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Higher B0 – beneficial for solution and solid state! 

•  Much progress in NMR concerns 
improvements in resolution and 
sensitivity 

•  Resolution ~ B0, sensitivity ~ B0
3/2 

•  Stronger magnets are thus always 
beneficial! 

•  but especially for solid-state NMR: 

–  larger linewidths, lower 
sensitivity to begin with 

–  thus, increased T2 relaxation 
due to larger CSA or a potential 
TROSY optimum at higher B0 
are not a concern 

–  strong RF fields available on 
solid-state probes can much 
more easily cover the increased 
frequency range at higher B0 
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Equipment progress: solid vs. solution 

•  As in solution, solid-state NMR 
greatly profited from higher B0 
fields and improved probehead 
and spectrometer equipment 

•  However, cryoprobes (with 
samples at ambient temperatures) 
only just became available  

•  No gradients available either 
(except for prototypes) 

Beckonert et al., Nat Protoc 5, 1019, 2010 
Ader et al., PNAS 107, 6281, 2010 



Progress in methodology: Recoupling pulse sequences 

•  General idea:  
–  Using tailored RF 

irradiation, 
–  (re)activate / recouple the 

interaction of interest 
–  by creating interference 

between sample (space) 
and spin (RF) rotation 

Ĥ =
2X

l=0

Âl · T̂ l

space spin 



Progress in methodology: Recoupling pulse sequences 

•  Develpoment of a wide range of 
recoupling pulse sequences 

 
Choose your preference: 

•  dipolar coupling (→ distances) or 
chemical shift anisotropy (→ 
conformation) 

•  heteronuclear or homonuclear 
•  for shorter (filtering; dynamics) or 

longer distances (structure) 
•  broad-band or chemical-shift 

selective 

HORROR / DREAM, 
selective recoupling, 
R and C sequences, 

PAR / PAIN, ..... 

REDOR 

PDSD / DARR 

RFDR 

(SPECIFIC) CP 



ssNMR pulse sequences and structural biology 

Notably: 
•  Progress in structural biology 

applications was often made via 
rather simple experiment types 
(SPECIFIC-CP, spin diffusion)! 

•  For structural information: 
–  prefer many imprecise over a 

few precise distance restraints 
–  for long(er) distance restraints, 

require recoupling methods less 
affected by dipolar truncation 

–  For structure calculation 
purposes, complex relationship 
between interspin distance and 
signal intensity in solid-state 
NMR is problematic! 

Castellani et al., Nature 420, 98, 2002 

shows contour plots of two-dimensional 13C–13C PDSD22 spectra of
U-SH3 (Fig. 1b) and of 2-SH3 and 1,3-SH3 (Fig. 1c, d, respectively).
All spectra were recorded with a long mixing time of 500ms to
establish long-range correlations. An advantage of the PDSD
technique22 is that longer mixing times can be applied without
limitations on balancing radio-frequency-power input and sample
heating. In Fig. 1b, mainly intra-residue cross-peaks are observed5

with additional correlations, attributed to relayed polarization
transfers within an amino acid or to transfers between sequentially
connected amino acids. The assignment of the correlations in Fig.
1b is, however, difficult owing to overlap and ambiguity. In contrast,
the 2-SH3 and 1,3-SH3 spectra (Fig. 1c, d) are simplified owing to
the less extensive labelling. The spectrum of the 2-SH3 preparation
(Fig. 1c) is virtually empty in the methyl region between 16 and
28 p.p.m. On the other hand, additional peaks are observed par-
ticularly in the region from 48–66 p.p.m., which can be assigned to
long-range polarization transfer events. The spectrum of 1,3-SH3
(Fig. 1d) shows a large number of new peaks in the methyl region,
which can also be attributed to long-range interactions. Positive

side-effects of this type of labelling are the simplification of the
assignment of the new correlations and the overall improved
resolution as a result of suppressing homonuclear one-bond J-
couplings8.
We assigned the cross-peaks by applying the criterion that each

