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Overview 

•  Anisotropic interactions important in solid-state NMR 

•  Solid-state NMR techniques 

•  Applications: membrane proteins, protein fibrils, supramolecular 
assemblies 



Solid-state NMR: a primer 

•  NMR spectroscopy for systems that are 
–  insoluble 
–  (in principle, arbitrarily) large 
–  non-crystalline (no long-range order) 
in a native(-like) environment 
such as: 
–  membrane proteins 
–  amyloid fibrils 
–  large assemblies (viral capsids, 

secretion systems, pili, …) 

•  Access structure, dynamics,  
interactions, ... at atomic resolution 

Loquet et al., Nature 486, 276, 2012 



Anisotropic interactions 



NMR interactions 

•  in solution: isotropic interactions: 
–  Zeeman interaction 
–  radiofrequency irradiation 
–  isotropic chemical shift 
–  J coupling 

•  independent of the orientation of a molecule with respect to the static  
B0 field 

NMR Hamiltonian: 

Ĥ = ĤZ + ĤRF + ĤCSi + ĤJ + ĤCSA + ĤD + ĤQ + . . .

•  Anisotropic interactions: 
–  chemical shift anisotropy 
–  dipolar coupling 
–  quadrupolar coupling (I > 1/2) 

are orientation-dependent; averaged out by molecular tumbling in 
solution, but not in a solid sample! 



Anisotropic interactions: Result... 

•  Anisotropic interactions in 
solid samples lead to very 
broad signals, which may 
yield uninterpretable 
spectra! 

•  However, they contain 
valuable information (local 
environment, internuclear 
distances, ...) and can be 
used for spectroscopic 
purposes (polarization 
transfer). 

⇒  Challenge: obtain high-
resolution spectra under 
these conditions, yet still 
take advantage of the 
information contained in 
anisotropic interactions. 

1H spectra of isopropyl-β-D-
thiogalactopyranose in solution 

(red) and solid (blue) 

http://chem.ch.huji.ac.il/nmr/techniques/solid/solid.html 



Anisotropic interactions 

•  Spatial structure of electronic 
environment 

•  Orientation dependence  

•  Isotropic part visible in solution 

Ĥ = ĤZ + ĤRF + ĤCSi + ĤJ + ĤCSA + ĤD + ĤQ + . . .

ĤCS = �� Î �B0
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Chemical shift anisotropy Dipolar coupling 

•  Interaction of magnetic 
moments of neighboring nuclei 

•  Dependence on orientation 
and internuclear distance 

•  No isotropic part – averaged 
out in solution 
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Chemical shift (anisotropy) 

•  B0 field induces electron 
currents that generate 
secondary magnetic fields 

•  Total field felt by a nucleus 
results from the 
superposition of B0 with 
these secondary fields 

•  Generally, electron 
distribution around a nucleus 
is not spherically 
symmetric 

⇒  chemical shift of a nucleus 
depends on the 
orientation of its molecule 

O. Lafon, MOOC NMR Univ. Lille 
https://www.fun-mooc.fr/courses/lille1/54002S02/ 
session02/about 



Chemical shift anisotropy 

•  Superposition of 
individual signals 
corresponding to different 
molecular orientations 
leads to the broad 
“powder pattern” 
observed in a static 
sample 

•  Gives information on 
structure of electronic 
environment 
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M. Baldus 



Chemical shift anisotropy 

•  CSA powder pattern reflects, 
e.g., on 
–  symmetry 
–  hybridization 
–  bond lengths / angles 
–  dihedral angles 

of electronic environment. 

•  The isotropic chemical shift 
corresponds to the barycenter 
of the CSA pattern. 

Glycine, static 13C spectrum 
with 1H decoupling 

Laws et al., Angew. Chem. Int. Ed. 41, 3096, 2002 
M. Duer: Solid-State NMR Spectroscopy. Oxford (Blackwell) 2002. 
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Dipolar coupling 

•  Interaction between the magnetic 
moments of two spins 
(cf. bar magnets influencing each 
other) 

•  Depends on internuclear distance 
(as 1/r3) and orientation of 
internuclear vector with respect to 
B0 

•  Gives a doublet (similar as for J 
coupling) for a single crystal 
(where all internuclear vectors 
have the same orientation) 

•  ... a Pake pattern (superposition 
of two powder lineshapes) for 
random orientations 

•  ... and a broad hump for a 
network of coupled nuclei (such as 
the many 1Hs in biomolecules!) 

B0

θij

rij



Dipolar coupling 

•  Information about distance 
between nuclei 
( → 3D structure!) 

•  Useful for polarization transfer  
(more efficient than J coupling!) 

•  Affected by molecular motion 
 → information on dynamics! 

B0

θij
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Fair enough, but... 

•  ... how do I get the resolution I 
need in order to be able to look 
at anything more complex, such 
as biomolecules? 

http://chem.ch.huji.ac.il/nmr/techniques/solid/solid.html 



Solid-state NMR techniques 



Spin & space 

•  The NMR Hamiltonian can be 
separated into a space and a 
spin part 

•  We can interfere with the spin 
system via either! 

•  The space part of CSA and 
dipolar coupling depends on 
orientation as (3 cos2 θ - 1)  

•  In solution, rapid molecular 
tumbling averages out 
anisotropic interactions via this 
spatial dependence 

•  Can we do something similar for 
solid samples? 

ˆHD, ˆHCSA / (3 cos

2 ✓ � 1)

Ĥ =
2X

l=0

Âl · T̂ l

space spin 



Magic Angle Spinning 

•  Spin sample around an angle 
inclined 54.74° with respect to 
the B0 axis (3 cos2 θ - 1 = 0,  
space diagonal of a cube) 

•  by two airflows (bearing & drive) 
in a stator 

•  Need ωr > 3 ωD, ωCSA for efficient 
averaging 

E. R. Andrew 

Beckonert et al., Nat Protoc 5, 1019, 2010 
Demers et al., Solid State Nucl  

Magn Reson 40, 101, 2011 



Magic Angle Spinning 

•  Under MAS, CSA pattern “falls 
apart” into a series of spinning 
sidebands spaced at the 
spinning speed 

•  With increasing MAS speed, 
sidebands move out further and 
lose intensity until only 
isotropic line remains 

⇒  resolution much improved! 

