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!  “Small” proteins can give very bad spectra 
o and difficult medium size proteins (conformationnal and chemical exchange) (Arf1/Arf6) 

!  “Large” proteins can give beautiful spectra 
o 2H, ILV 13CH3 labeling …  
o Evolution of spectrometers, … 
o Depends on the question … complete structural analysis? HSQC 15N, 13C … 10uM 
o “easy” large proteins (CPR, Proteasome) – IDPs 

 
!  Looking at small systems bound to very large systems 
o Small ligands : using the free forms to investigate the bound states (GPCR, drugs, …) 
o Disordered regions remain observable  
o Specific NMR experiments to analyze interactions implying large systems (DEST/CEST) 

 
!  Investigating folding/recognition processes 
o Characterize intermediate folding states -> protein physico chemistry, sequence/stability/

dynamics/structure 
o Disorder->order transitions 

 
!  Investigating excited states … 

 Kay, Wright, Kalodimos 

NMR - Spatial and Time scales are highly intermingled 
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NMR - Spatial and Time scales are highly intermingled 

Global correlation time τc (size)  
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“large” size globular 
proteins or 
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solubilized membrane 
proteins 

“Small” globular 
Protein / domain 

Size vs dynamics ? 
 

Size     molecular tumbling + local dynamics 
 

           
    relaxation processes       
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!  Transversal relaxation time constant T2 
characterizes the lifetime of the signal. 

!  It determines the linewidth of the 
resonances 

!  T2 depends on the magnetic field strength 
B0, the type of spin, the environment of the 
spin, the size of the molecule, the local 
dynamics of the system, the temperature, 
etc.  

Relaxation times T1 and T2 

!  Longitudinal relaxation time constant T1 
characterizes the time it takes to the spin 
system to return to equilibrium. 

!  It determines the interscan delay 
!  T1 depends on the magnetic field strength 

B0, the type of spin, the state of 
neighboring spins, the size of the 
molecule, the local dynamics of the system, 
the temperature, etc.  

τc 
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NMR - Spatial and Time scales are highly intermingled 

Global correlation time τc (size)  

τc 

“Small” globular 
Protein / domain 

“large” size  
globular proteins or 

complexes or 
solubilized 

membrane proteins 
 

Linewidth 
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NMR - Spatial and Time scales are highly intermingled 

Global correlation time τc (size)  

“Small” globular 
Protein / domain 

“large” size globular 
proteins or 
complexes 

Linewidth 

solubilized membrane 
proteins 

+ Local Rotational fluctuation timescale 
+ density of relaxation sources 

C
H

CSA

DD

TROSY, high fields 

Labelling, Deuteration 

FID 

FT 
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« Size » and lifetime of the signal T2 

Playing with T2 : TROSY experiments 
Transverse Relaxation Optimized SpectroscopY 
Pervushin, K. Riek, R., Wider, G. and Wütrich, K(1997) Attenuated T2 relaxation by mutual cancellation of dipole–dipole coupling 
and chemical shift anisotropy indicates an avenue to NMR structures of very large biological macromolecules in solution.  
Proc. Natl. Acad. Sci. U. S. A. 94, 12366–12371 

TROSY 

Semi TROSY Anti TROSY 
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9 

« Size » and lifetime of the signal T2 

The signal loss is exponential while the 
size of the molecule increases 

 
γH/γD = 6.5…. Relaxation gain !!!! 

•  MW < 5 kDa 
Homonuclear assignment (TOCSY,NOESY) 
 
•  5 kDa < MW < 10 kDa 
Heteronuclear assignment: 15N  
 
•  10 kDa < MW < 20 kDa 
Heteronuclear triple resonance assignment : 15N, 13C  
 
•  20 kDa < MW 
Heteronuclear triple resonance assignment : 15N, 13C, 2H  
(E.coli BL21+++) 
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!  Classical method : NOE 1H-1H 
!  Ambigous NOEs restraints 

!  New approach : residual dipolar 
couplings (RDC) 

!  RDC  non ambigous 

New restraints in NMR for « large » proteins 

!   Fully protonated protein !   Deuterated protein (only 1HN) 

θ

φ

I

S
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RDCs by NMR 

Orientational information in an anisotropic medium 

Steric Interactions:  
 Alcohol mixture, gels, cellulose crystallites 

  
Electrostatic Interactions:  

 Phage (Pf1), purple membranes, bicelles 

!   Isotropic medium :  
  scalar coupling = J 

!   Anisotropic medium : 
  apparent splitting of the doublet  = J + DIS 

 => Dipolar Interactions non averaged to zero 

 Geometrical dependency of RDCs : 

  

DIS = − S µ0!
8π2
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Alignment Media 

B0 
q 

I 

S 

In addition alignment can also be 
achieved without medium by intrinsic 

or artificially coupled 
paramagnetic groups 

5

acrylamide. Polymerization is started in 3.5 mm to 8 mm inner diameter tubes sealed with
parafilm on one side by the addition of 0.1% w/v ammonium persulfate and 0.5 % w/v
TEMED.

The gels are pushed out from these tubes and washed for 5 hours at 37 °C with water and
dried in a drying oven at 37 °C for several hours (over night). After this process, the gels are
dehydrated and completely solid. The gels are then reswollen in a NMR sample tube with the
desired biomacromolecule solution in buffer. Mechanical stress can be applied vertically by
pushing the plunger of a Shigemi tube onto the gel at the end of the reswelling process or
radially if the gel is originally polymerized in a tube of larger diameter than the sample tube.
For these two cases, the alignment tensors of embedded protein are exactly opposite. In
contrast to common intuition this does not yield new information (Sass et al., 2000).

Radial compression can be obtained via a commercially available device (www.newera-
nmr.com) where a gel, originally polymerized with a 6 mm diameter, is pressed into the NMR
tube of 4.2 mm inner diameter through a Teflon funnel via air pressure from a piston (Chou et
al., 2001). Radially compressed gels yield larger alignment than vertically compressed gels.

Fig.1 Apparatus for stretching the gel and inserting it into the open-ended NMR tube (Chou
et al., 2001). (A) Schematic drawing. (B, C) Photograph of the disassembled and assembled
gel-stretcher. (D) Open-ended NMR tube with the shigemi plunger above the gel. The various
components are: (a) Piston driver, (b) gel cylinder, (c) funnel, (d) piston with o-ring, (e) open-
ended NMR tube, (f) vespel buttom plug of assembled NMR cell with Teflon sleeve, (g)
stretched gel, (h) Shigemi plunger. Detailed dimensions of the gel-stretcher can be downloaded
from http://spin.niddk.nih.gov/bax.

