observed
similar to that seen for conformational exchange in solution
NMR in the presence of two values of isotropic chemical shifts

Figure 3. Simulated Q-CEST profiles for the 2-site exchange model with Cq,1=55 kHz, Cq,2=180 kHz, η1=η2=0, p1=10% and different values of kex indicated
on the panels. Powder-averaged values of I tð Þ=I 0ð Þ versus off-resonance offset W=2p for saturation times of 20 ms (green line) and 100 ms (blue line) and
wRF=2p=2 kHz. The black lines show the corresponding quadrupolar echo line shapes, where the x-axis stands for spectral frequency. 4,000 crystallite
orientations were used to represent a static powder solid. Homogeneous contributions to the linewidth are not included in the simulations as well as
longitudinal relaxation effects.
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in the two exchanging sites.[25] When kex further increases to
about 1 ·107 s� 1, the dynamics converge to the line narrowing
case, with the minimum observed at the weighted average
position of wQ for the two exchanging sites. In this fast regime,
relaxation is ineffective and coherent oscillations can still be
observed at the chosen time of 100 ms. In protein methyl
groups typical relaxation times are often faster than 100 ms
which imposes limitations on the experimentally relevant cest
relaxation period.

To observe this broadening effect experimentally, we used
dimethyl-sulfone-d6 (DMS), a model compound often employed
as a convenient model system for the development of solid-
state NMR methodologies, particularly deuterium-based
methods.[26–30] Methyl groups undergo a 2-site exchange
corresponding to a 180° flip around the molecule C2 axis
(Figure 6A). This in turn corresponds to a 106° angle change in
the orientation for individual deuterons and fast methyl 3-site
jumps. Experimental data (Figure 6B) were obtained using the
pulse sequence of Figure 1 at two temperatures: 68 °C at which
the flips are active and 10 °C at which the flips are frozen out;
we also used a saturation field of 1.3 kHz with a saturation time
of 20 ms. In both cases, the timescales of the flips are
significantly slower than the value of Cq=166.4 kHz. Thus, the
flip motions have a negligible effect on the line shapes[26] and
the spectra represent a nearly rigid pattern narrowed by a
factor of one-third due to the fast methyl rotation. The
saturation profiles I tð Þ=I 0ð Þ in this case were obtained at the
major singularities (horns) of the powder patterns in order to

compare with theoretical simulations for single crystallites of
Figures 4–5. In the absence of motions of the order of Cq, the
major contributions at these positions originate from crystallites
at a 90° angle of the largest component of the effective
quadrupolar tensor with respect to the magnetic field. At 10 °C,
we observe the expected dips at the horn positions correspond-
ing to the absence of slow motions for these crystallites. The
origins of the observed dips in the saturation profiles at the
horns positions are due to expected resonances at the
condition W ¼ �wQ, as detailed above. At the elevated temper-
ature, the pattern is significantly broadened and the profile
deepens, again in accordance with the theoretical expectations
of Figure 5. The pattern can be fitted with a flip rate of 5000 s� 1

at 68 °C, which is in agreement with the prediction based on
the Arrhenius behavior obtained from other methods, partic-
ularly from the static 2H R11 measurements.[31]

Figure 3 and Figure S1 also underline the comparative range
of the sensitivity of timescales for Q-CEST as opposed to the
quadrupolar echo line shape experiment. One can compare the
timescale ranges in which the saturation profiles are sensitive to
the motional parameters: Q-CEST adds at least two orders of
magnitude to the sensitivity range. There are cases of small
angle jumps (Figure S1E, F) for which the line shapes are not
sensitive at all to the presence of motions, while there are
noticeable changes in the Q-CEST profiles. For the example
considered here, the on-resonance R11 relaxation (see the
simulations in Figure S4) is also sensitive to the timescales of
motions across a wide range of kex between 1 ·103 and

