Gradient magnetického pole

Jiné B - jina Larmorova frekvence

B, B,
+0.5z By+Bg
. o Kodovani pozice — frekvence
A .
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Resonant

Gradient Frequency

64.009 MHz

64.008 MHz

Pomoci dalSich civek zajistime,
aby se magnetické pole B, menilo
linearné v zavislosti na poloze

64.007 MHz
64.006 MHz
64.005 MHz
64.004 MHz
Gradient Ize zapinat a vypinat 64.003 Mz
64.002 MHz
64.001 MHz

Gradientni pulsy

64.000 MHz




Gradientni echo

Vyuziti gradientu v NMR

Z-axis

Zména
polarity
gradientu

NMR signal (koherence)
efektivné potlacen

Z-axis

NMR signal (koherence)
opét viditelny
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Vyuziti gradientu v NMR

Potlaceni nedokonalosti pulsu

180°
« Zménu polarity zajistuje 180° puls
| I * Pri nedokonalém pulsu nedojde ke kompletni inverzi
G, )\ )\ « Gradienty zajisti, ze se refokusuje jen invertovana

slozka, ostatni se nesfazuji a jsou tak potlaceny

Kontrola pfenosu koherenci v HSQC experimentu

y A A ry v V4 A4 r "
TR I 2 l 2 l ’ Pro ucCinny prenos musi platit
13 VYVOj V tg l I l Gzlz-l — VH
C oo /_\ Gt 7
G, / . Q Vse ostatni je potlaceno
uhlikova koherence vodikova koherence De-/re-phasing ovlivnén

Q¢ + ycAB(1) Qy + yyAB(2) gyromagnetickym pomérem



Mereni translacni difuze
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Translacni difuze - DOSY

Diffusion Ordered SpectroscopY

y ivag s . v v . . .
TH/X I ’ Lze rozlisit jednotlive slozky smési dle velikosti molekul
. l , ' ‘ ‘ )\ ﬁ Mranna~
A “I‘
0 0
G; - —
) ) LLJ‘LJ
Log (m2/=) J | A A
Gz 028—
I — 26 ‘ 14 L 14 Sucrose
qi- ; - - c l 1 | I!
IR 5 =) D 00241 . ! \ DSS
e 22
0 80 WS Y =, a)
LA 2 S
------ ~— Acetone
_______ C 18
R I N
”””” Y— 16+
A B ) D20
14




Translacni difuze - informace

kBT 47‘[ 1
D=— = 6mnr V=—r3 D
gl 3 M
viskozita hydrodynamicky polomér, objem molekulova hmotnost

Komplexy, agregace, tvorba micell, solvatace, polydispersita polymeru

-8.8} solvent : polypropylen
-9.2| - _ —
T 9.4 ! | |
m“ '
E -9 ) -
:r—:":- -8 g I PP ! |
-2 e ' . polystyren
_m_...__@fg _______________ by 7S
-10.2; W PS | .
~10.4 | ' '
=10.6
8 & 4 2 0



Translacni difuze a vyména

Tvorba komplexu

Dyps = (1 — p) Dgree + P Dpouna

ms

-10 2 -1
)

Ky =0.7 mM

D, x10

titrace

0) 5 10 15 20 25 30
[B—CD], mM



NMR of biomolecules

* highly selective response, can resolve individual atoms
* broad range of physicochemical characteristics
» molecules in solution — closer to physiological state

* insoluble structures, amyloids, membrane proteins — solid-state NMR

peptides and proteins nucleic acids oligosaccharides

Available information

T
* 3D structure w:}; o oL &
R o
» dynamics , .\\;» fé, g "fi(L Active-site
, e . A, g, ¢ T >ligand
* substrate identification Allosteric-site ,&, A .

. ligand ==L_{2%
« complexation

<

\

* interaction surfaces / interfaces @Q@ :
- chemistry of active site )ﬁlﬁ\_ﬁ‘c H3o
* protein folding process

"

$332:5339
A284:S339




Protein NMR

10kD protein aliphatic atoms in stable Isotope
aromatic proteins composition
] ) (natural abundance)
amide region Ha
Hydrogen 1H (99.9885%)
(H) 2H (0.0115%)
(C) 13C (1.07%)
Nitrogen 14N (99.632%)
(N) 15N (0.368%)
12 10 g 6 A 2 0 2
6'H [ppm]

Spectral crowding resolved in multidimensional spectra

13C/15N (13C/1>N/?H) labelled samples

Protein expression in bacteria cells e {\ﬁ) }223“;’
* minimal media (**NH,CI, 1>NH,SO, — solely H-®

H H-O©- v mino

nitrogen source, 13C-glukose, 2C-glycerol — - 2 PRt

solely carbon source) o-




Multidimensional approaches
1H-15N 2D HSQC spectrum = protein fingerprint
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Structural iInformation

Interpreting NOESY crosspeaks

Crosspeak volume «===> distance

ppm ’ !
o - 2D NOESY spectrum .
N : | « Thousands of restraints
; * Minimization procedure
1] §
6 T
t
6 i 3D NOESY-HSQC spectrum
2 X'l!ﬂl““ (dntaumrroject) — o
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Median Co. r.m.s.d.qs (A)
n
M

it

Examples:

G427
G009

AlphaFold

grerete

Input sequence

G473
G129
G403
G032
G420
G480
G498

G488
G368
G324

Genetic
database
search

database
search

G362

G253
G216

MENFQKVEKIGEGTYGV...

