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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) Proc. Natl. Acad. Sci. U. S. A. 94, 12366–12371 
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« 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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New restraints in NMR for « large » proteins 

²   Fully protonated protein ²   Deuterated protein (only 1HN) 
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²  Classical method : NOE 1H-1H 

²  Ambigous NOEs restraints 

²  New approach : residual dipolar 
couplings (RDC) 

²  RDC  non ambigous 
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Special interest of methyls : 
o   well dispersed throughout the primary structures and localized in hydrophobic core 
o   favorable transversal relaxation property of CH3 (sensitivity gains) 
o   high sensitivity due to the presence of 3 equivalent protons 

Towards high molecular weight complexes 

➫ Archaeon proteasome methyl assignment (20S CP, 670kDa) 
➫ Methyl groups with concerted millisecond-timescale motions  



Nathalie	
  Sibille	
  –	
  RéNaFoBis–	
  	
  06/06/2018	
  

NMR - Spatial and Time scales are highly intermingled 

Global correlation time tc (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–	
  	
  06/06/2018	
  

NMR - Spatial and Time scales are highly intermingled 

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)

+ conformational /
chemical exchange  

Figure 7

+GTP

Arf1-GDP Δ17Arf1-GDP Δ17Arf1-GTPDArf1-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 

20 l’actualité chimique - mars 2017 - n° 416

Recherche et développement

une méthode dite de saturation-récupération. Le signal du
proton HN est d’abord supprimé par une impulsion sélective
de longue durée qui donne lieu à une égalisation des popu-
lations (appelée « saturation »). Cela peut se faire sans affec-
ter les protons de l’eau de façon appréciable. Ainsi, les pro-
tons de l’eau constituent un très grand réservoir d’aimantation
nucléaire. Après un délai variable qui permet la récupération
partielle de l’aimantation des protons HN, une deuxième
impulsion appliquée à la fréquence de ces protons HN permet
d’exciter une aimantation transversale observable. La récu-
pération de l’aimantation des protons HN se produit à un taux
qui est donné par la somme de leur vitesse de relaxation
longitudinale R1 = 1/T1 et de leur taux d’échange chimique k
avec les protons de l’eau. Ces mesures ont été complétées
par la détermination des largeurs de raies (∆ω = k + R2).
Ceci a permis de mesurer des vitesses d’échange jusqu’à
quelques 102 s-1 sur une gamme de pH allant de 2,5 à 6,5.

Il a fallu attendre 1999 pour que Skrynnikov et Ernst mon-
trent qu’un « ordre à deux spins » impliquant les noyaux 1H
et 15N (formellement représenté par un produit 2 HzNz de
deux opérateurs de moment angulaire) se dissipe si les deux
spins en question sont physiquement séparés [12]. Il en
résulte une « décorrélation par l’échange » qui donne lieu à
une décroissance de l’ordre à deux spins. La vitesse de cette
décroissance peut être exploitée pour déterminer la vitesse
d’échange, ce qui fut démontré pour le tryptophane. Cela a
permis de déterminer des vitesses avec une précision plus
grande. Cependant, la plage des vitesses mesurées n’a pas
pu être élargie par rapport aux travaux de Waelder et Redfield.

Dans un effort de recherche qui a commencé en 2006 au
sein de notre équipe à l’École normale supérieure (ENS), nous
avons développé une méthode qui nous permet de mesurer
des vitesses allant jusqu’à 105 s-1. Nous avons montré dans
une série de quatre articles que la RMN pouvait offrir une
méthode de choix pour mesurer la vitesse d’échange des
protons amides HN d’un acide aminé, qu’il soit isolé ou qu’il
soit au sein d’une protéine, avec les protons de l’eau H2O
du solvant [18-21].

Théorie
Considérons à titre d’exemple le tryptophane, l’acide

aminé que nous avons utilisé dans notre première étude [18].
Un échange peut avoir lieu entre un proton HN du cycle
indole et un proton de l’eau H2O. L’échange chimique
implique que certains noyaux changent d’environnement.
Comme les environnements de ces protons sont différents,
leurs fréquences de résonance, en l’occurrence δ(HN) et
δ(H2O), sont également différentes. Cela a d’importantes
répercussions sur l’observation des spectres RMN où la
cinétique de l’échange est déterminante. Sous un régime
d’échange lent, on observe deux pics de résonance distincts
à leurs fréquences caractéristiques νA et νB car le temps de
résidence du proton sur chaque site est plus grand que
l’inverse de la différence δν = νA - νB des fréquences carac-
téristiques. Si la vitesse de l’échange augmente, la diminu-
tion de la durée de vie de chaque état provoque d’abord un
élargissement des raies qui est donné par ∆ν = k/π, puis un
rapprochement des signaux jusqu’à leur coalescence. La
coalescence se produit lorsque k = πδν/√2 ≈ 2,2 δν. Tant que
k < 2,2 δν, on parle d’échange lent et on observe deux réso-
nances distinctes. Dès que k > 2,2 δν, on parle d’échange
rapide et on n’observe qu’une seule résonance à une
moyenne pondérée par les concentrations du solvant et de
l’acide aminé δobs = pAδA + (1 - pA)δB, où pA et (1 - pA) sont

