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NMR spectroscopy, how can we be of assistance?
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Properties of NMR spectroscopy

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

'H
8
40
— wE
5 peoteir
I maceutica
2 30
z
B P
= wcleic acia
g 20 battery .. wp
s ‘0@
$ 1= @
=2 ® . nge )
104.g° e®Si S TAr
iy
“Lanthanide series c H oy
T T T T T T
0 20 40 60 80 100

**Actinide series

Natural Abundance (%)

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 W 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:

N MV — @ ABKT
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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.
M

B Nonetheless, this small difference generates a macroscopic
magnetization M aligned with the field B.

Acting on the macroscopic magnetization

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

to the static field B,
The field B, is applied for a very short time and is called a pulse.

B During its application the spins will precess about the axis of the resulting field,
0 By + B, and they are no longer uniformly distributed - they develop coherence.
This causes the macroscopic magnetization to flip away from the direction of

the B, field.
How much it flips depends on the strength of the B, field
length of application of the pulse.

Bo=z

I f=yB,t
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Performing an experiment

An NMR experiment is composed by two sections: the preparation, which can be as simple as the 90° B,
pulse, and the detection. The detector observes the decay of transverse magnetization.

Joseph Fourier
1768-1830
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FT
—

Frequency (Hz)
These experimental data provide three pieces of information:

Time (seconds) -the intensity of the signal
-the frequency of oscillation (position in the spectrum)
-the rate of transverse relaxation (width of the signal)

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 B, 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:

I

Frequency (Hz)
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The chemical shift

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.

\Y

5= sample ~ v

reference

x 108 ppm
central frequency(Hz)

Data measured in different spectrometers can be compared.

The chemical shift

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.
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Spectrum of a simple biological molecule
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Clearly, even for a simple molecule like this, this spectrum is insuficient to perform the assignment
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A protein spectrum

Structure of cytochrome c; - a protein with 107 amino-acids and 4 hemes (13 kDa).
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Thousands of proton signals had to identified and their correlations measured
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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

I ty IMM' The t, delay is variable PH=6,0

FT

increasing ty

i
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2D experiments are composed of four steps: ppm 25 20 15 10 5
i)preparation; ii)evolution; iii) mixing; and iv)detection
Depending on what is actually done, different kinds of multidimensional experiments are obtained.

13

A zoo of NMR experiments

| Surprisingly the zoo is just based on:
Siafin flerga, Slegrmas Braun kit -two phenomena of coupling between magnetic spins
200 and More *Scalar coupling, which is propagated through chemical
NMR Experiments bonds

*Dipolar coupling, which is propagated through space

A Practical Course

-relaxation

*Spin-lattice relaxation T1

A *Spin-spin relaxation T2

14
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Scalar couplings
Scalar couplings are designated by "J, 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

b a well defined dependence on the dihedral

» H@ angle between the nuclei. The relationship
"' is generally known as Karplus equation.

There are different equations for different

coupled nuclei, that provide information on
P P . Chemistry 2013

molecular geometry.

15

Dipolar coupling

Dipolar couplings depend on the orientation of the vector connecting the interacting nuclei relative
to the orientation of the B, 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.

A Repulsion Atraction

-

16
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Relaxation: The return of the magnetization

When the B, pulse is switched off, the spins gradually loose their coherence and the macroscopic
magnetization returns to the direction of the B, field. This is called relaxation, and follows an
exponential decay: The free induction decay FID.

Y s

Ay

This process is described _
M,(t) = [I\-'I‘{{})cose)r—l\-’l_\{(J}sinu)t]c" Y
M, (t) = [M_(0)sinot+ M_(0)cosmt]e' "

M, (1) = M+ [M,(0) - M_ ¢’ V()

mathematically by the
Bloch equations.

17

More on Relaxation

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 | > %)

These mechanisms depend on molecular motions.
T,is shorter when the molecular motions are

close to the Larmor frequency. Determines how fast an
experiment can be repeated.

relaxation times

T, depends on motions of frequency close to
the Larmor frequency and close to zero and

therefore will continue to decrease as T, ! ! !