peakmust be part of a correlation pattern involving several nuclei of
two interacting amino acids. For example, the assignment of long-
range cross-peaks involving L33 and V44 is shown in Fig. 2 (panels
I–IV), which contains the regions indicated in Fig. 1c, d. Further-
more, we could identify the secondary structure and topology of the
SH3 domain from correlation patterns involving residues 14 and 26,
15 and 25, 16 and 24, or between 34 and 43, 33 and 44, 31 and 46,
which indicate the presence of an antiparallel b-sheet. Additionally,
at around 62 p.p.m. (Fig. 2, panel V), where the Ca of T24 and P54
resonate, all cross-peaks involving the two sequential a-carbons are
observed, as is a correlation between the a-carbon signals of P54
and W41. The inter-strand Ca–Ca correlation between T24 and
Q16 is also observed in the same region but only in the 1,3-SH3
spectrum, owing to a low percentage of Q16 Ca-labelling in the

Figure 1 Labelling patterns and NMR spectra for the different a-spectrin SH3 domain

preparations. a, Schematic representation of the effective 13C enrichment for the

indicated residues, as obtained by protein expression in E. coli BL21 (DE3). The green

colour corresponds to the degree of 13C labelling pattern obtained by growth on

[1,3-13C]glycerol; the opposite labelling pattern, obtained by growth on [2-13C]glycerol, is

represented in red. In cases with mixed labelling, the percentage label from

[2-13C]glycerol and [1,3-13C]glycerol for a particular atom is represented using relative

red/green colouring. The percentages of labelling for each site were estimated by solution

NMR from satellite signals. The fractional labelling for residues of group II is explained by

the production of different labelling patterns, as illustrated for proline at the bottom.

b–d, Contour plots of two-dimensional 13C–13C PDSD spectra recorded with a mixing

time of 500ms at 17.6 T and a spinning frequency of qR /2p ¼ 8.0 kHz on U-SH3 (b), on
2-SH3 (c) and on 1,3-SH3 (d). The colours of the spectra (red for 2-SH3 and green for the
1,3-SH3) correspond to the labelling pattern in a. The boxed regions (I–VI) in c and d
relate to Fig. 2.
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The importance of sample preparation 

•  Avoid lyophilization or (random) 
precipitation for sample preparation! 
–  sufficient water content and 
–  local, short-range order are 

important! 
•  Soluble proteins: microcrystals 
•  Fibrils, membrane proteins: pelleting 

by ultracentrifugation (directly into 
NMR rotor) 

•  Screen for optimal conditions giving 
best spectra! (e.g. avoiding fibril 
polymorphism) 

vs. 

Petkova et al., PNAS 99, 16742, 2002 
Aulikki Wälti et al, PNAS 2016  
Bertini et al., J Biomol NMR 54, 123, 2012 



Isotope labeling: Selective 13C incorporation 

•  e.g. using [1,3-13C]- / [2-13C]-
glycerol, [1-13C]- / [2-13C]-glucose 
as carbon sources 

•  Reduce cross-peak ambiguity 
•  Increase resolution (remove 

broadening by J coupling) 
•  Can mix molecules with 

complementary labeling 
patterns to obtain inter-
molecular correlations (e.g. in 
fibrils)! 

shows contour plots of two-dimensional 13C–13C PDSD22 spectra of
U-SH3 (Fig. 1b) and of 2-SH3 and 1,3-SH3 (Fig. 1c, d, respectively).
All spectra were recorded with a long mixing time of 500ms to
establish long-range correlations. An advantage of the PDSD
technique22 is that longer mixing times can be applied without
limitations on balancing radio-frequency-power input and sample
heating. In Fig. 1b, mainly intra-residue cross-peaks are observed5

with additional correlations, attributed to relayed polarization
transfers within an amino acid or to transfers between sequentially
connected amino acids. The assignment of the correlations in Fig.
1b is, however, difficult owing to overlap and ambiguity. In contrast,
the 2-SH3 and 1,3-SH3 spectra (Fig. 1c, d) are simplified owing to
the less extensive labelling. The spectrum of the 2-SH3 preparation
(Fig. 1c) is virtually empty in the methyl region between 16 and
28 p.p.m. On the other hand, additional peaks are observed par-
ticularly in the region from 48–66 p.p.m., which can be assigned to
long-range polarization transfer events. The spectrum of 1,3-SH3
(Fig. 1d) shows a large number of new peaks in the methyl region,
which can also be attributed to long-range interactions. Positive