 Electrostatic Interactions:  

!   Filamentous phage Pf1 or other rodlike viruses 
(fd, TMV)  

!  DNA nanotubes, crystalline phase G-tetrad DNA  
!  Bicelles consisting of various charged lipids 

(addition of CHAPSO, CTAB) 
 

 Steric Interactions :  

!  Bicelles with uncharged lipids (DMPC/DHPC) 
!  Compressed or stretched polyacrylamid Gels 
!  Lamellar phases consisting of ether/alcohol 

mixtures (“Otting media”)  
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Alignment Degree 

Quadrupolar splitting (ΔD) of the 5% of D2O used to lock the spectrometer 

ΔD is proportional to the concentration of the alignment medium and the 
degree of alignment of the molecule (around 10-3-10-4) 

B0 
q 

I 

S 

Quadrupolar Splitting Temperature range 
of Alcohol mixtures 

and thus the degree of alignment of guest molecules in the water-
rich layers can be tuned by the surfactant/water ratio. The
spacing can range from several hundred nanometers (1 wt %)
to a few nanometers in the more concentrated regime (>5 wt
%). In a magnet, the bilayer surfaces are oriented parallel with
respect to the direction of the magnetic field,17 presumably with
a superstructure in which the bilayers bend into a set of
concentric tubes of different radii with the axis aligned along
the magnetic field.18 At high surfactant concentration (>50%)
and high temperatures (>50 °C), liquid crystalline phases are
already formed by binary mixtures without alcohol. The addition
of n-alkyl alcohols lowers the temperature range of stability
for the liquid crystalline phase and, most important, makes the
LR phase accessible even at low surfactant concentrations.11
The bilayers formed by C12E5/n-hexanol, C8E5/n-octanol,

and C12E6/n-hexanol carry an effective poly(ethylene glycol)
(PEG) coating that provides a means of minimizing protein
adsorption, in the same way as PEG-derivatized surfaces are
suitable for protein chromatography19 and enhanced biocom-
patibility of implants,20,21 and PEG is used as a cosolvent in
protein crystallization.22,23 Interestingly, PEG groups can also
physically stabilize bilayers, as the addition of 1% PEG2000-
PE increases the stability of DMPC/DHPC bicelles at surfactant/
H2O ratios above 10 wt %.24 In the present work, we have
explored the stability range of the LR phase formed by different
CmEn/alcohol systems in the concentration range of 3-8 wt
%, where residual dipolar couplings are easily measured for
one-bond couplings in proteins, without resulting in excessive
line broadening due to 1H-1H couplings.

Experimental Methods
Materials. C12E5 and C12E6 (g98% purity, Fluka), C8E5 (Sigma),

and n-hexanol and n-octanol (puriss., Fluka) were used without further
purification. Glucopone was purchased from Fluka as a 65% aqueous
solution of glucopone 215 CS UP.
LR phases were prepared by dissolving CmEn in 90% H2O/10% D2O,

adjusting the pH, and adding n-alkyl alcohol in microliter steps to the
desired final molar ratio under vigorous shaking. The solutions were
biphasic at low alcohol concentrations and became instantaneously
transparent and opalescent upon crossing the LR phase boundary. The
LR phase is relatively viscous, immobilizing any small air bubbles
present in solution. They were readily removed by centrifugation.
Despite the increased viscosity, conventional pipets worked well to
transfer the liquid crystals to an NMR tube.
The composition of the final solution is reported in weight percent

for the ratio CmEn to water, taking into account the presence of
deuterium but not the presence of alcohol. The molar ratio of CmEn to
n-alkyl alcohol is indicated by the factor r. In the glucopone/n-hexanol
system, the surfactant concentration is indicated as wt % on a hexanol
free basis, while the n-hexanol concentration is given on a total solution
weight basis for the pure liquid crystal in pure H2O.14
NMR Spectroscopy. All spectra were recorded on a Bruker DRX-

500 NMR spectrometer operating at 500 MHz for 1H and at 76.7 MHz
for 2H. One-bond 1H-15N and 1H-13C coupling constants were
measured from 15N- and 13C-HSQC spectra recorded without decoupling
during the acquisition time.

Results

The presence of an ordered lamellar phase was monitored
by the observation of quadrupolar splitting of the 2H NMR signal
of the solvent (Figure 1). After placing the sample in the magnet,
the quadrupolar splitting appeared within minutes. While the
final splitting was typically reached in less than 15 min, the
deuterium lock signal observed with liquid crystalline protein
solutions continued to change over a period of hours without
noticeable changes in the 1H NMR spectrum of the solute.
Establishment of stable sample conditions was slower near the
lower boundary of the temperature range in which the LR phase
is stable. Quite generally, narrower 2H signals were observed
at higher temperatures.
As expected, the quadrupolar splitting observed in the 2H

NMR spectrum increased with increasing surfactant/water ratio
(Figure 2a). Remarkably, the ordering effect was entirely
determined by the surfactant concentration, with no significant
difference between C12E5 and C12E6 or different surfactant/
alcohol ratios. The splitting was temperature independent over
a wide range and decreased only when the temperature was
lowered toward the boundary of the stability range of the LR
phase (Figure 2b). This suggests that the lamellar phases become
somewhat less ordered and less stable near the low-temperature
end of their stability range, in agreement with the observation
that stable 2H NMR spectra took longer to establish under those
conditions.
Figure 3 shows the temperature ranges in which lamellar

phases made of different surfactant/alcohol systems were stable
as judged by the appearance of a well-resolved deuterium
quadrupolar splitting within less than 2 h after placing the

(17) Sanders, C. R., II; Schaff, J. E.; Prestegard, J. H. Biophys. J. 1993,
64, 1069-1080.
(18) Hoffmann, H. Ber. Bunsen-Ges. Phys. Chem. 1994, 98, 1433-1455.
(19) Sevastianov, H. P. Ber. Bunsen-Ges. Phys. Chem. 1989, 93, 948-

956.
(20) Seigel, R. R.; Harder, P.; Dahint, R.; Grunze, M. Anal. Chem. 1997,

69, 3321-3329.
(21) Prime, K. L.; Whitesides, G. M. Science 1991, 252, 1164-1167.
(22) McPherson, A. Eur. J. Biochem. 1990, 189, 1-23.
(23) Michel, H. Crystallization of membrane proteins; CRC Press: Boca

Raton, FL, 1991.
(24) King, V.; Parker, M.; Howard, K. P. J. Magn. Reson. 2000, 142,

177-182.

Figure 1. Quadrupolar splitting observed in the 2H NMR spectra of
the solvent in different dilute liquid crystalline systems. All samples
were in 90% H2O/10% D2O, pH 7. The molar ratio r of C8E5 to
n-octanol was 0.87 and the C8E5/water ratio was 5 wt %. For the
C12E5/n-hexanol system, r was 0.96 and the C12E5/water ratio was 5
wt %. The glucopone solution was 4 wt % in water with 0.57 wt %
n-hexanol added.

7794 J. Am. Chem. Soc., Vol. 122, No. 32, 2000 Rückert and Otting

sample in the magnet. The bars in Figure 3 correspond to
conditions where the 2H NMR signal was characterized by
narrow line widths (Figure 1) and splittings close to the high-
temperature value (Figure 2b). These criteria were found to
correlate strongly with conditions suitable for biomolecular
NMR. The bars do not extend to temperatures, where quadru-
polar splittings were still observed, but only with broad lines
of non-Lorentzian shape; under those conditions, the 1H NMR
spectra of dissolved proteins appeared inhomogeneously broad-
ened too. For a given surfactant/alcohol system, the upper end
of the stability range was virtually invariant at different liquid
crystal concentrations, but the stability range extended to lower
temperatures at higher concentrations, as evidenced by com-
parison of the 5% and 3% C12E5/n-hexanol (r ) 0.96) systems
as well as of the 8%, 5%, and 3% C12E6/n-hexanol (r ) 0.64)
systems. Increased amounts of alcohol decreased both the upper
and lower end of the temperature range, as demonstrated by
comparison between 5% C12E5/n-hexanol at r ) 0.96 and 0.85.
NaCl had a similar effect, except that it mostly affected the
low-temperature end. Thus, 100 mM NaCl was found to extend
the stability range of 5% C8E5/n-octanol (r ) 0.87) to -5 °C.

