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Biomolecular NMR : 35 years of methodological 
developments 
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NMR: developments and limits 
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NMR : a structural biology tool among others 

 Proteins Nucleic 
Acids 

Protein/ 
NA 

Complex 

Other Total 

X-Ray 91091 1624 4534 4 97253 
NMR 9619 1121 225 8 10973 
Electron 
Microscopy 

569 29 186 0 784 

Other 165 4 6 13 188 
Total 101514 2781 4953 26 109274 
 

Protein Data Bank: June 6th, 
2015 statistics 

http://www.rcsb.org 
PDB Statistics 
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TROSY 
Softwares 
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Automated 
Struc. Det. 

IDP 
The third world of 
Protein’s world 

Evolution of the number of articles containing the word 
NMR in the title/abstract in PubMed 



Jan 2013 



Study of intrinsically disordered proteins  

Study of mechanisms of molecular recognition 

Study of proteins and nucleic acid excited states 

Study of the dynamics of very large complexes 

In-cell NMR 

2005-2015 
NMR: a tool for integrative structural biology 



Some basic NMR concepts 

www.lightsources.org/what-light-source  

SAXS/Crystal. 

EM EPR NMR 
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NMR, some advantages 

15N 
1H 

2H 

15N 
1H 

1H 

Deuterium isotopic effects 

A large number of probes 
 
An incredible sensitivity to the environment 
  

2D 1H,15N-HSQC: the biomolecule fingerprint 



NMR, some limitations 
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NMR, some limitations 

Resolution and spectral hindrance 
 
  

-  Acquisition time: few seconds 
- limited spectral resolution 
-  No necessary isotope labeling 
-  Global characterization 
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-  Acquisition time: few minutes 
- Increase in the spectral resolution 
-  Necessary isotope labeling (15N) 
- More detailed information 

2D 



Liquid-state NMR a serious limit? 
Linewidth  

slow overall rotation 
fast overall rotation 

NMR, some limitations 

Δν1/2 =
1
πT2



Technological innovations and developments 



Magnets: 
-   B0 Field 
-  Volume 
-  Fluid consumption 

Technological innovations 



Technological innovations 

Low-resolution NMR 
2-65 MHz 

(1.5 T max) persistent magnet 

High-resolution suprconducting magnet 
1 GHz (Brüker) 

23.5 T 

« The Hybrid » 45 T (1.9 GHz) 
Talahassee 

Florida, USA 
Insert 11.4 T resistive magnet 

External 33.7 T supraconducting 
Or GHFML (35 T) 



Technological innovations 

Data courtesy of Bruker 
 
  

S / N ∝B0
5/2

Signal-to-noise depends on the magnetic field 
 
  



Technological innovations 



Technological innovations 
Magnets become more compact 
 
  

Data courtesy of Bruker 
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Gyrotron DNP @ 
CEA 
Grenoble 

T ~ 100 K : compatible with cell survival 

NMR signal  
of the cell surface  

nuclei ? 

13C chem. shift / ppm 

εon/off ~ 25 

Gyrotron on 
Gyrotron off 

Technological innovations: Dynamic Nuclear Polarization 



γ
e−

γH
= 660

Technological innovations: Dynamic Nuclear 
Polarization 



From B. Griffin 



263 GHz solid-state DNP  



C. Song, T. Swager et. al., JACS (2006) 

DNP-MAS spectrum of 13C, 15N-proline 



From H. Ardenkjær-Larsen et al. Increase in signal-to-noise ratio of >10,000 times in 
liquid-state NMR, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 10158–10163. 