side-effects of this type of labelling are the simplification of the
assignment of the new correlations and the overall improved
resolution as a result of suppressing homonuclear one-bond J-
couplings8.
We assigned the cross-peaks by applying the criterion that each

peakmust be part of a correlation pattern involving several nuclei of
two interacting amino acids. For example, the assignment of long-
range cross-peaks involving L33 and V44 is shown in Fig. 2 (panels
I–IV), which contains the regions indicated in Fig. 1c, d. Further-
more, we could identify the secondary structure and topology of the
SH3 domain from correlation patterns involving residues 14 and 26,
15 and 25, 16 and 24, or between 34 and 43, 33 and 44, 31 and 46,
which indicate the presence of an antiparallel b-sheet. Additionally,
at around 62 p.p.m. (Fig. 2, panel V), where the Ca of T24 and P54
resonate, all cross-peaks involving the two sequential a-carbons are
observed, as is a correlation between the a-carbon signals of P54
and W41. The inter-strand Ca–Ca correlation between T24 and
Q16 is also observed in the same region but only in the 1,3-SH3
spectrum, owing to a low percentage of Q16 Ca-labelling in the

Figure 1 Labelling patterns and NMR spectra for the different a-spectrin SH3 domain

preparations. a, Schematic representation of the effective 13C enrichment for the

indicated residues, as obtained by protein expression in E. coli BL21 (DE3). The green

colour corresponds to the degree of 13C labelling pattern obtained by growth on

[1,3-13C]glycerol; the opposite labelling pattern, obtained by growth on [2-13C]glycerol, is

represented in red. In cases with mixed labelling, the percentage label from

[2-13C]glycerol and [1,3-13C]glycerol for a particular atom is represented using relative

red/green colouring. The percentages of labelling for each site were estimated by solution

NMR from satellite signals. The fractional labelling for residues of group II is explained by

the production of different labelling patterns, as illustrated for proline at the bottom.

b–d, Contour plots of two-dimensional 13C–13C PDSD spectra recorded with a mixing

time of 500ms at 17.6 T and a spinning frequency of qR /2p ¼ 8.0 kHz on U-SH3 (b), on
2-SH3 (c) and on 1,3-SH3 (d). The colours of the spectra (red for 2-SH3 and green for the
1,3-SH3) correspond to the labelling pattern in a. The boxed regions (I–VI) in c and d
relate to Fig. 2.
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recorded a PDSD spectrum of the mixed [(1/2)-13C]Glc hAS sample
using a mixing time of 850 ms (Figure 2b). For comparison, a
PDSD spectrum of the [U-13C]-labeled sample was also acquired
using a mixing time of 20 ms (Figure 2b). Serines present in the
rigid core of hAS fibrils (S42, S87) gave rise to CR-C! cross-
peaks in the spectrum of the [U-13C]-labeled sample (Figure 2c).

Importantly, these cross-peaks were absent in the spectra of the
[1-13C]Glc- and [2-13C]Glc-labeled samples, demonstrating that the
labeling scheme is clean and that no scrambling is observed (traces
in Figure 2c). In the spectrum of the mixed [(1/2)-13C]Glc-labeled
sample, CR-C! cross-peaks for S42 and S87 were again observed,
in this case as a result of intermolecular polarization transfer. The

Figure 1. Illustration of the glucose-labeling strategy used for the detection of intermolecular distances by 13C-13C ssNMR. (a) Representation of the sites
isotopically 13C-labeled for serine using [U-13C]Glc (black), [1-13C]Glc (green), [2-13C]Glc (pink), and mixed [(1/2)-13C]Glc labeling (blue). Arrows represent
the possible polarization transfers that can occur during ssNMR experiments (intramolecular, red arrows; intermolecular, blue arrows). (b) Possible polarization
transfer between CR and C! spins of a serine residue involved in either a parallel in-register or an antiparallel !-strand arrangement. (c) Corresponding
cross-peaks in the 13C-13C ssNMR correlation spectra.