•  Network of many strong 1H-1H 
dipolar couplings in biomolecules 
still problematic! 

Laws et al., Angew. Chem. Int. Ed. 41, 3096, 2002 



Heteronucleus detection and decoupling 

•  Strong 1H dipolar coupling 
network precludes high-
resolution 1H spectra at “normal” 
MAS speeds 

⇒  detect NMR signal on, e.g., 13C 

⇒  decouple 1H using RF 
irradiation 

•  i.e. remove effect of 1H-13C 
coupling on 13C spectrum by 
continuously rotating 1H’s in 
spin space 

•  Same principle as used in 
solution state, but much higher 
RF power used! 

It is worth noting that the pulses used for decoupling 1H in samples with 
abundant 1H spins do not need to be particularly broad banded, i.e. do not need 
to cover a wide frequency range. Because of the homonuclear dipolar coupling
between the 1H nuclei in such samples, the effects of an rf pulse applied to any part
of the 1H spectrum are transmitted among all coupled 1H. This is because the rf irra-
diation applied to the 1H spins affects the z-component of spin of each 1H nucleus
which is close to resonance with the irradiation. The z-component of spin of any one
1H spin affects that of all nearby 1H spins through the i+ j- + i- j+ terms in the
homonuclear dipolar-coupling hamiltonian (see Section 1.4.2 for details). The close-
to-resonance spins which are affected by the rf irradiation then affect the z-
component of spin of all their neighbours, and so on, so that the effect of rf irradia-
tion on just one 1H spin is transmitted throughout the 1H dipolar-coupled network.

Any proper explanation of how high-power decoupling in solids works requires
the uses of average hamiltonian theory which is described in Box 2.1 below.

2.4 Multiple pulse decoupling sequences

As described in Section 2.2.4, magic-angle spinning can be used to remove the effects
of homonuclear dipolar coupling from NMR spectra, providing the rate of sample
spinning is fast relative to the homonuclear dipolar linewidth. Where this is not
achievable, the effects of homonuclear dipolar coupling may be removed instead by
special pulse sequences. Many such are known, and are collectively referred to as
multiple pulse sequences.

ÎÎÎÎ

86 Chapter 2

1H

X

Fig. 2.7 High-power decoupling. This removes the effects of 1H dipolar coupling from the NMR spectrum of
X in this case; it can of course be applied to any abundant spin in place of 1H in the same manner. High-power
irradiation is simply applied to the 1H spins during the acquisition of the X spin spectrum. Here a single pulse
is used to generate the X transverse magnetization; this can of course be replaced with a more complicated
preparation sequence. 1H decoupling can also be used in the preparation sequence if necessary.M. Duer, Oxford (Blackwell) 2002 



Correlation spectroscopy via recoupling 

•  We removed (to some extent) 
the interactions that broaden our 
spectra 

•  However, they are useful for 
polarization transfer (to 
enhance signal, obtain 
information about internuclear 
correlations, distances...) 

•  How to get them back – 
selectively? 

⇒  use recoupling pulse 
sequences to “switch on” 
desired interactions during 
“mixing time” of an NMR 
experiment! 



Letters to the Editor 

THE Letters to the Editor section is subdivided into four categories entitled Communications, Notes, Comments, and Errata. The 
textual material of each Letter is limited to 950 words minus the following: (a) 200 words for each average-sized figure; (b) 50 words 

for each displayed equation; (c) 7 words for each line of table including headings and horizontal rulings. Proof will be sent to authors. 
See the issue of 1 January 1972 for a fuller description of Letters to the Editor. 

Communications 

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 56, NUMBER 4 15 FEBRUARY 1972 

Proton-Enhanced Nuclear Induction Spectroscopy. A Method for High Resolution 
NMR of Dilute Spins in Solids* 

A. PINES, M. G. GIBBY, t AND J. S. WAUGH 

Department of Chemistry and Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139 
(Received 18 November 1971) 

We report preliminary results of a general technique 
for high resolution NMR of isotopically rare (13C, 15N, 
2H, etc.) or chemically dilute spins in solids. The 
method combines established ideas of double reso-
nancel •2 and spin decoupling3 in a novel way. It exploits 
abundant spins 1, of abundance Nr and magnetic 
moment 'Ydft (usually protons), present in the sample, 
as a reservoir of polarization for the rare spins S, to 
permit the accumulation of an adequately intense 
S-spin spectrum after a single polarization of the 1 
spins to equilibrium. The general procedure is as 
follows: (1) Polarize 1 in high field. (2) Cool 1 to a 
low spin temperature in the rotating frame. (3) 
Establish I-S contact for a time T. (4) Record the S 
free induction decay while decoupling 1. Steps 3 and 
4 are repeated ,....,NII N s times during which the 1 
polarization is depleted and the S signal accumulated. 
The spectrum is obtained by Fourier transformation. 
The repeated cross polarization (CP) of step 3 results (C) 

in a gain in power sensitivity of gcp'"'-' (Nd N s) ('Yr/'Ys)2 
over conventional Fourier transform spectroscopy. For 
S = 13C and 1 = IH in typical organic compounds, 