. . . R . 23 A1 -10 -9 -8 7 6 -5
increases. Relates inversely with linewidth. 107 107 1077 107 107 107 107 10
rotational correlation time T_(s)

cytc
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ferritin

Gihni 2019 J Inorg Biochem i,
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The issue of size

Size is challenging in three ways:

relaxation times

cytc
NikR
ferritin

10" 10" 10" 107 10® 107 10° 10°
rotational correlation time T_(s)

1 more signals
2 broader signals due to shorter T2
3 slower repetition due to longer T1

Gihni 2019 J Inorg Biochem .
1

Protein NMR: Issues to consider

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.

20
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Protein NMR

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

Mol Weight Technigue Observed Spins  Dimensionalify
<10 kDa Homonuclear 'y 2D
10-15 kDa '5N-homonucleart 'H, *N 3D. 4D
15-30 kDa Triple Resonance! 4, 15N, ¢ 3D, 4D
30-60 kDa Triple Resonance/deuterated! 1H, 15N, Bg D, 4D
60-100kDa  Triple Resonance/deuterated/TROS Y y 15N, 39 3D, 4D

T Requires uniform labeling of protein with 15N
Requires uniform labeling with 15N and 13C.
Il Requires uniform labeling with 15N, *3C and replacement of CH groups with CD.

15N is cheap (~30€/1) , 13C not cheap (~300£/1), 2H expensive (~1000€/1), specific side chain labeling
(metyls) very expensive.

21
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.
protein x, f=0 protein X, r =2 waek:‘ 1‘
(at room temperature
properly folded J ‘ |
I ‘ partially unfolded | |
I Il
1 | |
o l I It W
MJ-U& hm v'l UH 1 wl v-’/w l"ﬂ L‘\,“M‘
L Wy [ u_
1.0 8.0 5.0 4.0 200 00 2.0 10.0 a.0 6.0 4.0 2.0 0.0
These spectra take less than 5 minutes to collect.
22
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Looking at the spectrum

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

IH-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’)

e Ca Ca

The assignment can be done setting the stage for all
subsequent analysis

Protein structures- standard methods for up to 30kDa

G

2 [pprm]
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How far can we go with solution NMR? With respect to structure

RCSB PDB  Deposit - Search ~  Visualize - Analyze ~ Download ~ Lean ~ More ~  Documentation ~  Careers

NMR Ensemble

Macromolecule Content

« Total Structure Weight 96.99 kDa @
« Atom Count: 6800 @

« Modelled Residue Count: 856 @

« Deposited Residue Count: 856 @

« Unique protein chains: 2

Bospi Fes-
2VDA

Solution structure of the SecA-signal peptide complex
PDB DOI: 10.2210/pdb2VDA/pdb

Classification: PROTEIN TRANSPORT

Organism(s): Escherichia coli

Expression System: Escherichia coli BL21(DE3)

Mutation(s): No @

Deposited: 2007-10-01 Released: 2007-11-27
Deposition Author(s): Gelis, |, Bonvin, AM J.J., Keramisanou, D., Koukaki, M., Gouridis, G., Karamanou, S.
Economou, A., Kalodimos, C.G.

Experimental Data Snapshot WWPDB Validation @

Method: SOLUTION NMR Metric
Conformers Calculated: 200
Conformers Submitted: 10

Selection Criteria: LOWEST ENERGY

©3D Report | Full Report
Percentile Ranks Value
Clashscore mm— 2
Ramachandran outiers B [— o 5%
Sidechain outiers M [ — 5%

This is version 1.3 of the entry. See complete fistory.

Literature Download Primary Citation ~

Structural Basis for Signal R
Determined by NMR
Gelis, ., Bonvin, AM.J.J
A, Kalodimos, C.G.
(2007) Cell 131: 756

ion by the T Motor Seca as

D. Koukaki, M., Gouridis, G., s., Economou,

24
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How far can we go with solution NMR? With respect to function

letters to nature
|
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The biological playing field of NMR: Intrinsically Disordered Proteins

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.

» Ligand binding Protonation
1} A ;
29 Catalysis Folding
E g Allostery Helical motions Viral replication
£ 0 e
5‘ o Bond Nucleobase wobbling Protein synthesis

e libration  Rotational diffusion Transcription pausing

1012 109 106 10-3 100 108 108
Time (s) —

° i

j CEST Real-time NMR

s

g PRE  CPMG

o

= Spin relaxation _

jinesEee Ward 2004 J Mol Biol

Daye 2022 Chem Rev
26
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The biological playing field of NMR: IDPs

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.

