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ABSTRACT: We introduce a labeling scheme for magic angle
spinning (MAS) solid-state NMR that is based on deuteration
in combination with dilution of the carbon spin system. The
labeling strategy achieves spectral editing by simplification of
the HαCα and aliphatic side chain spectral region. A reduction
in both proton and carbon spin density in combination with
fast spinning (≥50 kHz) is essential to retrieve artifact-free
13C-R1 relaxation data for aliphatic carbons. We obtain good
agreement between the NMR experimental data and order parameters extracted from a molecular dynamics (MD) trajectory,
which indicates that carbon based relaxation parameters can yield complementary information on protein backbone as well as
side chain dynamics.

■ INTRODUCTION

In the past 10 years, solid-state NMR matured into a tool in
structural biology that allows study of biological samples in
crystalline, noncrystalline, and sedimented states.1−6 NMR
spectroscopy is particularly strong in the analysis of
biomolecular dynamics. Understanding of dynamic processes
is of fundamental interest, as motions on submillisecond time
scales enable protein function despite the close packing in
globular proteins.7−9 In solution NMR, internal motions on a
time scale greater than nanoseconds are difficult to detect, as
they are masked by molecular tumbling. In the solid-state
NMR, rotational diffusion is impaired. As a consequence, solid-
state NMR is sensitive to internal motions on all time scales.
In the solid-state, coherent and noncoherent effects

contribute to the experimental, apparent T1 relaxation times.
Coherent contributions are not easily removed and make an
estimation of the dynamic contribution to the relaxation rates
rather difficult.
Coherent effects are due to interactions among dipolar

coupled spins. Spin diffusion, e.g., during the T1 relaxation
period, results in magnetization transfer, and yields an
apparently shorter 13C T1 relaxation time of a certain nucleus,
in case this spin is coupled to a relaxation “sink”, which has a
much shorter relaxation time.10 Spin diffusion scales inversely
with the magic-angle spinning (MAS) frequency.11,12 Fast
spinning at the magic angle can reduce the detrimental effects
induced by spin diffusion.13 In protonated samples, carbonyl
13C T1 relaxation times can potentially be quantified reliably.
However, even at a MAS frequency of 60 kHz, spin diffusion
results in a number of cross-peaks in particular in the aliphatic
region of the 13C,13C PDSD spectra, indicating that spinning at

this rotation frequency alone is not sufficient to suppress spin
diffusion in protonated samples.13 A further reduction in spin
diffusion is required, which can potentially be achieved by
proton spin dilution.14,15,13

On the other hand, obviously incoherent effects, such as ps-
ns motions, contribute to T1 relaxation times.16−19 Quantifica-
tion of internal dynamics is only possible, if these coherent and
incoherent effects can be separated.
In this manuscript, we focus on the influence of spin diffusion

and the separation of coherent and incoherent contributions to
the experimentally determined 13C T1 relaxation times. We
combine fast magic angle spinning and 1H, as well as 13C spin
dilution. For that purpose, we suggest a labeling scheme, coined
GlyRAP, which is an extension of the recently introduced
reduced adjoining protonation (RAP) labeling scheme, yielding
carbon spin dilution by an approach originally introduced by
LeMaster and Kushlan.24−28 The GlyRAP labeling simplifies
spectra, increases the spectral resolution, enables spectral
editing, and allows the artifact-free determination of 13C
relaxation rates. The experiments are demonstrated using a
microcrystalline sample of the chicken α-spectrin SH3 domain.
Proton detection experiments are employed to yield high
sensitivity.

