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Methionine side chains are flexible entities which play impor-
tant roles in defining hydrophobic interfaces. We utilize
deuterium static solid-state NMR to assess rotameric inter-
conversions and other dynamic modes of the methionine in the
context of a nine-residue random-coil peptide (RC9) with the
low-complexity sequence GGKGMGFGL. The measurements in
the temperature range of 313 to 161 K demonstrate that the
rotameric interconversions in the hydrated solid powder state
persist to temperatures below 200 K. Removal of solvation
significantly reduces the rate of the rotameric motions. We
employed 2H NMR line shape analysis, longitudinal and rotation
frame relaxation, and chemical exchange saturation transfer

methods and found that the combination of multiple techni-
ques creates a significantly more refined model in comparison
with a single technique. Further, we compare the most essential
features of the dynamics in RC9 to two different methionine-
containing systems, characterized previously. Namely, the M35
of hydrated amyloid-β1–40 in the three-fold symmetric poly-
morph as well as Fluorenylmethyloxycarbonyl (FMOC)-methio-
nine amino acid with the bulky hydrophobic group. The
comparison suggests that the driving force for the enhanced
methionine side chain mobility in RC9 is the thermodynamic
factor stemming from distributions of rotameric populations,
rather than the increase in the rate constant.

Introduction

Methionine side chains are rather unique, as they are the only
non-branched, non-aromatic hydrophobic side chains with a
high degree of mobility found often in hydrophobic cores and
interfaces.[1–14] Their structure and dynamics are often important
in defining the properties of such interfaces and subsequent
ligand binding properties.[11,15] Their flexibility is often needed
for an overall structural plasticity of hydrophobic
interfaces.[11,13,16] Methionine has three dihedral angles (χ1, χ2, χ3),
which, in principle, permit 27 possible rotamers (Figure 1A).
Depending on the spatial restriction caused by molecular
environment, usually only a few of these rotamers would be

populated.[17] Relative populations of these rotamers and inter-
conversions between them could define functionality.[4,18]

We previously utilized 2H solid-state NMR to investigate the
dynamics of a methionine in amyloid-β (Aβ1–40) fibril systems[5–6]

and in the fluorenylmethyloxycarbonyl (FMOC)-methionine
amino acid.[7] The bulky FMOC group defines intra and inter-
molecular packing and somewhat mimics the environment
found in the hydrophobic cores.[7,19] A significantly more diverse
and heterogenous hydrophobic core environment in proteins
due to the presence of multiple functional groups provides a
limitation to the extent of this analogy.

With the use of various 2H NMR techniques, such as line
shape,[5,20–23] laboratory frame relaxation,[20,24] rotating frame
relaxation,[25–26] and quadrupolar chemical exchange saturation
transfer (Q-CEST) measurements,[27–28] it is possible to obtain
both the relative rotameric populations within the chosen
model and the rate of interconversions of the rotamers. FMOC-
methionine amino acid in the dry state displayed a considerably
more rigid behavior in comparison to the M35 in Αβ1–40 fibrils.
The dynamics in the latter[5–6] appears to be defined by the
water accessible cavity[3,29] between the fibrillar subunits in the
3-fold symmetric structure,[30–31] to which the methionine side
chain points.

In this work we utilize a nine-residue peptide construct with
a low complexity[32–33] primary sequence. The sequence is
GGKGMGFGL, to which we introduce a single-site deuterium
label at the methyl group of M5. We referrer to this peptide as
“RC9”, in which “RC” stands for the random coil. The construct is
a useful model system (or a monomeric unit) for studies of
naturally occurring low complexity disordered proteins, such as
those involved in phase separation phenomenon.[33] Here, we
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investigate the details of its M5 side chain dynamics in the solid
powder state with and without the hydration layer. Its
dominant feature is the persistence of rotameric interconver-
sions to remarkably low temperatures below 200 K.

Many studies of proteins in the solid-state are performed for
hydrated powders or gel-like phases, including the extensively
studied amyloid-β, α-synuclein and tau fibrils and
oligomers.[30,34–35] Most neutron scattering studies of hydrated
globular proteins that probe dynamical transitions are also
employing hydrated powder states.[36–39] Taken together, the
three systems that we consider in this work permit for
examining dynamic properties of methionine side-chains in
more detail. The conclusions of this work are not confined to
powder-like solid samples, as they depend on micro-environ-
ment around the methyl side-chains. For example, the micro-
crystalline protein state, which is often employed in solid-state
NMR measurements for site-resolved resolution,[40] is expected
to behave similarly in this respect.

Results and Discussion

Selected structural assessment.