Figure 4. Examples of the Q-CEST profiles of I tð Þ=I 0ð Þ versus W=2p for the individual crystallites (red lines) of the 2-site exchange model Cq,1=55 kHz,
Cq,2=180 kHz, η1=η2=0, p1=10% and kex=1 ·105 s� 1. The values of wQ;1=2p and wQ;2=2p are indicated directly on the panels in units of kHz. wRF=2p=2 kHz
and saturation time t =100 ms. The blue lines represent the corresponding amplitudes of coherent evolution given by the minimum value of I tð Þ=I 0ð Þ over
the oscillation period.
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1 ·109 s� 1. However, these experiments would be more demand-
ing for biological samples requiring much higher RF powers in
the range of 15 to 50 kHz. Unlike the case of solution NMR in
which the CEST profiles are dominated by changes in the
isotropic chemical shift during the exchange process and
relaxation occurs in the Redfield limit, no direct quantitative
comparison can be made between the Q-CEST profiles and off-
resonance transverse R11 rates[1,4] due to the anisotropic nature
of the interaction as well as the need to use much larger offsets
for which the spin-locking of the transverse coherences fails.
There is some similarity between the Q-CEST saturation profiles
and DEST profiles.[5] However, the origins of the profiles differ,
namely the DEST experiment relies on the large difference in
the transverse relaxation times between the exchanging sites.

2.3. Experimental and Modeling Results for the Amyloid Fibril
Samples

In this section, we consider applications to biological solids,
particularly to the Aβ fibrils implicated in Alzheimer’s
disease.[32–33] The fibrils were prepared using the Aβ1–40 peptide
and protocols, leading to the formation of one of the more
toxic 3-fold symmetric polymorphs.[32–33] The structure of these

fibrils is available starting with residue number 9 and the rest of
the flexible disordered N-terminal domain (residues 1–16) was
not assigned due to extensive dynamics.[34] The core is spanned
by three symmetrical Aβ units (Figure 2B), with the existence of
the water-accessible cavity along the fibril axis.[18–21] In partic-
ular, Wang et al.[18] delineated water cavities and interfaces in
the fibrils. This application section focuses on two sites: A2
located at the beginning of the flexible N-terminus and M35
belonging to the core region but whose side chain points
directly into the water-accessible cavity (Figure 2). The fibrils are
in a hydrated powder state, with preparation details outlined in
the Experimental Section. The two samples were prepared with
a label on either of the sites, which permits us to use static 2H
NMR techniques in a site-specific fashion.

Using the pulse sequence in Figure 1 and saturation fields
of 1.3 and 2.5 kHz, we obtained saturation profiles at 37 °C and
a 14.1 T field strength over the range of offsets from � 50 to
+50 kHz. This simple one-dimensional pulse sequence consists
of a weak amplitude saturation field followed by the detection
period, which for the case of deuterium is best performed via
the quadrupolar echo detection scheme.[35] Frequencies closer
to the middle of the spectra were sampled with a smaller step
size to better define the profiles. The chosen saturation times
were between 1 and 40 ms. The time of about 20 ms was in a

Figure 5. The effect of kex on the Q-CEST profiles. I tð Þ=I 0ð Þ versus W=2p for the 2-site exchange model with Cq,1=55 kHz, Cq,2=180 kHz, η1=η2=0, p1=10%
and different values of kex for a chosen crystallite orientation with wQ;1=2p =33.1 kHz and wQ;2=2p =10.1 kHz. wRF=2p=2 kHz and saturation time t =100 ms.
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range sufficient to obtain significant saturation, yet short
enough to prevent sample heating. Relaxation delays were set
at 0.7–1.5 seconds to further circumvent sample heating and
dehydration. The longitudinal T1 relaxation times at 37 °C were
around 50 ms for the A2-CD3 site and 0.3 s for the M35-CD3

site.[17,22]