H

folded |t IDP

£2 (ppml

Chemical shift 'H

Chemical shift 1°N
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The biological playing field of NMR: The "RNA world”

NMR contributes ~10% of protein structures in the PDB but ~35% of the RNA structures
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The biological playing field of NMR: The “RNA world”

Only 4 building blocks lead to poor spectral dispersion. A similar problem to that of IDPs.
Cyoprobes enabled the structural

A NH, NH, 0 B ; A
: i E\ K‘LNH and functional characterization of
7 7 L ¥
o <’ \AJ <’ iG ,& |sl;j/2£ RNAs.
!l o N™ "0 200
P - | 23 structures
8 .
? OH (N)H; (A, G, C) H2'-H5" 2
H2, H6, H8 (A, G, C, U) g
(N)H (G, U) I g
A-U bp nc bp H1', H5 (U, C) T8 4 Z
SCh H (ppm) <
m_ o, 4
o O 2 0 Q 9 O 9 e 9 9
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Daye 2022 Chem Rev
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How does NMR handle solids?

The chemical shift and the spin-spin interactions depend on the orientation vs the magnetic field.
Magic angle spinning allows averaging of the effect.

rotor
injection

E= %(?mgz a=1
I
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drive gas
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bEarlng gas
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ssNMR probe

Ghassemi 2022 Chem Rev
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How does NMR handle solids?

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 RPP~120kHz
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Ghassemi 2022 Chem Rev

In the solid state there is no size limit!

Angewandte

Communications

i DOI: 10.1002/anie.201301215
Protein NMR Spectroscopy fanie.

NMR Spectroscopy of Soluble Protein Complexes at One Mega-Dalton
and Beyond**

Andi Mainz, Tomasz L. Religa, Remco Sprangers, Rasmus Linser, Lewis E. Kay, and
Bernd Reif*

In Magic Angle Spinning SS NMR @
a-subunit

the linewidth is independent of 26 kDa
the mass

14 ns

The proteasome

azoy azB7Praz 11S-a7B7B7a7-11S
360 kDa 670 kDa 1.1 MDa
200 ns 360 ns 590 ns

@ s o-subunif
PRI © 7 ° 26kDa

32
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The biological playing field of NMR: Membrane proteins
OmpG (34 kDa) in lipid bilayers.

pH dependent conformational
changes.

y Exciting potential for nanopore
technologies.

lH 13C 3
i Protonless detection was
x * .
- o essential
v 2K
3 { 2% i
maw-‘ recidue

Ahlawat 2022 Chem Rev

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

. . e o Cellular dynamics of

The “real” physiological condition: e T

. . . = NMR observables. mm&mm-lum Macromol. lifetime
-300 mM inorganic ions — Ot e ot macromoL sciom

. Fresding/hesting] Ligand binding unbinding
-200-200 mM metabolites ety | ™ e
: Sp- i 3 %3 otahons ifsion_Allsien:repuaen
-200-300g/! protein e P o
Saguce h-mmﬁcn m cellular uptake Sxpression

Macromol. translocation:
by electroporation by CPP, PFT

o

fs ps ns us ms H h day

-20-100 g/l RNA

Chemical shifts: PFG-NMR: _Chemical shifts:
average A-cont. diffusion &-conf. dynamics

dynamics.

R1-RZ-NOE: R2(Rax). Structors (A to =3 nm)
A-cont. dynamics, rot. diff.  peak linewidth:
qualitative cont. dynamics, binding
CPMG Relaxation-dispersion:  Real-time NMR:
-nm cont. dynamics, binding  expression, binding,
chemical reactions.

Mass spe (proteomic-scale}:
stability, binding, PTMs..

Theillet 2022 Chem Rev N
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NMR The biological playing field of NMR: in-cell NMR

About 40% of the proteome contains metallic co-factors. How does the assembly take place?
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Luchinat 2022 Chem Rev

The biological playing field of NMR: fibers and polymers

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

The mode of action of lantibiotics on bacterial membranes can be investigated.
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Ghassemi 2022 Chem Rev

Take home message

NMR spectroscopy can see “al

III

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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