Liquid state NMR spectroscopy
of (disordered) proteins

Disordered proteins
Assignment
Conformational ensemble
Interactions

http://journals.plos.org/plos
biology/article?id=10.1371/j
ournal.pbio.1000034
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Reminder: Proteins

e Biopolymers composed of 20 different amino acids
e Vast range of functions in all domains of life:
— Catalysis
— Transport
— Signalling
— Structure

Haemoglobin Potassium channel



The 20 natural amino acids
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Protein structure

Quaternary: assemblies of domains
or proteins



NMR of proteins

Close-to-native environment: solution, in-cell
disordered proteins

“Structure” of IDPs
Dynamics, conformational changes
Interactions

Posttranslational modifications



NMR of proteins: Issues

e Sensitivity
— mg amounts of protein typically required

 |sotope labeling
— 13C, N, °H, specific labeling schemes...

o Size
— slow molecular tumbling / resonance overlap



A project in protein NMR

Typically required:

* QOverexpression with isotope labeling
« High B, field
« Two- and higher-dimensional spectroscopy

Typical steps:

* Feasiblility tests, “fingerprint” spectra
 Resonance assignment

o Structural information

 Measurement of dynamics, interactions, ...



GETTING STARTED:
PROTON NMR

1D NMR



1D proton Spectrum of peptides and proteins
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TABLE 2.3. Random Coil "H Chemical Shifts for the 20 Common Amino Acid

1H Chemical Shifts of Rkl

Residue NH al BH Others
amino acids
Ala 8.25 4.35 1.39
val 8.44 4.18 2.13 YCH, 0.97, 0.94
Ile 8.19 4.23 1.90 YCH, 1.48, 1.19
YCH, 0.95
6CH, 0.89
Leu 8.42 4.38 1.65,1.65 YH 1.64
6CHy 0.94, 0.90
Pro® 4.44 2.28,2.02 yCH, 2.03, 2.03
éCH, 3.68, 3.65
NH2 Ser 8.38 4.50 3.88,3.88
Thr 8.24 4.35 4.22 YCHy 1.23
Asp 8.41 4.76 2.84,2.75
Glu 8.37 4.29 2.09,1.97 YCH, 2.31, 2.28
Lys 8.41 4.36 1.85,1.76 YCH, 1.45, 1.45
éc, 1.70, 1.70
cCH, 3.02, 3.02
CNH247.62
Arg 8.27 4.38 1.89,1.79 YCHp 1.70, 1.70
écHp 3.32, 3.32
NH 7.17, 6.62
Asn 8.75 4.75 2.83,2.75 YNH, 7.59, 5.91
Gln 8.41 4.37 2.13,2.01 YCH, 2.38, 2.38
éNH,, 6.87, 7.59
Met B.42 4.52 2.15,2.01 yG, 2.64, 2.64
cCHy 2,13
Cys 8,31 4.69 3.28,2.96
Trp 8.09 4.70 3.32,3.19 M 7.24
M 7.65
SH  7.17
6H  7.24
M 7.50
NH 10.22
Phe 8.23 4.66 3.22,2.99 2,68 7.30
i 3,54 7.39
lysine am 7.34
Tyr 8.18 4.60 3.13,2.92 2,6H 7.15
3,54 6.86
His 8.41 4.63 3.26,3.20 2 8.12

4H 7.14




'H spectral Dispersion due to protein 3D folding
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'H Spectral Dispersion by 3D fold of proteins
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Specificity of protein NMR (and peptides)

NMR experiment in H,0O
(with 5-10% D0 for tﬁe lock) 100 AA folded protein

Need water suppression Buffer

and, ideally, NMR-invisible

buffers Water

Detected signals are pH

dependent (pH<7) because -

amide N-H protons exchange | ‘
with water protons I‘| |

High Molecular Weight, short u""l"ﬁ - 1) Ih I
T,  fast relaxation (loss of ..., | | lfff; 1; 'f I 1

coherence)

High Molecular Weight, short-———rr e "

T,  fast relaxation (loss of o
coherence) Amide / aromatic region  Aliphatic region

Isotopic labeling: 1°N, 13C, 2H C. Smet-Nocca

Most applications require era e o
higher-dimensional spectra! -H+H,0 —— N-*H+*H-O-




Protein NMR

1D proton spectrum 1D proton spectrum
100 aa protein 500 aa protein

High Molecular Weight, short T, ~ fast
relaxation (loss of coherence)
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Resonance broadening < relaxation

> NMR spectroscopy is « traditionnally » limited to 200-250 aa
proteins of about 20-25 kDa



'H NMR Spectrum of proteins

Proteins, tH spectrum interpretation is impossible :
4 Signal number
d overlap

But usefull to:
1 Check protein in sample
1 Check protein concentration (by comparison with a
protein reference spectrum)
d Check signal to noise
O solution contamination (bad dessalting)
1 Globular or disordered
O calibration of tH excitation pulse (P1)
O Check shims



1D

U

From 1D to 2D

o Additional frequency

2D

I
FT (t) . . .
— ‘h dimension is

o Indirectly recorded via
an incremented delay

e Imprints frequencies

gy f coupled nuclei ont
) of coupled nuclei onto
YV e W signals of the 1D
II— |Fre spectrum

K 2 . = 2-dimensional Fourier

@1

o transformation




Scalar coupling (J)