2.3.1. A2-CD3 Sites Belonging to the Flexible N-Terminal
Domain of the Amyloid Fibrils

The previous 2H line shape, R11 relaxation and QCPMG measure-
ments indicated that the slow timescale dynamics at the A2-
CD3 site are dominated by the overall motion of the disordered
domain.[16–17] Two main modes (Figure 7A) define the dynamics:
the domain undergoes an overall diffusive motion that can be
approximated by isotropic diffusion and it also participates in
the conformational exchange with the bound state, arising
likely due to the transient interactions with the structured core
or other intra-molecular interactions (Figure 7C). Isotropic
diffusion leads to a significant narrowing of the quadrupolar

echo line shapes upon sample hydration (Figure 8A) and the
presence of conformational exchange was detected via the 2H
static R11 and QCPMG measurements. The combined analysis of
these data suggested that the domain actually samples two
free states, with diffusion coefficients of 1 · 108 and 3 ·106 rad2/s
at the A2 sites. Both these states exchange with the bound
state but with different kex constants: 3 · 104 s� 1 for the slower
diffusion free state and 3 ·105 s� 1 for the faster diffusion free
state. Interestingly, the R11 and QCPMG measurements are
differentially sensitive to these two exchange processes: R11

measurements probe primarily the exchange for the slow
diffusion free state (with D =3 ·106 rad2/s), while the QCPMG
experiment primarily probes the exchange process of the fast
diffusion state (with D =1 ·108 rad2/s). The relative populations
of the slow and fast diffusion states are 25% and 75%,
respectively and the relative fraction of the bound state to the
two free states is 8%.

Figure 8B shows the experimental and simulated profiles of
I tð Þ=I 0ð Þ for the two field strengths of wRF=2p =1.3 and
wRF=2p=2.5 kHz and the saturation times of t =1 and t =

20 ms. The intensities are integrated over the entire spectrum
and no spectral distortions are visible from the quadrupolar
echo line shape in Figure 8A; only the overall change in
intensity is modified upon scanning over the values of the
offsets. The simulations according to the model in Figure 7A
using the parameters obtained previously from the R11 and
QCPMG measurements reproduce the profiles rather well for all
the values of wRF=2p and t. The diffusion mode alone cannot
match the entire profile (Figure S5A): while the central region
from about � 12 to 12 kHz can be matched by the diffusion
mode, the wide component of the profile requires an additional
modulation. Conformational exchange with the rigid bound
state (in which the quadrupolar interaction is not affected by
the diffusion) provides this additional modulation with the
strong influence on the sides of the profiles (Figure S5B).

We then explore the sensitivity of the fits to the model
parameters for a simpler model involving a single free state
undergoing isotropic diffusion with the coefficient D and
exchanging with the bound state (still with a population
proportion of 8%) with the rate constant kex. We focus on the
experimental I tð Þ=Ið0) profile for wRF=2p=1.3 kHz, where t =

20 ms, and create a three-dimensional RMSD heat map plot
between the experimental and simulated data as a function of
D and kex (Figure 8C). The plot of exp(–20*RMSD), chosen to
highlight the regions of the best fit, indicates two maxima,
namely one sharp peak at D =5 ·107 rad2/s and kex=3 ·106 s� 1,
which is outside the range of kex values detected by the R11 and
QCPMG measurements, and the whole subset of D and kex

values falling on a ridge consistent with the values spanned by
the continuum of the two states detected by the R11 and
QCPMG measurements. Thus, the combined analysis of all three
types of measurements geared toward the detection of
conformational exchange processes suggests that the dynam-
ical ensemble of the N-terminal domain of Aβ1-40 fibrils spans
multiple free states with somewhat different values of the
diffusion coefficients and all exchange with the single bound
state.