Templates

AlphaFold
Protein Structure Database

Developed by Google DeepMind and EMBL-EBI

Free fatty acid receptor 2

At1g58602

N terminus

AlphaFold Experiment
r.m.s.d.qs = 0.8 A; TM-score = 0.93

—G—?—» repr%nﬁajon

ol s o o i

—

Evoformer
(48 blocks)
w044 5 7 i
g
Pair
“"|| representation| —p
(r,r,c)
\—

Q5VSL9

— ]

E. coli

AlphaFold Experiment
r.m.s.d. = 0.59 A within 8 A of Zn

)
—
Structure
module
(8 blocks)
PEYES)
Pair
representation | ——p>
(r,r.c)
\—)
\ 4

AlphaFold Experiment
r.m.s.d.q = 2.2A; TM-score = 0.96

High
confidence

Low
confidence

3D structure

< Recycling (three times)




Monitoring protein interactions

Chemical shift mapping during titration

1H-15N HSQC
A B
°
Ly 110
. (-] gn\
1104 .o‘% @ gz,,,
0® o @ ‘ }
115 3 o @
§ N '\’8"' , °
° % d®
1204 ‘ 0 .°° e
Y
%? o' ; =)
- @0
1251 A—
= @
® J @
1304 &0
)
9 8 7 6
H (ppm)
C o
go,s_
i
02| (&)
g Q370¢
8 01
O
5 70 70 69 68 67
Residue number H (ppm)
— —— - A F—
B1 al p2 g3 a2 pé

Fast Exchange between free and bound states averages chemical shifts



Monitoring protein interactions

(A) no saturation (B) saturation (C) = (A)—(B)

A

A STD: saturation transfer difference
2 A piract (9 A _ 2 experiment for ligand screening
00 =— 00 __ O=0O
OA O A O

Drug discovery

saturation no binding activity
ligand / compound
o A
decreasei saturation
protein A é/ ﬁ
| A
b N | !
A \ J L “ ; \ { - i 3 A f "\;‘L‘.,'ﬁ J‘
]H '.l'rk Hu I[ ‘ ‘
B L AU WL |

—- T T T T T T T T T -

8 7 6 5 4 (PPm)
Fig.7 (A) Reference spectrum of a sample containing 22 uM HSA and a cocktail of 6mM  belong to sucrose. (B) STD NMR difference spectrum of the same sample, showing
each): Naproxen, ANS, and sucrose. Peaks highlighted in yellow belong to Naproxen. the presence of Naproxen and ANS signals. This shows that Naproxen and ANS are
Remaining peaks above 6 ppm belong to ANS, and remaining peaks below 6ppm ligands for HSA, whereas sucrose is not.



Introduction to solid-state NMR

Samples crystalline solids, polymers, amorphous materials, glasses, functional and porous
materials (zeolites), insoluble proteins, large molecular assemblies,....

Methods _ o o . . .
Magic angle spinning, cross-polarization, decoupling and recoupling methods, multiple-
guantum correlations, wide-line excitations, magnetization transfers, multidimensional ...

Information

Molecular conformation, non-covalent interactions, oxidation state or chemical reactivity,
morphology of porous solids, properties of catalytic centers, dynamics in confinement,
NMR crystalography, interpretation of electronic environment using DFT calculations, ...

RE field . Dlpola_lr Chemlcal Q_uadrup_olar
interaction shift interaction
HD HCS HQ HJ

HZ Hn‘
Solids O O O o D
Dense network of anisotropic
interactions

Liquids Q Q O o O—_ /.//_/_ .\/

J-couplings




Anisotropy of interactions in solids

Powder sample

Chemical shift . &
‘/ | Oiso
Bc| X e —
0

e

0xx dyy 0Ozz
Dipolar interactions

m=32_,~
! 'y
H B =90° "
i
B | P A
0 <
& — & E
o v
2 .
Groundstate | *\ e -
v 'y
\ E,E.
v £ e
b L - Second Order
" P Quadrupelar Interacticn
E,=E . \ .
s s . First Order
EmEtE L HE ) uadrupolar Interaction
CEAE B )
E=EHE B, ) Splitting