Figure 2. Elucidation of the supramolecular arrangement of hAS amyloid fibrils on the basis of 13C ssNMR spectra recorded on [U-13C]Glc- (black),
[1-13C]Glc- (green), [2-13C]Glc- (pink), and [(1/2)-13C]Glc-labeled (blue) hAS samples at a spinning frequency of 11 kHz on a 20.0 T spectrometer. (a) 1D
13C cross-polarization spectra. (b) 2D 13C-13C PDSD spectra. Mixing times of 20 ms (for [U-13C]Glc; total experiment time ) 3 days) and 100 ms (for
[1-13C] and [2-13C]Glc; 6 days) allowed for the detection of 13C-13C intraresidue contacts. A mixing time of 850 ms was chosen for the [(1/2)-13C]Glc-
labeled hAS sample to detect intermolecular distances (11 days). Alanine and serine regions are highlighted. (c) Excerpts of the 13C-13C PDSD spectra for
the alanine and serine regions. Intraresidue 13CR-13C! contacts were detected in [U-13C]Glc-labeled hAS but were absent in [1-13C]Glc- and [2-13C]Glc-
labeled hAS. For [(1/2)-13C]Glc-labeled hAS, 13CR-13C! contacts encoding for intermolecular proximities between adjacent hAS molecules in the fibrillar
assembly were detected. The 1D traces in the 13C F2 dimension indicated the absence of scrambling. S′ refers to a serine that to date has not been unambiguously
assigned. (d) Sketches of different isotopic 13C enrichments for serine and alanine; unlabeled sites are colored in white.

J. AM. CHEM. SOC. 9 VOL. 132, NO. 43, 2010 15165

C O M M U N I C A T I O N S

Castellani et al., Nature 420, 98, 2002 
Loquet et al., JACS 132, 15164, 2010 



Isotope labeling: Deuteration 

•  (Per)Deuteration (possibly also with limited 1H back-exchange) yields 
“solution-like” spectra for solid proteins even at low MAS speeds! 

•  Dilution of strongly coupled 1H network essential 
•  1H detection (sensitivity increase!) becomes possible 

While the 1H line width for the HN dilute sample is on the
order of 17–35 Hz, the effective line width of the reference
sample under phase-modulated Lee–Goldberg (PMLG) con-

ditions amounts to 80–150 Hz taking chemical shift scaling
resulting from PMLG into account. The resolution in the
proton dimension is therefore improved by a factor of 4–5.
The 15N line width in both experiments is on the order of 20–
30 Hz, and is limited by the acquisition time employed. In
case of the 15N detected experiment, two pulsed phase
modulation (TPPM) decoupling is applied during 30–37 ms
in each scan. This irradiation induces significant sample
heating, which reduces the life time of the sample even under
good cooling conditions in case of short repetition delays.[26]

The 1H-detected NMR experiments presented herein for the
HN dilute sample do not require homonuclear or heteronu-
clear decoupling, thus, reducing sample heating, set-up time,
and possible experimental missettings. In addition, the
proposed scheme does not require rescaling of the proton
chemical shift, which is often problematic when spectra are
acquired with homonuclear decoupling.

Figure 3 shows the experimental data for the 1H T1

measurements. 1H T1 times were found to be equal to 0.98 s
(reference sample) and 1.76 s (HN dilute sample), respec-
tively. The HN dilute sample has an unexpectedly short
inversion recovery time T1, allowing a recycle delay of 2.2 s,
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MAS: fast, very fast, ultrafast, warp speed 

•  Smaller rotors allow for faster MAS speeds, currently up to ~ 110 kHz 
•  New “regime” for solid-state NMR: different recoupling methods, new 

low-power pulse sequences also permitting faster repetition 
•  Smaller sample amounts required! 
•  Longer coherence lifetimes → higher-dimensional spectra, J transfers  
•  Above 100 kHz, deuteration no longer required for high-resolution 1H-

detected spectra! 