les populations des deux environnements. Dans le régime
d’échange rapide, il y a une contribution à la largeur de la raie
moyennée ∆ν = π(νA - νB)2/2 k. Ainsi, plus la réaction est
rapide, plus la raie spectrale est fine. Quand le spectre n’est
pas trop encombré, l’analyse de la forme des raies permet
de déterminer des vitesses d’échange k comparables à la
différence ∆δ = δ(HN) - δ(H2O), soit environ 2 ppm, ou 800 Hz
(k = 800 s-1) dans un spectromètre RMN de routine
fonctionnant à 400 MHz.

Dans le cas des protons HN de groupes amine ou amide
dont l’azote est enrichi en 15N, il existe un couplage
1J(1H,15N). De ce fait, si l’échange est lent, si k << 1J(1H,15N),
on observe un doublet sur le spectre de RMN du 15N. Mais
si l’échange est rapide, si k >> 1J(1H,15N), le proton ne
séjourne pas assez longtemps sur l’atome d’azote pour qu’on
puisse observer un doublet dû au couplage 1J(1H,15N)
(figure 1). Si un proton de l’acide aminé échange avec une
vitesse d’échange k avec un proton de l’eau, ce dernier a une
probabilité de 50 % de se trouver dans un état α (m = + 1/2)
et 50 % dans un état β (m = - 1/2). En moyenne, le proton
change donc d’état une fois sur deux. Pour la résonance de
l’azote, cela implique un échange entre les deux lignes du
doublet avec une vitesse d’échange k/2. Une situation
différente se présente si le proton H+ a été remplacé par un
deutérium D+. Dans ce cas, nous observons un triplet à la
place d’un doublet car le deutérium possède un spin I = 1 et
peut adopter trois nombres quantiques magnétiques m = - 1,
0 ou + 1. En fait, dans le cas d’un noyau azote-15 couplé à
un proton, la situation est analogue à un échange entre
deux sites, tandis que pour un noyau azote-15 couplé à un
deutérium, il y a un échange entre trois sites.

La vitesse d’échange dépend de la température et du pH
de la solution [22]. L’échange avec l’eau peut se faire par
l’intermédiaire de H3O+, de H2O ou de OH-, si bien que
la vitesse globale est déterminée par trois constantes
d’échange et trois concentrations différentes :

k = kH3O+[H3O+] + kH2O[H2O] + kOH-[OH-]

où kH3O+, kH2O et kOH- sont des constantes de vitesse
d’échange qui dépendent de la température, tandis que les
concentrations dépendent du pH.

Figure 1 - Simulation de spectres de RMN du noyau 15N, couplé soit à
un proton 1H (spin I = ½) (à gauche), soit à un noyau deutérium 2H (spin
I = 1) (à droite). L’hydrogène échange entre deux ou trois environnements
magnétiques. De haut en bas, les vitesses d’échange augmentent et on
peut voir les trois régimes d’échange : l’échange lent quand on voit le
multiplet, l’échange intermédiaire quand les pics sont élargis si bien
qu’on peine à distinguer le multiplet, et l’échange rapide quand on
observe une raie unique. Tous les spectres ont été normalisés pour que
le pic le plus intense apparaisse à la même hauteur. En réalité, les
signaux élargis sont beaucoup plus faibles en intensité car les intégrales
sont constantes.
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moyennée ∆ν = π(νA - νB)2/2 k. Ainsi, plus la réaction est
rapide, plus la raie spectrale est fine. Quand le spectre n’est
pas trop encombré, l’analyse de la forme des raies permet
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différence ∆δ = δ(HN) - δ(H2O), soit environ 2 ppm, ou 800 Hz
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on observe un doublet sur le spectre de RMN du 15N. Mais
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séjourne pas assez longtemps sur l’atome d’azote pour qu’on
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vitesse d’échange k avec un proton de l’eau, ce dernier a une
probabilité de 50 % de se trouver dans un état α (m = + 1/2)
et 50 % dans un état β (m = - 1/2). En moyenne, le proton
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place d’un doublet car le deutérium possède un spin I = 1 et
peut adopter trois nombres quantiques magnétiques m = - 1,
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Figure 1 - Simulation de spectres de RMN du noyau 15N, couplé soit à
un proton 1H (spin I = ½) (à gauche), soit à un noyau deutérium 2H (spin
I = 1) (à droite). L’hydrogène échange entre deux ou trois environnements
magnétiques. De haut en bas, les vitesses d’échange augmentent et on
peut voir les trois régimes d’échange : l’échange lent quand on voit le
multiplet, l’échange intermédiaire quand les pics sont élargis si bien
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observe une raie unique. Tous les spectres ont été normalisés pour que
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doublet avec une vitesse d’échange k/2. Une situation
différente se présente si le proton H+ a été remplacé par un
deutérium D+. Dans ce cas, nous observons un triplet à la
place d’un doublet car le deutérium possède un spin I = 1 et
peut adopter trois nombres quantiques magnétiques m = - 1,
0 ou + 1. En fait, dans le cas d’un noyau azote-15 couplé à
un proton, la situation est analogue à un échange entre
deux sites, tandis que pour un noyau azote-15 couplé à un
deutérium, il y a un échange entre trois sites.