Heteronuclear coupling in polypeptidic
chains
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Spectrum Evolution in function of B : spectral

resolution
140Hz ——
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Spectrum Evolution in function of B, : spectral

resolution
<100 Hz> S 100 Hi
V, = ®,/2n =100 MHz “ l
—
j 200 Hz i 200 Hz g
v, = 200 MHz
> i 0 ppen
< 300 Hz ) 300 Hz 7
v, =300 MHz
’1 0 bpm

- « stretch » of the scale with increase B
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Solvent

Solvent:
e compound solubilisation/ signal resolution
* lock and shim (total or partial deuteration)

- but intense signal because ['H of H,0] =111 M (1.11 M
si 1% H,0)

- [proteine] =10 uM — 1 mM

e eliminate signals from solvent

e Residual signal from protonated solvant when using
deuterated solvent

e Solvent signal from protonated solvent (par ex. H,O for
protein study)

20



Water resonance width

* radiation damping : The strong magnetisation of the
water signal induces currents in the coll of the

spectrometer, which generate magnetic field affecting
peak width

e depend on water amount, tuning of the probe, By, ...
500 MHz '"H NMR H,0 / D,0 '

— 40 Hz

90 % H,0/D,0

0.1%H,0/D,0

| : I E | b | : | 3 | I - I 4 1

54 5.2 5.0 48 4.6 44 4.2 4.0 ppm 21



NMR spectrum of a model protein, ubiquitin

1H NMR Spectrum of ubiquitin
in 90%H20/D20 H,O
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NMR spectrum of a model protein, ubiquitin

1H NMR Spectrum of ubiquitin
in 90%H20/D20
with solvent presaturation




NMR spectrum of a model protein, ubiquitin

1H NMR Spectrum of ubiquitin
in 99.9%D20

exchangeables
protons become
invisibles

24



Solvent Signal Suppression
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NMR 1D to NMR 2D
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NMR 1D to NMR 2D

2D NMR : 2nd dimension = 1H or °N or 13C

- isotopic labeling 1°N and/or 13C : stable %1H | 99,9885
. . . % 2H 0,0115
isotopes, non radioactives!
- % 3H 0
for example : detection of coupled *>N-H in % 12C 98,93
proteins(all backbone HN + lateral chain HN) % 13C 1,07
% 14C 0
two H with the same resonance frequency — o0
: 15 : > ’
could have different N frequencies . 0308
15N
v1 (®N) ()
> 15N (2
; 0 :> v, (®N) )

H
RMN 2D ¢ 2 fréquences v (*H) 27



From 1D NMR to multi-dimensional NMR
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1D

U

2D

From 1D to 2D

@1

e Additional frequency

dimension is indirectly
recorded via an
incremented delay

Imprints frequencies of
coupled nuclei onto
signals of the 1D
spectrum

= 2-dimensional Fourier

transformation



2D IH NMR: covalent connections

pprm ;  Through-bond correlations
10 = i ° of protons within individual
15- e A e amino acid residues via J

(=)

20 Q Il | Hy-HE, coupling: COSY, TOCSY
¢ ‘ Hy-Hy,

e |dentify residue type via

characteristic chemical
shifts L

COSY C. Smet-Nocca




2D 'H NMR: through-space connections

104

http://www.protein-nmr.org.uk/solution-nmr/
spectrum-descriptions/h-h-noesy/ 2 11 10 9 8 7 6 5 4 3 2 1 0 ppm

12

NOESY: through-space correlations of protons within and
between amino acid residues via dipolar coupling (NOE)

Sequential assignment of 'H resonances

C. Smet-Nocca

Structural information



Homonuclear correlation spectroscopy

via scalar coupling Dipolar coupling (NOESY,
(COSY, TOCSY) ROESY)
. F2(ppm) . F2(ppm)
Correlation
Corre|ati0n :$ peak due to ::>
peak due to a - proximity £ 1
coupling § (through
constant (ppm) Space) of 2 (ppm)
protons Y
Vg VA Vg

L .

Va
AB
Y — H
Ll T <o
HBX/

32



1H-1H COSY et TOCSY

» COSY : homonuclear coupling *H-1H

3) (3 chemical bonds)

» TOCSY : homonuclear coupling tH-H

3)+ %)+ °) + ©) (de 3 to 6 chemical bonds)

 No isotopic labeling

S
:G
 Experiments allowing assignment of K ) J

protons chemical shift values



1H-1H COSY et TOCSY
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1H-1H COSY and TOCSY

. Chemical shift tables 6 H,, Ha,
Hb, Hg, Hd, He,... :

> identification of the residue type
TH ppm
1.0«3 H,-H(, Hy-Hy...
TOCSY | neHP HyeRy
COSY
4.5—2 HN-HOL
5.0 1H

8.7




Nuclear Overhauser Effect spectroscopy : dipolar

coupling
—>No isotopic labeling If X L/
- NOE effect will provide the distance i YA
constraints for structure | @
Hb
(a) (b)




1H-1H NOESY

|_....: proportional to 1/ré with r is the distance between 2 nuclei

Cross

Similar to TOCSY
. | (some scalar coupling
' are visible)
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NOESY ou ROESY