We have not assessed the entire structure of the RC9 peptide in
the solid state but have instead focused on determining the 13C
chemical shift at the methyl carbon of the M5, as it provides a
sensitive probe of rotameric populations around the χ3 dihedral
angle.[12] In particular, we used proton to carbon cross-polar-
ization spectrum at 60 kHz magic angle spinning conditions
(Figure S1). For this measurement we used the peptide that had
both a 13C and deuterium labels at the methionine methyl
group and the peptide was in the dry powder state. The carbon
chemical shift for the methyl group was found to be 16.2�
0.2 ppm. This value implies the predominance of the gauche
conformation for the χ3 dihedral angle, but also a significant
population of the trans rotamer, with the two rotamers under-

going conformational exchange on the chemical shift time
scale.[12]

We also characterized the structural properties of the entire
peptide in solution, described in detail in SI1. The peptide
shows a random-coil structure based on conventional backbone
amide proton NMR resonance assignments[41] (Figures S2,S3 and
Table S1) and circular dichroism measurements (Figure S4). The
13C chemical shift of the methionine methyl group in solution is
16.6 ppm. The value of 16.6 ppm is within the average value of
17.1 ppm reported for methionine methyl groups, with the
standard deviation of 1.7 ppm.[42–43] There is a good agreement
between the solid and solution state values of this chemical
shift. The solution NMR backbone and selected side chain
assignments have been deposited to BMRB data bank with the
ID 51754.

Combined analysis of 2H NMR static line shape and rotating
frame relaxation rates

Our main tools to investigate rotameric interconversions in
methionine are the deuterium line shape measurements as well
as rotating frame relaxation rate measurements (R11) under
static conditions, which are both sensitive to motions on μs to
ms time scales.[28,44–45] In order to define the kinetic and
thermodynamic variables of the system, it is desirable to cover
a broad temperature range, so that one can obtain accurate
activation energies of rotameric interconversions as well as
changes in the distributions of the rotameric populations.

We first present the results for the hydrated RC9 peptide at
pH 2, whose hydration state of 80 % by weight was achieved by
the incorporation of deuterium depleted water, as described in
the “Materials and Methods” section. The line shapes (Figure 2)
were taken in the 313 to 161 K temperature range, while R11

rates were determined from 313 K to 242 K (Figure 3). The R11

rate measurements are significantly more challenging from the

Figure 1. A) The structure of methionine amino acid with the position of deuterium label indicated in red and an explicit notation for the three side chain
dihedral angles. B) The motional model involving rotameric jumps between four magnetically inequivalent positions of the S� Cɛ, under the assumption of the
ideal tetrahedral geometry in all 27 real methionine rotamers.
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technical standpoint, and we found the narrower temperature
range sufficient to characterize the rotameric motions.

The on-resonance R11 measurements rely on the application
of the spin-locking field for a variable duration to obtain the
decay of magnetization in the rotating frame (Figure 3A, B). The
RF field of 20 kHz was chosen for the on-resonance measure-
ments, which ensures sufficient spin-locking of the magnet-
ization without excessive RF-induced heating effects.[25] The
magnetization decay curves (Figure 3B) are fitted to the mono-
exponential function with a baseline. The resulting R11 rates are
shown in Figure 3C as a function of the inverse temperature.
The dependence is approximately linear, indicating Arrhenius
behavior.

Under the assumption of the ideal tetrahedral sp3 bond
geometry, for all 27 real methionine rotamers there are four
magnetically inequivalent orientations of the S� Cɛ axis in the
molecular frame. These inequivalent orientations point toward
the corners of the tetrahedron.[5] The combined effect of
rotations about side chain dihedral angles to yield magnetically
inequivalent conformers with the tetrahedral geometry has
been previously described in the literature.[24,46–47] While in
reality there are deviations from the tetrahedral geometry in
methionine,[12,48] the use of this assumption allows for simplifica-
tion of the complexity of the rotameric space and we adopt this
assumption in our simulations. Under this assumption, we
introduce the model which consists of jumps between four

positions of the S� Cɛ axis, demonstrated in Figure 1B, without
the direct connection to the side chain dihedral angles. The full
break-down of the 27 conformers into the space of these four
magnetically inequivalent S� Cɛ axis orientations is given in
Table S2, along with the most likely to be populated based on
the backbone-dependent rotameric library of Shapovalov and
Dunbrack.[48] The population of these conformers are dependent
on local packing densities around the side-chains, steric effects,
water exposure, and other factors influencing the complexity of
protein environment.

For the four-state S� Cɛ axis model, the simplest assumption
is to have one major conformer with the relative weight of w

Figure 2. Examples of experimental (black) and modeled (red) 2H static solid-
state NMR line shapes in M5-CD3 side chain of the hydrated RC9 peptide at
pH 2 and 80 % hydration level, collected at 9.4 T with the quadrupolar echo
pulse sequence. The fits were performed according to the rotameric
exchange model of Figure 1B with w2 =w1 for high temperatures and
w1>w2 for lower temperatures below 264 K, as described in the text.