■ MATERIALS AND METHODS
Sample Preparation. GlcRAP samples of the SH3 domain of

chicken α-spectrin were produced, as described earlier.29,25 The
protein expression was carried out with 15NH4Cl, u-[

2H, 13C] glucose
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and 15%/85%, 25%/75% H2O/D2O in the M9 minimal medium to
produce the 15%, 25% GlcRAP sample, respectively. To produce the
10% [2]-GlyRAP sample, u-[2H, 2-13C] glycerol (Isotec, 2 g/L)
instead of glucose was used. The medium was supplemented further
with Na1H13CO3 (2 g/L).24 Prior to crystallization in 100% D2O, all
samples were lyophilized two times in D2O at pH 3.5. 3.2 mm rotors
were packed with microcrystals of a 25% GlcRAP sample using a
tabletop centrifuge. 1.3 mm rotors were packed with microcrystals of a
15% GlcRAP and a 10% [2]-GlyRAP sample by ultracentrifugation
(∼20 min, 135000g) employing an ultracentrifuge device.30 The rotors
were sealed by gluing to increase the tightness of seal, as described
previously.27

NMR Spectroscopy. NMR experiments were carried out using
Bruker Biospin Avance spectrometers operating at 1H Larmor
frequencies of 500, 700, and 850 MHz, respectively, using commercial
3.2 and 1.3 mm triple-resonance probes. The 1.3 mm probe of the 850
MHz spectrometer was equipped with an additional external 2H coil.31

At all MAS frequencies, the effective sample temperature was adjusted
to ∼20−25 °C, using the chemical shift difference between the solvent
resonance and L8δ2. At 700 MHz, the employed rf fields on the 1H,
13C and 15N channels for hard pulses were 96, 61, and 50 kHz,
respectively. At 500 MHz (850 MHz) rf fields of 167 (90−100), 100
(92−95) and 62.5 (100) kHz were applied on the 1H, 13C, 2H (15N)
channel, respectively. Low-power 1H, 2H, 13C decoupling of 2.5 kHz
was applied, using the WALTZ-16 decoupling scheme.32 13Cα
backbone T1 relaxation experiments were recorded using the pulse
sequence depicted in Figure S5. In experiments carried out with the
25% GlcRAP sample, cross-polarization (CP) was employed for
magnetization transfer and water saturation for solvent suppression
(Figure S5A).33,34 For the 10% [2]-GlyRAP and the 15% GlcRAP
sample, a refocused INEPT scheme was employed (Figure S5B).
During the recovery time 2nΔ, π pulses were applied after every time
point Δ on the 1H and 15N channel to reduce cross-correlated
relaxation.35−37,22 13Cα,15N as well as 13Cα,2H cross-correlation effects
are marginal in comparison to 13Cα,1H.38 We note that 13Cα,1H cross-
correlation effects are small due to self-decoupling of two spin order
terms containing 1H, since the longitudinal relaxation time for protons
is up to an order of magnitude shorter than for 13Cα.39−41 To reduce
systematic errors and the number of fitting parameters, the 13C
magnetization, prior to the T1 recovery delay, was cycled as +Sz and
−Sz.42 To obtain high sensitivity, both sequences were designed for 1H
detection.
Data Analysis. The spectra were processed in Topspin v2.1 and

peak volumes extracted by box integration, using in-house Python
scripts. The experimental error was set to two times the standard
deviation of the noise and the uncertainty of the T1 values was
estimated by 1000 Monte Carlo runs.

13C T1 Relaxation in the Solid-State. Spin relaxation is
particularly sensitive to ps-ns motions.16−19 Nuclear relaxation is
essentially induced by the modulation of the dipolar coupling between
directly bonded proton and carbons due to motion. Additionally,
modulation of the Chemical Shift Anisotropy (CSA) contributes to
relaxation. The T1 times are related to the 1H,X (X = 13C, 15N) dipolar
coupling anisotropy d, the CSA c, and the spectral density function
Jm(ω) according to43,20
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with 1/τf′ = 1/τf + 1/τr and 1/τs′ = 1/τs + 1/τr, while the generalized
order parameter, S2, can be written as the product of two order
parameters, S2fast and S2slow, accounting for the amplitude of fast and
slow motions, respectively. In solution, the first term describes the
effect of molecular tumbling. In the solid-state, the spectral density
function reduces to (τr → ∞)52
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The CSA is determined by the difference of the parallel and
perpendicular components of the chemical shift tensor, |Δσ| = |σ∥ −
σ⊥|, and accounts for about 25−45% of 15N (Δσ = 170 ppm)53,54

backbone T1 relaxation, whereas insignificant CSA contributions less
than 2% are expected for 13Cα (Δσ = 20 ppm)55 at external magnetic
fields of 14.1−23.5 T (Figure S4A). For the quantitative analysis of
backbone T1 relaxation data, in principle the CSA for all sites must be
known since the CSA varies strongly along the primary sequence.56−59

However, due to its small contribution to 13Cα T1, CSA can be safely
neglected and elaborate experimental approaches can be omitted.