* NOESY : not adapted for compound with molecular masses
of 800 — 1500 Da (NOE = 0)

e ROESY : less intense signal but #0

g 0.8
[*5 ~ 65%
w _— —
0 081 s0% /,,/ ROE
; 0 B .~ | 50% ROE!
= ~ 40% |
£ 0.2 C
no NOE !
0.0 {
small molecules \ large molecules
low field high field
«0.21 \
0.4 \ NOE
0.6 T,
NOE = _6
0.8 from r
A. Ottt \OLOTyCl \
an. J. Chem 66, 1814 (1888) N - 100%
1.0 v T T T TrrreT g
0.001 0.01 0.1 1.0 10 100 1000




Heteronuclear NMR —
the standard for proteins



Isotopic labeling of proteins
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In most cases, the protein of interest is overexpressed
recombinantly in bacteria (E. coli)

Use minimal medium with **NH,Cl and *3C-glucose as sole
nitrogen and carbon sources



Isotopic labeling of proteins

)

centrifugation

Q
Lysis with
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Fig5 analysis : lyophilisation
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Heteronuclear NMR experiments

In most solution NMR experiments, initial excitation and final
detection of the signal is still done on 'H due to superior
sensitivity

Rather complex pulse sequences serve to excite desired
coherences and suppress unwanted ones

Two-dimension NMR is essential to obtain high-resolution spectra of
complex biomolecules

The HSQC experiment: a keystone of biological NMR
G. Bodenhausen et D. ). Ruben, Chem. Phys. Lett. 1980, 69, 185.

transferts de polarisation

TH_ I\ L C 'H

AN i il
L J JC—N_
15N On O C




LN-1H HSQC: the fingerprint of a protein

HSQC: heteronuclear single quantum coherence

- 0N

“ . E(ppm) @—@y Hy @ Cy @
. - 110
e O — Q—e—©)
- 120 (o) Eg (o) E_EB
- : X ~ L ~ J
- 125 H |
. * [ >N isotopic labeling of
[ 130 the protein is required

9.5 9.0 8.5 8.0 8'H (ppm)

One cross-peak for each N-H amide group in the protein (as
well as N-H-containing side-chains)

Check folding and amenability for further study
Basic experiment for protein NMR in solution



LN-1H HSQC: the fingerprint of a protein

2D proton-nitrogen correlation spectrum

One peak per Amino Acid (excepts prolines)
originating from the amide function present in

every amino acid.

DEKKKGPKV TVKVYFDLRI GDEDVGRVIF GLFGKTVPKT VDNFVALATG
EKGFGYKNSK FHRVIKDFMI QGGDFTRGDG TGGKSIYGER FPDENFKLKH
YGPGWVSMAN AGKDTNGSQF FITTVKTAWL DGKHVVFGKV LEGME
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Resolution: Fields 600, 800, 900 MHz
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Selective labelling: H->NHSQC sub-spectrum

ppm ppm i
1 15N-Tau 1 1SN-Tau
o .
- 15 15N «
108 2_ o "N-Lys-Tau el - BN-Leu-Tau
. O
110 - - i 110 -
112 112 -
114 114
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120 120
122 - 122 -
o
124 124
126 126
128 128 —
130 130
Ll
T T T T T T T T T T T T | T T | ] T I I T I I
9.0 8.9 8.8 8.7 86 85 8.4 8.3 8.2 8.1 8.0 7.9 ppm 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 79 ppm

Problem: amino-acid scrambling in bacteria



Selective labelling: H->NHSQC sub-spectrum

ppm ppm :
1 ] SN-Tau
108 - 108 - 15N_Leu_Tau
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1H-1>N HSQC of phosphorylated IDPs

5N 5N ) 5N
At (ppm) B I (ppm) . * C | (ppm)
b ;’.
.4 o 5 i
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95 9.0 8.5 8.0 &Hlppm) 95 9.0 8.5 8.0 Hippm) g5 9.0 8.5 g0 &Hippm)

A and B at 600 MHz, 2048 and 256 data points at spectral widths of 14 and 25 ppm
/*H (F2) and >N (F1) dimensions,
32 scans were used, and total duration of the acquisition was 2 hr 44 min.

C at 900 MHz, 3072 and 416 data points at spectral widths of 14 and 25 ppm /1H (F2)
and >N (F1) dimensions, 48 scans were used, and total duration of the acquisition was
6 hr 37 min.



1H-13C-HMQC (2D)

Heteronuclear correlation spectroscopy

(

P fpectro B Covtours B eoia B> Seripe 4069, 46,60 (M 130 welo
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Limits of 2D spectroscopy
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Gelis et al., Cell 131, 756, 2007

Problems of crowding and peak overlap for larger proteins
Which HSQC peak corresponds to which residue of the

protein?



e Visualize and analyze as 2-D planes

Solution: 3-dimensional spectra

(a)

(b)/
: 1 3C
A
/.’/ C‘I L //f 15 N
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o o
‘ 15N
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) B
Q
15
4
H
(e) f
//
@] 13¢
Q
/ / .
/ /15N

/

'H

http://www.protein-nmr.org.uk/solution-nmr/assignment-theory/visualising-3d-spectra/

Resolve 1°N-1H HSQC in an additional 13C dimension



From 2D NMR to 3D NMR

Add a 3" dimension in frequency
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4 - |
C n =
- 1 3T
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1| - 51
0 — ‘ 0k
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assignment