Demers et al., Solid State Nucl Magn Reson 40, 101, 2011 
Böckmann et al., J Magn Reson 253, 71, 2015 



Deuteration and fast MAS combined 

•  Combine (per)deuteration and high MAS speeds for best results 

•  As opposed to solution-state NMR, linewidth does not depend on 
molecular size, i.e. can in principle access arbitrarily large molecules! 

based HSQC in solution state NMR spectroscopy, and
represents an efficient detection block for the experiments
commonly recorded for sequential resonance assignment in
solid proteins (NCA, NCO, N(CO)CA and N(CA)CO).[13]

Here, a suite of four 3D experiments was designed,
combining the HN dipolar correlation module with 13C-15N
and 13C-13C specific transfers (Figure 2a–c). These sequences
yield correlations where the ith amide 1H and 15N shifts are
correlated to either the 13CO or the 13CA shifts, in either the
same ith or the preceding (i!1)th residue. Note that, at this
level of amide re-protonation, CP is generally more efficient
than through-bond INEPT for transferring coherences
between 1H and 15N, or between 15N and 13C, while INEPT
has a comparable efficiency to dipolar-based methods for the
13C-13C transfers.[14] Sequential assignment of the backbone
resonances is then obtained from the alignment of strips from
the spectra. A representative portion of this sequential walk is

shown in Figure 2 d. In contrast to the corresponding 13C-
based experiments, the strip alignment relies here on the two
common chemical shifts of the 1H(i) and 15N(i) nuclei, which
makes the whole procedure more robust, removing assign-
ment ambiguities, in complete analogy to strategies adopted

Figure 1. Assigned proton-detected HN correlation spectrum of
human [100% 1HN,2H,13C,15N]-ZnII-SOD at 1 GHz and 60 kHz MAS.
Pulse sequences for all 1H-detected correlations, as well as more
experimental details, can be found in the Supporting Information.

Figure 2. a–c) Pulse sequences used for proton-detected sequential
assignment experiments. a) (H)CONH/(H)CANH; b) (H)CO(CA)NH;
c) (H)CA(CO)NH. Narrow and broad black rectangles indicate 908 and
1808 pulses, respectively, the bell shapes represent band-selective p-
pulses, and the delay t is set to 1/4 J (4.7 ms for JCOCA = 53 Hz). More
details are available in the Supporting Information. d) Representative
strips from proton-detected assignment of human [100%
1HN,2H,13C,15N]-Zn-SOD at 1 GHz and 60 kHz MAS: (H)CONH,
(H)CO(CA)NH (blue and black contours of the upper plot, respec-
tively), (H)CANH, (H)CA(CO)NH (black and blue contours of the
lower plot, respectively). Sequential correlations are marked by the red
line.

Communications

11698 www.angewandte.org ! 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 11697 –11701

SOD  
(2 x 16 kDa) 

MeV capsids 
(n x 43.5 kDa; MDa-
size assembly!) 

Knight et al., Angew Chem Int Ed 50, 11697, 2011; Schneider et al., unpublished 



Access to dynamics via fast MAS 

•  Site-specific relaxation measurements for dynamics studies, 
previously inaccessible to solid-state NMR, become possible 
→ measure motion on ns-to-ms time scales, which are difficult to 

access for solution-state NMR due to overall molecular tumbling! 

16763 dx.doi.org/10.1021/ja206815h |J. Am. Chem. Soc. 2011, 133, 16762–16765

Journal of the American Chemical Society COMMUNICATION

radiofrequency (rf) fields, T1F is often used in solution-state
NMR experiments to obtain an estimate for T2.

12 Site-specific
T1F was proposed as a probe of micro- to millisecond motions in
the solid state for perdeuterated and 10!20% back-exchanged
microcrystalline SH3. As shown in Figure 1, the average T1F
values reported for 10% H2O [U-13C,15N,2H]SH3 in ref 9 for
sample spinning at ωr/2π = 24 kHz are similar to our bulk
measurements under similar conditions but at 1 GHz. Notably,
however, both the average of the reported site-specific measure-
ments and the bulk measurement of 460!470 ms are still slightly
less than the prediction of incoherent T2.

Here we show that, unexpectedly, the situation changes
dramatically when we perform the measurement at higher spinning
frequencies, where the coherent residual is averaged even further.
The same T1F measurement on 10% H2O [U-13C,15N,2H]-
SH3 but now using 60 kHz sample spinning yields bulk time
constants of 855 ( 60 ms, well above the predicted lower limit for
incoherent T2. It is even more remarkable that the same measure-
ment on fully protonated [U-13C,15N]SH3 gives a bulkT1F of 696(
64 ms, also well above the predicted value for incoherent T2 based
on T1, ηDDxCSA, and SNH

2 data (T1F in fully protonated samples is
expected to be slightly shorter than in perdeuterated samples because
of contributions from protons that are not directly bonded, which
increase the overall observed rate by several percent; even if we
neglect these protons, the difference yields an average upper bound
of 0.27Hz for the coherent residual). This suggests that combination
of fast MAS and relatively weak 15N spin-lock fields is sufficient to
render the coherent contribution insignificant in the transverse decay
rate of 15N, even in fully protonated proteins.

