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Nuclear Magnetic Resonance

From basic principles to structural and dynamical 
information in biomacromolecules



Some introductory principles of NMR

Biomolecular sample
in solution

10 µM to 1 mM

Transfer to NMR tube

NMR facility



Some introductory principles of NUCLEAR Magn. Res.
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Some remarks on the interaction of nuclei with B0
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The Nuclear MAGNETIC Res. incentive to go to high field
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Some introductory principles

Sample in spectrometer and what next ?



Some introductory principles of Nucl. Magn. RESONANCE

Sample in spectrometer and what next ?
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Energies involved in a typical NMR experiment

1 eV =
96.5 kJ.mol-1



Some introductory principles of Nucl. Magn. RESONANCE

Situation after radiofrequency pulse
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The typical 1D NMR experiment (summary of principles)
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But the nucleus is not alone…
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Chemical shift a good nucleus reporter

1H NMR of 
Moenomycin A

Take home 
message: Peak 

position reflects 
environment

1H NMR of 
protein

Amide proton Ha proton

Aliphatic side chain

Me extremitiesAromatic side chain



Fingerprint of a protein samples (1D 1H NMR)

Typically less than 10 minutes

Protein concentration as low as few µM

Credits A. Favier
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Chemical shift: a finger print of the biomolecule

(A) Spectre 1H-NMR (pD 7.8) de O-PS extrait de C. rodentium.
(B) Spectre 1H-NMR du derivé de l’oligosaccharide II de C. rodentium (ATCC 51459)
Eur. J. Biochem. 268, 5740-5746 (2001)
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Chemical shift: a finger print of the biomolecule

P. Podbevsek, C. R. Allerson, B. Bhat, J Plavec, Nucl. Acids Res., 2010, 7298-7307
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Application: Quality control of protein samples using 1H NMR

Credits A. Favier

Assessing folding



Chemical shift is orientation dependent

ĤCS = �� Î �B0
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Chemical shift in liquids

In solution
Fast molecular tumbling
Time and molecule averaging

Result:
1 narrow line

In solids
Static nuclei Result:

1 broad line

Trick to recover narrow 
lines in solids? => See Robert’s talk



Alanine

MAS solid-state NMR

B0

Liquid-state vs solid-state NMR, some basic principles

a = 54.74°



The impact of molecular weight in liquids

Liquid-state NMR a serious limit?
Linewidth

slow overall rotation
fast overall rotation



Chemical shift: a structural information content



No the end yet… many more interactions 



Scalar coupling, a spectral complication

Ĥ spin = Ĥ J

Interaction mediated by electrons
Depends on molecular orbital overlap
Linked to molecular topology



Scalar coupling, a spectral complication

Without J With J

Without J With J

E= As, Sb

31P{1H}

13C{1H}
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Scalar coupling, a spectral complication



Scalar coupling, a key benefit for coherence transfer

COSY experiment, a homonuclear coherence transfer 
and an entry to multidimensional NMR

Coherence transfer – cross-peak

Coherence transfer – auto-peak

J scalar coupling
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Scalar coupling, a key benefit for coherence transfer

Not limited to homonuclear,
A key experiment 15N-HSQC (or 13C-HSQC)

The sequence

-N-C-C
H

CH
H3C CH3
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1H-15N correlation: 1 peak = 1 aminoacid

~ less than 1 hour
But requires isotopic labeling Credits A. Favier

Assessing folding



Scalar couplings: a structural information content 

3JHa-Hb = 6.98 cos2(f-60) – 1.38 cos (f-60) + 1.72

J. Wang, A.Bax, J. Am. Chem. Soc., 1996, 118, 2492



Dipolar interaction, a through-space interaction
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Dipolar interaction in liquids
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Tumbling
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Dipolar interaction

Averaged to ZERO, 
not detected in spectra

Detection of dipolar 
interaction in 

NOESY spectra

Peak volume yield 
distance information



RNA

B. Furtig, C. Richter, J. Wohnert and H. Schwalbe
ChemBioChem, 2003, 4, 936 - 962

Dipolar interaction: a structural information content 

Overhauser effect



§ Interaction between the magnetic 
moments of two spins

§ 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 interaction in solids, a different perspective



Dipolar interaction in solids, a different perspective

DARR pulse sequence

Example of 13C-13C 

correlations in solids

See Robert’s talk



FT

Ubiquitin C378H629N105O118S1

Putting structural information together for structure



Chemical shift: a structural information content

CSI =



Protein backbone atoms chemical shifts

Protein sequence

PDB structures

Solyom et al., Biophys. J. 2015

TALOS+ dihedral 
angle prediction

BMRB chem
shift Bank

Chemical shift: a structural information content



Distance restraints from NOE

5Å53

1H-1H connectivities

Collaboration H. Lortat-Jacob



Structure determination: iterative process
backbone angles + distance restraints



Combination of NMR with SAXS: elongated complex

Team Simorre
Laguri et al., Sci Reports (2017)

+

Docking from NMR data filtered by SAXS envelope

NMR information: surfaces of contact

SAXS information global shape of the complex



Combination of NMR with SAXS

Team Simorre
Laguri et al., Sci Reports (2017)



Additional structural information

Residual Dipolar Couplings



Additional structural information

Residual Dipolar Couplings

Long-range angular restraints



Additional structural information

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

Paramagnetic 
Relaxation 
Enhancement15-35 Å



Additional structural information

Iox/Ired

Protein sequence

B.Simon, M. Sattler, Angew. 
Chem., 2010, 122(11), 2011 - 2014



Intrinsically Disordered Protein
Lack of well defined secondary/tertiary structure

Feuerstein et al., J. Mol. Biol. (2012)

15N (ppm)

No distance 
restraints

Backbone 
chemical shifts:

Prediction of 
population in 
helical forms



Biomolecular interactions

+
kon

koff

Interaction Strength?
KD

Interaction Site?