500 mM NaCl did not shift that limit any further. In the case
of the 5% C12E6/n-hexanol (r ) 0.64) system, 500 mM NaCl
significantly lowered both the upper and lower end of the
stability range. Within the stability ranges indicated in Figure
3, quadrupolar splitting and line width of the 2H NMR signal
were insensitive to the presence of salt. Similarly, the appearance
of the 2H NMR spectrum did not change in the presence of 50
mM phosphate buffer and 1 mM EDTA or 1 mM BPTI. In the
presence of 15 mM BPTI, however, the quadrupolar splitting
observed in the 5% C12E6/n-hexanol (r ) 0.64) system
decreased from 26 to 21 Hz, although the 2H line width remained
unchanged. Most interestingly, all lamellar phases made of
CmEn/alcohol mixtures were insensitive to pH, as identical 2H
NMR spectra were observed at pH 2, 7, and 11. The widest
stability range was measured for 4% glucopone with 0.57%
n-hexanol. This liquid crystalline medium was not stable at
lower surfactant concentration, required longer to equilibrate,
yielded very large residual dipolar couplings in BPTI (see
below), and therefore was not explored more extensively.
The lamellar phases produced by the CmEn/alcohol systems

proved to be very suitable for aligning proteins, DNA, and a
protein/DNA complex. For example, the highly polar N-terminal
domain of the E. coli arginine repressor (ArgR-N)25 was found
to aggregate with Pf1 phages and liquid crystalline phases made
from DHPC/DMPC or cetylpyridinium chloride/hexanol mix-
tures, while residual dipolar 1H-15N couplings ranging from

(25) Sunnerhagen, M.; Nilges, M.; Otting, G.; Carey, J. Nat. Struct. Biol.
1997, 4, 793-795.

Figure 2. Quadrupolar splitting of the 2H NMR signal of the solvent
observed with different CmEn/alcohol systems as a function of
surfactant/water ratio (a) and temperature (b). CmEn/alcohol ratios are
indicated in brackets as molar ratios, r. The data in (a) were measured
under conditions where the splitting of the 2H NMR signal was
insensitive with respect to temperature. The surfactant/water ratio was
5 wt % for all points shown in (b). The solutions were equilibrated in
the magnetic field for 2 h before measurement.

Figure 3. Temperature ranges of stable lamellar phases composed of
CmEn/alcohol/H2O and glucopone/alcohol/H2O, respectively. The bars
identify conditions suitable for biomolecular NMR spectroscopy, i.e.,
their borders are well within the phase boundaries of LR. The systems
are identified with the surfactant/H2O ratio in wt %. The value r denotes
the molar ratio of surfactant to alcohol. In the glucopone/n-hexanol
system, the surfactant concentration is indicated as wt % on a hexanol
free basis while the n-hexanol concentration is given on a total solution
weight basis for the pure liquid crystal.14

Alignment of Biological Macromolecules J. Am. Chem. Soc., Vol. 122, No. 32, 2000 7795
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HNCO-type experiments  
1DNH, 2DCOH, 1DCOCA,1DCACB, 1DCON et 2DCAHN 

N-HN 

CA-CO 

CO-HN 

CO-N 

Backbone couplings 
B0 

q 

I 

S 

Chapitre 2

- 58 -

Figure 23 : Information structurale des couplages dipolaires résiduels mesurés dans un motif
chiral (Figure mise à disposition par Martin Blackledge).

2.2.3 Utilisation des couplages dipolaires pour une étude structurale et

dynamique

Le premier aspect intéressant des couplages dipolaires résiduels est la possibilité de les

utiliser d’une manière directe pour évaluer l'exactitude d’une structure. Si la structure est très

précise, les couplages dipolaires résiduels sont en bon accord avec cette dernière. Pour évaluer

cet accord, on doit tout d’abord déterminer le tenseur d’alignement. Ensuite, la comparaison

entre couplages dipolaires résiduels mesurés et couplages dipolaires résiduels calculés sur la

structure nous donne une évaluation directe de la qualité de la structure (Cornilescu et al.,

1998).

Les premières applications des couplages dipolaires résiduels ont consisté à introduire

ces nouvelles contraintes dans les calculs de structure par RMN afin d’en améliorer la qualité

(Tjandra et al., 1997; Clore et al., 1999; Mueller et al., 2000a), et en particulier d’améliorer

l’ordre à longue portée des structures allongées comme les acides nucléiques (Sibille et al.,
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RDCs Measurement 

3D HNCO type experiments 

RDC = (J+D)anisotrope - Jisotrope 

B0 
q 

I 
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N. Sibille et al. J Am Chem Soc 123: 
12135-46, 2001 

Applications RDCs on Folded Biomolecules 

B0 
q 

I 

S 

Theophylline-Binding RNA 
13C-1H RDCs 

Sulfite Reductase FMN domain 
Ca-Co,N-Hn, and Co-HN RDCs 

N. Sibille et al. Biochemistry, 2002 
N. Sibille et al. Biochemistry 44:9086-95, 2005 

Module Software 

The structural homology 
model was refined using 
the restrained molecular 
dynamics program 
SCULPTOR 
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!  Transversal relaxation time constant T2 
characterizes the lifetime of the signal. 

!  It determines the linewidth of the 
resonances 

!  T2 depends on the magnetic field strength 
B0, the type of spin, the environment of the 
spin, the size of the molecule, the local 
dynamics of the system, the temperature, 
etc.  

Relaxation times T1 and T2 

!  Longitudinal relaxation time constant T1 
characterizes the time it takes to the spin 
system to return to equilibrium. 

!  It determines the interscan delay 
!  T1 depends on the magnetic field strength 

B0, the type of spin, the state of 
neighboring spins, the size of the 
molecule, the local dynamics of the system, 
the temperature, etc.  

τc 
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« Size » and lifetime of the signal T1 

0 ppm 2 4 6 8 10 

amide 

aliphatic 

water 

Playing with T1 : BEST experiments (Lescop et al, J. Magn. Reson. (2007) 187, 163) 
BEST-type experiments Band-SelectiveExcitationShort-Transient Experiments 
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NMR - Spatial and Time scales are highly intermingled 

Global correlation time τc (size)  

“Small” globular 
Protein / domain 

“large” size globular 
proteins or 
complexes 

Linewidth 

solubilized membrane 
proteins 

+ Local Rotational fluctuation timescale 
+ density of relaxation sources 

FID 

FT + conformational/chemical exchange  

“medium” size  
globular proteins 

“medium” size  
complexes 

Δ13Arf6-GTP T=298K pH=7.2

ppm

6.57.07.58.08.59.09.510.010.5 ppm

100

105

110

115

120

125

130

Δ13Arf6-GDP T=298K pH=7.2

δ1
5 N
(p
pm

)

δ1H(ppm)



Nathalie Sibille - RéNaFoBis 2015 

NMR - Spatial and Time scales are highly intermingled 

Δ13Arf6-GTP T=298K pH=7.2
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+ conformational/chemical exchange  

