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Solid-state NMR studies of biomolecules 
•  Biological samples studies by solid-state NMR 

•  Structure 

–  Conformation 

–  Alignment 

•  Dynamics 

•  Ligand/host interactions 
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Considerations for sample preparation 
•  Biological relevance 

–  Can we work under conditions which are biologically meaningful 

•  Sensitivity 

–  Can we get sufficient material into the spectrometer to obtain an 
analysable spectra 

–  Are the techniques we are using sensitive enough and can we do 
anything during the preparation which can help 

•  Resolution 

–  Good lineshapes 

–  Spectral simplification  
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Biological Relevance 
•  Activity 

–  assay under conditions similar to NMR sample 

–  suitable assay in-spectro 

•  Close to native state as possible 

–  ideally membrane proteins prefer to be in bilayers 

•  Ability to modulate parameters that are physiologically interesting 
(regulation, drug binding etc.) 

–  challenging in dehydrated/aligned samples 

4 



Sensitivity 
•  Typically 

–  1D, 0.2µmoles of pure protein, overnight 15N expt 

 (2 mg 10 kDa protein) 

–  2D, 1.0µmoles of pure protein, 1 day 

 (10 mg, 10 kDa protein) 

•  However, it depends on sophistication of experiment 

–  More transfers less signal 

         
Quantities from Lorch et al. 2005 and derived from membrane proteins, but generally applicable to fibrils/
microcrystalline materials 
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Sensitivity : ligand binding studies 

•  Dependent on concentration of binding site, typically:- 

–  1D 13C spectra, from 10 nmoles of 13C labelled ligand 

–  2D 13C spectra, from 40 nmoles of 13C labelled ligand 

•  No prerequisite for pure protein, only 

–  Pharmacologically specific binding  

 (i.e. only one type of binding site) 

•  Depends on sophistication of experiment 

–  Multiple polarization transfers lower sensitivity 
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Choice of rotor size – Sensitivity 

•  Needs to be sufficient to contain sample 

•  Typically smaller rotors have better filling factor 

–  Trade off between volume and filling factor 

–  Avoid using rotors larger than sample, even if sample is constricted 
into centre of rotor 

•  Radiofrequency requirements (larger rotors/lower fields) 
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Bruker Agilent 

Diameter 
(mm) 

Volume 
(µL) 

Diameter 
(mm) 

Volume 
(µL) 

2.5 12 2.5 11 

3.2 30 3.2 18 

4.0 80 4.0 52 

7.0 300 6.0 240 

7.5 450 



Choice of rotor size – rf requirements 
•  What are the rf requirements for the experiment? 

–  larger samples lower rf 

•  When planning expt’s make sure field is sufficient: 

–  Decoupling during recoupling 

–  Excitation of broad spectra 
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Rotor Diameter 
(mm) 

rf field (13C) 
kHz 

rf field (1H) 
kHz 

2.5 110 170 

3.2 95 150 

4.0 85 125 

6.0 55 71 

7.5 59 62.5 

B0 field 
(1H res /MHz) 

rf field (13C) 
13C Spectral Width 

200 10,000 

300 15,000 

400 20,000 

600 30,000 

800 40,000 



Choice of rotor size – Spinning Speed 
•  What are the spinning requirements for the experiment? 

–  larger samples lower spinning speeds 

•  Choice of spinning speed for expt: 

–  Averaging of CSA sideband (CSA of carbonyl, -85 ppm → 17 kHz, 800 MHz) 

–  Rotational resonance (n=1, CO/Ca → 24 kHz ) 

–  Broadband recoupling (DREAM, C7) at high fields req’s high ωr 
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Rotor Diameter 
(mm) 

ωr (Hz) 

2.5 30,000 

3.2 25,000 

4.0 18,000 

6.0 8,500 

7.5 7,000 

B0 field 
(1H res /MHz) 

rf field (13C) 
13C Spectral Width 

200 10,000 

300 15,000 

400 20,000 

600 30,000 

800 40,000 



How can we optimize sample preparation to 
enhance spectral quality? 
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Preparation of samples 

Materials 
Membrane proteins: 

•  Detergent solubilized 

•  Proteoliposomes 

•  2D arrays 

Microcrystalline material 

Fibrous/Fibrillar material 

Considerations   
General 

•  Hydration 

•  Buffer conditions 

•  Temperature 

Membrane proteins 

•  Lipid composition 
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Hydration 

Affects: 

•  Sensitivity 

•  Resolution 

•  Dynamics 

•  Lipid phase 
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(KIAGKIA)3 
Lyophilized 
(Toke, 2004) 
1.0-1.5ppm 

PLB 
Minimal hydration 
(Andronesi, 2005) 
0.5-1.0ppm 

M4-TMD 
Fully Hydrated 
(Williamson, 2005) 



Buffer composition 

•  Compatibility with system 

•  Sensitivity/rf efficiency 
dependent on Q of probe 
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•  Conductive buffers increase 
resistance in coil, lowering Q 

•  Can lead to problems with 
probe tuning 

Kelly, 2002 

Fukushima, Experimental Pulse NMR, a nuts 
and bolts approach 

 

Change in sensitivity as a function of 
buffer. Comparison made on cryo-
probe where losses are emphasized. 