-5 0 5 kHz

central transition -

- second order
broadening
- quadrupolar shift

center
of gravity




Recovering resolution — Magic Angle Spinning

MAS stticlyagi ange spatial spin

magnetic

field ‘{( \// Hine = dependence | operators

Radiofrequency pulses

(rf field) averaged to

A\

[%(SCOSZBM - 1)]

H
H\g
\ 110 kHz ,~c=0
100 kHz H,N ]
80 kHz OH
60 kHz
1H 13C
40 kH
static z | jk _ Jk 12 !<HZ
20 kHz J\ ﬂ \A
A |
Rotational
10kHz 20 020 020 020 020 020 O  sidebands

'"H chemical shift / ppm

1 1 1 1 1 static
-100 B0 o 50 100 1
VIKHT c— !‘ A 5 1 1 1 1 1
l | i . - 10 -5 0 5 10

w/27r [kHzZ]




Enhancing signhal — Cross-polarization

90° a o
0.7+ : :
decouplin Polarization transfer from SR I Y. T
1H pling 1H to 13C mediated by i o """""" s &
direct dipole-dipole 1% o4 1
interaction 0~3 . ..... . ............... : ,,,,,, . ........... o' ol
00 10 20 30 40 50
8" /(2m)
+> CP time
CP time
H o
L\
C 0
/T~ F
OH
cO Cu
{LL"::ut_mLut"rzn[kHz]}
Hartmann-Hahn
match 0.2 ms 4;0 ms D2ms 4P ms
I _ S o+ CP time % CP time
U')n'LJt_(")nu’[—"""‘ U3'r

Buildup rate depends on dipolar coupling strength = distance



Non-equivalent positions in crystal

(Ca(CH4C00),.H,0 Carbonyil

e ——— e e o e e

=~

. M;H .

4 Inequivalent molecules

WW



Prirazeni signalu a INADEQUATE

* preneseni ze spektra roztoku
* INADEQUATE
« dal$i 2D SQ-DQ techniky (RFDR, C7, ...)

13C CP-MAS spectrum of solid cholesteryl acetate with TOSS

solution state spectrum in CDCl, l

\ |,H1 |

T T R -
150 140 120 100 2o s0 40 [(epml

—

http://chem.ch.huji.ac.il/nmr/techniques/solid/solid.html



Prirazeni signalu a INADEQUATE

Incredible Natural Abundance
DoublE QUANntum Transfer

- INADEQUATE Experiment
- dal&i 2D SQ-DQ techniky (RFDR, C7, ...)

* preneseni ze spektra roztoku

/2
'H g cp 'H spin decoupling
s /2 w2 b) iy i CsCm
13 T T b > 2 | o f “ el
C CP * [\ /-\ ‘Ir Ci2 ‘Il\ Cq
\-/ \/ U . Gialia.s ﬁ
i: B2 h @
dvoukvantova g 8
koherence g6 J
3 ,
= 88 r;'CB'C‘Id
S w @@
: . _ 4 0 /Ce-Ca
vznika mezi sousednimi uhliky gei -

|||||||||||||||||||||

S J Vazbou nebo DD interakCI’ 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37

Single Quantum Freguency / ppm



Double Quantum 13C Frequency / ppm
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NMR krystalografie
| NMRdata | ——y

Generator
krystalovych struktur

I
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Homonuklearni dipolarni recoupling

Rotational Resonance Awiso = N wp
spinova rotace prostorova rotace
chem. posun MAS

W-Leu-Phe

=
o
-




Heteronuclear decoupling at elevated MAS

1H decoupling and resonance conditions
MAS frequency of 68.4 kHz
1.3 mm rotor

600 MHz spectrometer
H w4/(2r) [kHz]

H
‘ 0 68.5 137 205.5 274 342.5
C /O 0.8 ! !

Increasing 1H rf field amplitude

0. H . ""':‘
°IF ¢ Rotational resonance l

intensity
o o
w =

<
ho

0 0.5 1 1.5 2 25 3 35 4 4.5 5
/@, Ernst et al., JCP, 2005, 064102



Prumérny Hamiltonian a pulzni sekvence

Laboratorni systém

- L frekvence
—lHzt — H .
e 'z H” = Hz+ Hin ¢asové proménna amplituda

Rotujici systém (pulsni sekvence)

H® = H;,,; HHrp(t)

e_iHRFt O
2

o

x

,interakcni“ systém — studium primého vlivu Hy- na
H! (t) interni Hamiltonian

17
pramérny Hamiltonian H = E/I—II(t)dt
0

[ pomoci vhodné pulzni sekvence lze vytvorit Hamiltonian pozadovaného tvaru ]