Figure 3. Results for the on-resonance 2H NMR R11 measurements for the
M5-CD3 side chain of RC9 in the hydrated powder state at 9.4 T and
employing the spin-locking field of 20 kHz field strength. A) Examples of
partially decay spectra for different relaxation delay times for the measure-
ments at 313 K and B) The corresponding normalized magnetization decay
curve, intensity versus time. The line represents the fit to the mono-
exponential function with a baseline. C) The on-resonance 2H R11 relaxation
rates versus 1000/T. The upper x-axis shows the direct temperature scale.
The line represents the fit to the 4-rotamer exchange model of Figure 1B, as
described in the text.
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and three minor conformers with equal weights, such as their
relative ratios are defined by w:1 : 1 : 1. The rate of rotameric
interconversions (krot) is assumed to be the same between all
four rotamers, as the simplest assumption. We then can
conduct a joint fit of the line shape and R11 data. Using this
approach, the temperature-dependent values of w can be
reconciled between the two data sets, however the rotameric
rate constants are different by orders of magnitude (Figure 4A).

This conclusion is reminiscent of what we previously
observed for the FMOC-methionine and M35 side chain of Aβ
fibrils, which required different assumptions to fit both the line
shape and R11 or Q-CEST data simultaneously.[26–27] In particular,
we had to assume two major conformers and two minor ones.
Following a similar logic, we now move to the modified
population ratios of w1:w2:1 : 1. The simplest case is given by
w1 =w2 for all temperatures. The R11 rates are relatively
insensitive to changes in the distribution of the rotameric
populations and depend primarily on the value of krot, while the
line shapes in this range are very sensitive to the rotameric
populations. The separation of the sensitivities of these two
experiments to the rotameric populations and the rate constant
is due to the fact that at high temperatures the rotameric rates
required to fit the R11 experiments are already close to the fast
motional limit for the line shapes, i. e., krot @Cq, in which Cq is
the value of the quadrupolar coupling constant.

This assumption holds down to about a temperature of
264 K, with the fitted values of temperature-dependent weights,
w1 = w2, in the 2.5 to 18 range (Figure 4C, D). The values of krot,

which fit both the line shape and R11 data, follow the Arrhenius
behavior krot Tð Þ ¼ k0e

� Ea=RT with the activation energy Ea of 26�
2 kJ/mol and the prefactor k0 of 2–6 · 1011 s� 1.

However, starting at the temperature of about 264 K and
becoming even more pronounced for lower temperatures in
the 242–220 K range, the line shapes simulated with this model
(Figure S5) display a symmetric peak at zero frequency, which is
absent in the experimental data. This indicates that the
symmetry of the rotameric population distributions breaks
down further at lower temperatures and we have to proceed to
the model with w1>w2. To be consistent throughout the whole
temperature range we keep the sum w1 +w2 at each temper-
ature the same, as it would be for the case for w1 =w2. We, thus,
apply this more involved model in the 264 to 161 K temper-
ature range, and the simulated results of Figure 4B, C show the
fits incorporating the w1>w2 assumption. Below about 264–
242 K the contributions from the other two minor conformers,
while included in the simulations, are extremely minor (below
2 % at 242 K) and we are effectively in the regime of two
remaining rotamers. The values of krot below 242 K were taken
by projecting the Arrhenius temperature dependence of the
rate constant obtained on the basis of the R11 measurements.
As stated above, the line shape simulations in this motional
regime are not very sensitive to the exact value of the rate
constant, and therefore the uncertainties inherent in this
projection have a minor effect on the fitted values of the
weights. The relative ratio of w1/w2 is shown in Figure 4D, which

Figure 4. The parameters of the model: A) A semi-log plot of the fitted values of krot versus 1000/T, obtained individually either on the basis of the 2H NMR line
shapes (squares) or the on-resonance 2H NMR R11 rates (circles) using the model of Figure 1B and the assumption of rotameric populations in the w:1 : 1 : 1
ratio. B) krot versus 1000/T from the joint fit of the R11 and line shape data using the w1: w2:1 : 1 assumption for the rotameric populations with w1 =w2 =w and
C) the corresponding plot of lnw versus 1000/T. The lines represent the linear fit to the temperature dependence with the Arrhenius activation energy of
rotameric motions of 26�2 kJ/mol. The fitted values of the energy difference between the major and minor rotameric states is 28�2 kJ kJ/mol. D) The ratio
of rotameric populations, w1/w2 versus 1000/T, using the w1:w2:1 : 1 model of Figure 1B across the entire temperature range of 313 to 161 K based on the joint
fit of line shape and R11 data.
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has a distinct sigmoidal shape, indicating that by 200 K a single
rotameric state predominates.

Thus, the joint analysis of the 2H NMR line shape and R11

rates is a powerful combination for obtaining the details of
relative weights of the rotamers. However, from the structural
perspective we do not know to which dihedral angles (χ1, χ2, χ3)
these rotameric states correspond to.