= link a signal to
an atom

NMR signal assignments

N WWNMWM
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_ e..
£ ’00 400 L
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| ; |
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0 ; °$D,"
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]
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Assignment strategy

The topology defined by scalar coupling networks on the protein
backbone is used to design the assighment strategy



HNCO (3D)

* Need >N and 13C isotopic labeling
* Experiment to connect Hy from residue i with®3C carbonyl (CO)

from residue i-1 et e ——

—(ep—(m)  (m—(op—Gm .
NG @Qii

In each NH strip there is

il o

@ @ %SEEQE \tI(IJS;E:—:? ;gi:ceding

L8 . % J
M M




e Experiment to connect Hy from residue i with®3C carbonyl (CO)

X WNCA (riip_test)

(‘

HN(CA)CO (3D)

Need >N and 3C isotopic labeling

from residues i and i-1

\

N @o& @
Ho @
Y i = Y
-1 i

P SpectraP Contours B> Pecks B> Strips 7,204, 172.36 (1w, 13¢)

B =i

Qe =

elp

The weak CO,_; peak
is also visible in the
HNCO spectrum CO,

/o

In each NH strip two CO
peaks should be visible.
The stronger one belongs
to the same residue

(CO)) and the weaker one
(sometimes burried in the
noise) belongs to the
preceding residue (CO;;).

COjq |

|are




HN(CA)CO et HNCO (3D)

e Need >N and 13C isotopic labeling

* Experiment to connect Hy from residue i with®3C carbonyl (CO)
from residues i and i-1

X HMCA (riip_test)

P Spectral> Contours B Pecks B Strips 7115, 173,89 (In 13C)  welp

This peak occurs both in
the HNCO and in the

HN(CA)CO - therefore it
belongs to the CO;_4

/

1
I
I
I
|

© .
) P

This peak only occursin g
the HN(CA)CO - therefore
it belongs to the CO;

...............
s

..............




HN(CO)CACB (3D)

—>Need °N and 13C isotopic labeling
—>Experiment to connect Hy from residue i with!3Ca and $3Cb from
residues i-1

:. ‘/ CB:-I

|
|
|
|
|
|
|
I
|
|
4

O
~2

O
~2

‘ . Each strip contains two
@ @ peaks: the Co.and the
Cp atom of the residue

preceding the NH group

E—=
5
g
@—®
0
£

C‘*

&




HNCACB (3D)

—>Need °N and 13C isotopic labeling

—>Experiment to connect H,, from residue i with!3Ca and 13Cb from

: d : d M 1 CBCANH (defaultProject)
reSI U eS I a n I_ P foectral> Contours B> Pecks B Strigs 0.672, 3%.78 (4,130 selp

Ca peaks are negative (green)
while the CJ peaks are positive

(blue) - or vice verse depending on
the phasing

Serines and Threonines
are easy to spot because
of the low chemical shift
of their Cp atoms

Ca’]‘l £
1
- VA

o,
0

$

i
|
|
1
|
|
|
|
|
|
|
|
|
1
i
1
|
1

.
Usually each strip should
contain four peaks: the
Ca and Cp from the same
residue as the NH group
(Coy, CPBy) which are stronger
and the Ca and Cp from the
preceding residue (Ca.q,
Cpy.1) which are weaker

|

Lt

In some cases not all
four peaks are visible
but Ca; and Cf5; should

always be easy to spot

5

IS [118.24) 11843

naos




13C Chemical shift
values of amino acid
residues

NH2

I
=2
Irz
I///// .

Ca |CB |cCO Hn |N
A 52,5 19,1 177,8 8,35 125,0
C 55,4 41,1 174,6 8,54 118,7
D 54,2 41,1 176,3 8,56 119,1
E 56,6 29,9 176,6 8,40 120,2
F 57,7 39,6 175,8 8,31 120,7
G 45,1 174,9 8,41 107,5
H 55 29 174,1 8,56 118,1
| 61,1 38,8 176,4 8,17 120,4
| K 56,2 33,1 176,4 8,36 121,6
L 55,1 42,4 177,6 8,28 122,4
M 55,4 32,9 176,3 8,42 120,3
N 53,1 38,9 175,2 8,51 119,0
P 63,3 32,1 177,3
Q 55,7 29,4 176 8,44 120,5
R 56 30,9 176,3 8,39 121,2
S 58,3 63,8 174,6 8,43 115,5
T 61,8 69,8 174,70 8,25 112,0
\"/ 62,2 32,9 176,3 8,16 119,3
w 57,5 29,6 176,10 8,22 122,1
Y 57,9 38,8 175,9 8,26 120,9




Principles of sequential assignment of protein with 3D

F3 919 862 806 749 ES3 636 F'P"'Ft?.a%,ag.%

PN T

10571

104%- ____----1 ‘

115, 14f-

“14.840-

1245

12024

| R

T ] A

spectra

W2.48 78pm

119 ag

“1124.57

4129.29

F2
apm

3D

2D

61



ldentifying residue types

Mca |'Cy BMCe Carbon Chemical Shift Statistics

-MB Y " V_ Val

_—M_—.n&h« Y Tyr
W Trp

. h i T Thr

_*_M S Ser
il T ' . P Pro

PR TS sl F_ Phe

x
=
;g
=
@®
-

FTORE W ¥ W K Lys
duind bk . L Leu
kit Y S aade. | e
— s . dnik . H_His
.A_ G_ Gly