Heteronuclear dipolar recoupling

Purpose
REDOR 1 ( cp decoupling

Rotational Echo

T . .
Double H * Assess motional averaging
CP T/2 T/2
| Z | Z | 12} DCC< <DCC

. i L

*Measure internuclear distances

| %) 0.8
rotor ! ? 06
o 1 2 3 4 0.4
S 0.2t
iNCi 0o 1 2 3 4 5 6
Principle 0

+2
HII)D(t) = Y wppexp(imwrt) I.S,

no m-pulses with n-pulses every halft
of rotor period




Dynamika supramolekularnich komplexu

DD interakce vystredovana pohybem
Kryptofan-E Staticka hodnota 21 kHz

CHClI, CH,C,

interstitial

encaged

-4 -2 0 2 4 -4 =2 0 2 4
kHz kHz

<DCC> = 19 kHz 3-5 kHz




Biological solid-state NMR

Faster MAS

~20 mg ~2mg ~0.5 mg S
v@
@.
/ ™ - 5
L; . i
kL
20 kHz MAS 40 kHz MAS 60 kHz MAS 111 kHz MAS
5(5N) | (@) o - @ - d g, o T
ppm — & 500 Hz — = 250 Hz — =155 Hz — e« 92 Hz
1 — - Ta4 G410633
110 7 - - «GI
i - £ - = Ti3e T51e
1 Q2
- = = “NaEa ™
115 4 - = - 4 T1E.E2? NSBDZZ
1 —m— <— Ti8e & aTi7 Gaae
— B == -— Paaus\ {215',754 Q?;EB
120 - < e 0,
J - K3le Y33,
] mm% = == Kioe Daéﬁviﬁn
125; t-:- - L:. . Azﬁv:sm:'% *
| @ :;:' < _ 1\;403: s & F®
_ = L-,qu;G D46
4 = = 2
1 30 7. - oF52
i - = - - = owdze * " Ess
| T T T T T T T T 1
i0 9 8 7 11 10 9 8 7 11 10 9 8 7

T. Le Marchand et al., Chem. Rev. (2022), DOI

: 10.1021/acs.chemrev.1c00918

Advantage Advantage
of smaller coils of 1H detection
125 (€) 5
45/
lopgm 5 4}
2 s
_. 3135‘
155 = 3}
- 2
% 32.57
103 3 2}
— o
T 245
‘-C 2 150
5 1 |
0.5 1
0 0 OL_
20 40 60 80 100 20 40 60 80 100
MAS rate (kHz) MAS rate (kHz)
Higher By
(@47 oo |\54?—|U = - 1030
55] 5@ < F|] - &ge ST
E Je==2 ° |1 -ls"
2603 oo F- 7 | o <
O 653 0.28ppm = 012ppm <
o ] -QQ .'.
;6’70_: G-_: - -
] & :*
?5 LRI DL DA B B T I Tt
6 5 4 3 6 5 4 3
8('H) / ppm




NMR spectra of zeolites

295i MAS Metal ion L acid site B acid site
. N S
Na-X (top, Si/Al =1.3) and @ @\/

Na-Y (bottom, Si/Al =2.7).

Base site

AlvV AlV AIV!

2771 MAS & — ‘. /

tetrahedral octahedral

(a) *

zeolite Y

pure alumina

173 154 134 115 96 77 58 38 19 0 -19 -38 -58 -77
8iso2’Al  ppm / AI(NO;),



MQ MAS experiment

87RbNO,
. Pu rpose recover high resolution by removing effect of
Simple spectrum guadrupolar broadening
MAS 9.5 kHz
o 6 2D experiment that correlates MQ with SQ

Shearing P
Transformation
Simulation

_ Ansotropic (MAS)
Isotropic projection
‘/\k projection
75 —

T T T (l) I T

'25 100 -2 ‘IUU 0 50 -100 < 190

ppm ppm ppm
ppm | | T T . . .
25 .50 75  -100 3 inequivalent positions of Rb atom



Nuclear Magnetic Resonance

CHs3

Chemistry Structural biology
* identify unknown compounds + determine 3D structures of biomolecule
« verify chemical synthesis * insights into their function and interactions
* monitor reaction kinetics  drug design
AN

ki ¥ Material science

I 7 75 7o T3 o » polymers, nanomaterials, amorphous materials
» Characterisation of functional materials - catalysts
» energy storage materials - batteries

Medicine el
4 \
 non-invasive diagnostic imaging N0 Reydration
* Dbrain disorders, tumours, and musculoskeletal injuries s o o I B ol
angiography, functional imaging of brain S ()

Right hand movement

(&
’\/\_‘_\/\/\— //\
—'_ 7 N\ ~\.~7 ~_. Dehydration

\ / Sl
1 \ / \

metabolomics (diagnostics and treatment monitoring)

~
—
-
-
—

100 80 60 40 20 0 <20 -40
ppm

Environmental science

+ Pollutants (aerosols)
 soil composition (organic matter)

Pharmaceutic industry

» Drug formulations, quality control
» Polymorphs and bioavailability
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