Analysis of 13C Spin Diffusion. To simulate apparent 13C T1
relaxation times under the influence of 13C,13C spin diffusion, we
assumed a simple model,60,37,61,15
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MD Simulation. Molecular dynamics (MD) simulations were
started from the crystal structure of the α-spectrin SH3 domain (PDB
code: 2NUZ).62 The 4 SH3 monomers of the asymmetric crystal unit
were simulated in an orthorhombic crystal lattice using periodic
boundary conditions with cell dimensions 34 × 43 × 50 Å. Simulations
were carried out using the Amber99SB all-atom force field in
GROMACS 4.5.463 with TIP3P water. The simulation system
comprised 8 unit cells (2 × 2 × 2), containing 63437 atoms
altogether, including 33705 solvent molecules, 114 Na+ ions and 146
Cl− ions. The salt concentration corresponds to 150 mM, the net
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charge is neutral. LINCS64 and Settle65 were applied to constrain
covalent bond lengths, allowing an integration time step of 2 fs.
Electrostatic interactions were calculated with the particle-mesh Ewald
method.66 The temperature was kept constant at 300 K by separately
coupling (τ = 1 ps) the peptide and solvent to an external temperature
bath using velocity-rescaling.67 The pressure was kept constant
employing Berendsen coupling (τ = 0.5 ps) to a pressure bath. The
simulation was relaxed using steepest-descent followed by a 500 ps
equilibration using position restraints on heavy atoms. After the
equilibration phase, the simulation was within 0.2% of the
experimentally observed unit cell volume. A MD simulation was run
for 97 ns for an isothermal−isobaric ensemble (NPT). The correlation
functions for Hα,Cα backbone vectors were calculated explicitly using
this MD trajectory. Global molecular reorientations do not affect this
calculation, as the molecule was restricted within the crystal
lattice.68−71 Subsequently, the parameters describing the extended
model-free formalism49,51 were fit using the formula

= + − + −τ τ− −C t S S e S S e( ) (1 ) (1 )t t2
fast
2 /

fast
2

slow
2 /fast slow

where S2 corresponds to the generalized order parameter, S2 =
Sfast
2 Sslow

2 . τfast and τslow are the time scales of fast and slow internal
motions, respectively.

■ RESULTS

GlyRAP Labeling and Spectral Editing. Reduced
adjoining protonation (RAP) labeling enables the detection
of aliphatic protons in the solid-state at already low MAS
frequencies.25−28 The protein is expressed, using uniformly
deuterated and 13C labeled glucose. These samples are referred
to as GlcRAP samples in the following. Figure 1A shows a
1H,13C HMQC spectrum of a 25% GlcRAP sample of the SH3
domain of α-spectrin (using 25% H2O/75% D2O in the growth
medium).
Overall, high resolution is achieved. However, resolution in

the Cα region is compromised due to spectral crowding. Use of
deuterated and 2-[13C] labeled glycerol in the bacterial growth
medium yields isotopic labeling at almost every second carbon
(Figure S1).24 The proton content of the protein can be tuned
by adjusting the amount of H2O/D2O in the minimal medium.
A sample for which 10% H2O has been employed is termed
10% [2]-GlyRAP in the following. Figure 1B shows a 1H,13C
HSQC spectrum for such a sample. Clearly, resolution is
significantly improved as approximately only every second
carbon is isotopically enriched. Because of the alternate labeling
pattern, 1J(13C,13C) couplings are removed yielding an
additional enhancement in resolution. None, or very little
incorporation of 13C is expected for backbone Arg-Cα, Gln-Cα,
Glu-Cα, Leu-Cα, Pro-Cα (Figure 1C,D) and about half of the
side chain resonances (Figure 1E,F). For the methyls Ala-Cβ,
Ile-Cγ2, Leu-Cδ1/-Cδ2, Met-Cε and Val-Cγ1/-Cγ2 resonances
are suppressed (Figure 1G,H), enabling spectral editing.