Additional experiments in support and refinement of the
model: laboratory frame T1, off-resonance R

off
11
, Q-CEST

Additional dynamics experiments that can be sensitive to
rotameric interconversions include off-resonance rotating frame
relaxation rate (Roff

11
) measurements and quadrupolar CEST under

static conditions.[26–27] Additionally, at high temperatures labo-
ratory frame T1 relaxation is expected to probe these motions as
well when they dominate over the 3-site methyl jumps around
S� Cγ axis.[6] The 3-site methyl jumps are often referred in the
literature by the term “methyl rotations.”[49]

The deuterium Roff
11 and Q-CEST[27] measurements were

conducted at the highest temperature of 313 K (Figure 5). The
Roff

11 experiments are similar in nature to the on-resonance case,
except that the spin-locking field is applied off-resonance. In
these experiments, the magnetization is spin-locked along the
tilted frame and the range of effective spin-locking field can be
increased without the increase in the RF-induced heating: the
effective field weff is given by the vector sum of wRF (the spin-
lock field) and Ω (the off-resonance offset). The alignment of
the quadrupolar order along the tilted axis is accomplished by
the use of adiabatic shape pulses, optimized for deuterium as
described in our prior work.[26] For these measurements we
used the value of wRF of 30 kHz, and the range of offsets from 5
to 75 kHz. The optional inversion pulse was used before the
alignment to enhance the precision of the measurements.[26] An
example of a magnetization decay curve is shown in Figure S6
and the resulting dispersion profile is demonstrated in Fig-
ure 5A. The prediction of the model used above with the
parameters determined from the on-resonance R11 and line
shape measurements (i.e, the weights in the 2.5 : 2.5 : 1 : 1 ratio
and the rotameric exchange constant of 1.9 · 107 s� 1) is in
excellent agreement with the experimental data.

In the deuterium Q-CEST measurements (Figure 5B) a weak
RF field, 1.6 kHz in our case, is applied to the equilibrium
magnetization as a function of the off-resonance offset. The
presence of the dynamics causes the characteristic loss of
intensity for the offsets matching the orientation-dependent
frequencies of the quadrupolar interaction.[27] The saturation
time was set to 20 ms, which is much shorter than the
longitudinal relaxation time of 180 ms determined at this
temperature. The Q-CEST experiment is complementary in
nature to both the on-resonance and the off-resonance R11

measurements. The saturation profile can be matched well with
the ratio of weights given by 2.5 : 2.5 : 1 : 1 and a slightly lower
krot of 1.7 · 107 s� 1. Thus, these additional measurements confirm
the applicability of the rotameric inter-conversion model and its
fitted parameters.

The situation becomes more complex when we consider
laboratory frame relaxation, performed in the 313 to 161 K
temperature range. Motions on the order of 2H Larmor
frequency (which is 61 MHz in our case) are most effective in
causing relaxation. In the measured T1 relaxation times (Fig-
ure 5C and Figure S7), there appear to be at least two
inflections as a function of temperature. T1 decreases from 333
to 270 K, then levels out, until about 220 K where it begins to
decrease again. At the lowest temperatures (i. e., the 220 to
161 K region) the motions of fast methyl 3-site jumps rather
than rotameric interconversions are most effective in causing
relaxation, while at higher temperatures we have a competition
between these methyl jumps, rotameric inter-conversions, and
potentially intra-well motions within the rotameric wells.[6–7] The
log(T1) trend in the low temperature range from 224 K to 161 K
is approximately linear as a function of the inverse temperature,
and we, therefore, assume that they are dominated by the 3-

Figure 5. A) 2H solid-state NMR Roff
11

relaxation rates versus effective field
strengths for the spin-locking field of 30 kHz in the hydrated side chain of
M5-CD3 of RC9 at 313 K and 9.4 T and B) Q-CEST results at the same
conditions. Normalized intensity versus offset, obtained using the saturating
field strength of 1.6 kHz and the saturation time of 20 ms. The solid lines
represent the fit according to the model of Figure 1B with the relative
weights of rotamers given by 2.5 : 2.5 : 1 : 1 and krot of 1.9 · 107 s� 1. C) 2H NMR
T1 relaxation times, on the semilog scale, versus 1000/T. The upper x-axis
shows the direct temperature scale. The dotted line represents the fit to the
two-mode model of 3-site jumps and rotameric interconversions, as detailed
in the text.
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site methyl jumps. A moderate extent of non-exponentiality
was observed only at the lowest temperature point, and, thus,
the whole temperature range was fitted with a single-
exponential magnetization build-up function. The methyl 3-site
jumps mode in the 224 K to 161 K can be fitted the activation
energy of 3.0 kJ/mol and the Arrhenius prefactor of 7 · 1010 s� 1.
The next step is to include the rotameric motions with the
weights and rotameric inter-conversion rate constants as
determined from the line shape and on-resonance R11 measure-
ments. With the inclusion of these rotameric inter-conversions
and the 3-site jumps modes, the results are given by dashed
line in Figure 5C. There is considerable disagreement present at
the two highest temperatures. The model underestimates T1