Figure 6. A) The structure of DMS highlighting the 180° flipping motion
around the C2 axis. B) Experimental (crosses) and simulated (lines) Q-CEST
profiles. I tð Þ=I 0ð Þ at the major singularities (horns) positions of the powder
pattern versus W=2p for saturation time t =20 ms and wRF=2p=1.3 kHz. The
data were obtained at 68 °C (red) and 10 °C (blue) and at 9.4 T using the
pulse sequence of Figure 1 with the following parameters: d1=0.4 s, t =36.5
μs and number of scans=128. Simulations (lines) were performed with the
flip rates of 5000 and 10 s� 1, and the 3-site jump rates of 4.9 · 109 and
1.1 · 109 s� 1 for 68 and 10 °C, respectively. Cq of 166.4 kHz and 1500 tiles were
employed.
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Figure 7. A) Motional model for the motions of the A2-CD3 site (orange dot), dominated by the overall motion of the N-terminal domain based on previous
work.[16–17] The N-terminal domain (curved line) transiently interacts with the structured C-terminal domain (blue rectangle). In the two free states, the N-
terminal domain is assumed to undergo isotropic diffusion with the diffusion coefficients D1 and D2, D1 � D2, represented by the gray spheres, while in the
bound state, intra- or inter-molecular interactions quench this mode. The timescales of the interactions are given by the two chemical exchange rate
constants, kex,1 and kex,2. B) The motional model for the M35-CD3 site, with the side chain χ1, χ2 and χ3 dihedral angles indicated by the curved arrows and
position of the deuterium label at the methyl group shown in red based on previous work.[22] Four artificial symmetrical conformers pointing to the corners of
a tetrahedron from the sulfur atom. Line shapes can be fitted with one major and three minor conformers in a w:1 : 1 : 1 ratio undergoing conformational
exchange with an identical jump rate for all conformers. The Q-CEST results point to two major and two minor conformers in a w:w:1 : 1 population ratio. An
additional mode of fast methyl 3-site jumps is included in the effective value of the quadrupolar coupling constant, corresponding to Cq of 55.5 and 58 kHz
for A2 and M35, respectively. C) Schematic representation of free (orange wiggly line) and bound (blue and green wiggly lines) states of N-terminal
subdomain with the 3-fold wild-type fibrils structure. The 3-fold symmetric fibril core is taken from 2LMP. pdb file[32] and is shown as black ribbon diagram
made in swisspdb viewer software.[43] The bound state can arise either due to transient interactions with the core (green lines) or transient tight stacking with
the neighboring N-terminal strand (blue lines). In the free state (orange wiggly line) the domain can undergo relatively large scale fluctuations, which are not
possible in any of the bound states.

Figure 8. Experimental results for the A2-CD3 site in Aβ1-40 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.[17] B) Experimental (circles) and simulated (lines) Q-CEST profiles. I tð Þ=I 0ð Þ integrated over the entire spectrum versus W=2p for
saturation times of 20 ms (red) and 1 ms (blue) and wRF=2p of 1.3 and 2.5 kHz, as indicated on the panels. Simulations were performed according to the
model in Figure 7A as described in the text. C) A heat map plot of exp(� 20*RMSD) versus D and kex for the experimental Q-CEST profile shown in B) for
wRF=2p=1.3 kHz, t =20 ms and simulations performed according to the 2-site exchange model with a single free state and single bound state at a 92%/8%
population ratio.
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2.3.2. M35-CD3 Site Spanning the Water-Accessible Cavity in the
Fibril Core

Earlier work based on line shape and longitudinal relaxation
data indicated three main motional modes for the side chain of
M35:[21–22] rotameric exchange, methyl axis diffusive motions
and fast 3-site jumps of the methyl deuterons. In principle,
there are 27 possible rotamers of the M35 side chain
corresponding to three possibilities for each of the three side
chain dihedral angles χ1, χ2 and χ3. To fit the quadrupolar line
shapes, it is sufficient to represent this ensemble using four
artificial symmetrical conformers with geometry defined by the
tetrahedral arrangement (Figure 7B). Further, it is sufficient to
represent the populations of these conformers as one major
and three equivalent minor conformers in a w:1 : 1 : 1 ratio and a
single rotameric inter-conversion constant between each of
them, kex. At 37 °C, these parameters correspond to w =6 and
kex=1.0 · 105 s� 1. Methyl axis diffusion was modeled as a motion
along a restricted arc with a length of 34°. At 37 °C, it had a
minor effect on the line shapes but significantly affected
longitudinal relaxation. Fast 3-site jumps occur at a timescale
much faster than Cq and, thus, their only effect on the line
shape is the averaging of the quadrupolar coupling constant by
a factor of one-third.