The expected gain has been verified in preliminary 
experiments using the natural abundance of 13C in 
,....,50 mg of solid adamantane, CloHl6 (Fig. 1). The I I 
spectrum of Fig. 1 (c), recorded in 0.8 sec, is severely 1.5 2.5 ,;.5 

kHz (relative to C H ) limited by the nonideal probe and receiver employed, 6 6 

and by magnetic inhomogeneity, but nonetheless FIG. 1. Fourier transform NMR spectra of natural-abundance 
demonstrates the power of the cross-polarization pro- 13C in polycrystalline adamantane at 24.46 MHz and room tem-
cedure. In natural abundance 13C spectra we expect a perature. (a) Result of a single free induction decay. (b) Cross-

polarization spectrum without decoupling (50 I-S contacts). 
residual S-S linewidth of the order of 5 HZ.4 (c) Cross-polarization spectrum with proton decoupling (14 

Many versions of this method are clearly possible contacts) obtained in 0.8 sec. Resolution (40 Hz) is determined 
. . by magnet inhomogeneity. The two lines are 87.S±  1 ppm and 

since the cooling, cross polarization, and decouplmg 96.2±1 ppm upfield from a neat external reference of liquid 
can each be accomplished in several ways. In the 13C6H6 (proton decoupled). 

1776 

Cross-polarization (CP) 

•  Reintroduce, e.g., 1H-13C dipolar 
coupling by simultaneous RF 
irradiation at 1H and 13C Larmor 
frequencies 

•  RF amplitudes have to match the 
Hartmann-Hahn condition 

⇒  obtain 1H-13C polarization transfer 

⇒  enhance 13C magnetization by a 
factor of 4! 
(as for INEPT transfer in solution) 

!1I � !1S = ±!r,±2!r

or

!1I + !1S = !r, 2!r

A. Pines 



Solid-state fingerprint: 13C-13C correlation 

•  Different recoupling 
techniques available 

•  Obtain correlation map of 13Cs 
in a protein 

•  Shorter mixing times → 
intraresidue correlations 

•  Longer mixing times → 
interresidue, through-space 
correlations 

 

 
Figure S7. Comparison of 13C-13C PDSD spectra (15 ms mixing time) of u-[13C,15N] hVDAC1 in 

different lipid environments (850 MHz 1H resonance frequency, sample temperature +5°C, 10.6 

kHz MAS). hVDAC1 in liposomes formed from DMPC (black) is compared to hVDAC1 in 

DOPC (a, red) or DOPE (b, blue) liposomes. Resonances from the N-terminus are not affected 

when membrane thickness (a) or lateral pressure (b) are increased.[12, 13] 
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Schneider et al., Angew Chem Int Ed 49, 1882, 2010 



The toolbox 

•  High(er) resolution 15N, 13C 
detection by MAS and 
decoupling 

•  Polarization transfer 1H-15N, 
1H-13C, 13C-13C, 15N-13C ... 

•  2D, 3D, ... spectroscopy 

•  ... for structural analysis of 
biomacromolecules 

 

 
Figure S7. Comparison of 13C-13C PDSD spectra (15 ms mixing time) of u-[13C,15N] hVDAC1 in 

different lipid environments (850 MHz 1H resonance frequency, sample temperature +5°C, 10.6 

kHz MAS). hVDAC1 in liposomes formed from DMPC (black) is compared to hVDAC1 in 

DOPC (a, red) or DOPE (b, blue) liposomes. Resonances from the N-terminus are not affected 

when membrane thickness (a) or lateral pressure (b) are increased.[12, 13] 

 10

 

Figure S3. NCA 15N-13C correlation spectrum of full-length u-[13C,15N]-hVDAC1 in DMPC 

liposomes, recorded at 850 MHz 1H resonance frequency (sample temperature +5°C, MAS 

frequency 10.6 kHz). Assigned N-Cα correlations are indicated. 

 5

13C-13C 

15N-13C 

3Ds 

Schneider et al., Angew Chem Int Ed 49, 1882, 2010 
http://www.protein-nmr.org.uk/solution-nmr/assignment- 

theory/visualising-3d-spectra/ 



Protein secondary structure 

•  As in solution, especially 13C 
chemical shifts are indicative 
of secondary structure 

•  Compare assigned values in 
protein of interest to 
reference / random coil 
values to obtain secondary 
chemical shift 

•  Identify α-helices, β-strands, 
turns directly from 
resonance assignments! 

Schneider et al., JACS 130, 7427, 2008 
Hiller et al., Science 321, 1206, 2008 



Parenthesis: Protein structures from NMR? 

•  Detect which nuclei are close in 
space via through-space 
correlation spectra 
(solution: NOESY; solid: spin 
diffusion, DARR, PAR, CHHC, 
RFDR, ...) 

•  Assemble a model that fulfils as 
many of these (short-range and 
rather imprecise) distance 
restraints as possible! 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2002/popular.html 

C. Smet-Nocca 



Dynamics 

•  NMR is sensitive to molecular 
dynamics on a wide range of 
time scales (ps – h) 

•  Quantify motional amplitudes 
and time scales in a site-
specific manner 

•  In solids, anisotropic 
interactions are affected by 
dynamics on all time scales 
faster than the inverse of the 
coupling strength 
(e.g. up to ~ µs for dipolar 
coupling) 

•  obtain motional amplitudes by 
measuring build-up of signal 
intensity in spectrum with 
varying duration of a 
recoupling pulse sequence! 
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But still... 

•  Rather large linewidths 

•  Rather low signal to noise 

limit what we can do with (classical) solid-state NMR! 