times in this regime. One of the likely explanations for this
deviation is the presence of intra-well motions on the time scale
similar to the time scale of the rotameric inter-conversions.
These intra-well motions appeared to be dominant at high
tempeatures in other hydrated methionine side chains, such as
the M35 site in Aβ fibrils.[6] If they occur on similar time scales as
the large angle rotameric jumps, it is difficult to model them
accurately, but they can be intuitively expected to lower the
relaxation rates due to effective decrease in individual jump
angles from one rotameric well to another in the presence of
the large amplitude of motions inside the well.

As the Roff
11 and Q-CEST experiments are performed off-

resonance and can have a significant longitudinal relaxation
component, their explicit modeling requires an accurate
inclusion of mechanisms responsible for longitudinal relaxation
rates. Because the methyl 3-site jumps are an inefficient
mechanism of relaxation at high temperatures, and the
rotameric jumps by themselves already yield the value of the
relaxation rate which is higher than experimental one, we did
not include any modes other than rotameric jumps in the
modeling procedures.

Effect of hydration on the rotameric motions of RC9

Solvation of proteins is known to enhance dynamics, even for
sites that are not in direct contact with water.[39,50] Our prior
work also indicates that the hydration of methyl bearing side
chains can enhance rotameric inter-conversions and intra-well
motions in protein and amyloid fibrils.[5,51–52]

The dynamics of the methionine side chain of the unstruc-
tured RC9 peptide are also strongly dependent on the solvation.
Figure 6A compares the spectra in the dry and the 80 %
solvated states at 313 K and 242 K. The dry state has a wider
pattern indicative of the substantial suppression of the
rotameric motions across the wide temperature range. Addi-
tionally, the Roff

11 rates are higher in the dry states (Figure 6B).
Note we are in the so-called fast regime as follows from
Figure 3C, in which R11 is inversely proportional to krot.

[53] Thus,
the larger value of Roff

11 in the dry state signifies a decrease in
the rotameric exchange rate constant in comparison to the wet
state.

Comparison with methionine methyl groups in Aβ fibrils and
FMOC-methionine

To place the results of the methionine side chain of RC9 in a
broader context we compare it to the methionine in Aβ1–40

fibrils and to FMOC-methionine. Specifically we compare the
hydrated RC9 dynamics to hydrated Aβ1–40 fibrils in the 3-fold
symmetric polymorph, and the FMOC-methionine dry amino
acid.[6–7,27] The side chain of M35 in the Aβ1–40 fibrils is believed
to point into the interface between different subunits of Aβ1–40

and its dynamics can differ depending on the polymorphic
state, mutations, or post-translational modifications.[54] In the 3-
fold symmetric polymorph[30–31] it is pointed into a water
accessible cavity.[3,29] As mentioned in the introduction, the
bulky FMOC group of the FMOC-methionine amino acid (Fig-
ure S8) partially mimics the environment found in the hydro-
phobic cores.[7,19]

Figure 6. Comparison of A) 2H solid-state NMR line shapes at 313 K and 242 K and B) 2H NMR Roff
11 relaxation rates as function of effective field at 313 K and 9.4

T for the hydrated (80 % by weight) and dry states of the M5-CD3 side chain in RC9.
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The 2H solid-state NMR line shape narrowing due to motions
displays the following order: RC9 is the most narrowed,
followed by the Aβ fibrils, and then by the amino acid
(Figure 7A). Figure 7B displays a qualitative comparison of T1

values as a function of temperature. At the lower temperature
end for all systems, T1 relaxation times are dominated by the 3-
site methyl jumps. At the high end of the temperature range,
rotameric interconversions and/or intra-well fluctuations domi-
nate the dynamics of the hydrated Aβ fibrils and the hydrated
RC9 peptide. The change in the dominance of the relaxation
mechanism is referred to as the dynamical crossover[6,50,55] and it
manifested in the change in the slope in the Arrhenius-type
plots of lnT1 versus the inverse temperature (Figure 5C and S9).
We observe that for RC9 the flatter portion of the curve,
signifying the dominance of the methyl axis motions, persists to
significantly lower temperature of about 192 K, in comparison
to the other two systems (Figure 5B). In the dry FMOC-
methionine the dynamical cross-over is absent and the T1

relaxation is defined primarily by the 3-site methyl jumps at all
temperatures. In the M35 side chain of the Aβ fibrils in the
hydrated state, the cross-over is clearly visible at around 250 K.
In the case of the dry fibrils the cross-over is practically
quenched.[6] Thus, the onset temperature of large-scale rota-
meric fluctuations appears to be correlated with the overall
hydrophobicity of the environment around the side chain. Thus,
hydration enhances rotomeric interconversion. It is possible
that the stable hydrophobic cavities in the FMOC-methionine

amino acid and the 3-fold symmetric Aβ1–40 fibrils’ raise the
onset temperature of rotameric fluctuations.

