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NMR spectroscopy, how can we be of assistance?
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Properties of NMR spectroscopy
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NMR is very insensitive

NMR signal intensity is proportional to concentration

NMR is selective

NMR is non-invasive and non-destructive

NMR is not expensive

NMR can obtain detailed atomic information on the samples

NMR can analyze only one sample at a time

NMR can be performed on all states of the matter
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NMR: the Universal Detector
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The NMR phenomenom: Magnetization

In the presence of a strong magnetic field

the magnetic momenta of the nuclei will

have a preference towards aligning with

the external field.

The ‘rotation axis’ does not align exactly with the direction of the field but will

precess about the axis of the magnetic field with a frequency ω which is

different for each nucleus.
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Macroscopic magnetization

A real sample has many spins which in a magnetic field are more likely to be found precessing in the

state of lower energy. How much more likely is determined by the Boltzmann distribution:

At the current operating field strength of the NMR equipment, the ratio is of the order of 0.999999.

The tiny difference is the origin of the low sensitivity of NMR and therefore, the need for large

amounts of material.

Nonetheless, this small difference generates a macroscopic

magnetization M aligned with the field B.
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Acting on the macroscopic magnetization

In order to perturb the nuclear spins it is necessary to apply a magnetic field B1 that is perpendicular

to the static field B0

The field B1 is applied for a very short time and is called a pulse.

During its application the spins will precess about the axis of the resulting field,

and they are no longer uniformly distributed - they develop coherence.

This causes the macroscopic magnetization to flip away from the direction of

the B0 field.

How much it flips depends on the strength of the B1 field

and on the length of application of the pulse.
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An NMR experiment is composed by two sections: the preparation, which can be as simple as the 90o B1

pulse, and the detection. The detector observes the decay of transverse magnetization.

These experimental data provide three pieces of information:

-the intensity of the signal

-the frequency of oscillation (position in the spectrum)

-the rate of transverse relaxation (width of the signal)

Performing an experiment
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Nuclear shielding

Even nuclei of the same nature show signals in different positions because the effective magnetic

field is different from the static magnetic field B0 due to the influence of the surrounding

environment - the nuclear shielding.

The nuclear shielding arises from the interaction (coupling) between the magnetic nuclei and the

surrounding electrons which are also spins and therefore affected by the presence of the static

magnetic field.

The situation depicted of the two nuclei would give

rise to a spectrum that would look like this:
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The chemical shift is defined as the ratio between the nuclear shielding and the static magnetic field

and is usually reported in ppm relative to a reference. This ratio is independent of the strength of

the static field.

Data measured in different spectrometers can be compared.

The chemical shift
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δ = X 106  ppm
νsample - νreference

central frequency(Hz)

In molecules without unpaired electrons, different functional groups display characteristic chemical

shifts.

As a rule of thumb the more electronegative the environment, the higher the chemical shift.

Range for proton chemical shift

Range for carbon 13 chemical shift

The chemical shift
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Spectrum of a simple biological molecule

Clearly, even for a simple molecule like this, this spectrum is insuficient to perform the assignment.
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ppm

A protein spectrum

Structure of cytochrome c3 - a protein with 107 amino-acids and 4 hemes (13 kDa).

Thousands of proton signals had to identified and their correlations measured
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10                                                     0        ppm 1H

The solution is to spread the Information across more Than one dimension so thatIt can be understood
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Multidimensional NMR spectroscopy

The development of multidimensional NMR methods allowed the characterization of larger and more complex molecules such as
proteins and nucleic acids

2D experiments are composed of four steps:

i)preparation; ii)evolution; iii) mixing; and iv)detection

Depending on what is actually done, different kinds of multidimensional experiments are obtained.
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A zoo of NMR experiments
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Surprisingly the zoo is just based on: 

-two phenomena of coupling between magnetic spins

*Scalar coupling, which is propagated through chemical 

bonds

*Dipolar coupling, which is propagated through space

-relaxation

*Spin-lattice relaxation T1

*Spin-spin relaxation T2
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Scalar couplings are designated by nJ, where n indicates the number of bonds separating the nuclei.

Geminal couplings 2J - these couplings depend on the hibridization of the connecting atom. In order

for these couplings to be observed the nuclei must have different chemical shifts.

Vicinal couplings 3J - these couplings display

a well defined dependence on the dihedral

angle between the nuclei. The relationship

is generally known as Karplus equation.

There are different equations for different

coupled nuclei, that provide information on

molecular geometry.

Scalar couplings
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Chemistry 2013

Dipolar coupling

Dipolar couplings depend on the orientation of the vector connecting the interacting nuclei relative

to the orientation of the B0 field. They usually are not observed in liquid samples, due to fast

molecular reorientation (but see later for residual dipolar couplings). They are important in solids

and liquid crystal samples.
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Repulsion Atraction
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Relaxation: The return of the magnetization

When the B1 pulse is switched off, the spins gradually loose their coherence and the macroscopic

magnetization returns to the direction of the B0 field. This is called relaxation, and follows an

exponential decay: The free induction decay FID.

This process is described

mathematically by the

Bloch equations.
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There are several mechanisms that give rise to local fluctuations of the magnetic field:
- dipolar interactions with other nuclei
- paramagnetic interactions with unpaired electrons
- quadrupolar interactions (for nuclei with I > ½ )

These mechanisms depend on molecular motions.