 

 
Figure S7. Comparison of 13C-13C PDSD spectra (15 ms mixing time) of u-[13C,15N] hVDAC1 in 

different lipid environments (850 MHz 1H resonance frequency, sample temperature +5°C, 10.6 

kHz MAS). hVDAC1 in liposomes formed from DMPC (black) is compared to hVDAC1 in 

DOPC (a, red) or DOPE (b, blue) liposomes. Resonances from the N-terminus are not affected 

when membrane thickness (a) or lateral pressure (b) are increased.[12, 13] 

 10



Breakthrough 1: Deuteration 

•  (Per)Deuteration with (partial) 
back-exchange of protons yields 
very high resolution spectra 
already at 10 – 20 kHz MAS 

•  Permits proton detection as in 
solution state, leading to higher 
sensitivity! (proportional to γ3/2) 

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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Figure 1. A,C) 1H-detected 2D 15N–1H correlation spectra of the HN dilute sample (deuterated SH3, 10% 1H at labile proton positions) recorded
at 400 MHz (A) and 600 MHz (C). (64 scans per increment; t1

max(15N)=26.4 ms; t2
max(1H)=100.0 ms; total experimental time=3.8 h.) B,D) 15N-

detected 2D 15N–1H correlation experiments for the reference sample (deuterated SH3, 100% 1H at labile proton positions) recorded at
400 MHz (B) 600 MHz (D). (8 scans per increment; t1

max(1H)=17.2 ms; t2
max(15N)=37.0 ms; total experimental time=0.6 h). Acquisition of more

increments in the indirect 1H dimension did not result in a higher resolution in the 1H dimension. All spectra were apodized using a 5 Hz
lorentzian broadening in both dimensions.
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Figure 2. Dependence of the 1H line width on the inverse MAS
spinning frequency for selected residues in perdeuterated HN dilute
SH3.

Angewandte
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Chevelkov et al., Angew Chem Int Ed 45, 3878, 2006 



Breakthrough 2: (Very) Fast MAS 

•  Above about 45 kHz MAS, high-
resolution spectra with 1H 
detection become possible even 
for protonated proteins! 

•  New type of pulse sequences 
using low RF power 

•  Site-specific relaxation 
measurements for dynamics 
studies 

13CA (Ca), and 13CO (C’) resonances based on 1H detection of
fully protonated medium-sized proteins.

Figure 1 shows the 1H-detected dipolar HN correlation of
two [13C,15N]-labeled and fully protonated protein domains
from the E. coli DNA replisome;[9] the spectra were acquired
at high magnetic field (800 MHz) under ultrafast MAS
(60 kHz). The first sample is a microcrystalline form of the
N-terminal proofreading exonuclease domain of the e subunit
(e186, 20 kDa) of DNA polymerase III,[10] and the second is
a gel-like precipitate of the tetrameric single-stranded DNA-
binding protein (SSB, 4 ! 18 kDa).[11] These two samples were
chosen to illustrate the applicability of 1H detection to
different classes of biological substrates, featuring different
levels of local order. In particular, the gel-like sample is likely
to be representative of a broad range of noncrystalline
samples of protein and protein–protein complexes.

While the 1H resonances have, as expected, significantly
shorter coherence lifetimes (T2’) than in deuterated analogues
(T2’ values of 1.5 versus 10 ms), the actual apparent linewidths
are typically only about twofold larger (225! 75 Hz). Nota-
bly, both spectra display similar 1H NMR linewidths, despite
their different molecular weight and aggregation state.

Figure 2 illustrates in more detail the dependence of the
1H NMR linewidths on the MAS rate and the B0 field. These
data indicate a substantial improvement in 1H resolution and
coherence lifetimes with increasing spinning rates; an
increase of the spinning rate from 40 to 60 kHz results in
a 40% reduction in linewidths (Figure 2a). This gain in
resolution now makes much larger biological systems ame-
nable to the approach outlined by Rienstra and co-workers.[8]

Figure 2b,c and Figure S3 in the Supporting Information
illustrate the additional improvement in resolution obtained

by recording proton-detected experiments at increased mag-
netic field strength. Most notably, the 1H resolution increases
more than linearly with the field strength, thereby resulting in
average 1H NMR linewidths of 0.18 ppm (180 Hz) at 1 GHz.
The combination of high MAS rates and high fields thus
opens a new regime for the truncation of the 1H dipolar
interaction.

This level of resolution is however not sufficient to yield
a fully resolved fingerprint spectrum in 2D. In the following,
we show that all the protein resonances can be resolved when
the 1H–15N correlation experiment is coupled to a third 13C
dimension, and that the larger 1H linewidths do not render the
3D experiments unfeasible.

Figure 3a, b shows 15N–13CO and 15N–13CA projections of
3D (H)CONH and (H)CANH correlations of [13C,15N]-e186

(projections from spectra recorded on [13C,15N]-SSB are
reported in the Supporting Information). These spectra
yield correlations where the amide 1H and 15N shifts of
residue i are correlated to either the 13CO of the preceding
residue (i"1), or the 13CA shifts of the same residue i. These
3D spectra combine favorable linewidths of 15N and 13C
resonances in the indirect dimensions and sensitive 1H
detection, and can be acquired in remarkably short exper-
imental times (17–34 h). 132 CANH and 133 CONH corre-
lations were observed for e186, and 71 CANH and 66 CONH
signals for SSB. In both samples, the detected signals
represent more than 85% of residues located in the structured
regions of the proteins. Conversely, no signals were observed

Figure 1. a,b) Proton-detected HN correlation spectra of a) [13C,15N]-
e186 from E. coli DNA polymerase III and b) [13C,15N]-SSB from E. coli,
at an 1H NMR frequency of 800 MHz and an MAS rate of 60 kHz. The
assigned signals are labeled with the number and the one-letter code
of the corresponding amino acid.

Figure 2. a) MAS-rate dependence of bulk coherence lifetimes (T2’
values, *) and 1H NMR linewidths for three signals (Gly12 HN, &;
Ala64 HN, ~; and Trp54 He, !) of [13C,15N]-SSB, at an 1H NMR
frequency of 800 MHz. b,c) Regions of proton-detected correlation
spectra of [13C,15N]-e186 recorded on 800 MHz (b) and 1 GHz (c) NMR
spectrometers at an MAS rate of 60 kHz. The insets show cross-
sections through the cross-peak of residue Ala83. Full spectra at
different MAS rates and magnetic fields are reported in the Supporting
Information.