Figures 7C and 7D display the values of w1, w2 and krot

obtained with the model of Figure 1B for the three systems
based on the line shapes and/or R1ρ and Q-CEST measurements
at 37�3 °C. FMOC-methionine has a larger value of w2 +w1 (i. e.,
relative weights of the two major conformers) as well as non-
equal weights of the two conformers, while in the fibrils and
RC9 the weights of the two major conformers are equal and the
values are smaller. In particular, in RC9 w2 =w1 = 2.5, in the
Aβ1–40 fibrils w2 =w1 = 6, and in FMOC-methionine w1 = 13, w2 =

6. In contrast, the values of krot are comparable in FMOC-
methionine and RC9, but it is almost an order of magnitude
smaller in the Aβ1–40 fibrils (Figure 4D). If the overall qualitative
extent of mobility is defined by the observed line shape
narrowing and the dynamical cross-over in the T1 curve, we
conclude that the driving factor in the mobility changes in
these three cases is thermodynamic in nature. In particular, in
the disordered hydrated RC9 peptide the populations of the
rotameric states are most equalized.

Lee at al.[15] have shown that temperature-dependence of
methyl axes order parameters in calmodulin can be compared
with the temperature dependence of the average mean
squared atomic displacements obtained from neutron scatter-
ing studies of proteins.[56–59] They use this observation to
conclude that the onset of rotameric jumps can be, at least
partially, responsible for the glassy transition related to the

Figure 7. Comparison between different methionine-bearing systems: M5 in hydrated RC9, M35 in Aβ1–40 fibrils in the hydrated 3-fold symmetric polymorph,
and dry FMOC-methionine amino acid.[6–7,26–27] A) 2H solid-state NMR line shapes at around 37 °C and 9.4 T. B) 2H NMR T1 times versus T at 9.4 T. Rotameric
populations (C) and krot (D), obtained on the basis of the line shapes, R11 rates, as well as Q-CEST experiments at around 37 °C and fitted according to the
model of Figure 1B.
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onset of slow motions important in events such as ligand
binding, protein interactions and enzymatic catalysis.[36,39,59–61]

The methyl axes order parameters reflect the extent of methyl
axes motions, which include rotameric inter-conversions and
intra-well fluctuations. Thus, the role of the distribution of the
rotameric populations in the increased mobility of the methio-
nine side chain in the RC9 peptide and its persistence at low
temperature is in line with the studies of Lee et al.

Most prior studies of the dynamical cross-overs and the
effect of hydration on such have been performed on larger
protein systems. It is thus interesting to observe that the
dynamical cross-over from the dominance of methyl rotations
at low temperatures to the dominance of rotameric inter-
conversions at high temperatures is very pronounced in this
short low-complexity peptide. Lewandowski et al.[61] used solid-
state NMR relaxation techniques over at a wide-temperature
range to determine the hierarchical features of internal
dynamics in hydrated crystalline GB1 protein. In particular, they
suggested that the onset of large scale fluctuations of side
chains occurs in the 220 to 250 K temperature range. Results
from multiple neutron scattering studies of globular proteins in
the hydrated powder state also indicate that in this temperature
range one observes a pronounced activation of solvent-coupled
modes and, especially, those of side-chains (as summarized
in[36–39] and the references within). Our results for the Aβ fibrils
are in line with this determined range, while the short
disordered RC9 peptide displays a lower temperature of around
190 K. It is interesting to note that according to the simulations
of Figure 4D, at 190 K a single rotameric state is dominant, with
a sharp sigmoidal onset of additional states at higher temper-
atures. It is possible that the persistent of methyl axis
fluctuations of methionine side chains in hydrated disordered
low complexity systems can be a functional feature not only for
this short peptide, but for naturally occurring polypeptide
sequences and disordered low complexity domains of proteins
involved in multiple cell functions, including liquid-liquid phase
separation.[32–33]

Conclusions

Using the combination of 2H solid-state NMR line shape analysis
and rotating frame relaxation measurements, we demonstrated
that the rotameric interconversions of the M5 side chain persists
to temperatures below 200 K in the RC9 peptide in the
hydrated powder state. The rotameric inter-conversions are
significantly diminished in the dry state of the peptide. The
model of jumps between four magnetically inequivalent
positions with tetrahedral geometry was employed to fit the
experimental data. This model is applicable across the entire
temperature range of 313 to 161 K to approximate rotameric
inter-conversions in methionine. The relative ratio of these
artificial rotameric populations changed dramatically over this
temperature range. At the highest temperature the ratio was
2.5 : 2.5 : 1 : 1, representing two equally populated major con-
formers. At the intermediate temperature range of 264 to 225 K
the populations of the major conformers became non-equiv-

alent while the populations of minor rotamers became
negligible. Finally, at the lower temperature range the popula-
tions of the two major rotamers converged to the essentially
single state by 200 K. This transition occurred in the sigmoidal
fashion as a function of inverse temperature. This detailed
picture of the rotameric populations could not be obtained on
the basis of either the line shape or R11 measurement alone, as
each of them independently could be fitted within the w:1 : 1 : 1
model, albeit with very different rotameric rate constants. It is
interesting that both the Roff