Figure 7

+GTP

Arf1-GDP Δ17Arf1-GDP Δ17Arf1-GTPΔArf1-GTP 

Insight into the role of dynamics in the 
conformational switch of the small GTP-
binding protein Arf1 
Vanessa Buosi, Jean-Pierre Placial, Jean-Louis 
Leroy, Jacqueline Cherfils, Éric Guittet and 
Carine van Heijenoort* 
JBC 2010 
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« Size » and exchange 

!  Processes that are on the spectral timescale (�s-ms range) affect the appearance 
of the spectra 

!  These processes generally correspond to conformational /chemical exchange 

!  The effects on spectra depend on the relative values of kex=��/2 (�ex= 2/��) 

! One talk of  slow or fast exchange at the chemical shift timescale 
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« Size » and exchange 

!  “Fast” exchange : �� 
 kex 
 � One peak at � = pA.�A + pB.�B  
 � Rex � B0

2 

 
!  “Intermediate” exchange : �� 	 kex 

 � One or several broadened peaks 
 � Rex � B0 

 
!  “Slow” exchange : ��� kex  

 � Several peaks 
 � Rex independent of B0 
 � Rex(B)�kBA=pA.kex ;   
 � Rex(A)�kAB=pB.kex 

Exchange regime: 

Exchange   Broadening 

A B 
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413 Retinoic Acid Receptors

Current Structural View of RAR-Coregulator Interactions

Overall Structure of the RAR Ligand-Binding Domain

Similar to all other NRs, the LBD of RARs is organized as an antiparallel α-helical 
sandwich with 12 conserved helices arranged in three layers with a β-turn (S1 and S2) 
situated between helices H5 and H6 [25, 36, 37, 41, 64]. Helices H4, H5, H8, H9 and 
H11 are sandwiched between H1, H2 and H3 on one side and H6, H7 and H10 on 
the other side (Fig. 3.3). In contrast, H12 is flexible and can adopt various conforma-
tions depending on the ligation state. This LBD architecture generates a ligand-binding 
pocket (LBP) primarily made up of hydrophobic residues that are present in helices 
H3, H5, H11 and the β-sheet segment (Fig. 3.3). Crystallographic studies have revealed 
that bound ligands, such as all-trans-retinoic acid (RA), are stabilized in the RAR LBP 
through extensive van der Waals contacts and a network of ionic and hydrogen bonds 
between the carboxylate moiety of RA, a conserved arginine in H5, and water molecules 
[7, 42, 64]. The shape of the LBP matches the volume of the ligand, maximizing the 
hydrophobic contacts and contributing to the selectivity of ligand binding [22, 36, 37].

Fig. 3.2  Corepressor and coactivator receptor interaction motifs. a Amino acid sequence align-
ment of the NR boxes present in two coactivators, SRC-1 and TIF-2. b Amino acid sequence 
alignment of the three CoRNR motifs of the two corepressors, SMRT and N-CoR. Residues of 
the consensus motifs are highlighted. Secondary-structure (Sec. str.) elements as observed in the 
crystal structures are indicated

Coll. A LeMaire, P Germain, W Bourguet (CBS) 

TGIR Gif sur Yvette 

210 peaks over 269 

RXR RAR 
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« Size » and exchange 

!  “Fast” exchange : �� 
 kex 
 � One peak at � = pA.�A + pB.�B  
 � Rex � B0

2 
!  “Intermediate” exchange : �� 	 kex 

 � One or several broadened peaks 
 � Rex � B0 

!  “Slow” exchange : ��� kex  
 � Several peaks 
 � Rex independent of B0 
 � Rex(B)�kBA=pA.kex ;   
 � Rex(A)�kAB=pB.kex 

Exchange regime 
Case of unequal populations: 

pA � pB � Rex(B) � Rex(A) 

 The minor peak can be undetectable 
even in a slow exchange regime. 

Experiments to characterize 
thermodynamics, kinetics and structural 
parameters of the exchange when only 

one peaks is observed ? 
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« Size » and exchange 

Table 8), the six relevant rates, kij, are extracted. Best fit values for kEB,
kBE are ,0.1 s21 (Supplementary Fig. 5), and F-test analyses establish
that there is no difference in the quality of the fits when these rates are
set to zero, indicating that binding to the excited state does not occur. By
contrast, kGB 5 11.6 6 0.3 s21 and kBG 5 17.4 6 0.4 s21, so that ligand
binding proceeds via the ground state. The mechanism by which this
occurs is not at present known, but it must involve excursions of the
ground state to additional conformations, presumably on a timescale
faster than those that are accessible to the dispersion experiments
described here.

Whereas the G113A mutation shifts the fractional population of the
excited state from approximately 3% to 34%, we were interested in
perturbing the equilibrium still further. The R119P substitution is
predicted by Rosetta to further favour the excited state because the
X-ray structure of the L99A ground state9 is incompatible with a Pro at
position 119 due to steric clashes involving an Hd proton and the C9 of
Thr 115. Consistent with this prediction, the 1H–15N HSQC spectrum
of G113A,R119P,L99A T4L contains a single set of peaks (Supplemen-
tary Fig. 6) at resonance positions identical to those of the invisible,
excited state of L99A that were determined by relaxation dispersion
measurements (Supplementary Fig. 7). Further relaxation dispersion
experiments recorded on the triple mutant established that the dom-
inant conformer in solution, corresponding to the ligand inaccessible
state (Supplementary Table 6), interconverts with a minor state con-
former whose structure is that of the L99A ground state (Sup-
plementary Fig. 8) (population of 3.8 6 0.1%, kex 5 806 6 28 s21,
1 uC). Thus, the pair of mutations G113A,R119P inverts the popula-
tions of ground and excited states relative to L99A T4L.

This population inversion, rendering the ligand-inaccessible state
the major conformer, allows an additional test of the structure of the
invisible L99A T4L excited state. Quantitative J-based scalar coupling
experiments22 recorded on L99A,G113A,R119P T4L confirm that the
x1 rotamer state for Phe 114 is trans, as observed in the CS-Rosetta
based structure of the excited state (Supplementary Fig. 9, Sup-
plementary Table 9, see above). By contrast, similar experiments

recorded on the ground state of L99A T4L are consistent only with a
gauche2 conformation, as expected from the X-ray structure9. The
trans x1 rotameric state for Phe 114 is a novel feature of the L99A T4L
excited state and L99A,G113A,R119P T4L. In a G113A variant T4L, as
examined here but where Leu is retained at position 99, a gauche2
conformation is observed23 for Phe 114; a trans x1 angle would lead to
steric clashes with Leu 99 (Supplementary Fig. 10).

The L99A mutation in T4L creates an energy landscape in which a
low-lying excited state is transiently populated. We have shown that
this invisible, excited state has different functional properties from the
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Figure 3 | Hydrophobic ligands do not bind the excited state of L99A T4L.
a, Selected region of the 1H–15N correlation map from a magnetization
exchange experiment recorded on L99A,G113A T4L at 1 uC, showing separate
peaks for the ground (G) and excited (E) states. A pair of data sets are obtained,
with the mixing time (TMIX 5 50 ms) recorded before or after the 15N chemical
shift evolution period, and the data sets subtracted so that diagonal- (cross-)
peaks are positive (negative)30. b, Correlation between DvN values measured
directly from the spectrum in a (y axis) and corresponding values from CPMG

relaxation dispersion measurements of L99A T4L (25 uC; x axis).
c, Magnetization exchange spectrum (TMIX 5 40 ms) recorded on an
L99A,G113A T4L sample with a 1:1 molar equivalent of benzene, focusing on
Met 102 that shows well resolved correlations from ground, excited and
benzene-bound (B) states. d, Intensity of auto- and cross-peaks for residue
Met 102 from magnetization exchange experiments recorded as a function of
TMIX (red circles), along with the best fit of the data (solid lines) to the exchange
model of e. Values of rates of exchange, kij, are indicated.
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!  transiently formed and marginally populated (less than a few per cent of the 
total number of molecules) cannot be individually characterized by most 
biophysical tools.  