La vitesse d’échange dépend de la température et du pH
de la solution [22]. L’échange avec l’eau peut se faire par
l’intermédiaire de H3O+, de H2O ou de OH-, si bien que
la vitesse globale est déterminée par trois constantes
d’échange et trois concentrations différentes :

k = kH3O+[H3O+] + kH2O[H2O] + kOH-[OH-]

où kH3O+, kH2O et kOH- sont des constantes de vitesse
d’échange qui dépendent de la température, tandis que les
concentrations dépendent du pH.

Figure 1 - Simulation de spectres de RMN du noyau 15N, couplé soit à
un proton 1H (spin I = ½) (à gauche), soit à un noyau deutérium 2H (spin
I = 1) (à droite). L’hydrogène échange entre deux ou trois environnements
magnétiques. De haut en bas, les vitesses d’échange augmentent et on
peut voir les trois régimes d’échange : l’échange lent quand on voit le
multiplet, l’échange intermédiaire quand les pics sont élargis si bien
qu’on peine à distinguer le multiplet, et l’échange rapide quand on
observe une raie unique. Tous les spectres ont été normalisés pour que
le pic le plus intense apparaisse à la même hauteur. En réalité, les
signaux élargis sont beaucoup plus faibles en intensité car les intégrales
sont constantes.

“Fast”  
exchange  

“Intermediate”  
exchange  

“Slow”  
exchange  
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« Size » and disorder 

Unfolded protein 

29 kDa 

Folded protein 

15 kDa 

and misfolding.16−18 However, direct experimental detection of
these states remains extremely challenging.
Some of the most useful experimental approaches for detect-

ing and characterizing folding intermediates in detail are based
on NMR spectroscopy. For example, relaxation dispersion
techniques have afforded detailed structural descriptions of
excited states in exchange with the native state with a prob-
ability of 1% or greater.19−21 Hydrogen/deuterium (H/D)
exchange experiments can bring to light excited states that are
populated with less than 0.1% probability and have allowed
detection of early H-bond disruption in unfolding.22−24 Coupling
NMR to high pressure has provided additional insight. For
example, pressure-dependent H/D exchange revealed the sub-
domain organization of proteins such as apocytochrome b562,
where different pressure sensitivities were detected for the three
folding units.25 Low-lying conformational substates in the
folded state manifold of several globular proteins26−31 have
been detected by measurement of HSQC spectra at subdenaturing
pressures. Indeed, pressure perturbation can reveal conformational
states on the (un)folding landscape of proteins that are obscured
by heating or chemical denaturation. This is because pressure
effects depend upon the presence and magnitude of solvent-
excluded voids heterogeneously distributed throughout the folded
conformations of proteins,8 in contrast to temperature or chemical
denaturants, which act globally in proportion to the change in the
degree of exposure of surface area upon unfolding. Finally, site-
specific mutational studies have long been used to establish the
relationships between sequence, structure, stability, and folding
mechanisms. In particular, substitution with Ala has been used
to decipher the role of side-chain packing on global protein
stability32−34 as well as structural properties of the transition
state and folding pathways.35

In the present work we combined pressure and cavity crea-
tion mutational perturbations with NMR spectroscopy to probe
the structural determinants of the folding free energy landscape
of SNase. In particular, we carried out high-pressure NMR ex-
periments as a function of denaturant concentration on the
Δ+PHS+I92A (I92A) and Δ+PHS+L125A (L125A) cavity con-
taining variants relative to the Δ+PHS protein and to the true
wild-type (WT) SNase. The highly stable Δ+PHS variant bears
stabilizing substitutions in the C-terminal helix (G50F, V51N,

P117G, H124L, and S128A), and a deletion of the mobile Ω
loop (residues 44−49), which is part of the active site. We note
that the energetic foldon description of SNase4 is likely to be
similar but not exactly the same for Δ+PHS, which is more
stable than the WT SNase by ∼7 kcal/mol.36