Angewandte
Chemie
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Sedimentation from solution at fast MAS 

•  Centrifugal forces 
during MAS can 
be one 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.



Deuteration and fast MAS combined 

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

•  (However: missing signals due to lack of back-exchange; lack of 
sidechain protons important for structure determination!) 

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

•  Small rotors – small amounts of sample required 

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
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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 



...and of course, sample preparation! 

•  Careful sample preparation to achieve optimal local homogeneity is 
essential! 

•  (and: use of alternative isotope labeling schemes) 

•  Has proven crucial especially for studies of amyloid fibrils 

•  However, this kind of optimization remains some kind of black magic... 

correlation between molecular structure and fibril morphology,
as in recent observations on A! fibrils (27). The elucidation of
structural details of AS fibril formation at atomic resolution may
help to delineate the relationship between fibril morphologies
and neurotoxicity.

Materials and Methods
Sample Preparation. AS expression and purification: Escherichia coli. For
solid-state NMR measurements, AS was expressed in E. coli
cultures grown in minimal medium supplemented with 15N-
NH4Cl and 13C6-D-glucose. The protein was purified according
to established protocols (17). To reduce spectral overlap in 2D
spectroscopy (see Table 1, which is published as supporting
information on the PNAS web site), preparations included
reverse-labeled AS fibrils, in which two of the amino acids
occurring most frequently in the sequence, V and K, were added
in natural abundance to the growth medium (U-[13C,15N"K,V])
(29). An additional set of samples was prepared in which
isotope-labeled monomers were diluted with unlabeled mono-
mers in a ratio of 1:2.
Fibrillization in vitro. Fibrillization was achieved by incubating AS
solutions with protein concentrations between 220 and 350 #M
in 25 mM Tris!HCl, pH 7.5!0.01% sodium azide in glass vials at
37°C with continuous stirring with micro stir bars at 300 rpm
(multiple drive stirrer Telesystem HP15S, Variomag, Daytona
Beach, FL) until the concentration of fibrillized protein reached
a steady state according to a stained thioflavin T fluorescence
assay (31) (incubation time of !3 weeks). The solutions were
centrifuged at 215,000 " g with a TL 100 ultracentrifuge
(Beckman Coulter), yielding a gel-like pellet containing !8 mg
of AS fibrils, which was then transferred into the rotor by
centrifugation.

EM. Amyloid fibers, resuspended from the pellet, were prepared
on a glow discharged carbon foil and stained with 1% uranyl
acetate. The samples were evaluated with a CM 120 TEM (FEI,
Eindhoven, The Netherlands). Pictures were taken with a
2,048 " 2,048 TemCam 224A camera (TVIPS, Gauting, Ger-
many) in spot mode at 195,000-fold magnification at #1.15-#m
defocus.

Solid-State NMR Experiments and Analysis. All NMR experiments
were conducted by using 2.5- and 4-mm triple-resonance
(1H,13C,15N) probe heads at static magnetic fields of 18.8, 14.1,
and 9.4 T corresponding to 800-, 600-, and 400-MHz proton
resonance frequencies (Bruker Biospin, Karlsruhe, Germany).
Through-space transfer experiments involved broadband
(1H,13C) and chemical-shift selective (32) (15N,13C) Hartmann-
Hahn (33) cross-polarization (CP) schemes. SPINAL64 (34)
proton decoupling was applied during through-space and
through-bond correlation experiments by using radio-frequency
fields of 75–90 kHz. For dipolar double-quantum excitation, the
SPC5 (35) scheme was used. Sequential (15N,13C) resonance
assignments were obtained by combining 2D and 3D NCACX-,
NCOCX-, and CANCOCX-type correlation experiments (36,
37) with results of (13C,13C) correlation experiments performed
under weak coupling conditions (38). MAS rates between 8 and
15 kHz were used at sample temperatures between #14°C and
#5°C. For homonuclear through-bond polarization transfer,
total through-bond-correlation spectroscopy (TOBSY) schemes
were used (39–41). Selection of regions with high mobility was
achieved by applying insensitive nuclei enhanced by polarization
transfer (INEPT) magnetization transfer from protons to carbon
atoms (42), and regions with intermediate mobility were selected
by combining a proton T2-filter with CP magnetization transfer.

Secondary chemical shifts were related to backbone torsion
angles by using the program TALOS (43). As a complementary
method, proton–proton distances relevant for the determination

of backbone torsion angles were probed indirectly by using the
NHHC correlation experiment (44). A (1H,1H) mixing time of 80
#s, bracketed by short 1H,X CP transfers for contact times of 90
#s (X $ 13C) and 200 #s (X $ 15N) was used.

Results
Assignments of the Signals in the Core Region. To obtain sequential
resonance assignments of AS, we used a set of 2D and 3D NC
and CC correlation experiments. As an example, Fig. 1 shows
results of two 2D (13C,13C) spin diffusion (SD) (45) experiments
conducted under weak coupling conditions (38), with short (20
ms, red) and long (150 ms, blue) mixing times on
U-[13C,15N"K,V] AS. Although at short mixing times the spec-
trum was dominated by intraresidue cross-peaks, interresidue
correlations such as those indicated in Fig. 1 for the stretch
G84–A89 could be identified for longer mixing times. Because
of strong reduction of 13C-labeled V and K residues, the spectral
overlap in the C$!C$ region was sufficiently limited so as to allow
the assignment of all six threonine (T) residues not involved in
KTK repeat units. To separate signal sets in an additional
dimension, NC correlation experiments (36) were conducted by
using SPECIFIC CP (32) transfers and SD 13C,13C mixing blocks.
Comparison of NCACX and NCOCX correlation spectra of
reverse-labeled and uniformly labeled AS revealed that the
natural abundance V added to the minimal medium is subject to
transaminase reactions, whereas K is not, as it has been observed
previously for protein expression in E. coli (46, 47) (see Fig. 6,
which is published as supporting information on the PNAS web
site). These facts could be used for further spectral editing. 13C
and 15N chemical shift assignments were independent on the
degree of isotope labeling.