DNP in the liquid state at room temperature 



Kenichiro Tateishi et al, Room temperature hyperpolarization of nuclear spins in bulk, 
PNAS May 2014 

Photo-chemically induced DNP (Photo-CIDNP) 



Kenichiro Tateishi et al, Room temperature hyperpolarization of nuclear spins in bulk, 
PNAS May 2014 

Photo-chemically induced DNP (Photo-CIDNP) 

Proton polarization leads to lines with asymmetric coupling. 30% 
polarization at room temperature in this case (x 250 000) 
 
  



Technological innovations 

Probes: 
-  Cryoprobes 
-  Small volume probes 
-  Multi-nuclei probes 



Gain with a cryoprobe 

Q quality factor, η filling factor 
 
  



Limitations of cryoprobes 

JACS, 2002 
 
  



x2 every 2 years 
 
x1000 every 20 years 

water suppression

600 MHz

cryoprobe

capillaries

spectroscopic filters 

first assigned peptides

PROTÉALYS

Quantity of protein detected 

Gain with a cryoprobe 

Data M.-A. Delsuc, IGBMC 





NMR magnet sample container 
(“rotor”) 

probe 

Instrumentation for Magic-Angle-
Spinning ssNMR 

diameter max. speed sample 
volume 

4 mm 15 kHz 70 µL 

3.2 mm* 25 kHz 30 µL 

1.6 mm* 40 kHz 8 µL 

1.3 mm* 67 kHz 1.7 µL 

0.9 mm 100 kHz 0.7 µL 

rotor 

rotation driven by gas flows 

probe 

rotor 

*currently or soon at IBS 



Liquid vs solid-state probe 

B0 

Brownian motion 

Liquid State NMR 

MAS 
(Magic Angle Spinning)  

 

Solid State NMR 

~ 400 µl of soluble sample ~ 20 µl of hydrated insoluble sample 

Solid-state NMR should allows to study large and insoluble 
proteins or biopolymers by NMR 



+ MAS 
Through MAS we have turned off the anisotropic 
interactions (CSA, dipolar coupling). 
! nice resolution 
 
But these interactions could be useful, e.g. to 
transfer via the dipolar coupling.  
! Can we “switch them on” again ?? 

? 

Can we turn on and off th anisotropic interactions as we 
want? 



Solid-state fast rotation MAS 
(111 kHz) 

2D N-H  

 
Protein-peptidoglycan spectrum  
39 kHz MAS, 600 MHz 
deuterated protein + deuterated PG 
in H2O-based buffer 
3D in about 3 days exptl time. 



Solid-state fast-rotation MAS L. Emsley  et al.  
B. Meier et al. 
 



Technological innovations 

Pulse sequences: 
-  Multidimensional sequences 

-  Taking advantage of relaxation properties 
-  Fast acquisition methods 

-  Non-linear sampling 



Can we turn the anisotropic interactions  
on/off as we want? 

 
Rotational Echo DOuble Resonance (REDOR) 
experiment  

dipolar coupling “turned on” 
i.e. we can transfer via D coupling 

only MAS: high resolution 
during detection period 

sample rotation: 



More formally: 
Interference between time-dependent processes:  
•  rotation of sample 
•  rotation of spins 

Cross-polarization experiment 

ω1,I ± ω1,S = ωMAS for example: 
MAS = 100 kHz 
RF field on 1H: 80 kHz 
RF field on 13C: 20 kHz 

Can we turn the anisotropic interactions  
on/off as we want? 

 



Dipolar transfer experiments in ssNMR 

= Al
(i ) ⋅ T̂l

(i )

l=0

2

∑
i
∑

space part 
spin part 

General idea: 
rotate sample (MAS) 
+ rotate spins (RF irradiation) 
! create interference between these two processes 

REDOR 

cross-polarization 

PDSD / DARR 

RFDR 

HORROR 
DREAM 
R-sequences 
C-sequences ,…. 