= o a
e R Q Gin
A v e C G
et sl D Asp
shadiile ' i N Asn
pllesdan, L &% R Arg

’
=
&

70 60 50 40 30 20 10 ppm

Different amino acids have
characteristic 13C chemical
shifts

map NMR data onto the
protein sequence

if the data correspond to a
sequence of amino acids
that is unique in the
protein, these residues
have been sequentially
assigned.

http://mww.nmr.chem.uu.nl/~abonvin/tutorials/
Assignment-Data/assignment.html



Principles of sequential assignment of protein
with 3D spectra

910 862 208 749 BESI 6.36 F‘P"‘Ft;_a%i’& s
B (R RERS R B3R R Ty

105.71 15 N

$110.43

. ,‘ : A 15 =
1 ’ | ] LI 111514 15
||:~. lk 1l “' | 'iﬂ:" ) 4 N
{ LN SOPRE b ]
| | 1 119.86
' -
“1124.57

-

1129.29

F2
41.14
32.43 . 636 M
23. 962 806 7.40
PR 919 * 1H

ppm ol

110+
L}
U ]
115- '
L]
1204 .
)
! ]
12 '
* :
(] J
130+
T T -
" 10 8 7 ppm

Plane extraction
13C_1H

—
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Principles of sequential assignment
of protein with 3D spectra ™"+

_________________________________

4 e
HNCACB : i s
e o -
e S
: ® ® . ., . :
s | ® ' |
A NP y Plane |
N w e . s / extraction13C-1H i
j.jﬂ d L - : - : — " 1 H
1H
HNCACB
R R * |ntense signals: Cae, CB ® residue i
H—-T— Ha?;H
—N—C—C e —C— * Weaker signals : Cae, CB , residue i-1
R 8 o'l B &
\§ ~ J ~ J
i-1 [

64



Principles of sequential assignment of protein

13C ppm
] Q33
20
30 -
[ =+ CB (i)
40—5 '
Ql | o
s - Ca (i)
L =,.,§,.4f |
Ca (1 L
CB (1o
o5 94  ppmé
1H

with 3D spectra

Cai, CRI) 2 i=GIn(Q)
(Cai-1, CRi-1) = i-1 = Ser (S)
—> pair Ser-GIn (SQ)
- Protein sequence

klppgwekrmsrssgrvyyfnhitnasqg33
werpsgns

65



Principles of sequential assignment of protein
with 3D spectra

ppm

20_ ! 1

30 !
’ o

13C ‘3 |

404 o

50 _ A, W%Z/%M/ £
t !

Ca (i- o

60 - i

7074 |

& 7 20077 lH
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Principles of sequential assignment of protein
with 3D spectra

13C ppm
$32
& B (i1
20~ | = . b S
30—5
--------- >4k CP (i
Go A ORI
40- |
Q| | i
60 -
CB (i-1)70-
o5 o4  ppm8d 83 ppm
1H

(Cai,CRI) > i=GIn(Q)
(Cai-1, CRi-1) = i-1 = Ser (S)

pair Ser-GIn (SQ)

protein sequence:
klppgwekrmsrssgrvyyfnhitnas
g33werpsgns

67



Principles of sequential assignment of protein
with 3D spectra

ppm

2 B () —

30
13C 40+

| Ca(i-l)\,

60‘ 0 /a%(’l)/// \eclud 4 |

C . ,,,/*’T

U
Y

o @ . §32

20 ,Q33

707472

725

7Z0
2009

1H
77 70 g & 7 oo



13C chemical shift values of
amino acid residues

NH2

’
’
’
///

H

\\\\“\ H

|||||

g

lysine

Ca |CB |cCO Hn |N
A 52,5 19,1 177,8 8,35 125,0
C 55,4 41,1 174,6 8,54 118,7
D 54,2 41,1 176,3 8,56 119,1
E 56,6 29,9 176,6 8,40 120,2
F 57,7 39,6 175,8 8,31 120,7
G 45,1 174,9 8,41 107,5
H 55 29 174,1 8,56 118,1
| 61,1 38,8 176,4 8,17 120,4
K 56,2 33,1 176,4 8,36 121,6
L 55,1 42,4 177,6 8,28 122,4
M 55,4 32,9 176,3 8,42 120,3
N 53,1 38,9 175,2 8,51 119,0
P 63,3 32,1 177,3
Q 55,7 29,4 176 8,44 120,5
R 56 30,9 176,3 8,39 121,2
S 58,3 63,8 174,6 8,43 115,5
T 61,8 69,8 174,70 8,25 112,0
\"/ 62,2 32,9 176,3 8,16 119,3
w 57,5 29,6 176,10 8,22 122,1
Y 57,9 38,8 175,9 8,26 120,9




CO, CA and CB chemical shifts depend
on the secundary structure

Chemical shifts: first raw information from the assignment

4 =8 8 =3 -4 8 0 3 % & % & -« =4 3 ~§ 4 ® 1 32 % 4 & &
0 Dmntwy Bt g | 0 sedey Bt ppa |



NMR APPLICATION IN BIOLOGY:
INTRINSICALLY DISORDERED PROTEINS



Intrinsically disordered proteins (IDPs)

* Proteins or protein regions
can be functional even in the
absence of a fixed structure

e Often encountered in
signaling, scaffolding, cell-
cycle regulation, ...