13C T1 Relaxation Experiments. In the solid-state,
molecular tumbling is absent and, therefore, relaxation is only
determined by internal dynamics. By contrast, significant
contributions to relaxation originate from molecular tumbling
for proteins in solution. As a consequence, T1 times vary only
marginally in solution, whereas variations of roughly one order
of magnitude can be found in the solid-state (Figure S4C).
These results encouraged us to determine 13C T1 relaxation
times in the solid-state.
In order to include 13Cα T1 data into an analysis of molecular

dynamics in the solid-state, two major obstacles need to be
overcome: On one hand, T1 times in the solid-state are
dependent on the crystallite orientation, and therefore magic

angle spinning must be explicitly taken into account.20 Powder
averaging yields a multiexponentially decaying T1 relaxation
curve. It was shown that the initial slope is monoexponential
which directly provides orientation-independent MAS powder

Figure 1. 1H-detected 1H,13C correlation spectra of a (lef t column)
25% GlcRAP and (right column) 10% [2]-GlyRAP sample of
microcrystalline α-spectrin SH3. Spectra were recoreded at 20 T
(850 MHz), setting the MAS frequency to 40 (50) kHz using the
GlcRAP (GlyRAP) sample. On the top (A,B) the full aliphatic
spectrum is shown, whereas in the second (C,D), third (E,F) and last
row (G,H), the 1Hα,13Cα backbone, side chain and methyl spectral
region is represented, respectively. For the 10% [2]-GlyRAP sample, a
significant gain in resolution is observed. 1Hα,13Cα correlations for
Arg, Gln, Glu and Leu are absent. Intensities for Pro are strongly
reduced. In the highlighted side chain region, Glu-Cγ and Lys-Cβ
resonances were severely reduced using the [2]-GlyRAP sample. In the
methyl region, as expected from the metabolism (Figure S1), only
Thr-Cγ2 and Ile-Cδ1 resonances were detectable, while other methyl
resonances were efficiently suppressed.
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averaged T1 times.20−22 Explicit calculations taking MAS into
account yield only small deviations from the initial slope
approximation.72,21 For 15N backbone amides which have order
parameters S2 > 0.7, the diffusion-in-a-cone approach, employ-
ing the “explicit average sum” treatment,21 yields very similar
results as a model-free treatment.73,52,23 On the other hand,
13C,13C spin diffusion can potentially yield an averaging of T1

times and induces a reduction of the measured rate in case
relaxation sinks, such as methyl groups are coupled to the
measured nucleus.13,10

Figure 2A shows the normalized magnetization decay of the
Trp41 13Cα backbone resonance as a function of the recovery
time for the 25% GlcRAP and the 10% [2]-GlyRAP sample.
For the 25% GlcRAP (measured at a MAS frequency of 24
kHz), almost all 13Cα−T1 curves significantly deviate from a
monoexponential relaxation behavior. In general, T1 relaxation
times are very short with an average value of (2.3 ± 0.9) s. A
biexponential function yields an adequate fit for all decay curves
(R2 ≥ 0.96). Figure 2B illustrates the theoretical relaxation
behavior of two coupled spins that relax with different
autorelaxation rates. For the calculation eq 2 has been
employed, assuming an initial magnetization A0 = 1.0 and B0
= 0.0 (i.e., spin A is polarized, spin B relaxed back to its
equilibrium state). In the example, the autorelaxation rates are
set to ρA = 0.1 s−1 and ρB = 0.2 s−1. For σ = 0 s−1, a
monoexponential decay is obtained, [A](t) = e−0.1t (Figure 2B,
black circles). For σ = 1 s−1, a biexponential decay is obtained,
[A](t) = 0.48e−2.15t + 0.52e−0.15t (Figure 2B, red triangles). In
that case, a monoexponential fit yields only a poor convergence
(solid red line). In order to verify whether the experimental
MAS frequency and the employed 1H/13C spin dilution is
sufficient, we recorded bulk 13C T1 relaxation times as a
function of the MAS frequency (Figure 2C). The bulk 13C T1
time increases with increasing spinning frequencies and reaches
a plateau around 45 kHz. This result is consistent with cross
peak intensities in 2D 13C,13C PDSD74 experiments that we
recorded as a function of the MAS frequency, as well as the
degree of 1H and 13C spin dilution (Figure S3). A 25% GlcRAP