Temperature 
Affects: 

•  Boltzmann 

•  Sample stability 

•  Lipid dynamics 

–  Phase transition 

•  Dynamics  

–  Reduced dynamics improved CP 

•  Structural Homogeneity 

–  Traps inter-converting structures 
→ inhomogeneous broadening 
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AChR Membrane (5°C, 4k acqs) 
(Williamson, 1998) 

AChR Membrane (-60°C, 1k acqs) 
(Williasmon, 2007) 



Temperature regulation - sample heating 
Magic Angle Spinning 

 

 

 

 

 

 

 

 

Frictional heating 

•  Bearing and drive tip  

 (~5° at 10 kHz on a 4mm probe) 

Cooling 

•  Cooling gas (DVT/Varian probes) 

•  Cool bearing/drive to reduce gradients  

RF Heating 

•  Significant during cross polarization 

•  Extended decoupling periods 
(multidimensional data) 

•  Can be designed out of experiments 
through choice of sequence (e.g. pdsd no 
decoupling during mixing) 

•  Improvement in resonator design that 
reduce electrical component of B1 field 

 Also offers improved performance for 
salty samples 

15 

Bearing 

Bearing 

Drive 

Cooling Air 

Varian 

Bruker 



Sensitivity and Dynamics 
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Membranes rich in dynamics: 

•  MHz, lipid/protein side chain motions 

•  kHz, rotational correlation of proteins 

•  ms, fluctuations 

NMR ideal for studying these processes 

Motions affect most spectra 

•  MHz, T1 relaxation → reduced sensitivity in pdsd spectra 

•  kHz, Homo/Hetero-Decoupling/CP 

•  ms, T1ρ relaxation → poor CP, rapid signal decay during transverse mixing 
sequence (C7/DREAM etc) 

π/2 

π/2 π/2 

C7 C7 CP 

CP 

FSLG 

TPPM 1H 

13C 



Types of samples for biological solid-state 
NMR studies 
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Detergent solubilized 
Typically studied by liquid state NMR, 

however: 

•  detergent micelles are still relatively large 
(typically each protein has 100’s detergent 
molecules bound) 

•  susceptibility effects can lead to significant 
broadening 

Magic-angle spinning NMR can: 

•  average susceptibility effects 

•  average residual anisotropic interactions 
(dipolar, chemical shielding) 

•  Resolution sufficient to think of using 
experimental techniques that can exploit J-
couplings, indeed solid-state techniques fail 
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10 nmoles neurotensin receptor in the 
absence (A) and presence (B) of U-13C/15N 
neurotensin(8-13)  (5°C) (Williamson, 2002) 



Detergent solubilized: frozen samples 
Frozen detergent solubilized 

receptor: 

•  even at low T dynamics 
challenging 

•  Inhomogeneous broadening 
upon freezing 
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CP-MAS Spectra of 10 nmoles neurotensin receptor in 
presence and absence of uniformly labelled ligand 
T=-110°C, ωr=5.0kHz (Williamson, 2000) 

- NT 

+ NT 

+ NT/DQF 



Proteoliposomes/Native membranes 
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CP-MAS Spectra of 40 nmoles acetylcholine bound to the 
nicotinic acetylcholine receptor (T=5°C, ωr=2.5kHz) 
(Williamson, 1998) 

 

AChR - ACh 

AChR + ACh 

Difference 

Advantages: 

•  Dynamic, structurally homogeneous 

–  good resolution 

•  Physiologically relevant 

Considerations: 

•  Dynamics: 

–   can cause linebroadening 

–  interfere with solid-state expts 



Lipid composition 
Affects: 

•  Packing density of membranes 

–  liposomes with charged lipids typically richer 
in water  

–  affects can be mitigated with higher salt 
concentration (CARE!) 