. |IDPs play crucial roles in several important diseases
(Alzheimer’s, Parkinson, cancer)

= NMR is the perfect tool to study this class of proteins



- N (ppm)

g 1201

Studying IDPs by NMR

— * IDPs are characterized by a
- ’ narrow amide *H chemical
= o shift range
° * Fast exchange between the
e JO many different
e“}%’?’%ze ) 1
b conformations populated by
g © the protein
= one peak per residue
9.5 9.0 8.5 LOZ‘I?—;O(ppm) 5 7.0 6.5 Observed

= Use different NMR techniques (chemical shifts, relaxation,
RDCs, PREs,...) to characterize conformational sampling,
binding interactions, ...



Tau is an intrinsically disordered protein (IDP)

IDP (Tau)

.

*NH,

~ ‘ IDP
~/ -~ SR = A
\ ~
. | WMWY
. o
] RN L%
|
Configuration g
P
|
ppm | t’L“""’“‘uM.,JJI
15 N .
a
110 %
*
A
115 i
;".‘.
. ;:_..','.-
g
120 s ';"
2
. m{.‘
] 4.
125 R
130
T T T T I
12 1 10 9 8 7 ppm

Globular protein (Pin1)

Ordered proteins
A

Energy

A

Configuration

ppm . i
15
N [
I ]
110 ¢
l‘.’ ': "ot
L} ' ' 'l '
U N '*, .F
115 . ‘.' e
¢ ' '.l|| \ 'l '
o 'ci’.'t hoy
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120 Vo "':}".‘: '
I‘ "l"'t" '
N \ " .
125 P T
' " "
"y \
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Chemical Shifts of IDPs

The chemical shifts (coordinates
of a peak) are determined by IR

timepoint t1
several factors: " oleeule 1
® nature of the sidechain of the \i vy
residue and neighbouring \‘ LV

residues

B(l
® presence of hydrogen bonds t

® |ocal relative geometry of the
chemical bonds (torsion
angles)

_NM

| ] 1 I I I I 1 | 1 1 1 | 1 1
12 10 8 6 [ppm]




Chemical Shifts of IDPs

A16 . timepoint t1
or
molecule 1

137

1
10 8 6 [ppml]



Chemical Shifts of IDPs

timepoint
t1+At
or
molecule 2

I I I 1 L 1 L] 1 I I 1
12 10 8 6 [ppml]

77



Chemical Shifts of IDPs

timepoint
t1+2At
~or
“molecule 3

1
12 10 8 6 [ppml]



Chemical Shifts of IDPs : average of

conformational sampling
A C

& ° S

[ppm]

o L‘__%&JLWLNWL

[ppm]

[pPpm]
REDUCED PEAK DISPERSION l time and ensemble
Peaks shift to amino acid specific random averaging

coil values
ensemble j /\ )k LW

12 Ippml

79



A word of caution

Intrinsically disordered proteins

—> IDPs « Structures »

Conformational ensemble



IDPs: not completely random

/
rd

Unfolded H1 (479-484)

H3 (478-492) ﬂ H2 (476-488)
1% 28%

Binding sites in IDPs can
sample conformations
similar to the bound state
already without their
binding partner

Pre-configuration for binding

Conformational ensemble
characterized in detail by
NMR



ldentification of secondary structure propensity

> difference of value of Ca, Cp ou CO compared to value of
Ca, CB ou CO ‘random coil’, respectively

» si ACa <0, ACB >0, ACO <0 - B sheet

» si ACa >0, ACB <0, ACO >0 = a helix

”JHWWUPMJ” oHa),, —o(Ha),. <—0.2ppm = CSI =-1
lllllll lIﬂT I Hﬂﬂfﬂ l

NHQ),, —NHa), >0.2ppm = CSI =1

_'ﬂ TIDOR C 2T alww II-!.
e JTuae

NHa) p, —HH), | <0,2ppm = CSI=0
meLll ”HWIIHHH llll[rllll ILl ﬂJllI“LMJllHWﬂHHlIJ "

e A T T T AT s w— T Y AT T T T % 8 v——— v

n° résidu
82



IDPs: characterize binding mechanisms

CONFORMATIONAL ENCOUNTER SPECIFIC
FUNNELING COMPLEX BINDING

e Relaxation dispersion NMR measurements allow to
characterize binding pathways of IDPs

e Binding of pre-configured conformations, formation of
nonspecific encounter complexes



protein-protein and protein ligand Interactions

APPLICATION



Biomolecular interaction characterization

protein-protein, protein-DNA, proteine-glycan ou protein-ligand

 State A



NMR exchange measurements

T

A (15N)
Free A

Afree — A bound

ppm-
110 #
i
1164 n
l'.
120 e
iy LI
' a2
vty
125 L
1)
1304 *

ppm |
110«5
115—f
120
125£:

130 *

A (15N)
+
B (14N)

Bound A

T T T
11 10 9 8 7 ppm

- A free and A bound
are different



Titrations: K, from NMR

e Some restrictions apply: concentration range,
requirement for peaks shifting in fast exchange

e Even if these conditions are not met, the binding

interface can usually still be mapped from shift changes
/ peak broadening




Two exchange regime: fast vs. slow

Fast exchange (on the
NMR time scale)

State A State B

— 100% A
90% A
80% A
70% A
60% A
50% A
40% A
30% A

- 20% A

— 10% A

— 0% A

'H (ppm)

1 peak at the « weighted »
average of A and B

The peak will shift between
frequency from state A to
frequency of state B as the
state population varied

Slow exchange (on
the NMR time scale)

St

Ie A State B
\

|
i
I

.