WT SNase exhibited nearly ideal two-state pressure-induced
unfolding. Nonetheless, the multiple NMR observables combined
with pressure denaturation allowed the detection at equilibrium of
a small population of the major unfolding intermediate of SNase
exhibiting a folded central core and disorder in the C-terminal
helix. A combination of pressure-dependent H/D exchange and
NMR-detected high-pressure unfolding showed that the mutations
used to engineer Δ+PHS accentuate the inherent subdomain
organization of SNase, significantly stabilizing this major inter-
mediate relative to the WT.
As reported recently,36 the structural, energetic, and dynamic

consequences on the native state ensemble of the two alanine
substitutions, I92A and L125A, in the reference Δ+PHS
protein differ markedly despite equivalent folding stabilities
(ΔGf = 7.9 ± 0.3 and 8.1 ± 0.1 kcal/mol for I92A and L125A,
respectively).36 While the L125A substitution, in the C-terminal
helix (foldon 3 or SubD2), leads to a local structural rearrange-
ment of the folded state in solution, the I92A substitution, in β5
(foldon 2 or SubD1), mainly increases the probability of
populating higher energy conformers36 in the folded state basin.
Here we demonstrate that these two cavity-creating substitu-
tions have profoundly contrasted consequences on the folding
free energy landscape as well. The L125A substitution retained
the major intermediate and promoted the appearance of an
additional excited state with disorder in the N-terminus, but
otherwise decreased landscape heterogeneity with respect to
the Δ+PHS background protein. In contrast, the I92A variant
exhibited significant disruption of the energetic hierarchy of
states on its folding landscape and the population of a large
number of intermediates involving disorder in regions across
the entire structure of the protein. Nondenaturing concen-
trations of guanidinium hydrochloride (GuHCl) led to sup-
pression of the major intermediate in pressure unfolding for
Δ+PHS and L125A. However, whereas in the case of Δ+PHS
denaturant led to a general stabilization of other intermediates
involving the rest of the protein, the destabilization of the in-
teractions between subdomains in L125A resulted in a GuHCl-
dependent smoothing of the folding landscape. Denaturant
modified the relative stabilities of the multiple intermediates in
I92A but did not significantly alter the degree of complexity of
the landscape. Hence, the cooperativity of folding is relatively
robust to a substitution in a region of SNase already implicated
in a partially folded intermediate, but an energetically equivalent
substitution in a highly unfrustrated region leads to a breakdown
in cooperative folding.

■ MATERIALS AND METHODS
Protein Purification. The highly stable Δ+PHS form of

SNase and the cavity-creating variants were expressed and
purified as described previously.37 Uniform 15N labeling was
obtained from overexpression of recombinant protein in E. coli
grown in M9 medium containing 15NH4Cl as the sole nitrogen
source, as described for SNase previously.38

High-Pressure Unfolding. Uniformly 15N-labeled protein
samples were dissolved at 1 mM concentration in 10 mM Tris
buffer at pH 7. 10% of D2O was added for the lock procedure.
In all experiments, the 1H carrier was centered on the water
resonance and a WATERGATE sequence39,40 was incorporated

Figure 1. (A) Crystal structure of Δ+PHS SNase (3BDC) with the
secondary elements labeled. The subdomain organization in Δ+PHS34
is indicated as follows: SubD1 consisting of the first 96 residues that
form a 5-stranded β-barrel (β1−β5) and an abutting α-helix (α1)
(blue), IntD (cyan) (α helix 2, residues 99−105, and a mini-β-sheet,
residues 39−40 and 110−111), and SubD2 (α helix 3), spanning
residues 122−134 (green). The location of Ile 92 and Leu 125 is
indicated with red spheres. (B) Foldon organization according to25

foldon I (orange, β1−β4 + α1), foldon II (red, β5 + α2),
and foldon III (yellow, α3). The location of Ile 92 and Leu 125 is
indicated with green spheres.

Biochemistry Article

dx.doi.org/10.1021/bi301071z | Biochemistry 2012, 51, 9535−95469536
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What is an IDP ? 

Chem. Rev. 2014 vol 114 

²  IDPs lack stable tertiary and/or secondary structure 

²  IDPs are more common in eukaryotes than in bacteria and archaea: Probably linked with 

their major biological complexity… Up to ~30-50% of genome  

²  Very specific amino acid sequences rich in P G R K and E, and depleted on hydrophobic 

residues 

²  IDPs are the target of the vast majority of PTM: Phosphorylation, Glycosylation… 

²  Interactome hubs are enriched in disordered regions 

²  Partner recognition of IDPs is normally performed through short linear motifs (SLiMs) that 

are embedded in disordered poorly conserved regions  
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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 

²  The ensemble is underdetermined 
 Cross-validation or simplification of the structural model are required 

²  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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²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

²   Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
²   X-ray Crystallography    

 Structure determination in the bound form 

Is our protein an IDP ? 
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²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

²   Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
²   X-ray Crystallography    

 Structure determination in the bound form 

Is our protein an IDP ? 
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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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BioInformatics 

²    Other predictors of disordered/ordered regions 
²  the meta-predictor PONDR-FIT (http://disorder.compbio. iupui.edu/pondr-fit.php) 

that combines the results of six different methods (PONDR-VLXT, PONDR-VSL2, 
PONDR-VL3, FoldIndex, IUPred, and TopIDP)  