sample (τmix = 2 s, 24 kHz MAS) yields numerous cross-peaks
(Figure S3A). The number of cross peaks is already greatly
reduced for a 15% GlcRAP sample spun at 50 kHz MAS (τmix =
3 s, Figure S3C). Almost no cross peaks are observable for a
10% [2]-GlyRAP sample under the same conditions (τmix = 2 s,
5 s, Figure S3B,D). We note that 13CO,13Cβ cross peaks are
particularly intense due to the matching of the rotational
resonance condition,75 employing a MAS frequency of 24 kHz
at an external magnetic field of 16.4 T (Figure S3A,B).
Therefore, the use of 1H and 13C spin dilute samples, in

combination with fast spinning (MAS ≥ 50 kHz), yields
monoexponentially decaying 13C T1 curves (Figure 2A), which
exclusively report on local dynamics. Under these conditions,
coherent contributions are averaged out.
Backbone 13Cα T1 relaxation times for GlcRAP and GlyRAP

labeled samples are represented in Figure 3A-D. In general,
13Cα T1 increases with MAS, the amount of deuteration and
13C dilution. For the 25% GlcRAP sample (Figure 3D), we
obtain very similar 13Cα T1 values along the backbone. This
indicates that relaxation of nuclear spins is influenced by spin
diffusion, which results in a degeneration of the respective rates.
This is consistent with the observation of 13C,13C PDSD cross
peaks (Figure S3A). For the 15% GlcRAP sample (Figure 3C),
13Cα T1 relaxation times are already significantly increased.
However, also there, a pronounced pattern with fluctuations
along the backbone is still not observable. The increased 13Cα
T1 relaxation times (Figure 3C versus Figure 3D) are
predominantly due to the increased MAS rotation frequency.
Large site-specific variations become observable in case a 10%
[2]-GlyRAP sample is employed in which both the carbon and
the proton spins are dilute (Figure 3A and B). Most strinkingly,
we find that proton mediated spin diffusion is essentially
suppressed by carbon spin dilution (Figure 3B and C). This is
due to the fact that HC/CC and CC/CC cross terms are
truncated in carbon spin dilute samples (Gromek et al.,
2006).76 We find that the 13C T1 values in the 10% [2]-GlyRAP
sample show a field dependence and increase with higher
external magnetic fields (Figure 3A and B). The bulk 13C T1

Figure 2. (A) 13Cα backbone T1 relaxation curves for Trp41 in a microcrystalline sample of α-spectrin SH3, using a 25% GlcRAP and a 10% [2]-
GlyRAP labeling scheme. Spectra were recorded at MAS frequencies of 24 kHz (25% GlcRAP, 10% [2]-GlyRAP at 16.4 T) and 50 kHz (10% [2]-
GlyRAP at 20.0 T). Significantly longer T1 times are obtained for higher MAS frequencies, as well as with increasing dilution of the proton and
carbon spin systems. (B) Influence of 13C,13C spin diffusion on 13C T1 relaxation decay curves. Curves are calculated using eq 2. In the absence of
spin diffusion (σ = 0.0 s−1, black circles) a monoexponential decay is obtained. Spin diffusion rates σ > 0 s−1 yield a biexponential decay (red
triangles). The curves were calculated assuming A0 = 1.0, B0 = 0.0, ρA = 0.1 s−1 and ρB = 0.2 s−1, respectively. (C) Bulk experimental 13Cα T1
relaxation time as a function of the MAS frequency at an external magnetic field of 11.7 T (500 MHz), using the 10% [2]-GlyRAP α-spectrin SH3
sample. The T1 relaxation time increases with the MAS frequency, and reaches a plateau at a MAS frequency of 45 kHz. In the experiments, we had
to restrict the MAS frequencies to values below 50 kHz as the spinning induced sample heating induced degradation of the sample.
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time at 500 and 850 MHz are (11.0 ± 5.6) s and (17.9 ± 9.0) s,
respectively. This finding can be attributed to the presence of
slow dynamics in the solid-state, and was observed previously
for 15N backbone T1 relaxation times.41