At first it may not be obvious why the coherent residual should
be “decoupled” so much more efficiently in a T1F than in a T2

0

measurement. As shown in Figure S1 in the SI, we find that this is
clearly due to spin dynamics induced by 1H!1H dipolar cou-
plings, which do not lead to significant dephasing in a T1F
measurement but play a critical role in a T2

0 echo experiment.
We confirm that the measured values are dominated by the

incoherent contribution by making sure they no longer depend
on experimental parameters such as the amplitude of the spin-
lock field or the sample spinning rate. Figure 2a shows measured
bulk amide 15N T1F values in fully protonated [U-

13C,15N]GB1
as a function of the sample spinning frequency. The bulk T1F is
∼96 μs for 10 kHz sample spinning and increases with increasing
MAS frequency by more than 3 orders of magnitude, reaching a
plateau at ∼320 ms for spinning frequencies above 45 kHz.
Figure 2b depicts the evolution of the bulk 15N T1F as a function
of the spin-lock field amplitude for experiments performed with
60 kHz sample spinning. We observe asymptotic behavior for
spin-locking fields above 10 kHz. The asymptotic behavior for
T1F at spinning frequencies above 45 kHz and spin-lock field
amplitudes above 10 kHz is a further indication that the coherent
residual is essentially eliminated. Moreover, these results indicate
that an appropriate way to obtain accurate measures of
incoherent T2, even in fully protonated proteins, is to measure
T1F with 60 kHz sample spinning using 15!20 kHz spin-lock
field amplitudes. Some spin-lock field amplitudes must be
avoided to prevent the reintroduction of coherent residuals,
which would compromise the incoherent T2 measurement. For
example, coherent residuals increase drastically for spin-lock
fields near rotary resonance conditions13,14 (when ω1 = ωr or
2ωr) because of dipolar/CSA recoupling, which manifests itself
by a decrease in the time constants.Moreover, a slight decrease in
T1F is also observed for the HORROR condition15 (when ω1 =
ωr/2; the decrease is much more severe for 13C).

The bulk measurements illustrate that in the relaxation limit
for fully protonated crystalline proteins the coherence lifetimes
may be extremely long. That these rates are sensitive to dynamics
is first visible in that the bulk 15N T1F in GB1 is a factor of 2.5
times shorter than the analogous value for SH3, indicating that
on average slowmotions aremuchmore prominent in the former
protein. The information content can be fully appreciated in the
case of site-specific measurements, where we measure coherence

Figure 1. Bulk amide 15N coherence lifetimes for crystalline α-spectrin
SH3. Red, black, and blue columns indicate measurements in 10%H2O/
90% D2O [U-2,13C,15N]SH3, 100% H2O [U-2H,13C,15N]SH3, and
100% H2O [U-13C,15N]SH3, respectively, where the percentages refer
to the water content in the recrystallization solution. The blue line
indicates the predicted upper limit for bulk values of incoherentT2 based
on T1 measurements and the dashed gray line the predicted bulk T2
based on all of the data in ref 7 (see the SI for details). All measurements
were performed at ω0H/2π = 1 GHz with an effective Tsample of 34 !C
(as indicated by the bulk H2O chemical shift8), except for (1), where
ω0H/2π = 500MHz and Tsample = 23 !C, and (2), whereω0H/2π = 400
MHz and Tsample = 27 !C.9 (2) is a decay constant for an average curve
yielded by a sum of individual curves for site-specific on-resonanceT1F in
ref 9. Sample spinning frequencies are indicated below each bar. Further
experimental details are outlined in the SI.