²  PrDOS http://prdos.hgc.jp a structure-based method 
²  SPOT-disorder http://sparks-lab.org/server/ SPOT-disorder/ based on a window-

based neural network (SPINE-D) 
²  DISOPRED3 (http://bioinf.cs.ucl.ac.uk/psipred/) that combines three machine 

learning models: support vector machine, neural network and nearest neighbor 

²   Secondary structure predictions 
²  PSIPRED v3.3 http://bioinf.cs.ucl.ac.uk/psipred/  

²  Jpred http://www.compbio.dundee.ac.uk/jpred4   

²  SOPMA https://npsa-prabi.ibcp.fr/NPSA/npsa_sopma.html 

²  alpha- turns predictor  ALPHAPRED crdd.osdd.net/raghava/alphapred/ 

²  PSSpred https://zhanglab.ccmb.med.umich.edu/PSSpred/  

²   Sequence conservation 
²  GREMLIN (Generative Regularized ModeLs of proteINs) software  
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Is our protein an IDP ? 

²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

²   Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
²   X-ray Crystallography    

 Structure determination in the bound form 
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Circular Dichroism 

Partial/Global Information 

²  random coil polymer : broad minimum at 195-200 nm 

²  less pronounced minimum at 200 nm suggesting a 
reduced random coil contribution 

²  positive at 212 nm (p -> p*) 
²  negative at 195 nm (n -> p*) 

²  negative at 218 nm (p -> p*) 
²  positive at 196 nm (n -> p*) 

²  positive (p -> p*) at 192 nm 
²  negative (p -> p*) at 209 nm  
²  negative (n -> p*) at 222 nm 

Low level of secondary structure 
θ220/θ200 
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Is our protein an IDP ? 

²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

²   Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
²   X-ray Crystallography    

 Structure determination in the bound form 
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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 

Rg = (2.54 ± 0.01)·N(0.522 ± 0.01)    

Flory’s equation was parametrized 
for IDPs  
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Is our protein an IDP ? 

²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 
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 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
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 Structure determination in the bound form 
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Sensitivity and Resolution 

NMR 

700 MHz NCoR (269 aa) 

950 MHz TGIR Gif-sur-Yvette 700 MHz CBS Montpellier 

950 MHz 
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Chemical Shifts 

Secondary structure 
elements 
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Paramagnetic Relaxation Enhancement  

Transient long-range contacts 

NMR is rich in structural information 
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Chemical Shift Index 

²    Classical database (1994) 
Wishart et al J Biomol NMR 5 (1995) 67-81 :  

Based on Ac-GGX(A/P)GG-NH2 peptides database 
Proline correction factor on preceding residues of ~ 2 ppm on Ca 

²   Schwarzinger database (2001) 
“Sequence-Dependent Correction of Random Coil NMR Chemical Shifts” by S. 

Schwarzinger, et al. J. Am. Chem. Soc. 2001, 123, 2970-2978 
Ac-G-G-X-G-G-NH2 

Not representative for the other residue types & in 8 M urea pH 2.3  
 

²   Kjaergaard database (2011) 
Random coil chemical shifts for intrinsically disordered proteins: Effects of temperature 

and pH. Kjaergaard, et al. (2011) J. Biomol. NMR 49(2):139-49 
Ac-QQXQQ-NH2  

Sample temperature (Celsius)  and pH  corrections, using GGXGG-based neighbor 
correction for glycines & corrections for perdeuterated protein  

 

²   Tamiola database : ncIDP (2010) 
neighbor corrected Intrinsically Disordered Protein Library calculated according to 

Tamiola, Acar, Mulder (2009) tables 
IDPs, (POTENCI > 100 IDPs) 
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Scalar couplings 

Karplus Law and Φ 

Alpha 
helix 

Beta 
strand 

Random 
coil 

• 3JHNHA Random Coil Values : Schwarzinger j biomol nmr 18 (2000) 43-48 

• 3JHNHA librairy : https://spin.niddk.nih.gov/bax/nmrserver/rc_3Jhnha/  

 Shen, Y, Roche, J, Grishaev, A, Bax, A (2018) Prediction of nearest neighbor effects 
on backbone torsion angles and NMR scalar coupling constants in disordered 
proteins. Protein Sci 27(1):146-158 

PPII 
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Residual Dipolar Couplings 

Tjandra, N.; Bax, A. Science, 1997, 278, 1111-1114. 

Orientational information in an anisotropic medium 

Steric Interactions:  
 Alcohol mixture, gels, cellulose crystallites 

  
Electrostatic Interactions:  

 Phage (Pf1), purple membranes, bicelles 

²   Isotropic medium :  
  scalar coupling = J 

²   Anisotropic medium : 
  apparent splitting of the doublet  = J + DIS 

 => Dipolar Interactions non averaged to zero 

 Geometrical dependency of RDCs : 
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Dynamic dependant parameters 
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pyrroline-3-methyl)-iodoacetamine) 
 
 
 
 

 
•  MTSL : (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) 

 
 
 
 
•  NO* (paramagnetic)  
+ VitC = NO (diamagnetic)  
•  Use of a unique sample 

),(
6

22

2 isc
eS f

r
R τττ

γγ
∝

658=
H

e

γ
γ

Paramagnetic Relaxation Enhancement 

Effective radius  ~20 Å 

! 