1. Transverse relaxation:  
–  Exploitation between different relaxation mechanisms (CSA-DD) 

=> TROSY 

Back to the liquid-state … 
Exploitation of the relaxation properties 



Exploitation of the relaxation properties 

2. Longitudinal relaxation:  
–  Accelerate the return to the thermodynamic equilibrium to speed-

up the acquisition process => SOFAST, BST, BEST-TROSY 

Schanda P, Brutscher B. JACS (2005), Lescop E, Schanda P, Brutscher B. J Magn Reson. (2007) 
Schanda P, Van Melckebeke H, Brutscher B. JACS (2006) 
Solyom Z, Schwarten M, Geist L, Konrat R, Willbold D, Brutscher B. J Biomol NMR. 2013 Apr;55(4):311-21. 
Favier A, Brutscher B. J Biomol NMR. 2011 Jan;49(1):9-15.  
 



B. Brutscher et al. 2005 

Exploitation of the relaxation properties 

2. Longitudinal relaxation:  
–  Accelerate the return to the thermodynamic equilibrium to speed-

up the acquisition process => SOFAST, BST, BEST-TROSY 



B. Brutscher et al. 2005 

Exploitation of the relaxation properties 

2. Longitudinal relaxation:  
–  Accelerate the return to the thermodynamic equilibrium to speed-

up the acquisition proces => SOFAST, BST, BEST-TROSY 
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"  The use of FFT implies a linear sampling 

"  Alternative methods (NUS) are now proposed 

P Schanda Progress NMR Spect. 2009 

Alternative sampling methods 



Single-scan spectroscopy 
Frydman L, Scherf T, Lupulescu A. PNAS. 2002 
 

Alternative sampling methods 



PNAS 2010

Application: following real-time folding 
of an RNA aptamer 



Samples : 
-  Small volumes 

-  Isotopic labeling 

Technological innovations 



Liquid-state small volume cryoprobe 



Standard methods: 13C,15N-labeling and 3D triple 
resonance spectroscopy 



Nature Methods 2007 



From Kato et al PNAS 2011!

Exploring molecular mechanisms within the 
chromatin using NMR 



Methodologies developed in Grenoble 



Cell free expression and combinatory isotopic 
labeling 



J Biomol NMR (2012)  



Technological innovations 

Numerical processing: 
-  Filtering 
-  Data management and integration 
-  Structure calculation software 



Effects of a paramagnetic centre on 1H and 13C 
spectra 

I. Bertini et al., 
ChemBioChem 2005, 6, 
1536 – 1549 

e- 



Figure 7. PRE of Amide Protons in Spin-Labelled Tau 

Mukrasch MD, Bibow S, Korukottu J, Jeganathan S, et al. (2009) Structural Polymorphism of 441-Residue Tau at Single Residue 
Resolution. PLoS Biol 7(2): e1000034. doi:10.1371/journal.pbio.1000034 
http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1000034 

Application to the study of disordered proteins 
(Tau) 



Some other probes: paramagnetic lanthanide tag 

Otting, J. Biomol. NMR 2009 



Nature Structural biology: Inside the living cell 
David S. Burz & Alexander Shekhtman 
Nature 458, 37-38 (5 March 2009) 

In-cell NMR 



Software development for automatic assignment 



Development of structure calculation protocols 

Incorporation of ambiguous distance restraints in 
iterative process protocols => M. Nilges, T. Herrmann 

i = 1 

i = 2 

i = 8 

Initial fold 

NOEs assignment, 
Artefact suppression 
Medium ambiguity accepted 

... 

Software 
ARIA, UNIO 

Rieping W., Habeck M., Bardiaux B., Bernard A., Malliavin T.E., Nilges M. 
(2007) ARIA2: automated NOE assignment and data integration in NMR 
structure calculation. Bioinformatics 23:381-382. 

Volk, J.; Herrmann, T.; Wüthrich, K. J. Biomol.NMR. 2008, 41, 127-138.. 



Many structural parameters 



Structural information from intra-molecular NOE 



Domingez C, Boelens R, Bonvin A, J. Am. Chem. Soc. 125, 1731-1737 (2003). 

Use of Ambiguous Interaction Restraints for soft 
docking 



Use of Ambiguous Interaction Restraints for soft 
docking 





BioNMR 



Instruct 