!  present the atomic-level model of the ‘invisible’, excited state obtained using a 
combined strategy of relaxation-dispersion NMR and CS- Rosetta model 
building  

!  rationalizes the observation that T4 lysozyme mutant binding to its hydrophobis 
ligand occurs only via the ground state  



Nathalie Sibille - RéNaFoBis 2015 

Global correlation time τc (size)  

“Small” globular 
Protein / domain 

“large” size globular 
proteins or 
complexes 

Linewidth 

solubilized membrane 
proteins 

+ Local Rotational fluctuation timescale 
+ density of relaxation sources 

C
H

CSA

DD

TROSY, high fields 

Labelling, Deuteration 

FID 

FT + conformational/chemical exchange  

“medium” size  
globular proteins 

“medium” size  
complexes 

NMR - Spatial and Time scales are highly intermingled 

medium size 
and large  

IDPs 
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« Size » and disorder 

Unfolded protein 

45.9 kDa 

Folded protein 

18 kDa 

1H

Tau

15N

1H

15N

PIN1

1H
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!  IDPs lack stable tertiary and/or secondary structure 

!   Very specific amino-acid sequences… Rich in non-structuring residues and 
depleted in hydrophobic residues 
  

!  IDPs are more common in eukaryotes than in bacteria and archaea: Probably 
linked with their major biological complexity. 

!  Up to ~30-50% of genome in eukaryotic cells is predicted to  code for natively 
disordered fragments (more that 30 residue fragments) 

! Ordered and disordered proteins are associated to distinct biological functions 

!  Possibility to interact with several partners. Hubs in the interactome 

!  Involved in cancer, cardiovascular and neurodegenerative diseases 
Amino Acid composition 

  #   % 
Gly  49  11.4 
Ser  45  10.2  
Lys  44  10.0 
Pro  43    9.8 
Ala  34   7.7 

Tau Size : 441 amino acids  
------------------------ 
     5 aa  = 50% !!! 
Reputation : unstructured 
 

What is an IDP ? 
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Processes linked with  
ORDER 

Processes linked with  
DISORDER 

Xie et al. J Prot Res 2007, 6, 1882. 

!  Up to 80% of proteins involved in cancer are (partly) Unstructured: p53, BRCA1…  
!  Unfolded regions are targets for chemical modifications, PPI, and alternative splicing 

!  Misfolding, fibrillation… are often linked to disorder: Prions, Aβ, Tau, α-synuclein (?) 

Both Ordered and Disordered 
regions are associated with distinct 

functions 
 

Disordered Proteins complement 
the functions of ordered protein 

regions 

Disorder and Biological Activity 
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Historical Background  

The « Golden rule » of proteins… 
 • SEQUENCE => 3D STRUCTURE => FUNCTION 
 • plasticity of proteins around a defined 3D structure 

The « lock and key » concept 
 • SEQUENCE => ONE 3D STRUCTURE => FUNCTION 
 • Fisher (1884) : enzyme and glucoside have to fit to each other to exert a chemical effect 
 • Mirsky and Pauling (1936) : specific properties of native proteins, uniquely defined conf 
 • Structures of proteins by X-Ray Cristallography (1960 ->) :  

The « induced fit » concept 
 • SEQUENCE => ONE MEAN 3D STRUCTURE => localized motions => Selection of 
�the� productive conformation for FUNCTION. Adaptation to a partner 
 • Karush (1950) : �configurational adaptibitily� 
 • Koshland (1958) : �induced fit� 
 • Plasticity of proteins around a well defined 3D-structure 
 • Switch between several well defined structures (multi-domain proteins, allosteric motions) 

Functional disorder in proteins 
 • SEQUENCE => DISORDERED STATE => Folding upon interaction to a target 
 • Missing electron density in X Ray structures (1978) 
 • Flexibility shown by NMR. Relation between motions and NMR spin relaxation (1960) 
 • Fully unfolded functional proteins revealed by NMR (Kriwacki et al 1996 PNAS) 
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!  Increased interaction surface area 
!  Accessible to post-translational modifications 
!  Structural adaptability to interact with several targets 

!  Fine tuning of the thermodynamic 
properties of the complex 

!  ID Regions restrict the space sampled by 
folded domains in multidomain proteins 

The Importance of Being Unfolded 
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!   Is our protein an IDP ? 

!   Conformational Nature of the Unfolded state 

!   Is there some degree of structuration. Where and which kind?   

 Linked to recognition events 

!   Are there long-range contacts in the protein ?  

 Size properties of the ensemble. Highly relevant in Multidomain Proteins 

!   Are there structural changes upon environmental or chemical modifications?   

 Effect of Post-translational Modifications 

!   Time-scale of protein motions 

!   How the recognition process of the natural partners takes place? 

Structural Characterization of IDPs 
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IDPs explore an astronomical number of 
conformations that we assume are in fast 

equilibrium 

Normally averaged properties are measured. Ensemble 
approaches have to be used for their interpretation 

Flexible Proteins, a Challenge for Structural Biology 
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AVERAGED 

CS, RDCs, J-couplings, NOEs, PREs 
SAXS, Hydrodynamic data, EPR 

!  The ensemble is underdetermined 
 Cross-validation or simplification of the structural model are required 

!  Structural content of the ensemble depends on the information (experimental 
data) introduced… 
 Residue-specific data � local conformation 
 Overall data � size and shape 

Flexible Proteins, a Challenge for Structural Biology 
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!   Bioinformatics     
 Identification of disordered/ordered regions 

!   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

!   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

! Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
!   X-ray Crystallography    

 Structure determination in the bound form 

Is our protein an IDP 
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Is there some degree of structuration ? 

Linked to functional events 

Where and which kind ? 

Microscopie Electronique 

Neuronal protein involved in tubulin polymerization into microtubules 
 

Tau aggregation " Alzheimer disease 

UGSF – Lille – Equipe Lippens 
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BioInformatics 

Predictors of disordered/ordered regions 

metaPrDOS integrates the results of different prediction methods 
seven predictors: PrDOS (Ishida and Kinoshita, 2007), DISOPRED2 (Ward et al., 2004), DisEMBL (Linding et 
al., 2003), DISPROT (VSL2P) (Peng et al., 2006), DISpro (Cheng et al., 2005), IUpred (Dosztanyi et al., 2005b) 
and POODLE-S (Shimizu et al., 2007)     

Mimer of phosphorylations effect : S/T by E  
P P P P

"DisProt: the Database of Disordered Proteins" Nucleic Acids Res. 2007 Jan;35 
(Database issue):D786-93. Epub 2006 Dec 1.  
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Circular Dichroism 

Partial/Global Information 

!  random coil polymer : broad minimum at 
195-200 nm 

!  less pronounced minimum at 200 nm 
suggesting a reduced random coil 
contribution 

!  positive at 212 nm (p -> p*) 
!  negative at 195 nm (n -> p*) 