" 

# 

$ 

NO(C291) 200 uM 

+ 5mM de vitamine C 

Forme para I : 

Forme dia I0: 



Nathalie	
  Sibille	
  –	
  RéNaFoBis–	
  	
  06/06/2018	
  

Is our protein an IDP ? 

²   Bioinformatics     
 Identification of disordered/ordered regions 

²   Biophysical characterization: CD, FTIR, FRET, hydrodynamics  

 Partial Information 

 

²   Small-Angle X-ray Scattering (SAXS)/Small-Angle neutron Scattering (SANS)    

 Averaged Intensity profiles...  

 Qualitative Interpretation of averaged Rg and Kratky Plots 

 

²   Nuclear Magnetic Resonance (NMR)    

 Ensemble averaged observables: CS, J-Couplings and RDCs 

 Dynamic dependent Parameters: Relaxation Rates and PREs  
 
²   X-ray Crystallography    

 Structure determination in the bound form 
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To X Ray cristallography 

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) 
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p15PAF a PCNA-Binding Protein 

DNA 
polymerase 

Sliding 
DNA clamp 

PCNA 

ü  PCNA is a trimeric ring that can 
accommodate a DNA duplex through 
its central channel 

PCNA 

ü  PCNA acts as a processivity factor 
for DNA polymerase ε 

P15 

ü  P15 acts as a regulator of DNA 
repair 

ü  is over-expressed in several types 
of human cancer 

ü  It binds PCNA through its PIP-BOX 
ü  Targeted for degradation by the 

ubiquitin ligase APC through its 
conserved KEN-BOX. 

Col. Francisco Blanco (CIC-BioGune-Bilbao) 
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p15PAF	
  is	
  an	
  IDP	
  …	
  

B A 

figure2_MALLS_CD.pptx

CD	
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  2014	
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ü  Disorder prediction is consistent with p15 being largely unstructured, 
with the exception of residues of the highly conserved PIP-box motif. 

ü  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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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 

ü  Mapping of PCNA binding on p15 
(12 kDa) by NMR 
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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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ü  Mapping of p15 binding on PCNA 
(86 kDa, 15N/2H) by NMR 

of free PCNA had disappeared (due to signal attenuation below
the noise level or untraceable shifting; Supplementary Fig. 3). CSP
projection onto the PCNA structure (Supplementary Fig. 4)
reveals that binding of all p15 constructs except the core fragment
p1559–70 affects residues not only within the PIP-box-binding site
on the front-face, but also on the inner side of the ring.

Structure of the p15–PCNA complex. Our attempts to co-
crystallize p15 and PCNA were unsuccessful and were most likely
hampered by the long flexible p15 termini. In contrast, truncated
p1550–77 co-crystallized with PCNA and diffracted up to 2.65 Å
resolution (Table 1). Surprisingly, p1550–77 was found bound to
only two of the three PCNA protomers (Fig. 2a), while calori-
metry indicated 1:1 stoichiometry and the degenerate NMR
spectrum of PCNA showed equivalence of all three protomers
both in the absence and presence of p15. This discrepancy arises
from the crystal packing, where a symmetry-related PCNA
molecule occludes the peptide binding site on one protomer
(Supplementary Fig. 5). Residues N51-L71 of p1550–77 are well
defined in the crystal structure (Supplementary Fig. 6), although
the side chains of N51, R70 and L71 could not be reliably
modelled (Fig. 2b). The backbone conformation of the two bound
peptides is very similar (Ca root mean squared deviation¼ 0.32 Å),
while the electron density map is better defined for chain D

(as named in the Protein Data Bank deposited coordinate file),
which is therefore used for the structure discussion hereafter.

The PIP-box residues of p1550–77 bind to the same groove on
the front-face of the PCNA ring as the p21 PIP-box peptide7. The
side chain of Q62 is hydrogen bonded to PCNA-A252 and, via a
water molecule, to PCNA-A208; residues I65-F67 form a short
310 helix, and the conserved hydrophobic trident formed by I65,
F68 and F69 inserts into the hydrophobic cleft across the N- and
C-terminal domains of the PCNA protomer (Fig. 2c). Contrary to
p21, the residues C-terminal to the p1550–77 PIP-box do not form
a stable intermolecular anti-parallel b-strand with the IDCL of
PCNA. Yet the major structural difference to p21 and other
PCNA-bound ligands involves residues N-terminal to the
p1550–77 PIP-box and concerns both the peptide conformation
and the interaction surface on PCNA. Residues P59-Q62 form a
type-I b-turn that reverses the peptide chain direction and sets
the N-terminal residues N51-T58 to contact the inner surface of
the PCNA ring where they are anchored to a groove between
PCNA helices aA2 and aB2 through a network of intermolecular
contacts, including five direct and three water-mediated hydrogen
bonds (Fig. 2c and Supplementary Fig. 7). Contrarily, in the
crystal structures of other PIP-box peptides only a few of the
residues N-terminal to the PIP-box are visible, and those seen
adopt a different conformation directing the chain away from the
PCNA surface (Fig. 2d).