Thus, the rotameric exchange mode with an effective Cq

value of 58 kHz is expected to make a dominant contribution to
the Q-CEST profiles. As for the A2 site, we performed the
experiments at the values of wRF=2p of 1.3 and 2.5 kHz with
saturation times of 3, 20 and 40 for wRF=2p =1.3 kHz and 3 and
20 for wRF=2p=2.5 kHz. Unlike the A2-CD3 Q-CEST line shapes,
the M35-CD3 site Q-CEST line shapes show distortions as a

function of the offset W=2p (Figure 9A), with the most evident
distortions in the � 10 to 10 kHz range. While presenting the Q-
CEST experimental and simulated saturation profiles for this site
(Figure 9C) we, therefore, integrated over this spectral region.

When the rotameric exchange mode is employed using the
parameters that fitted the quadrupolar echo line shape in the
previous work (i. e., a 6 : 1 : 1 : 1 population ratio and kex=

1.0 ·105 s� 1), the Q-CEST profiles are much wider than those
seen in the experiment (Figure S6A). The smaller angle fluctua-
tions of the methyl axis, which were previously modeled as the
diffusion along the restricted arc, cannot narrow these profiles,
which are dominated by the large 109.5° angle rotameric
exchange. Thus, modeling the experimental Q-CEST profile
requires a modification to the approach. In the same model of
one major rotamer, the experimental Q-CEST profiles can be
matched with a population ratio of 6 : 1 : 1 : 1 and a kex of
1.5 ·106 s� 1. However, these parameters then disagree with the
line shape data (Figure S6B). We thus invoke two major
rotameric states with equal populations and still a single
rotameric exchange constant. The simplest approach is to keep
the ratio of the first major conformer to the minor ones
unmodified (i. e., the ratio of populations becomes 6 :6 : 1 : 1).
This approach permits us to match both the experimental Q-
CEST profiles and the experimental quadrupolar echo line shape
(Figures 9B and S6B) with kex=3.5 · 106 s� 1. If two rotameric
exchange constants are employed, an even better quality fit
could be obtained. However, there is no qualitative improve-
ment and we, therefore, suffice with the single kex rate constant
for all the rotameric inter-conversions.

Figure S6C shows the sensitivity of the fits of the Q-CEST
profile to the value of kex, indicating that the quality of the fit

Figure 9. Experimental 2H CEST results for the M35-CD3 site in Aβ1-40 fibrils recorded at 37 °C and 14.1 T. A) Examples of the Q-CEST line shapes for different
values of W=2p normalized to the intensity at W=2p= � 50 kHz. B) Experimental (circles) and simulated (lines) Q-CEST profiles. I tð Þ=I 0ð Þ integrated over the
� 10 to 10 kHz spectral region versus W=2p for saturation times of 40 ms (blue) 20 ms (red) and 3 ms (green) and wRF=2p of 1.3 and 2.5 kHz, as indicated on
the panels. Simulations were performed according to the rotameric exchange model in Figure 7B with w =6 and kex=3.5 ·106 s� 1.
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deteriorates outside the 3–4 ·106 s� 1 range. We did not explore
the dependence of the fits on the values of w because the
interdependence between the w and kex parameters can only
be resolved using additional measurements such as temper-
ature dependence. These measurements were previously
performed for the line shape analysis that provided the values
of w used here. Overall, the Q-CEST profiles provided more
detailed information on the rotameric inter-conversions of the
M35 side chains than the line shape measurements. In
particular, Q-CEST suggested the presence of two major
rotameric conformers and provided further constraints on the
rotameric exchange rate constant.

3. Conclusions

The deuterium Q-CEST measurements presented here are useful
for a wide range of applications in which the details of the
motions on ms-μs timescales are important. Spin-1 properties,
modest quadrupolar coupling strength and sensitivity to
motions yield characteristic saturation profiles that are suitable
for motional modeling analysis. A theoretical/computational
framework requires the full Liouvillian treatment, as is often the
case for solid-state applications. We performed explicit motional
modeling in which the rates of motions and populations of
states are included in the exchange matrix of Eq. (5). The
analysis of the Q-CEST profiles for the individual crystallites of
the powder sample for simple 2-site exchange scenarios
(Figures 4 and 5) provided insights into the origin of the major
features of the profiles and some analogy with the solution
NMR coalescence scenarios.