!  negative at 218 nm (p -> p*) 
!  positive at 196 nm (n -> p*) 

!  positive (p -> p*) at 192 nm 
!  negative (p -> p*) at 209 nm  
!  negative (n -> p*) at 222 nm 

Low level of secondary structure 
θ220/θ200 
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SAXS/SANS 

Qualitative interpretation of averaged Intensity Profiles 

• folded 

• unfolded 

• folded and unfolded 

Guinier 

Rg , Molecular Weight Mass Density 

Kratky P(r) 

1D-Structure 
Maximum Distance 
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NMR 

1H 

15N 

Neuronal protein Tau of 441 residues = 45.9 kDa 

!  Each active nucleus can be 
identified 

!  Isotopic labelling is necessary but 
not deuteration 
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600 MHz 800 MHz 900 MHz 

15N 

1H 

Sensitivity and Resolution 

NMR 
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T231 peptide : 
KKVAVVR TPPKSPSSAK 
 
 
Non labeled, 5mM in 300ml  
Regular TXI probe : 1.5 days 
Cryoprobe : 4 hours 
 
Assign peptide with TOCSY/NOESY 

A227 

R230 K224 V229 

K225 

V228 

V226 
K234 

S235 S237 

A239 Random coil = samples identical  
phase space as the aa in small peptide 

Tau protein peptide mapping 

Peptide mapping 
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1H-15N-HSQC of the specifically [U-13C, Lys-15N] labeled Tau sample 

Tau protein pairwise assignment 15N Lys 

N. Sibille et al. Biochemistry 45(41):12560-72, 2006 

Specific labeling 
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Are there Structural changes upon chemical modifications ? 

Effect of Post-translational Modifications 

Even with recombinant kinases, mass 
spectrometry and immunodetection are 
not evident for determining the full 
phosphorylation pattern in a qualitative 
and quantitative manner. 
 
!  MS: highly charged phospho-peptide 

!  Immunodetection by antibodies is equally 
limited by the requirement of a 
comprehensive antibody library against all 
possible epitopes and by the absence of a 
fully phosphorylated standard for every 
combination of sites in order to quantify the 
level of phosphorylation 
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NMR is Qualitative and Quantitative 

"  In vitro phosphorylation by recombinant kinases: Identification and quantification 

  

8,8 ppm 

SRSRTPSLPSPPTR  

8,8 ppm 

SRSRpTPpSLPpSPPTR 

pThr 212 

pSer 214 

pSer 217 
15N 

1H 

15N 

1H 

What sites? and to what extent? 

Thr 212 

Ser 214 
Ser 217 
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PKA from Prof. Langer/Schwalbe, Frankfurt, Germany 

Phosphorylated residues assignment 
(triple resonance NMR 

experiments) 

Kinetic of Phosphorylation 

cAMP protein dependant kinase PKA 

15 min 60 min 

180 min 300 min 

Sequential kinetic 

pSer214 

pSer324 pSer208 

pSer416 pSer409 

pSer356 

Landrieu I, Lacosse L, Leroy A, Wieruszeski JM, Trivelli X, Sillen A, N. Sibille, Schwalbe H, Saxena K, Langer T, Lippens G. NMR 
analysis of a Tau phosphorylation pattern.  J Am Chem Soc  128:3575-83, 2006 

15N 

1H 
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Phosphorylation and physiological function 
PKA phosphorylation (pSer214): modulation of tau binding to MTs and 

dynamic of tubulin polymerization 

G. Lippens, A. Sillen, I. Landrieu, L. Amniai, N. Sibille, P. Barbier, A. Leroy, X. Hanoulle, J.-M. Wieruszeski. 
Tau Aggregation in Alzheimer’s Disease. What Role for Phosphorylation? Prion 1:1, 21-25, 2007 

PKA enzymatic reaction of 
15 min 

100%
pSer 
214 

Tau 

pTau 

Tubuline polymerization 

Affinity 

Tau   : Kd 20 nM, n=0.5   

FRET 
Tau-acrylodan and W of MTs 1 µM 

Tau 

acrylodan 
Trp 

 microtubules 
stabilisées 

taxol 

?? 

λexc = 295 nm# λ#em = 480 nm ? 

pTau : Kd 2.3 µM 
n=0.4   

Light Scat. Ex. 350 nm, Em. 363 nm  
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•  protéines destructurées ⇒ couplages négatifs le long de la chaîne primaire. 
•  RDC de plus grande amplitude ⇒ structure plus étendue que le reste de la protéine destructurée 

•  RDC négatifs ⇒ vecteurs NH ⊥ à l’axe z du tenseur d’alignement (B0), soit une structure en feuillet b 

•  changement de signe soudain des RDC ⇒ boucle ou β-turn ou des hélices α (Louhivouri et al, 2004) 

RDC in Disordered States 
B0 
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Disordered and Extended Regions α-Hellical Regions 

Negative RDCs Positive RDCs 

RDC in Disordered States 
B0 

q 

I 

S 
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Phosphorylation and priming 

Cyclin dependant kinase (CDK2) / cyclin A3 (CycA3) 

AT180 

CDK2/CycA3 
(J. Endicott, Cambridge) 

ppm

8.99.09.19.29.39.49.5 ppm

120.0

121.0

122.0

123.0

pT231 

pS235(T231) 

pS235(pT231) 
15N 

1H 

Cdk2/CycA3 
Cdk5/p25 + GSK3b 
Cdk5/p25 

Sengupta et al. 1997 
  

"  Specific phospho-epitope Alzheimer disease (AT180) 

Landrieu I, Leroy A, Smet-Nocca C, Huvent I, Amniai L, Hamdane M, Sibille N, Buée L, Wieruszeski JM, Lippens G. (2010) 
Nuclear Magnetic Resonance Spectroscopy of the neuronal Tau protein: normal func­tion and implication in Alzheimer’s 
disease. Mini-review Biochem Soc Trans. 38(4):1006-11.  
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Phosphorylation and pathological role 

 

"  Are there Structural changes upon chemical modifications ? 

"  NMR characterization 
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Turbidité de 5.1 µM de  tubuline/1.7 µM  de Tau ou 
pTau à 37 °C 

Glycérol 3.4 M, NaPi 20 mM, MgCl2 10 mM, EGTA 1 
mM, pH 6.48, 0.01 mM GTP   

(Preuss et al. 1997 ; Goode et al. 1997)  
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KD microtubules / Tau = 14 nM 
KD microtubules / pTau = 11 nM 
KD microtubules / K18 = 300 nM 

Résultats thèse Laziza Amniai 

Light Scat. Ex. 350 nm, Em. 363 nm  FRET of acrylodan-labeled Tau   
(Ex. 420 nm, Em. 480 nm 

microtubules, 1 µM) 

 Phospho-epitope AT180 (pT231, pSer235): ability of Tau to bind MTs and its 
inability to polymerize tubuline 
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Sibille 
et al. 
Proteins 
(2012) 
80, 
454-462  

Is there some degree of structuration ? 

Linked to 
recognition 

events 

Here linked 
to a loss of 

function 

W
here and w

hich kind ? 
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Chemical shift CA 

Residual dipolar coupling 

Local structuration, short range impact 

Chemical shift CA 

Residual dipolar coupling 

Non Phospho 
Phospho 

Is there some degree of structuration ? 