Analysis of a series of CC and NC 2D and 3D (see Fig. 7, which
is published as supporting information on the PNAS web site)

Fig. 1. CC correlation experiments using SD magnetization transfer, con-
ducted on U-[13C,15N"K,V] AS fibrils. Measurements were performed at 18.8 T,
at #8°C and a spinning speed of 12.5 kHz. Mixing-times for SD were 20 ms (red)
and 150 ms (blue). Total experiment times were 5.5 h (red) and 8.5 h (blue); the
maximum t1 evolution times were 4 ms for both experiments. As an example,
intraresidue (red) and interresidue (blue) cross-peaks for amino acids of the
stretch G84–I88 are indicated. For a complete resonance assignment, see
Table 1.

15872 " www.pnas.org!cgi!doi!10.1073!pnas.0506109102 Heise et al.

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
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Heise et al., PNAS 102, 15871, 2005 Loquet et al., JACS 132, 15164, 2010 



Applications I: 
The potassium channel KcsA-Kv1.3 



The potassium ion channel KcsA(-Kv1.3) 

•  4 x 160 AA tetramer 

•  Selectivity filter coordinates K
+ ions via carbonyl groups 

•  Opening / closing („gating“) 
can be induced by pH change 

•  Inactivation process upon 
prolonged opening 

Zhou et al., Nature 414, 43, 2001 

TM1 

TM2 

Turret 
region 

Selectivity 
filter 

Pore 
helix 

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008 



Secondary structure in lipid bilayers 

•  Longer helices 

•  Different conformation in the selectivity filter 

in lipid bilayers compared to micelles! 

Schneider et al., JACS 130, 7427, 2008 
Baker et al., Nat. Struct. Mol. Biol. 14, 1089, 2007 
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Solid-state NMR data correspond to crystal structure 

•  (Secondary) chemical shifts 
in selectivity filter and 
transmembrane helix 2 
obtained on KcsA-Kv1.3 at 
neutral pH correspond to 
expectations from the KcsA 
crystal structure 

ssNMR in bilayers
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X-ray structure
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Transition to pH 4.0 

•  Global structure preserved 

•  However, localized chemical shift 
changes are clearly observed 



Chemical shift changes at pH 4.0 

•  Largest chemical shift changes localized to selectivity filter and region 
around Gly99 in TM2 known as “gating hinge” in other channels 



Chemical shift changes at pH 4.0 

•  Largest chemical shift changes localized to selectivity filter and region 
around Gly99 in TM2 known as “gating hinge” in other channels 

•  Very different results compared to micelles! 

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008 
Baker et al., Nat. Struct. Mol. Biol. 14, 1089, 2007 



pH4 analysis: Results 



pH4 analysis: Results 

•  TM2 helix bundle („gate“) open 

•  Selectivity filter non-conductive 

⇒  open-inactivated state at pH 4 

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008 
Zhou et al., Nature 414, 43, 2001 

X-ray structure 
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X-ray structure 
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Open probability depends on K+ 

•  Open probability at pH 4 depends on K+ concentration 

•  In presence of K+, the conformation with closed TM gate and 
conductive selectivity filter dominates even at pH 4! 
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Selectivity filter and gate are coupled 

•  Kaliotoxin binding enforces conductive selectivity filter even without K+ 

•  Conductive selectivity filter keeps TM2 gate closed even at pH 4 

⇒ selectivity filter and TM2 gate are coupled! 

Lange et al., Nature 440, 959, 2006 
Ader, Schneider et al., EMBO J. 28, 2825, 2009 

Porphyrin Kaliotoxin 

40 38 36
32

30

28

72 68 64 60

23

19

72 68 64 60

23

19
40 38 36

32

30

28

T85 T85
I100

I38

I100

I38

E C-term

T74 T74/75

T72 V76

T85 T85

T74

T75

T74

V76

72 68 64 60

23

19

T85 T74/85T74 T75

T72 V76

I100
I38
E118/120

E118/120E118/120

40 38 36
32

30

28

72 68 64 60

23

19

T85 T74/85T74 T75

T72 V76

I100
I38

E C-term

40 38 36
32

30

28

w2 - 13C (ppm)

w
1 - 

13
C

 (p
pm

)

w
1 - 

13
C

 (p
pm

)

w2 - 13C (ppm)

pH 7
no K+

pH 7
no K+

pH 4
no K+

pH 4
no K+

open-inactivated closed-conductive



Applications II: 
The influenza M2 proton channel 



The influenza M2 proton channel 

•  pH-activated proton channel, involved in 
acidification and uncoating of virus particle as 
well as viral assembly 

•  Tetramer of four single transmembrane helices 

•  Targeted by adamantane-based antiviral drugs 

•  Crystal structure: one drug molecule binds in 
channel lumen 

•  Solution NMR structure: four drug molecules 
bind from the membrane 

→  ?!? Stouffer et al., Nature 451, 596, 2008 
Schnell & Chou, Nature 451, 591, 2008 



Dilemma resolved by solid-state NMR 

Solid-state NMR on M2 in lipid 
bilayers: 

•  channel selectively 13C-
labeled, amantadine 
deuterated 

•  Recouple 2H-13C interaction 

•  at low drug:protein ratio, 
find drug in channel lumen; 
when drug in excess, find it 
also on the membrane side! 

•  Structure calculation based 
on ssNMR restraints:  
helix bundle tighter in the 
C-terminal region – crucial 
His residues not protonated 
as in low-pH crystal 
structure! 