8.6 8.4 8.2 8.0

δ-1H (p.p.m.)

125

120

115

110

Y47

A48

G49
G50

N51
V53

T58

W61

Q62

K63

G64

I65

G66

E67
F68

F69

R70

S72

C54

R14

K15
L71

D75
E44

δ-
15

N
 (

p.
p.

m
.)

p15
p15–PCNA

10 9 8 7

a b d

e

f

c

130

125

120

115

110

105

δ-1H (p.p.m.)

δ-
15

N
 (

p.
p.

m
.)

PCNA
PCNA–p15

Molar ratio p15 residue number

Q
 p

er
 m

ol
 o

f i
nj

ec
ta

nt
 (

kc
al

 m
ol

–1
)

C
S

P
N

H
 (p

.p
.m

.)
R

2 
(s–

1 )
H

N
C

O
 in

te
ns

ity
 (

A
U

)

15

20

10

5

0

20

10

0

30

0.00

0.02

0.04

0.06

0.08

20 40 60 80 100

20 40 60 80 100

20 40 60 80 100

10

–25

–20

–15

–10

–5

0

2 3 4 5

1.04 ± 0.01
0.93 ± 0.01

5.56 ± 0.03
1.1 ± 0.1

NKd (µM)Protein

p15
p1550–77

Figure 1 | The central region of p15 directly binds PCNA with low micromolar affinity. (a) Overlay of 1H-15N HSQC spectra of p15 (backbone
amide region) in the absence (black) or presence (red) of PCNA at 1:4.2 molar ratio. Signals with strong intensity reduction on binding are labelled.
(b) Overlay of 1H-15N TROSY spectra of PCNA in the absence (black) or presence (red) of p15 at 1:3.3 molar ratio. (c) ITC curves of p15 (black) and
p1550–77 (green) binding to PCNA at 25 !C. The curves were fitted to the experimental data (squares) assuming 1:1 binding at equivalent sites of the
PCNA trimer. (d) NMR signal intensities from the 3D HNCO spectrum of p15 in the absence (black) or presence (red) of PCNA. Absolute errors in
intensities are less than 0.2% of the largest intensity in each spectrum. (e) Transverse 15N R2 relaxation rates of p15 in the absence (black) or presence
(red) of PCNA measured at 25 !C and 101.4 MHz. (f) CSP of p15 backbone amide signals (weighted average for 1HN and 15N) caused by the presence of
PCNA. Dotted and dashed lines indicate the experimental error and average CSP plus one s.d., respectively.
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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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Electron Microscopy 

down the linear diffusion of PCNA along the DNA (Fig. 6c).
Since the mean diffusion coefficient of human PCNA sliding
along dsDNA is D¼ 1.16 mm2 s" 1, unrestrained PCNA would
diffuse by several hundred bp in a few ms40.

The E. coli b-clamp binds DNA with nanomolar affinity and
has a coefficient of diffusion on DNA that is two orders of
magnitude lower than for human PCNA41. The processivity
subunit of the herpes simplex virus DNA polymerase UL42
likewise has nanomolar affinity for DNA, which is remarkably
high for a sequence-independent DNA-binding protein42, while
the interaction of S. cerevisiae PCNA with DNA is very weak27.
This comparison suggests a loss in DNA affinity during the
evolution of DNA-sliding clamps, with a concomitant gain in
processivity that implies faster diffusion along the DNA. In
higher organisms, p15 might help to regulate the sliding velocity
of PCNA, and this p15 function may be required for the DNA