Sibille et al. Proteins (2012) 80, 454-462  
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Dynamic dependant parameters 

• Paramagnetic Relaxation 
Enhancement (PRE) 

6

1

OHr
PRE ∝

 • Cysteines Proxylation 

•  PROXYL : (1-oxy-2,2,5,5-tetramethyl-D- 
pyrroline-3-methyl)-iodoacetamine) 

 
•  NO* (paramagnetic)  
+ VitC = NO (diamagnetic)  

•  Use of a unique sample 
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Global Structuration: Long Range Impact 

mutant : 
S208/T245C/S322 

Is there some transient long range structuration ? 

Forme para I 

Forme dia I0 
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Is there some transient long range structuration ? 

Marco D. Mukrasch, Stefan Bibow, Jegannath Korukottu, Sadasivam Jeganathan, Jacek Biernat, Christian 
Griesinger, Eckhard Mandelkow, Markus Zweckstetter* (2009) Structural Polymorphism of 441-Residue Tau at 
Single Residue Resolution  
PLoS Biology, 7(2), 399 

the flexibility of the protein in solution [37]. For the N-
terminal domain up to residue 170, R1q rates were below 4.7
Hz with an average value of 3.8 Hz (Figure 6), indicating that
this part of tau is highly mobile. In the proline-rich region P2,
the R1q values increased and reached a maximum of 5.2 Hz
for S235, indicating increased rigidity. The observed max-
imum is part of the 232Pro-Ala239 stretch that transiently
populates polyproline II helical conformations, suggesting
this forms a more periodic and less flexible structure.
Similarly, we also observed R1q spin relaxation rates above
4.7 Hz for many residues that belong to elements of transient
b-structure in the repeat domain (see above): Ile277, Asn279,
and Leu282 (in R2), 309Val-Lys321 (in R3), and 343Lys-Lys353 (in
R4). The largest R1q rates were detected for 370Lys-Lys395 in
the region downstream of the repeat domain.

RDCs are not only excellent probes for structure, but are
also sensitive to motions from picoseconds to milliseconds
[38]. The large H-N RDC values, which were observed in the
repeat domain (Figure 4), arise from locally more extended

conformations that at the same time increase the rigidity of
this region. Interestingly, R1q relaxation rates are not elevated
in the proline-rich domain P1, whereas H-N RDCs in this
region are a factor of two or more larger than for residues 1–
140. This suggests that proline residues restrict the mobility
of the backbone in the time window between the global
correlation time of the protein and 50 ls that is invisible to
NMR relaxation measurements.

Global Folding of Soluble Tau
To study the global folding of htau40, we employed

paramagnetic relaxation enhancement (PRE) of NMR signals
[39]. The primary sequence of htau40 contains two cysteines
(C291 and C322) that provide convenient attachment points
for the nitroxide radical (1-oxy-2,2,5,5-tetramethyl-D-pyrro-
line-3-methyl)-methanethiosulfonate (MTSL). In addition,
five different mutants, which harbour only a single cysteine
in the projection domain (A15C or A72C), in the proline-rich
region (A239C), or near the C terminus (A384C or A416C),
were constructed and labelled with MTSL. Figure 7 shows the
PRE profile (ratio of NMR signal intensities in the para-
magnetic and diamagnetic state) of the amide protons of
htau40 for the six different MTSL-labelled htau40 samples.
For a fully extended chain, the NMR signal intensities in the
paramagnetic and diamagnetic state should be identical for
residues that are more than ten to 15 residues away from the
position of the spin label. Thus, if htau40 would be a fully
extended chain most residues will show a PRE intensity ratio
of one. In clear contrast, we observed for many residues far
from the site of spin-labelling PRE intensity ratios below one,
indicative of transient long-range contacts between the spin-
label and distant areas of sequence (Figure 7). When the spin
label was attached to position 15, intensity ratios of
approximately 0.8 were observed in the proline-rich domain
P2 (residues 200–240) as well as residues downstream of P2
(residues 130–200) and residues in the repeat region up to
residue 330 (Figure 7A). A transient long-range interaction

Figure 7. PRE of Amide Protons in Spin-Labelled Tau

(A–F) PRE profiles of amide protons in spin-labelled htau40. wt htau40 and five single-cysteine mutants (A15C, A72C, A239C, A384C, and A416C) were
labelled with MTSL at residue (A) 15, (B) 72, (C) 239, (D) 291 and 322, (E) 384, and (F) 416. Intensity ratios were averaged over a three-residue window.
Decreases in peak intensity ratios that occur far from the site of spin-labelling (.10 residues) are indicative of long-range contacts (,25 Å) between the
spin-label and distant areas of sequence.
doi:10.1371/journal.pbio.1000034.g007

Figure 6. Intrinsic Flexibility of Tau

Plot of 15N R1q spin relaxation rates along the amino acid sequence. High
R1q rates reflect increased rigidity on a pico- to nanosecond time scale
and are mostly found in regions that transiently populate extended
structures (b-structure or polyproline II helix).
doi:10.1371/journal.pbio.1000034.g006
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Conformations of 441-Residue Tau

htau40 is a highly dynamic protein and many conforma-
tions are in agreement with the experimental PRE profiles
(Figure 8A). To extract long-range interactions that occur in
many of the calculated structures, we determined all Ca

distances in each structure and averaged the resulting contact
map over the ensemble of structures (Figure 8B). Thus, dark
spots in the contact map shown in Figure 8B indicate
conserved intramolecular interactions. In detail, the follow-
ing structural properties of htau40 were revealed: (i) The N-
terminal 50 residues favour a compact conformation, as
indicated by strong contacts within the residue stretch 1–20
and from this region to residues 30–50 (lower left corner in
Figure 8B). (ii) The N-terminal 50 residues contact the C-
terminal domain, as indicated by the contacts between
residues 1–50 and residues 380–400 and seen in the PRE
profile of C384-MTSL htau40 (Figure 7E). (iii) Inserts I1 and
I2 fold back onto each other, as indicated by the short
antidiagonal crossing the diagonal of the contact map at
approximately the boundary between I1 and I2. (iv) Residues
113–124 interact with the N-terminal end of I1 (residues E45–
D74). (v) The region separating I2 from the proline-rich
region has a high propensity for compaction. (vi) Large
regions of the N-terminal domain interact with the proline-
rich region P2 and repeats R1 to R3. (vii) Residue stretches in
the proline-rich domains, which transiently assume polypro-
line II helical conformations, are in contact. (viii) The
proline-rich regions P1 and P2 interact with the hexapeptide
in repeat R3. (iv) Repeats R1 and R2 assume compact
conformations, favoured by the presence of turns in this
region [19]. (v) Repeats R3 and R4 contact the C-terminal
domain.

Dependence of Long-Range Contacts on Ionic Strength
and Urea

To obtain insight into the nature of the long-range
interactions observed in htau40, we performed NMR diffu-
sion measurements in 50 mM phosphate buffer as well as in
the presence of 600 mM NaCl and 8 M urea. NMR diffusion

experiments allow estimation of the hydrodynamic radius of
a protein in solution and therefore allow a global assessment
of intramolecular long-range interactions [43]. For htau40 in
buffer, the diffusion properties indicate a hydrodynamic
radius of 54 Å (Figure 9A). Taking into account that for
natively unfolded proteins the radius of gyration (Rg) is about
1.2 to 1.5 times larger than the hydrodynamic radius [44], this
is consistent with an Rg value of 65 Å of htau40 as determined
by SAXS [26]. In the presence of 600 mM NaCl the
hydrodynamic radius of htau40 was increased to 57 Å, and
in the presence of 8 M urea further to 64 Å (Figure 9A). In
agreement with the increased hydrodynamic radius values,
PRE-broadening between the spin label attached to residue
239 and the N-terminal domain was strongly reduced when
the ionic strength was raised to 600 mM NaCl (Figure 9B).

