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The early days of NMR

1922: Stern and Gerlach prove the existence of the spin of particles 

1936: Rabi measures gyromagnetic ratios (Physics Nobel 1944)

1945: First NMR signals (Bloch et Purcell, Physics Nobel 1952)

1949: Chemical shift

1961: First commercial spectrometer, Varian A60

1965-1970: Fourier transform spectrometers
1972: Supraconducting coils

1971-1975: 2D-NMR idea (J. Jeener) + developments (Ernst, Chemistry Nobel 1991)

1971-1973: NMR of tissues (Damadian / Lauterbur and Mansfield, 
Medicine Nobel 2003) – MRI, tomography
1973-1977: MAS and CP developments for solid-state NMR
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Magnets:
- B0 Field
- Hindrance
- Cryo-fluid consumption

Technological innovations and developments



NMR, an intrinsically low sensitivity
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Technological innovations
AeonTM technology 

(Bruker)

High and Low Temperature Superconductors



Technological innovation: spectrometer
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Technological innovations
Magnets become more compact

Data courtesy of Bruker



NMR, overcoming Boltzman limitations
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Sensitivity or signal-to-noise ratio

Alternatives to increase Boltzmann?
At a given field



NMR, overcoming Boltzman limitations

ÞSee talk 
by Robert 
on solid-

state DNPJung Ho Lee et al., J Magn Reson. 2014, 18–31 
doi:10.1016/j.jmr.2014.01.005.

Not biomolecular



Dissolution DNP, as an alternative

TEMPO
as polarizing agents 13C S/N 44,400-fold larger

Must be faster than T1
Kept at low field

Kim Y et al., Methods Enzymol. 2019, 501-526 

Usually limited to 1D NMR



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

Photo-chemically induced DNP (Photo-CIDNP)

Applications in protein folding and biomolecular interaction

Formation of 
radicals
in-situ

Enhances sensitivity of 
aromatic amino acids



Technological innovations

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



The probe

Q quality factor, h filling factor
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Gain with a cryoprobe©

Q quality factor, h filling factor

Receiver coil at 80 K, pre-amplifier at 20 K



Technological innovation with cryoprobes

Data courtesy 
of Bruker



Limitation of cryoprobes

JACS, 2002



Limitations of cryoprobes

At constant conc.

At constant quant.
of matter

1.7 mm cryoprobe
30 µL sample volume
Liquid-state NMR



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





Methodological innovations

Pulse sequences:
- Multidimensional sequences

- Taking advantage of relaxation properties
- Fast acquisition methods

- Non-linear sampling



Liquid-state NMR a serious limit?
Linewidth 

slow overall rotation
fast overall rotation

Δν1/2 =
1
πT2

Sensitivity enhancement by attenuation of T2 effects



1. Transverse relaxation: 
Canceling opposite relaxation mechanisms (CSA-DD) => TROSY

Sensitivity enhancement by attenuation of T2 effects

Salzmann et al.,  110-kDa protein , J Am Chem Soc. 2000, 7543–7548



Data acquisition is full of dead times

Sensitivity enhancement via fast-pulsing techniques



2. Longitudinal relaxation:
Only flip amideprotons and keep rest of protonsalong the z-axis to 
fasten T1-relaxation, Ernst angle excitation  => SOFAST, BEST, 
BEST-TROSY

Solyom Z, Schwarten M, Geist L, Konrat R, Willbold D, Brutscher B. J Biomol NMR. 2013 Apr;55(4):311-21.
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Sensitivity enhancement via fast-pulsing techniques



§ The use of FFT implies a linear sampling

§ Alternative methods (NUS) are now proposed

M. Mobli and J.C. Hoch Progress in Nuclear Magnetic Resonance Spectroscopy 83 (2014) 21–41

Alternative sampling methods



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

Alternative sampling methods



Samples :
- Small volumes

- Isotopic labeling

Technological innovations



Standard methods: 13C,15N-labeling and 3D NMR



Is NMR limited to small biomolecules?

?

Figure courtesy of J. Boisbouvier

Structure of the Box CD enzyme, a 386-kDa 
complex solved by NMR (PDB 4BY9)

Lapinalte et al., Nature 2013 



TET -468 kDa
12 x 39 kDa

U-[1H,13C,15N]

100% protonation

Can we investigate large machineries with NMR?

2% protonation

U-[2H,12C,15N]
[d1-13CH3]-Ile



Me-labeling tool kits for NMR



Monitoring of a molecular machine in action

P. Macek et al. Sci Advances, 2017, e1601601 



Monitoring of a molecular machine in action

P. Macek et al. Sci Advances, 2017, e1601601 



Cell-free expression and combinatory isotopic 
labeling



J Biomol NMR (2012) 



Technological innovations

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



Software development for automatic assignment



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..

Software development for automatic structure calc.



Use of Ambiguous Interaction Restraints for soft docking

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

Ambiguous restraints for soft docking



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

Integration of data from different methods

NMR: a tool for integrative structural biology



Study of intrinsically disordered proteins

Miles et al., Sci. Adv. 2018, 4: eaat7778



Assessing data on non-detectable states

pE 1% or more

CEST 50 < kex (s-1) < 400

CPMG 500 < kex (s-1) < 2000



Assessing data on non-detectable states

Cys-Cys
Cu/Zn

Cys-SH

Sekhar and Kay, PNAS 2013, 12867-12874 



In-cell NMR: schematic overview

E. Luchinat and L. Banci, IUCrJ, 2017, 108-118



Deciphering interaction networks in cell
Human cytoskeletal profilin 1: Pfn1

Actin (A)

Phospho-
Inositides 

(I)

Poly-L-proline
(P)

Human cells Bacteria

Barbieri et al., Sci. Report 2015, 14456



Comparison of a-synuclein in different cell lines and in vitro

Theillet, Selenko et al.., Nature 2016, 45-50



Combination of NMR with other methods for structure 
determination: CryoEM

+

Gauto et al., Nat. Com. (2019), in press