2 peaks corresponding to state
A and state B, which relative
intensities reflects the fraction
of population in each state
Peaks do not shift, rather their
intensities are modified as the
state populations varied



Ky by NMR

e The chemical shift value of an atom is

sensitive to its chemical environment

Protein(A) at constant concentration
in the presence of protein (B) at
increasing concentration : NMR signal
of(A) will change according to the
amount of added (B), meaning
depending on the amount
of(AB)complex that is formed

[ligand] 1

libre 1H
B 1
1H
1
ylié H
. 1
yie y




Ky by NMR 4 = N

3 1
ylibre H

e The chemical shift value of an atom
is sensitive to its chemical
environment

v

[ligand] 1

e Protein(A) at constant
concentration in the presence of
protein (B) at increasing
concentration : NMR signal of (A)
will change according to the v
amount of added (B), meaning
depending on the amount of (AB)

complex that is formed \ Jlié y

v

v




Two exchange regime: fast vs. slow

On the NMR time scale

A B
i i % Bound
0
50
100
v Bound v Free v Bound VvV Free
4+—> >

Delta v < Kex (—Kd) Delta v > Kex (~Kd)



Temperature influence on the exchange

-20°C

Example of cyclohexane - 867 °C

{coalescence)

H H
oy B HoooH
Ht H
7 H - H
H H H H

Conformationnel exchange:

2 2 | 1
1
2 1 g
1 1 -
2 ! 90 °C
1 2
2 2 1 1

& (ppm) 1,60 1,36 1,12




Characterization of a protein-protein interface:
definition of the dissociation constant for a complex

4 K )
A+ o [k, ALE]
Kot [AB]
N ° J
[A], [B] and [AB] are the concentrations of A, B and AB complex at
equilibrium.

Concentrations at equilibrium are described as

[A], =[A]+[AB] with [A],and [B], the initial concentrations
[B]ly =[B]+[AB] of Aand B.

Concentration of complex at equilibrium described as (from K,
expression)

[AB] = %([A]o +[Bly + Kp —+/([Al, +[Blo + Kp)? — 4[AL,[Bl,)

93




*N (ppm)

105.0

110.0

115.0

120.0

125.0

130.0

Titrations: K, from NMR

Ad (ppm)
0.30 4 .
ve . Kp=132puMm .,
- o - = - V4 - .g 0.25 4 "
o e o?
o oF é ™ & L 2 -
. P S - ‘am 0.20 - > -
K-
» @ o
oo o & o o 0.15 4 > /l/'.
" '~1o' ... - e o > <'. L
- A °. ¢ i 0.10 - #
& e f/.
o
° - ¢ 0.05 - *
¢ o
0004 &
L T . T v T Y T Y T T 1
10.00 9.50 9.00 8.50 8.00 7.50 7.00 6.50 00 05 10 15 20 25
'H (ppm) [ubiquitin)[SH3-C]

Ringkjgbing Jensen et al., Eur Biophys J 40, 1371, 2011

* Add unlabeled partner to isotope-labeled protein in
Increasing concentrations, record HSQCs

» Determine K, from peak shifts



[ligand]

Ky by RMN

Chemical shift perturbation of a 1°N-labelled protein with
increasing amount of unlabelled ligand

15N

\AJLJL 117.0 \ d ] /l\
LJ“ ]

'\ﬂb 118.5 -
119.0 T T T T T T T T T T
98 97 96 95 94 93 92 91 90 89 88 ppm 1 H




Ky by RMN

Chemical shift perturbation of a 1°N-labelled protein with
increasing amount of unlabelled ligand

AS=5-8,= J [AS (*H)]? + 0.2 [AS (1°N)]?

6 (15N) e

: k4
A6 (15N) I 1165 %{;!]
60 (5N) - i{ ;{

117.5-

et
9.

6 (*H) &, (*H)
<>

AS (tH)



Ky by RMN

Chemical shift perturbation of a 2°N-labelled protein with increasing
amount of unlabelled ligand = determination of dissociation constant

(Kp)

AO, 2
AG == (Al +[Blo + Ko ~([Alo + [Blo + Kp)” ~4[AL[B,)
m‘s% 0,30
| A Expérimental points
“ 025 —— Theoretical fit
e | i Q33 ‘ é | ya4 P
| fi £
A6 (15N) Inss: ir}‘ :'::%i‘n ; g 0,15
! i <
ll‘LOl 0110
| 0,05
0,00
0 5 10 15 20
5 (i)g.a ppm [A]O[B]O 97

AS (tH)



Folding upon binding

Example of the interaction of TAF7 (TBP-associated factor 7) or
EAF1 (Eleven-nineteen Lysine-rich in Leukemia-Associated Factor 1)
with Med26 N-Terminal domain (NTD) :

Switch from Initiation to elongation of transcription



Titration of 1°N-EAF peptide with unlabelled MED26

G245
Qz
G239

/ @’

o'°N-EAF1 (239-268,
o >

G263

T240

’

T252

‘

S26

52465264 L.
-5 $260

T252

5264

"/

L257

0256 QZ ; M250
ist4 o

L2496 @

‘L259

%LZB
\

.)R242
. A

'D268 &!