Interaction of Tau with MTs
The binding of htau40 to MTs was characterized using

NMR chemical shift perturbation in 2-D 1H-15N HSQC
spectra. As shown previously, taxol-stabilized MTs are stable
at 5 8C for several hours, sufficient for the time course of the
NMR experiment [16]. Upon addition of taxol stabilized MTs
to monomeric htau40 a nonuniform reduction of signal
intensities in a 1H-15N HSQC of htau40 was observed (Figure
10A and 10B). The broadening is caused by an exchange of
tau molecules between the free and the MT-bound state that
is intermediate on the NMR time scale. Strong signal
broadening was observed for residues in the proline-rich
region P2 and in repeats R1 to R3. For residues 214 to 241 in
P2, signal intensities were reduced to below 70%. Within this
region two minima were present, comprising residues Leu215

and 225KVAVVRT231 (Figure 10D). In the unbound state,
224KKVAVVR230 preferentially populate b-structure, whereas
the two neighbouring residue stretches (216PTPPTREP223 and
232PPKSPSSA239) have a propensity for polyproline II helix
(Figure 3G). In P1, 170RIPAKTPPAPKT181 showed a more
pronounced broadening than other residues (Figure 10D).
Interestingly, part of this stretch preferentially populates

Figure 9. Influence of Ionic Strength and Urea on Intramolecular Long-Range Interactions

(A) Hydrodynamic radius values of htau40 in buffer (99.9 % D2O, 50 mM phosphate buffer [pH 6.9]), upon addition of 600 mM NaCl and in the presence
of 8 M urea.
(B) PRE profiles of amide protons in spin-labelled htau40 in buffer (red bars) and in the presence of 600 mM NaCl (blue bars). The single-cysteine mutant
A239C was labelled with MTSL. Intensity ratios were averaged over a three-residue window.
doi:10.1371/journal.pbio.1000034.g009
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Conformations of 441-Residue Tau
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Phosphorylation and internal dynamic 

Figure Philippe Barthe 

Philippe Barthe, Christian Roumestand, Marc J. Canova, Laurnt Kremer, Corinne Hurand, Virginie Molle and Martin Cohen-Gonsaud, “Dynamic 
and Structural Characterization of a Bacterial FHA Protein Reveals a New Autoinhibition Mechanism”. Structure 17, 568-578 (2009). 

hetNOE (1H->15N) is easy to measure and 
gives qualitative information about the local 
flexibility of 1H-15N bounds in 100 ps range. 
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Structure determination of the bound form 

S214 
T377 

15N 

1H 

Delimitate the bound region to the partner 

NMR spectra of free form (54 kDa) (5mM) and 

bound form (TeraDalton) (20mM) 

To X-Ray Crystallography 
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G261 

T377 

•  Localisation des régions intégrées 

dans le corps des fibres PHF 

Rapport des intensités des spectres HSQC de Tau libre en 
solution et de Tau intégré dans les fibres PHF 

•  Modèle 

Aggregation 

274V Q  I  I  N K K L D L S N V286 

Margittai et Langen, PNAS, 2004 

441 1 E2 E3 E10 

R1  R2  R3  R4 N-ter C-ter 

N. Sibille et al. Biochemistry 45(41):12560-72, 2006 Sillen et al., Chembiochem 2005 
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Résultats thèse Anthony Daccache 

Aggregation 
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HA-N experiments for the backbone assignment of intrinsically disordered neuronal Tau proteins at 
physiological temperature 

Carte 1Ha-N attribuée issue de la 3D HACAN à pD 
6.8 et à 37°C sur le spectromètre 900 MHz 

 

"  NMR experiments adapted for 

physiological condition of Tau aggregation  

"  in vitro aggregation kinetic with anti 

aggregative drugs 

293 °K 
310 °K 

Aggregation and drug design 
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$  a 12 kDa nuclear protein that acts as a regulator of  DNA repair 
$  It binds PCNA (DNA clamp) through its conserved PIP-BOX 
$  is over-expressed in several types of  human cancer 
$  Targeted for degradation by the ubiquitin ligase APC through its 

conserved KEN-BOX. 

PCNA 

Col. Francisco Blanco (CIC-BioGune-Bilbao) 

p15PAF a PCNA-Binding Protein 
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B A 

figure2_MALLS_CD.pptx

The far-UV CD profile and backbone 
amide 1H chemical shifts as seen in 
the 1H-15N HSQC spectrum are 
consistent with a predominantly 
Random Coil protein.  

198 

CD spectrum 
HSQC 

p15PAF is an IDP 



Nathalie Sibille - RéNaFoBis 2015 

$  Disorder prediction is consistent with p15 being largely 
unstructured, with the exception of  residues of  the highly 
conserved PIP-box motif. 

$  p15 shows several relatively short T2 values, that correspond to 
sequences with reduced predicted disorder.   

p15PAF is an IDP … but not everywhere 
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Disordered but, according to the RDCs, it 
presents several sites with partial structuration 
 
FM Random Coil model helps in identifying the 
nature of the structural elements observed 

100,000 RC structures with FM 
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p15PAF is an IDP with partial Structuration at Interaction Sites 

De Biasio A, Ibáñez de Opakua A, Cordeiro TN, Villate M, Merino N, Sibille N, Lelli M, Diercks T, Bernadó P, Blanco FJ. 
p15PAF is an intrinsically disordered protein with nonrandom structural preferences at sites of interaction with 

other proteins. Biophys J. 2014 Feb 18;106(4):865-74 
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Interaction of p15PAF with PCNA 

De Biasio et al. Nature Comm. 2015 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  p15 binding site on PCNA determined by (A) NMR or (B) X-ray crystallography 
 
Surface representation of PCNA colored in pale green. Residues of PCNA involved in the binding interface 
with (A) full length p15 determined by NMR (i.e. residues with relative TROSY peak intensity lower than 
the average value minus one standard deviation) or with (B) p1550-77 determined in the X-ray structure 
(using the tool PDBePISA at http://ebi.ac.uk) are colored in red. In (A), PCNA residues whose NMR 
assignment is ambiguous or prolines are colored in gray. In all structures the p1550-77 peptide is shown in 
blue with the ribbon representation and in (A) a fragment of the disordered N- and C- terminal extensions is 
depicted as a discontinous line. An additional peptide molecule was added to the third unoccupied site on 
PCNA in accordance with the stoichiometry in solution determined by ITC.  Structures on the right are 
generated by a 180° rotation of the structures on the left about the indicated axis. 
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$  Mapping of p15 binding on PCNA by NMR 
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PCNA$

P1551-71 

Crystallographic Structure of p15PAF with PCNA 

 

PDB:4D2G 
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100,000 atomic Models of 
PCNA:p15PAF were built 

with Flexible-Meccano  

A 3D Model of the PCNA:p15PAF Complex 
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Figure C van Heijenoort 
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NMR steps of a Structural Biology Study 