METHODS SUMMARY
The 13C-labelled wild-type Udorn M2(22–46) peptide was synthesized by solid-
phase methods and reconstituted into DMPC bilayers at pH 7.5 by detergent
dialysis25, giving fully tetramerized protein in the liposomes6. 13C{2H} REDOR
experiments were conducted on a 9.4-Tesla wide-bore NMR spectrometer (Bruker
Biospin) using a 4 mm 1H/13C/2H MAS probe. The distances were measured at
243 K, where the peptide was immobilized28 while Amt was uniaxially mobile.
Static 2H spectra were measured on a 14.1-Tesla SSNMR spectrometer.

An ensemble of 17 lowest-energy SSNMR structures was computed using 24
(6 3 4) long-range 13C–2H distances, four inter-helical distances among Trp 41
indole rings13, 60 (15 3 4) backbone amide orientational constraints20, two side
chain rotamer constraints29, and idealized covalent geometry. For comparison,
the previous solution NMR M2 structure ensemble was constrained by 12 inter-
helical NOEs and 18 amide residual dipolar couplings for the TM region3. The
structure ensemble has been deposited in the Protein Databank (ID: 2KQT) and
the BMRB (ID: 16612).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 5 | Comparison of the high-pH SSNMR structure of Amt-bound M2
in lipid bilayers with the low-pH crystal structure of Amt-bound M2. a, Side
view of the high-pH SSNMR structure, showing Amt to be enclosed by Val 27
at the top and His 37 at the bottom. b, Side view of the low-pH crystal
structure2. The helices are splayed far apart near the C terminus.
c, C-terminal view of the high-pH structure, showing a well-sequestered
drug. d, C-terminal view of the low-pH structure, showing a more solvent-
accessible drug. The figure was generated using the program PyMOL.
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twelve equatorial bonds and 125 kHz for the three axial bonds.
Wobbling of the ZM axis by ,6u probably accounts for the additional
motional averaging. As the temperature increased to 303 K, the cou-
plings decreased twofold (18 and 58 kHz) while maintaining the same
1:3 frequency ratio and 4:1 intensity ratio. The 6 0.46 scaling factor
indicates Amt rotates rapidly around the normal (~nn) of the liquid-
crystalline bilayer in addition to its own axis, with ZM tilted by 37u or
80u from~nn (Fig. 2e)16.

When a stoichiometric amount (Amt/P 5 1:4) of protein is present,
the Amt spectrum at 243 K resembles the lipid-only spectrum, but the
couplings remain unchanged from 243 to 303 K across the membrane
phase transition (Fig. 2b), indicating sequestration of the drug from
the lipids. The constant scaling factor (0.93) compared to pure rota-
tion around ZM indicates that the first equivalent of Amt rotates
rapidly around~nn in a slightly tilted orientation (,13u) between ZM

and~nn (Fig. 2d). An isotropic peak grows at high temperature, indi-
cating a small fraction (,12% at 303 K) of Amt either near 54.7u from
the membrane normal or undergoing large-angle tumbling in the
channel. Finally, a weak 18-kHz splitting is observed at 303 K that
matches the lipid-only coupling at this temperature. The spectrum is
consistent with a 9:1 combination of the 283 K M2-bound spectrum
without the 18-kHz splitting and the 303 K lipid-bound spectrum,
indicating that 10% of the drug partitions into the bilayer at 303 K.

To confirm that the lumen-bound drug persists under drug excess
and to probe for additional binding sites, we measured the 2H spectra
under fourfold excess Amt over the tetramer (corresponding to 12%
of the lipid concentration). Figure 2c shows that the spectroscopic
signatures of the lumen-bound drug persists, but the 303 K spectrum
is now the 1:3 combination of the stoichiometric spectrum (Fig. 2b)
and the lipid-bound spectrum (Fig. 2a). No additional bound species
was detected. Since the fourfold symmetry of the channel requires
four peripheral sites for each luminal site, the 9:1 intensity ratio of the
303 K stoichiometric spectrum indicates that Amt has at least a
40-fold greater affinity for the channel lumen than the peripheral site.

These 2H NMR and distance data indicate that M2 has a single
high-affinity site for amantadine, located in the channel lumen
centred at Ser 31. In this site, Amt is nearly aligned with the channel
axis, but given sufficient thermal energy a small fraction of drug is
also able to undergo nearly isotropic motion, as suggested by molecu-
lar dynamics simulations17,18. Excess Amt adopts a significantly tilted
orientation in the membrane, with or without the protein. The peri-
pherally bound rimantadines in the solution NMR structure are
tilted by 80u (ref. 3), precisely one of the two possible orientations
found for the lipid-associated drug. Since the same peripheral site is
detected here in the TM peptide, its existence is independent of the
protein length or the membrane environment; it is the result of excess
drugs in the micelles and lipid bilayers.

To determine the sub-angstrom resolution structure of the high-
affinity binding site, we quantified the M2–Amt distances using an
alternative REDOR experiment containing multiple 13C pulses and
one 2H pulse, thus minimizing 2H pulse imperfections and yielding
REDOR intensities closely following the universal curve19 (Sup-
plementary Fig. 3). The experiment yielded significantly faster
REDOR dephasing (Fig. 3) while confirming the relative dephasing
of different sites in Fig. 1.