11 and Q-CEST measurements entirely
corroborated the model and the corresponding fitted parame-
ters. In contrast, the T1 relaxation times, which are sensitive to
motions on the order of Larmor frequency, showed that the
methyl axis also participates in the intra-well motions at high
temperatures, which are similar in their time scale to the
rotameric jumps.

The comparison with the side chain of M35 in the 3-fold
symmetric hydrated Aβ1–40 fibrils and FMOC-methionine amino
acid highlighted the persistence of rotameric interconversions
and intra-well motions in RC9 to very low temperatures. It is
interesting to observe that the dynamical cross-over from the
dominance of methyl rotations at low temperatures to the
dominance of rotameric inter-conversions at high temperatures
is very pronounced in this short low-complexity peptide, as
most prior investigations have focused on the dynamical cross-
overs in larger protein systems. The observed transition temper-
ature in the hydrated RC9 peptide is approximately 190 K,
which is the lowest among the three systems.

Further, the comparison of the fitted parameters of
rotameric populations and rate constants based on the line
shapes and R11/Q-CEST measurements for these three systems
at the physiological temperature implies that the persistence of
the methyl axis dynamics in the M5 side chain of RC9 is caused
by different distributions of rotameric populations. In particular,
in the hydrated RC9 peptide the populations of the rotameric
states are most equalized compared to the other two systems,
while its rotameric exchange rate constant is similar to that of
FMOC-methionine. The results highlight the physical basis of
how methionine side chains can retain their functional mobility
in low complexity systems. The mobility of methionine side
chains in low complexity systems may turn out to be an
essential function in protein-protein interactions, especially at
hydrophobic interfaces.

Materials and Methods

Peptide preparation

The RC9 peptide with the sequence GGKGMGFGL was prepared
using solid-state peptide synthesis using the FMOC-based
chemistry by Life Technologies, Inc and purified by reversed-
phase high pressure liquid chromatography(HPLC) using the
C18 column and the water/acetonitrile gradient with trifluoro-
acetic acid as the co-factor. The purity of the peptide at 98 %
level was confirmed by analytical HPLC (0.5 % acetonitrile/min
gradient), matrix-assisted laser desorption/ionization mass spec-
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troscopy, and proton solution NMR. The peptide used in the
main text had a -CD3 label at the M5 position. FMOC-Met-D3

amino acid was purchased from Cambridge Isotope laborato-
ries. Additional labeling patterns for spectra in the structural
studies presented in the Supporting Information are mentioned
in the SI figure legends and text.

The peptide was dissolved in millipore-filtered water and
the pH was adjusted to 2, proceeded by lyophilization. For the
static deuterium solid-state NMR measurements, 11 mg of dry
peptide was packed into a 5 mm glass tube. The hydrated state
corresponded to the direct addition of 8.7 μl deuterium
depleted water (purchased from Cambridge Isotopes laborato-
ries). The water was mixed in and the sample frozen, thawed,
and equilibrated for 48 hours at room temperature to achieve a
homogeneously hydrated state.

NMR spectroscopy

Static solids-state 2H NMR measurements were conducted using
the 9.4 T spectrometer at CU Denver equipped with the static
Phoenix probe with the 5 mm diameter coil. Line shape
measurements were measured using the quadrupolar echo (QE)
pulse sequence involving an 8-step phase cycle[20] with the
echo delay of 35 μs. The inter-scan delay was set to at least a
factor of three times larger than the longitudinal relaxation
times. The number of scans varied between 10,240 and 2,560.
Laboratory frame longitudinal relaxation measurements em-
ployed saturation recovery scheme and QE detection. For the
three lowest temperatures the values were also confirmed with
the inversion recovery method. Seven to nine relaxation delays
were collected. Time domain data were left-shifted to the echo
maximum and processed with the 1 kHz exponential line
broadening function. Magnetization build-up curves, corre-
sponding to the integrated intensities of the full spectral
regions, were fitted to a mono-exponential function.