•  Dynamics (gel/liquid crystalline) 

–  Significantly affects dynamics of membrane 
proteins 

–  Can affect sensitivity of experiments and 
acquisition conditions employed 

•  Protein activity 

–  Activity of some protein highly dependent on 
lipid composition (Lee, 2004) 

•  May affect form of protein in bilayer 2D arrays/
proteoliposome 
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Slow MAS 

Static 

M4-TMD in DoMPC vesicles in the gel 
and liquid crystalline phase. 
(Williamson, 2005) 



2D crystalline arrays 
Advantages 

•  Low lipid/protein density 

•  Reduced motions 

•  Good structural homogeneity 

•  May exist in native membranes (bR, 
nAChR) 

 

Considerations 

•  Need to create 2D crystals (other 
groups screening for EM) 

•  Freezing can cause inhomogeneous 
broadening 
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1D 13C CP-MAS spectra of 13C/15N labelled 
OmpG (ωr=8kHz) 

a)  9mg protein/4.5mg lipid, 1024 scans 

b)  3mg protein/4.5mg lipid, 3072 scans 

(Hillier, 2005) 



3D crystals 

 

 

 

 

 

Comparison of 15N spectrum of DGK in 
proteoliposomes or nanocrystals (Lorch, 
2005) 

Advantages: 

•  Not as dynamic as other systems 

•  Should be structurally homogeneous 

•  High protein density 

Considerations: 

•  Can be temperamental to prepare 
(membrane protein notoriously difficult) 

•  Scale-up of crystallization non-trivial, 
even for soluble proteins 

•  Typically preparations have high salt 
concentration which can affect NMR 
spectra 

•  Ligand binding studies non-trivial, must 
wait for ligand to diffuse through the 
crystals 
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What else can we do to reduce spectral 
crowding? 

Sample 
preparation Labeling 
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Labeling schemes - selective 
Advantages 

•  Few assignment problems 

•  For distance/torsion angle 
measurements, the simple spin 
dynamics facilitates the analysis 
and can improve accuracy of 
individual measurements 

•  Relatively simple spectra, not 
perturbed by presence of J-
couplings 

 

Considerations: 

•  Limits information chemical 
shift, distance or orientational 
information available 

•  Low density of labeled spins 
makes detection against strong 
background resonances difficult 

•  Introduction frequently requires 
special synthesis, and for 
introduction into protein 
demands peptide synthesis 
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Labeling schemes – extensive and selective 
Growth on minimal media 

labelled at: 
•   2-13C-Glycerol (red) 
•   1,3-13C-Glycerol (green) 

Advantages: 
•  Reduces dipolar truncation 
•  Improves number of long 

range contacts 
•  Can reduce linebroadening 

from J-couplings 

Considerations 
•  Assignment more difficult 

than uniformly labelled 
material 

•  No. of potential contacts 
reduced compared to 
uniformly labelled sample 
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SH3 proton driven spin diffusion experiment, on partially labelled 
protein. (Castellani, 2002) 



Labeling schemes - uniform 
Advantages: 
•  Ease of preparation when 

protein expresses 
•  Sequential assignment possible 
•  Enhances structural 

information that may be 
available 
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Considerations: 
•  Spectral crowding 
•  Dipolar truncation effects 
•  Difficult to extract structural 

parameters (spin dynamics difficult 
to model) 

Li et al. 2008 
2D planes from 3D (A) 
NCACX, (B) CAN(CO)
CX, (C) NCOCX, and 
(D) CON(CA)CX 
chemical shift 
correlation spectra 
acquired on a [U-13C,
15N] DsbB C41S 
sample ( 1 µmol) at 
750-MHz 1H 
frequency, 12.5-kHz 
MAS frequency, and 
223 K 



How to get as much material as possible 
into a MAS rotor! 
Preparation of membrane pellets: 

•  High speed centrifugation (70,000rpm, Ti70/Ti70.1) 

•  Eppendorf centrifuge (14,000 rpm) 

Transfer into rotors: 
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Transfer membrane pellet to pipette tip 
6mm – P1000 
4mm – P200 
2.5mm - tricky 

Rotor 

Spacer 

Drive 
Tip 

Centrifuge Assembly 
•  Trim pipette tip to fit into eppendorf spinner (3k rpm) 
•  Place whole assemble into 10mL Falcon tube (3k rpm) 

(swing-out ideal for even distribution) 

Spin for 3-4 minutes 
 
As samples are relatively fluid, distribution in rotor usually 
occurs within seconds of spinning sample in probe. 

Anja Bockmann et al. (2009) J. Biomol. NMR 45: 319-327 
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Conclusions 
•  Identified some of the problems of working with biological solids 

•  Types of problems which can be addressed 

•  Quantities/Volumes of protein that are require for MAS studies: 

–  How this affects choice of hardware 

–  The types of experiments that are available 

•  How spectral quality and experiments chosen depend on: 

–  Type of preparation 

–  Choice of environment (buffer, pH, salt, etc) 

 

CAREFUL CONSIDERATION OF THESE POINTS EARLY IN 
EXPERIMENT DESIGN CAN MAKE MAS NMR OF BIOLOGICAL 

SOLIDS A FAR MORE ENJOYABLE EXPERIENCE 
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