Comparison of Experimental 13Cα T1 Relaxation
Times with MD Simulations. In Figure 4A, the 13Cα R1
rates (10% [2]-GlyRAP, 850 MHz) are plotted on the crystal
structure of the SH3 domain (PDB ID: 2NUZ).62 The
magnitude of the R1 rate is represented by the thickness of
the backbone. The α-spectrin SH3 domain folds into a barrel
like structure, containing five antiparallel β-strands and three
loops, namely the RT, the n-Src and the distal loop,
respectively.77 The RT and the n-Src loop are particularly
important for binding of proline-rich ligands.78,79 High 13Cα R1
rates, which presumably reflect dynamic residues, cluster in
these two loops. Although various SH3 domains adopt a highly
similar β-barrel fold, different conformations were found for the
RT and n-Src loops.80−82 As the flanking sequence of a ligand
binds to the groove between these two loops, the interaction of
the ligand and both loops is fundamental for sequence
specificity. We speculate that the required plasticity of both
loops is reflected in the measured R1 rates.
MD simulation is a complementary tool for the determi-

nation of protein dynamics.83−86 To further validate the
measured 13Cα relaxation times, we compared the experimental
13Cα R1 rates with order parameters obtained from a MD
trajectory. In the calculation, each unit cell contained four SH3
molecules. Employing periodic boundary conditions, the

simulation was performed for 8 unit cells. The trajectory was
calculated for 97 ns. This trajectory was employed to determine
the correlation functions of Hα,Cα backbone dipolar vectors.
The correlation function C(t) yields directly information on the
generalized order parameter S2. In Figure 4B, (1 − S2) is
plotted onto the structure. Large (1 − S2) values and high R1
rates indicate large amplitude dynamics. We find that 13Cα R1
rates and the MD simulation follow the same trend: Especially
large motion is observed in the RT and in the n-Src loop.
Missing data is due to the labeling scheme, as Arg, Gln, Glu,
Leu, Pro 13Cα incorporation yields are low. Furthermore,
resonance assignments were obtained using cross-polarization
(CP) based experiments. Information on the dynamics of
especially the distal loop is therefore lacking (Figure S8).26 In
the future, scalar-based assignment experiments and access to
[1,3]-GlyRAP samples will allow to yield a more complete 13Cα
R1 data set. Similarly, HNCO type experiments will allow to
determine carbonyl relaxation rates in carbon spin dilute
samples.

■ DISCUSSION
We suggest here to employ fast MAS in combination with
sparse labeling (1H and 13C) to access 13C R1 relaxation rates.
Both preconditions have to be met for the following reasons:
(i) Fast MAS (>40 kHz) yields an increase in resolution due

to averaging of coherent contributions to the line width.87,27

(ii) Scalar coupling based 13C T1 experiments (refocused
INEPT schemes, Figure S5B) yield an improvement in
sensitivity at high MAS frequencies in comparison to dipolar
based experiments.27

(iii) The rate of spin diffusion is dependent on the inverse
distance of the dipolar coupled spins (ri,j

−6), the isotropic
chemical shift difference of spin i and j, and scales inversely with
the magic-angle rotation frequency.11,12 Accordingly, fast
spinning decreases spin diffusion and facilitates the measure-
ment of atom-specific relaxation rates R1 that report on local

Figure 3. (A−D) Backbone 13Cα T1 relaxation times for a 10% [2]-
GlyRAP, 15 and 25% GlcRAP microcrystalline sample of α-spectrin
SH3 measured at an external magnetic field of 11.7, 16.4, 20.0 T (500,
700, 850 MHz) and a MAS frequency of 24 and 50 kHz, respectively.
T1 relaxation times for the GlcRAP samples are extracted using a
monoexponential fitting function. The T1 errors were estimated using
Monte Carlo simulations taking intensity fluctuations due to noise into
account (2σnoise). The dashed horizontal line depicts the average T1
value for all residues. The secondary structure elements are indicated
by gray bars.