The on resonance deuteron NMR rotating frame relaxation
rates (R11) measurements[25] utilized the heat compensation
scheme, with the spin-lock power of wRF = 20 kHz and QE
detection.[25] The off-resonance rotating frame relaxation (
Roff

11 )measurements employed the adiabatic alignment of the
magnetization with wRF = 30 kHz. The adiabatic ramp had the
modulations of form wRF tð Þ ¼ wRF

tanha t=tð Þ

tanha
,

DW tð Þ ¼ DW0
tan ðatanbð Þ½1� t=t�Þ

b for the RF field strength, and offset,
respectively.[26] The relevant parameters were set to: the sweep
DW0 = 120 kHz, pulse duration τ= 200 μs, and the steepness
parameters α= 1.5, β= 5. The values of offsets Ω ranged from 5
to 75 kHz. The interscan delay was set to 1.8 s for the spin-
locking power of 20 kHz and 2.4 s for 30 kHz to minimize RF-
induced heating. 10 to 12 relaxation delays were collected, with
the maximum relaxation times not to exceed 35 ms to prevent
RF-induced heating. 512 scans and 16 dummy scans were
employed. The spin-locking field of wRF = 20 kHz is sufficient for
conducting the on-resonance R11 measurements because of
significant narrowing of the line shapes in the 313 K to 242 K
temperature range. The quality of spin-locking depends on the
spectral frequencies and is demonstrated in Figure S10 for

313 K and 242 K temperatures. At 313 K all crystallites are
locked within 90 % and at 242 K over 80 % of locking intensity is
reached. It is also important to note that the modeling
procedures for determination of motional parameters, briefly
summarized in the next section, take into account the differ-
ential locking of crystallite orientation by explicitly modeling
the coherent evolution during the spin-lock period.

Magnetization relaxation decay curves M tð Þ were fitted to a
mono-exponential function with a baseline of the form
M tð Þ ¼ Ae� R11t þ B. The integrated intensity of the entire powder
pattern region was taken. Each individual crystallite orientation
of the powder pattern in principle gives rise to a different
relaxation rate.[25,62–63] In the presence of the distribution of the
rate constant different approaches can be undertaken, such as
taking the initial rate, analyzing the entire distribution of rates,
assuming a bi-exponential form, or using the mono-exponential
function with the baseline.[64–67] The latter approximation
accounts for slowly relaxing components that are difficult to
define precisely due to limitations on the maximum spin-lock
time possible in the experiment. As long as the simulations
procedure for motional modeling is performed using the
relaxation delays that match the ones used in the experiment,
this approximation will reliably define the faster end of the
distribution that can be captured experimentally.[68]

The Q-CEST measurements utilized methodology previously
described.[27] A weak RF field of 1.57 kHz was applied for 20 ms
saturation time for a series of offsets between � 60 to + 60 kHz,
followed by the QE detection scheme. 928 acquisition scans, 32
dummy scans, and the interscan delay of 0.9 s were employed.
Spectra were processed with the 1 kHz exponential line broad-
ening function. The CEST profiles consisted of integrated
intensities of the whole powder pattern region.

The details of solid-state NMR measurements related to the
determination of the M5 methyl group’s 13C chemical shift,
conducted under the 60 kHz magic-angle spinning rate and at
14.1 T, are given in the legend to Figure S1. Solution NMR
measurements for chemical shifts assignments have been
performed at 11.7 T using a cryoprobe and the details are
stated in SI1.

Modeling

The line shapes and laboratory frame T1 relaxation rate were
modeled with the EXPRESS program.[69] For the on and off
resonance R11 simulations,[25] as well as those for the Q-CEST[27]

the direct numerical integration of the full Liouville-von
Neumann equation was performed.[28] The evolution during the
spin-lock periods is governed by the quadrupolar coupling
interactions for spin-1 deuterons.

The inter-conversion between the four symmetrical con-
formers of Figure 1B were modeled by the Markovian jumps
between four sites with orientations fixed in the molecular
frame. This approach is similar to what was employed
previously for the Aβ fibrils and FMOC-methionine systems.[5,26]

The rate constant of jumps between the sites, defined as the
sum of the forward and backward rates, were assumed to be
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the same between all pairs of sites. The occupation numbers for
each of the sites, which we refer to as “weights”, differed. The
effect of fast methyl 3-site jumps was modeled through
effective reduction in the value of quadrupolar coupling
constant (Cq) by a factor of 3, with Cq = 58 kHz,[5] with the
exception of simulations of T1 times, for which they were
included explicitly as an additional motional mode by nested
frames.[69–70] The asymmetry parameter of the quadrupolar
tensor was taken as zero.

The relaxation delays used in the simulations of the R11 and
Roff

11 rates matched the experimental ones. The effect of RF
inhomogeneity was taken into account only for the Q-CEST
simulations by including the 6-point grid of the inhomogeneity
profile at 1.6 kHz, as described previously.[27,71] For the 20 and
30 kHz RF spin-lock amplitudes used in the rotating frame
relaxation measurements, the inhomogeneity was very minor
with the use of the Phoenix static probe[26] and, thus, was not
included in the simulations.
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