Interaction Dynamics?Complex structure?



Chemical shift and chemical exchange (µs-ms)

kon

koff



Strong protein-protein interaction 

1H (ppm)

13C (ppm)

Free
Complex

Laguri et al., Sci Reports (2017)



FreeComplex

FreeComplex

Ligand addition

Problem: 
Need to 
reassign 
the peaks  

Laguri et al., Sci Reports (2017)

Strong protein-protein interaction 



Protein-small molecule weak interaction (CSP)

Protein Chemical 
Shift Perturbation

(CSP)



Protein-small molecule weak interaction (CSP)

Catalytic domain of L,D-transpeptidase
from Enterococcus faecium

13C, 15N-labeled

Penicillin family:	ampicillin

N

COO-

O

SN
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R 2

Carbapenem family:	imipenem

O
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COO-

H

S
R 1

OH H

Lecoq et al., ACS Chem. Biol..2013
Team Simorre



Protein-small molecule interaction (CSP)

Ampicillin

Front

Back

LdtBs C142A-ampicillin

180°

Team Simorre
Triboulet et al., PLoS One (2013)



Protein-small molecule interaction (CSP)
KD determination:	fit	all	residues with CSP	>		0.03	ppm	with a	single	KD value

Ldtfm C442A-ampicillin: KD =	78	+/- 10	mM

Ldtfm C442A-ertapenem: KD =	50	+/- 10	mM

CLdtfm	C442A =	150	μM

Team Simorre
Triboulet et al., PLoS One (2013)



Small molecule - protein interaction
Saturation transfer experiment for weak interaction
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Small molecule - protein interaction (STD)

≈ ≈

off-resonance saturation 

kon koff

≈

on-resonance saturation 

The reference experiment

Saturation experiment

Difference spectrum

—

STD:
-Possible in the case of low affinity
-Protein:ligand ratio<< 1
-No protein size limit
-Isotopic labeling of protein not requested
-Simplified 1H NMR spectra



Detection of interaction on the small ligand
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Dynamics: what can NMR do?

CEST

See Carine’s talk



ps-ns time scales and T1/T2 relaxation
Rotational diffusion

Extraction of global and local motion in macromolecules

tc reflects molecular size

Lipari-Szabo S2 reflects local motion amplitude



Dipolar interactions: a dynamical information content 

Al Hashimi, J. Magn. Res. 2013, 191-204



µs-ms time scales and chemical exchange
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Probing conformational exchange by NMR

In the presence of a stochastic process



Probing conformational exchange by NMR: 
relaxation-dispersion experiment



1H (ppm)

15
N

 (p
pm

)

KIX a 3-helix 
bundle protein

Credits P. Schanda

µs-ms time scales and chemical exchange



KIX a 3-helix 
bundle protein

Team Schanda
Brüschweiler et al., J. Am. Chem. Soc. (2009)

µs-ms time scales and chemical exchange



Fast mixing and fast NMR methods allow to study 
rapid processes in real time

Mixing of solutions 
inside the NMR 

spectrometer

b2-microglobulin (8 kDa), c = 0.2 mM, 
experimental time: 4 s



b2-microglobulin forms intermediates with amyloid
fibril character



Model of the folding pathway of b2-microglobulin



s-time scales and translational diffusion, size information:
translational diffusion experiments

The modified Hahn-echo sequence : Stejskal and Tanner (1965)

no diffusion

with diffusion

dttzgB
t

t
ii )()(

1

1
00 ò+=

+d
gtgtf

Y. Cohen, L. Avram and  L. Frish, Angew. Chem. Int. Ed., 2005, 44, 520-554
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Y. Cohen, L. Avram and  L. Frish, Angew. Chem. Int. Ed., 2005, 44, 520-554

Small molecule

Large molecule

b

s-time scales and translational diffusion, size information:
translational diffusion experiments



Distinguishing particles of different sizes in a mixture

Unilamellar vesicle 30 mM lipid
( POPC) with 100 mM sucrose

Interest of translational diffusion measurements



Conclusion
✪ Chemical shift information:

w a structural information content

w a powerful tool to follow local changes; specific interest in functional studies

✪ Relaxation parameters:

w a measure of the dynamics in the ps-ns time-scale; an access to motion

w a tool for interaction studies

✪ Scalar couplings:

w a unique tool to transfer magnetization for the spectroscopist

w an angular information

✪ Dipolar interactions:

w an orientational and distance information

w a source of intermolecular contact information

w a source of dynamical information in the µs-ms time-scale



Biomolecular NMR

Structural information
Local probes

Interactions between 
different partner : 
interaction site, KD

Conclusion

Dynamical information:
amplitude and 

time-scale of motion