Figure 2. Measured bulk amide 15N T1F in [U-13C,15N]GB1 at ω0H/
2π = 500MHzwithTsample = 24 !C [based on δ(H2O)

8] (a) as a function
of spinning frequency with ω1N/2π = 18 kHz and (b) as a function of
spin-lock field amplitude atωr/2π = 60 kHz. The 15N spin-lock fields were
calibrated from rotary resonance conditions and then scaled linearly. No
1H decoupling was used during the 15N spin-lock. Arrows in (a) indicate
rotary resonance conditions where there is an additional coherent con-
tribution to the decay due to dipolar/CSA recoupling.

Haller & Schanda, J Biomol NMR 57, 263, 2013 Lewandowski et al., JACS 133, 16762, 2011 



Sedimentation from solution at fast MAS 

•  Centrifugal forces 
during MAS can 
be an order of 
magnitude larger 
than in 
ultracentrifuges 

⇒  Depending on 
molecular size 
and spinning 
speed, proteins 
can be reversibly 
sedimented from 
solution in the 
MAS rotor for 
solid-state NMR 
experiments! 

For the intensity buildup curve as a function of rotation frequency, the
radio-frequency fields on 1H and 13C during cross-polarization were matched
to the zero quantum n ¼ 0 condition using 41 kHz on both channels, so as to
be as independent as possible of the MAS frequency. The contact time was

set to be 85 μs, optimal for Hα-Cα transfer in a solid. MAS frequencies in the
0-to 12-kHz range were used.

For the DARR experiment (25), the contact time was set to 415 μs, as this
time was found suitable for the excitation of the whole frequency range, and

Fig. 2. 1H-decoupled, cross-polarized 1D 13C spectra of apoferritin in the solid sample (black) and in solution (gray) at increasing rotor angular speed. No signal
is detected from the solution sample until at 3 kHz the sediment signal appears. The sediment signal rapidly increases until it reaches a plateau beyond
8–10 kHz. The sediment signal intensity relative to the solid-state sample is shown (Lower Right, solid symbols). (Lower Right) The line shows the predicted
fraction of sedimented protein at equilibrium as a function of rotor angular speed (conditions as in Fig. 1). The intensity reverts to zero when rotation is
stopped. The lower than expected experimental fraction of sediment at intermediate spinning rates may be due to incomplete protein immobilization. Spectra
were recorded at 283 K using a SWTPPM sequence at 85 kHz of power for 1H decoupling.

10398 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1103854108 Bertini et al.

Bertini et al., PNAS 108, 10396, 2011 



Sensitivity 

•  Defined as signal to noise ratio per unit acquisition time: 

–  N: number of spins 
–  Q: probe coil quality factor 
–  γe: gyromagnetic ratio of excited nucleus 
–  γd: gyromagnetic ratio of detected nucleus 
–  T2: transverse relaxation time 
–  T: absolute temperature 
–  taq: acquisition sampling time 
–  Tc: total time between acquisitions (taq + recycle delay) 
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Sensitivity 

•  However, improvements in 
sensitivity by increasing B0 are 
rather incremental... and 
extremely expensive! 

•  Is there another way to 
increase sensitivity, maybe 
more drastically? 
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Dynamic Nuclear Polarization (DNP) 

•  Transfer the much larger 
electron spin polarization 
to nuclei to enhance their 
signal! 

•  Theoretical enhancement 
factor of ~660 (ratio of 
electron and proton 
gyromagnetic ratios)! 

•  Principle: saturate 
transition of an unpaired 
electron (radical) via 
microwave irradiation; e- ‒ n 
polarization transfer via 
hyperfine coupling 

•  first proposed by A. 
Overhauser (yes, that one!) 
in 1953 

http://www.bridge12.com/ 
what-is-dynamic-nuclear-polarization-dnp-nmr/ 



DNP: flip-flop, flip-flip, flip-flop-flip  

•  Originally proposed mechanism is a cross-relaxation mechanism and 
relies on dynamics (hence the name!)  
–  inefficient for larger molecules / at high field 

•  perform DNP in the solid state at cryogenic temperatures (≤ 100 K) 
to 
–  transfer via the more efficient cross effect (or solid effect / 

thermal mixing) 
–  have much longer electron (and nuclear) T1 relaxation times 
–  (as well as larger initial polarization of both) 

Barnes et al., Appl Magn Reson 34, 237, 2008 



DNP: Howto 

•  Dissolve sample in glycerol / D2O / 
H2O (60/30/10) doped with organic 
(bi)radicals (~ mM) 
–  glass-forming matrix ensuring 

homogeneous radical 
distribution and absence of 
water crystals in the frozen state 

•  Polarize at ≤ 100 K using high-
frequency microwave radiation at 
several W of power (→ gyrotron 
source; e.g. 263 GHz for DNP at 9.4 
T) 
–  ideally at low B0 field since 

efficiency of cross / solid effect 
drops as B0

-1 / B0
-2, respectively! 