T1 is shorter when the molecular motions are
close to the Larmor frequency. Determines how fast an
experiment can be repeated.

T2 depends on motions of frequency close to
the Larmor frequency and close to zero and

therefore will continue to decrease as τc

increases. Relates inversely with linewidth.

More on Relaxation

18
Gihni 2019 J Inorg Biochem
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Size is challenging in three ways: 1 more signals

2 broader signals due to shorter T2

3 slower repetition due to longer T1

The issue of size
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Gihni 2019 J Inorg Biochem

Sample must be soluble and remain monomeric to high concentration due to the low intrinsic

sensitivity of the NMR phenomenon.

Low salt concentration is advantageous for improved experimental performance. At high salt heating

during the experiment is a concern and tuning and matching is less efficient.

Sample must be stable over periods that can extend for more than a week at the experimental

temperature to collect all the experiments necessary for structure determination.

You get your protein back.

Protein NMR: Issues to consider

20



14/07/2022

11

For all but the smallest proteins, isotopic labeling is necessary.

15N is cheap (~30€/l) , 13C not cheap (~300€/l), 2H expensive (~1000€/l), specific side chain labeling

(metyls) very expensive.

Protein NMR
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Obtaining a spectrum

Assessment of protein stability is mandatory before a structural determination is attempted.

Data collection takes more than one week and stability is crucial.

These spectra take less than 5 minutes to collect.

22
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If your 1D data show that the protein is stable then you have to assess if the structure can be solved.

1H-15N HSQC

A spectrum looking like this tells the observer that you can

produce your protein in adequate ammounts

That it is pure (it should have ~1 peak per aminoacid)

That it is folded (good dispersion of peaks and no ‘smears’)

The assignment can be done setting the stage for all

subsequent analysis

Protein structures- standard methods for up to 30kDa

Looking at the spectrum
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Size is challenging in three ways:

How far can we go with solution NMR? With respect to structure

24
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Size is challenging in three ways:

How far can we go with solution NMR? With respect to function
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The biological playing field of NMR: Intrinsically Disordered Proteins
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IDPs constitute ~33% of the proteome in eukaryotes, and are important in numerous diseases.

About 70% of cancer related proteins are predicted to have long unstructured regions.

IDPs

Fibers

Cell physiology

In vivo

Ward 2004 J Mol Biol

Daye 2022 Chem Rev
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The biological playing field of NMR: IDPs
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Analysis represents a challenge because of reduced spectral dispersion.

Protonless detection is essential due to additional spectral dispersion, but requires so-called 

cryoprobes with a sensitivity on up to 4X relative to standard probes.
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The biological playing field of NMR: The “RNA world”
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NMR contributes ~10% of protein structures in the PDB but ~35% of the RNA structures

IDPs

Fibers

Cell physiology

In vivo

Daye 2022 Chem Rev
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The biological playing field of NMR: The “RNA world”
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Only 4 building blocks lead to poor spectral dispersion. A similar problem to that of IDPs.

Cyoprobes enabled the structural 

and functional characterization of 

RNAs.

IDPs

Fibers

Cell physiology

In vivo

Daye 2022 Chem Rev

The chemical shift and the spin-spin interactions depend on the orientation vs the magnetic field.

Magic angle spinning allows averaging of the effect.

How does NMR handle solids?

30
Ghassemi 2022 Chem Rev
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Effect can be massive. Dipolar interaction depends on the gyromagnetic ratio of the nuclei involved

and on the distance

glycine

Example: for two protons at 10A RDD~120kHz

How does NMR handle solids?

31
Ghassemi 2022 Chem Rev

In the solid state there is no size limit!

32

Protein structures- standard methods for up to 30kDa

IDPs

Fibers only 

In Magic Angle Spinning  SS NMR

the  linewidth is independent of 

the mass

The proteasome
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OmpG (34 kDa) in lipid bilayers.

pH dependent conformational 

changes.

Exciting potential for nanopore

technologies.

Protonless detection was 

essential

Ahlawat 2022 Chem Rev

The biological playing field of NMR: Membrane proteins

NMR The biological playing field of NMR: In-cell NMR

34

The “real” physiological condition: 

-300 mM inorganic ions

-200-200 mM metabolites

-200-300g/l protein

-20-100 g/l RNA

Theillet 2022 Chem Rev



14/07/2022

18

NMR The biological playing field of NMR: in-cell NMR
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About 40% of the proteome contains metallic co-factors.  How does the assembly take place?

IDPs

Fibers

Cell physiology

In vivo

Luchinat 2022 Chem Rev

The biological playing field of NMR: fibers and polymers
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The mycelium of a fungus can be analysed and a model for its structure developed

IDPs

Fibers

Cell physiology

In vivo

Ghassemi 2022 Chem Rev
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The biological playing field of NMR: fibres and polymers
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The mode of action of lantibiotics on bacterial membranes can be investigated.

IDPs

Fibers

Cell physiology

In vivo

Ghassemi 2022 Chem Rev

Take home message

NMR spectroscopy can see “all”.

NMR spectroscopy can be performed in all states of the matter relevant to chemistry and

biology and in conditions that can mimic those of the target systems.

NMR spectroscopy can investigate biological phenomena at diverse spatial and temporal

scales with atomic resolution.

You get your sample back!
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