The experiment employed modest saturation fields (1–5 kHz
is expected to be sufficient for most applications), which do not
damage the sensitive biological samples. Here, we employed
static solid-state conditions that require selective site labeling
techniques for site-specific information. Extension to magic-
angle spinning conditions is possible and will be a subject of
future work. The biological applications presented here show
that the most accurate results on dynamical ensembles require
a range of techniques from simple line shapes to R11 and CPMG-
based approaches and CEST measurements.

The results for the Aβ1–40 fibrils at the A2-CD3 site are
consistent with a previous work employing static 2H R11 and
QCPMG approaches and they expand the view of the dynamical
ensemble of the disordered N-terminal region. In particular, the
combined analysis of all experiments indicates multiple free
states that undergo isotropic diffusion over a range of time-
scales (D of 3 ·106 to 1 ·108 rad2/s) and participate in a
conformational exchange with the bound state, likely arising
from transient inter and intra-molecular interactions; the kex of
different states spans the values of 2 ·104 to 3 ·106 s� 1. The M35-
CD3 side chain, pointing inside the water-accessible cavity
inside the fibril core of the 3-fold symmetric polymorph,
undergoes extensive rotameric exchange. The Q-CEST data
permitted us to refine the distribution of the rotameric
population and timescale of the rotameric inter-conversions in
comparison to the earlier line shape measurements at this site.

Two major and two minor rotamers in a 6 :6 :1 :1 ratio with kex=

3.5 ·106 s� 1 are identified by the Q-CEST measurements, while
the line shape data could not differentiate between the
scenarios of one or two major rotameric conformers.

Experimental Section

Sample Preparation

Samples of Aβ1-40 in the twisted/3-fold symmetric polymorph were
prepared as described in previous work[17,21] starting with synthetic
peptides, which incorporated selectively labeled amino acids and
employed established protocols.[33,36] The Aβ1-40 peptide sequence is
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV. Two samples
were prepared with labels at either the A2-CD3 or the M35-CD3

positions. Their morphologies were confirmed by transmission
electron microscopy (see Supporting Information for details of the
procedures). A hydrated state with a water content of 200% by
weight was achieved by exposing lyophilized powder to water
vapor in a sealed chamber at 25 °C until the water content reached
saturation levels corresponding to about 40% by weight, followed
by pipetting the remaining water using deuterium-depleted H2O.
DMS was purchased from Cambridge Isotope Laboratories, Inc.
(MA). The samples were packed in 5 mm NMR tubes (cut to 21 mm
length), using Teflon tape to center the sample volume in the coil
of the NMR probe.

NMR Spectroscopy for Amyloid Fibril Samples

The experiments were performed on a 14.1 T spectrometer
equipped with a Bruker NEO console and a static wide line low-E
probe with a 5 mm diameter coil.[37] The temperature was set to
37 °C. The pulse sequence of Figure 1 was used with RF fields of 1.3
and 2.5 kHz, off-resonance offsets between � 50 and 50 kHz and
saturation times in the range of 1–40 ms. The RF field strength
calibrations were performed as described in previous work utilizing
the spin-lock-based method of the transverse component[31] and
employing a D2O sample due to a weak RF field, which cannot lock
wide powder patterns. The quadrupolar echo τ delay was set to 31
μs and hard 90° pulse length was 2.0 μs. In total, 32 dummy scans
were used. The number of scans ranged from 256 to 1024, with a
larger number used for offsets close to the zero frequency. The
inter-scan delay was set to 0.7–1.5 s. Spectra were processed with a
1 kHz exponential line broadening function.