–  Polarization spreads in sample 
via 1H spin diffusion! 

•  ... and then? 
Akbey & Oschkinat, J Magn Reson 269, 213, 2016 

Barnes et al., Appl Magn Reson 34, 237, 2008 



DNP for solution NMR? 

•  Dissolution DNP: After hyperpolarization, rapidly dissolve sample 
(hot buffer!), transfer to NMR magnet, detect! 
–  one-shot experiment! 

•  Alternatives which can repeat the experiment: 
–  temperature-jump DNP (rapidly melt sample via laser) 
–  shuttle DNP (in solution, use Overhauser effect at low field) 

•  Other hyperpolarization techniques accessible in solution exist: 
–  parahydrogen induced polarization; optical pumping; 

(photo-)CIDNP Ardenkjær-Larsen et al. PNAS 100, 10158, 2003 



Solid-state DNP NMR 

•  Remain in solid state at cryogenic temperatures for better polarization 
and relaxation properties! 

•  Polarize “in situ” in the NMR magnet 
–  use the cross effect and optimized biradicals to still obtain 

reasonable enhancements despite field dependence 
–  waveguides from gyrotron to sample in the NMR probe 

•  Perform magic angle spinning to improve resolution 
–  need cryogenic N2 (or He!) gas for spinning! 
–  rotors “translucent” to microwaves (sapphire!) 

Bruker Biospin 
Barnes et al., Appl Magn 

Reson 34, 237, 2008 



Solid-state DNP NMR setup 

Bruker Biospin (https://www.bruker.com/service/education-training/
webinars/nmr-webinars/introduction-to-solid-state-dnp-nmr.html) 

•  Magnet setup includes a supplementary supraconducting sweep coil 
to change the B0 field (!) to the optimal resonance condition for the 
radical used 



Result: Enhancement! 

•  Enhancement ~240 at 400 MHz, ~130 at 600 MHz! 
•  An enhancement factor x in sensitivity permits a reduction in 

experiment time by a factor of x2 ! 
•  Perform “normal” ssNMR experiments after initial enhanced 

excitation 
Bruker Biospin (https://www.bruker.com/service/education-training/

webinars/nmr-webinars/introduction-to-solid-state-dnp-nmr.html) 



Challenges and problems 

•  Actual enhancement factor can vary 
widely depending on the system 
studied 
–  optimization necessary 
–  influence of deuteration level, 

MAS, (bi)radical, ... 
•  Large inhomogeneous broadening 

at low temperature! 
–  depends on heterogeneity of 

sample (and deuteration!) 
•  Broadening due to radical-induced 

paramagnetic relaxation (-> PRE) 
•  Absolute signal enhancement 

(considering reduced amount of 
sample, different broadening 
effects, ...) may be way less than 
the conventional “MW on – MW off” 
enhancement! 

Akbey et al., Appl Magn Reson 43, 81, 2012 



Applications in structural biology 

•  Reasonable resolution obtained for 
some protein fibrils (e.g. Aβ40) 
–  apparently remain quite 

homogeneous when frozen out! 
–  collection of through-space 

restraints facilitated by S/N gain 
•  Study a low abundance target 

molecule in a complex environment 
–  bacteriorhodopsin photocycle 

(15N-Lys labeling; trap 
intermediates at low temperature) 

–  nascent chain in ribosome, DNA 
in bacteriophage 

–  protein in cells, cell walls, cellular 
lysates (e.g. via radical ligands!) 

•  Observe (parts of) proteins or RNA 
that are too mobile at room 
temperature 
–  directly visualize conformational 

sampling of IDPs 
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