Figure 4. (A) Experimental R1 rates and (B) MD derived generalized
order parameters (1 − S2) for the Cα backbone atoms of α-spectrin
SH3. The experimental R1 (= 1/T1) rates were obtained from the 10%
[2]-GlyRAP sample (measured at 850 MHz). The MD trajectory was
sampled for 97 ns, employing 8 (crystal) unit cells containing 4 SH3
molecules each. Experimental and MD derived parameters indicate
dynamics in similar regions of the structure. The color coding is given
at the bottom of the figures. The magnitude of the values is
represented by the thickness of the backbone. Residues color coded in
black were not employed in the analysis due to spectral overlap or
sensitivity issues.
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motion. The effects of spin diffusion can be appreciated from
Figure 2B.
(iv) Paramagnetic relaxation enhancement (PRE) is a further

potential mechanism that can distort the experimentally
observed T1 relaxation times.88−92 PRE is induced by
paramagnetic impurities such as dissolved oxygen in the crystal
lattice. As a result, the theoretical and experimental 19F T1 times
for CaF2 deviate by a factor of about 106.89 In this present
study, α-spectrin SH3 was crystallized from solvent. Potential
paramagnetic impurities are primarily bound to water molecules
and tumble rapidly which in turn reduces the PRE effect in the
microcrystals. We assume therefore that the PRE effect in
microcrystalline α-spectrin SH3 has a similar order of
magnitude as α-spectrin SH3 in solution. This assumption is
supported by the fact that experimental 13C methyl T1, as well
as 15N T1 times in the solid and the solution are highly
correlated.39,22 We observe furthermore a good agreement with
the MD simulation, which suggests that the influence of
paramagnetic impurities can be largely neglected.
(v) We observe a biexponential decay of the experimental

13Cα T1 relaxation times (Figure 2A/B) in case a non 13C spin
dilute sample is employed (GlcRAP). We expect that coherent
effects are even more detrimental in case protonated samples
are employed. These results make it questionable whether
protonated and uniformly carbon labeled protein samples are
suitable to quantify protein dynamics based on 13Cα relaxation
experiments even at 60 kHz MAS.13

■ CONCLUSIONS

We could show that the [2]-GlyRAP labeling scheme presented
here yields sparsely 13C labeled proteins in a deuterated matrix.
[2]-GlyRAP samples show enhanced resolution due to a lower
number of labels and missing 1J(13C,13C) scalar couplings. The
labeling scheme enables spectral editing, as only a defined set of
peaks is obtained in the spectra (e.g., the 1Hα,13Cα resonances
of Arg, Gln, Glu, Leu, Pro, as well as methyl resonances of Ala,
Ile-Cγ2, Leu, Met and Val and further side chain resonances are
reduced). The labeling scheme is furthermore ideally suited for
the quantification of dynamics of side chain and backbone
carbons in a protein in the solid-state. Application of 1H
detection allows to improve the experimental sensitivity and the
accuracy of the determined relaxation parameters. The
combination of sparse labeling, deuteration and fast magic
angle spinning reduces 13C,13C spin diffusion to an undetect-
able level, in particular when aliphatic carbons are considered.
Qualitatively, we find good agreement between the 13Cα R1
relaxation rates and the generalized order parameters (1 − S2)
from MD simulations indicating a high degree of flexibility in
two loops of the α-spectrin SH3 domain. We conclude that 1H
and 13C spin dilute samples, such as the 10% [2]-GlyRAP
sample, have to be employed for a proper quantification of
13Cα dynamics, as otherwise spin diffusion, especially involving
methyl groups, can effectively shorten the apparent T1
relaxation times. In the future, we will explore [1,3]-GlyRAP
labeled samples, which will give access to a complementary set
of nuclei and thus allow to complete the relaxation data set.
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spectrum of [2]-GlyRAP and GlcRAP labeled SH3, 2D-13C,13C
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