Due to the fourfold symmetry of the tetramer, we parameterized
the REDOR simulations in terms of the distance R of each peptide
carbon from the channel axis and the distance Z of each carbon plane
from the Amt centre (Fig. 3c). We considered the twelve deuterons in
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Figure 1 | Drug–protein proximities from 13C{2H} REDOR spectra of Amt-
bound M2 in DMPC bilayers at two Amt/P ratios. Control (S0), dephased
(S, red) and difference (DS) spectra at specified mixing times are shown.
a, Ser 31, Ile 32, Asp 44-labelled (SID) M2 at the stoichiometric ratio of Amt/
P 5 1:4. b, SID–M2 at the fourfold excess ratio of Amt/P 5 4:4. Ser 31 Ca is
dephased under both conditions but Asp 44 Ca is dephased only when Amt
is in excess. c, d, Leu 26, Val 27, Ala 29, and Gly 34-labelled (LVAG) M2 at
Amt/P 5 4:4. c, Gly 34 Ca region. d, Val 27 Cc1 region.
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Figure 2 | 2H NMR spectra of d15-Amt in DMPC bilayers as a function of
temperature and Amt/P. a, No M2. The calculated spectrum for 303 K
reproduces the 1:3 frequency ratio and 4:1 intensity ratio of the two
splittings. b, Amt/P 5 1:4. The sum spectrum reproduces the 303 K
spectrum by 1:9 combination of the lipid-bound 303 K spectrum and
peptide-bound 283 K spectrum (not shown). c, Amt/P 5 4:4. The sum
spectrum uses a 1:3 combination of the M2-bound spectrum (II) and lipid-
bound spectrum (I). d, Amt orientation in the M2 channel. e, One of the two
possible Amt orientations in the lipid bilayer.
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Applications III: 
Amyloid fibrils, supramolecular assemblies 



The HET-s prion 

•  Functional fungal prion involved in self/
nonself recognition 

•  Structure resolved by solid-state NMR as 
β-helical solenoid 

•  First structure of an amyloid fibril (apart 
from fibrils formed by short peptides)! 

•  Dry core formed by hydrophobic residues; 
stabilization by salt bridges and H bond 
ladders 

Wasmer et al., Science 319, 1523, 2008 



Amyloid-β and α-synuclein 

•  Amyloid fibrils formed by two 
proteins involved in two important 
neurodegenerative diseases 
(Alzheimer’s, Parkinson’s) have 
been resolved by ssNMR 

•  Fibril polymorphism was a major 
problem in those studies! 

that no seeding was necessary (40, 54) (SI Appendix, Table S1).
The 3D structure of Figs. 7 and 8 may thus represent the con-
formation of a fast-replicating and fit polymorph. Because rep-
lication and cell-to-cell transmissibility are believed to be key
mechanisms in AD (55, 56), it is not surprising that the presented
Aβ(1–42) polymorph is recognized by the same conformation-
specific antibodies as the plaques in AD brain slices (Fig. 2). Thus,
the presented 3D structure may be regarded as the culprit of Aβ(1–
42) fibril replication in AD. Within this hypothesis, it is in-
teresting to note that many known familial Alzheimer’s muta-
tions that are localized in the core of the presented structure
(i.e., K16N, A21G, E22Q, E22G, E22K, and D23N, with the
exception of E22Δ) may favor the determined 3D structure
(Fig. 8, pink colored side chains): Although most of them may
attenuate intermolecular charge repulsion (i.e., K16N, E22Q,
E22G, D23N, and E22K), A21G and E22G may instead relax
the backbone restraints because of the quite peculiar side-chain
arrangements of F19–F20 and E22–E23 (Fig. 7), respectively.
In contrast, the further known non-AD-linked single nucleotide
polymorphisms within this segment that cause a missense mu-
tation (i.e., V39I, G38V, G38S, G38C, V36M, I32V, I31V,
F19L, and V18M) are all conservative mutations (with the ex-
ception of G38S and G38C) without expected structural conse-
quences on the Aβ(1–42) fibril structure.
Although we have determined a single disease-relevant Aβ(1–42)

fibril structure, still other polymorphs do exist and are probably also
the reason for the structural differences between our structure
and the models by Grigorieff and coworkers (22) and by Lührs
et al. (18) (the latter having an oxidized Met-35).
In summary, the presented 3D structure of a Aβ(1–42) fibril

polymorph composed of a complex interplay of hydrophobic
interactions and Asn/Gln ladders, which hold together four in
register cross–β-strands, may be regarded as a causative agent of

Aβ(1–42) fibril replication in AD. It could thus open an avenue
for a comprehensive understanding at the atomic level of key as-
pects of AD, including replication and cell-to-cell transmissibility,
as well as structure-assisted developments of potent anti-AD drugs
and AD diagnostic markers.
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Fig. 7. The 3D structure of Aβ(1–42) fibrils. (A) Detailed 3D structure of Aβ(1–42) fibrils represented with the conformer showing the smallest CYANA target
function. The backbone of the two point symmetric molecules are shown as yellow and orange spines. The 3D structure of the N-terminal residues 1–14 is
indicated by dotted lines. The side chains of the positively charged residues are shown in red, the negatively charged in blue, the hydrophobic residues in
white, and polar residues in green. Every second residue is labeled with the one-letter amino acid code. (B) A ribbon-based cartoon of the Aβ(1–42) fibrils
showing nine molecules of Aβ(1–42) along the fibril axis. Individual molecules are colored following rainbow colors. (C) A bundle of the 10 conformers having
an rmsd of 0.89 Å representing the 3D structure is shown.

Fig. 8. Ribbon diagram of the core structure of residues 15–42 of Aβ(1–42)
within the fibril. The C2 symmetric molecules are shown as yellow and or-
ange spines, respectively. The β-strands are indicated by arrows. The fol-
lowing molecules within the fibril are shown by a surface representation.
Positively and negatively charged surface patches are shown in blue and red,
respectively, and all hydrophobic residues in white and polar residues in
green. Indicated in pink and labeled accordingly are the residues with
known familial Alzheimer’s mutations.
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Wälti et al., PNAS 113, E4976, 2016 
Tuttle et al., Nat Struct Mol Biol 23, 409, 2016 



The Salmonella type-III secretion system 

•  Hollow needle formed from 80 
AA PrgI protein, used for 
injection of effector proteins into 
host cells 

•  Combination of solid-state NMR 
data with mass-per-length 
measurements by STEM and 
Rosetta modeling allowed for 
calculation of a 3D structure 

Loquet et al., Nature  
486, 276, 2012 



Merci! 