Simulations

Evolution under Q-CEST: The simulations followed the elements of
the pulse sequence outlined in Figure 1. The evolution of spin
coherence during the saturation period was obtained by the direct
exponentiation of the Liouville–von Neumann matrix of Eqs. (5) and
(6) using the internal Matlab function.[38] The relaxation terms due
to rapidly oscillating quadrupole interactions were calculated
separately in the Redfield limit according to the conformational
exchange model appropriate for each case and the resulting
relaxation rates were equal for all exchanging sites. The evolution
during the saturation period was calculated in the doubly-rotating
frame, with the additional rotation occurring around the z-axis of
the laboratory frame with a frequency equal to the offset Ω.
Backward rotation was applied to the coherence obtained at the
end of the evolution period to return it to the singly-rotating frame.
The details of the motional modeling of the matrices K entering
Eq. (5) is specified below for each of the special cases considered.
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The detection block involving the quadrupolar echo scheme (with
idealized 90° pulses), the powder averaging procedure involving
appropriate Euler’s angle transformations and the set-up of mo-
tional frames were taken from the EXPRESS program.[39]

2-site exchange: The exchange between the two sites with selected
relative orientations (0 or 109.5° for theoretical calculations, 106°
for DMS) was set up with forward and reverse rate constants in
ratios necessary to obtain the predetermined equilibrium popula-
tions for each site.

A2-CD3: The exchange matrix Kij combines the components
responsible for the isotropic diffusion and conformational exchange
between the free diffusion state and bound state, according to the
following scheme:

K ¼

diffusion

exhange with bound state

exchange

with bound

state

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

0

B
B
B
B
B
B
B
B
B
B
B
B
@

1

C
C
C
C
C
C
C
C
C
C
C
C
A

The block of the exchange matrix Kij responsible for the diffusion is
represented by nearest-neighbor jumps with sites of equal
populations distributed (almost) uniformly on the surface of the
sphere and with identical exchange rates between the sites,
Kij ¼ kD. We used the program DistMesh,[40] which creates a uniform
distribution of sites by assuming a linear repulsive force and solving
for the equilibrium. The inclusion of ND ¼ 192 sites is sufficient to
adequately represent the isotropic diffusion process. Due to the
spin 1 symmetry properties, only the second-order spatial spherical
harmonics give rise to the spectral densities. Thus, the second-order
eigenfunction of the Smoluchowski diffusion equation encodes the
spatial reorientation and the corresponding eigenvalue is related to
the diffusion coefficient D as Dl l þ 1ð Þ ¼ 6D. As expected, the
simulated eignevalues of Kij appear in groups of 2l þ 1, correspond-
ing to the eignevectors with the angular momentum l of the
continuous limit of the diffusion equation. The five eigenvalues l2

corresponding to l ¼ 2 are then averaged to obtain the numerical
value of D. This establishes the correspondence between D and kD

as kD ¼ 6D=hl2 i.
[17] The exchange was modeled by jumps between

every site describing the spherical diffusion and bound-state site.
The relative weights of each site were expressed through the ratio
of the forward and reverse rate constants for the exchange process.
Modeling the exchange with two free states and one bound state
(Figure 6A) included two sets of 192 sites describing the surface of
a sphere with the corresponding nearest-neighbor jump constants
within each set as well as independent exchange constants
between every site of each of the two sets and an arbitrarily fixed
site in the crystal-fixed frame corresponding to the bound state.

M35-CD3: Rotameric jumps were modeled as occurring between
four symmetrical conformers pointing toward the corners of the
tetrahedron, following computational approaches developed
previously.[41–42] Two main scenarios of populations and rates were
considered: a) one major and three minor conformers with
populations in a w:1 : 1 : 1 ratio and an identical conformational
exchange jump rate kex for all conformers; and b) two major and
two minor conformers with populations in a w:w:1 : 1 ratio and an
identical conformational exchange jump rate kex for all conformers
(Figure 6B). The supporting Information of reference[41] provides the
Euler angles necessary to define the geometry of these motions.

The tensor parameters for A2 and M35 were taken as Cq=55.5 (A2)
and Cq=58 kHz (M35), η=0; these represent averaging over fast
methyl jumps.[22,42] Longitudinal relaxation was taken into account
phenomenologically (with T1=50 ms for A2 and T1=300 ms for
M35) by including an additional term in the Liouvillian evolution
matrix, which was identical for all eight coherences of Eq. (6). This
approach was tested for DMS for which the inclusion of the 3-site
jumps mode explicitly yielded the same results.
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