[MED26] |

3(**N) (ppm)
—110

112

L 114

L 116

118

—120 o

—122

- 124

—126

| ' | ’ | ' | ' | ' |

8.70 8.60 850 840 830 820 8.10 8.00 7.90 3(*H)(ppm)

Need assignment of the
bound peptide (3D)

Definition of the binding
region

Kd estimation



Titration of 1°N-TAF7 peptide with unlabelled MED26

G214

E215
=

E218

@€»Q209

E218
E231

D217 =~ D234

N3

G206
<>

G6

$213

*v'%zzs

$229

H216
=

$230

$205
<

5213

$227
$230

1’.

® @ N224

&

s C
s
2

e =

E215

5228
) ©

H207

e

232 e
) E233

E233 e
-
N224
@

D212

D232
£25P23

221 ®
S /raog L219@

L226.
L214

A4
&r23

|

[MED26]

$227
L4

& E235

3(**N) (ppm)

1% 15N-TAF7 (205-235)

N2245C. | 44p

¢ Need assignment of the

L

114 bound peptide (3D)

~116 ¢ Definition of the binding

region
-118

|50 * Kdestimation
—122

—124

—126

8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00 7.90 7.80 7.70

S(*H) (ppm)



Folding of 1°N-TAF7 peptide upon binding MED26

ISDNAIG5-2>SGHRQGHDSLEHDELREIFNDLSSSSEDEDE?3°

8(**N) (ppm)

G214 G206 E215 ® TAF7 P
G e ® TAF7 + MED26
G6 ;E I“'\’Dzaz N224 = L 112
& E?27152251219
S227 »
213, s205 .
S227 =@ N
So30 2o
g -
N3_ H216
= N224>~
E215 H216 - D232 - »
Q209 Pt -
E218 R228,‘
E231 11T -
A E235
D217p5734 F223 5 _ .
T T T T T | | | |
86 85 84 83 82 81 80 79 78 7.7 §(H)
(ppm)

;CSP (ppm)

1.2 4

0.8 A
0.6 A
0.4 A

0.2 A

1 Bound/Free (ppm)

15N-TAF7 (205-235)

e Use assignment of the
free/bound peptide to
define 2D structure

e Definition of the binding
region

Helix formation

/

O(13CA-13CB)

A © N O v A0 D o A D N D
DS S AN AR AU S I L L 2 D



Titration of 1°N-MED26 with unlabelled TAF7 peptide

3(**N) (ppm)

®15N-MED26 . T44 4o
e ° ‘d 'l': & g %"-
o® o AL Y S o~ -112
[TAF7] & e i
R52 1
Q1K i
S36 K6 \ N 19 104 1%
\ Q22 \ , Kks2 ) : '
Q 16 li.. « I84"\ Keé e
. B
157 g '37\. 737-' L3 579, ., a0
E4 ~— N27 L
6\‘70 E50 5?57;39 e © “Pv31 118
D59, 135 V29—Re  HK75 '
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Titration of 1°N-MED26 with unlabelled TAF7 peptide

Definition of the binding region
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Titration of 1°N-MED26 with unlabelled TAF7 peptide
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'N-MED26 interaction with TAF7 peptide
Color coded CSP reported on MED26 surface

TAF7 calculated dihedral angle estimated
from CS with TALOS and NOEs

Haddock docking model of the complex based on
a few intermoldecular NOEs and CSP data



Folding upon binding, fuzzy complexes

Example of the interaction of the TAD domain of
ERM transcription factor
with Med25 ACID domain



ERM peptide is disordered, with some helical tendency
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Mapping of ERM interaction sequence

>N ERM3; 45
+ MED25 (1:0.2)
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ERM folding upon MED25 ACID binding
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Inconsistent fast and slow exchange regimes

Fast exchange at low stoechiometry
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Mapping of interaction surfaces
Wild type ERM sequence

SN MED25

F/W-mutated ERM sequence

15N MED25
+ ERM,; 65 (1:1.2)
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Mapping of interaction surfaces

Intensity ratio
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Exchange NMR: sampling bound/free conformations
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Haddock model of the complex
MED25 ACID/ERM TAD




Post-translational modifications

Application

Identification strategies of the PTMs
Example of Tau phosphorylation
and acetylation



Phosphorylation

1 2 3
106KDa 1. Tau control
66KDa w —— 2. pTau by ERK2
b—
— 3. pTau by rat brain extract
45KDa —

Description of HSQC spectrum
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Phosphorylation: strategy of identification

[H, 15N, 15N] HNCAN

In case of two identical
X-pS/pT-P’ motifs
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Strategy of identification: K-pT175, K-pT181

Description of HNCACB \ i TS = 113C
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Acetylation
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Acetylation: identification strategy
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Description of HN(CO)CACB spectrum

Acetylation: identification strategy
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Acetylation: identification strategy

Description of HN(CO)CACB spectrum
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The splitting of each of non-acetylated and acetylated K298 resonance is due to the proximity of
another acetylation site in the Tau sequence which has been identified as the ‘i-4’ residue
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