damage response to prevent rapid drift of PCNA at stalled
replication forks between DNA polymerase swapping events.
Interestingly, a fraction of PCNA-bound p15 is ubiquitylated at
K15 and K24 during normal S-phase progression and is
selectively degraded by the proteasome after ultraviolet
irradiation11. The affinity of p15 for DNA would likely be
reduced by ubiquitylation of these lysines in the p15 N-terminal
region that primarily interacts with the DNA, as it removes
positive charges and introduces steric hindrance. Thus, ultraviolet
irradiation would shift the equilibrium from ubiquitylated to
non-ubiquitylated PCNA-bound p15 that is more competent for
DNA binding, and the switch from the replicative polymerases
(like Pold) to TLS polymerases (like PolZ) could be facilitated.
Our proposed model for p15-modulated PCNA sliding along
the DNA could in future be validated by single-molecule
experiments40.
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Figure 5 | DNA-binding activity of p15. (a) Fluorescence polarization of 50 nM fluorescein-labelled flapped DNA in the presence of increasing
concentrations of different p15 constructs, PCNA, or a 1:3 (molar ratio) mixture of p15 and PCNA. Measurements (filled circles) were averaged over three
independent experiments, with the s.d. indicated by the error bars, and fitted to a binding model assuming 1:1 stoichiometry (lines). (b) Fluorescence
polarization of flapped DNA in the presence of 6 mM p15 (black) or 124mM p1550–77 (red), and increasing PCNA concentration. Data analysis was done as
in a. (c) Overlay of 1H-15N HSQC spectra (backbone amide region) of p15 alone (black), in the presence of dsDNA (red) and in the presence of both dsDNA
and PCNA (blue). The three samples contained low salt buffer. (d) CSP of p15 backbone amide signals caused by dsDNA binding in low salt buffer. Dotted
and dashed lines indicate the experimental error and average CSP plus one s.d., respectively. The amino acid sequence of p15 is indicated above the plot.
Residues with positive charge are coloured blue, negative red and neutral grey. All data were measured at 25 !C.
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The PIP-box/PCNA interaction is a promising target for cancer
therapeutics43,44. Yet, PCNA directs fundamental DNA-
templated processes, and targeting its common interaction site
for so many different PIP-box proteins might cause unspecific
cytotoxicity. Our studies reveal that p15 exhibits a so-far unique
binding mode among PIP-box proteins in which residues
N-terminal to the PIP-box contribute importantly by binding
on the inside of the PCNA ring. Targeting this novel interaction
might provide an avenue to inhibitors with high selectivity for the
oncogenic p15.

Methods
Clones and proteins. Human PCNA (UniProt: P12004) was produced in E. coli
BL21(DE3) cells grown in appropriate culture media to obtain protein with natural
isotopic abundance or uniform enrichment using a clone with N-terminal His6-tag
and PreScission protease cleavage site in a pET-derived plasmid. For NMR
samples, the protein was purified from the soluble fraction by Co2þ -affinity
chromatography, cleaved by PreScission protease, and polished by gel filtration
chromatography45. The NMR sample buffer was PBS (137 mM NaCl, 2.7 mM KCl,
10 mM sodium phosphate, 2 mM potassium phosphate) pH 7.0. All columns and
chromatography systems were from GE Healthcare. Protein elution was monitored
by absorbance at 280 nm and confirmed by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). The purified protein contained the extra sequence
GSH at the N-terminus. The PCNA sample for crystallization was obtained by
introducing two additional purification steps. The sample cleaved with PreScission
protease was dialysed against 50 mM sodium acetate pH 5.5, 100 mM NaCl. After
separation of some precipitated material, the solution was loaded on a HiTrap
Heparin HP column equilibrated with the same buffer. After column washing, the
protein was eluted with a 0–100% gradient of 50 mM sodium acetate pH 5.5, 2 M
NaCl in 20 column volumes (CV). The protein-containing fractions of the major
peak were dialysed against 20 mM Tris-HCl buffer pH 7.6, 150 mM NaCl and
injected into a HiTrap Chelating HP column loaded with Co2þ cations to remove
uncleaved PCNA. The flow-through was loaded on a HiTrap Q Sepharose column
and eluted with a 0–60% gradient of 20 mM Tris-HCl pH 7.6, 1 M NaCl in 5 CV.
The protein-containing fractions were concentrated and polished using a Superdex

200 26/60 column equilibrated with PBS, pH 7.0, and then exchanged into the
crystallization buffer (20 mM Tris-HCl, pH 7.5, 10% glycerol, 2 mM dithiothreitol
(DTT)) using a PD10 column. Stock solutions in PBS or crystallization buffer were
flash-frozen in liquid nitrogen and stored at " 80 !C. The protein concentrations
were measured by absorbance at 280 nm using the extinction coefficient calculated
from the amino acid composition (15,930 M" 1 cm" 1). All indicated
concentrations of PCNA samples refer to protomer concentrations.

Human p15 (Uniprot: Q15004) was produced using E. coli BL21(DE3) cells
grown in the appropriate culture media and purified by three sequential
chromatographic separations: anion exchange, reverse phase, and cation
exchange17. This purified protein does not contain any extraneous residue, but
mass spectrometry showed that it lacks the initial methionine. The gene encoding
the p15 mutant with residues 2–31 deleted (p15DN) was generated using the
QuikChange Site-Directed Mutagenesis Kit (Agilent). The p15DN–pET11d
construct was introduced in E. coli BL21(DE3) cells and grown at 37 !C until
OD600¼ 0.6, when protein expression was induced with 1 mM isopropyl-b-D-
thiogalactoside for 3 h at 37 !C. Cells were harvested and resuspended in lysis
buffer (20 mM Tris, pH 8.0, 1 mM DTT, 1 mM EDTA plus one tablet of the protein
inhibitor cocktail Complete from Roche) and sonicated on ice. Cells were pelleted
by centrifugation at 4 !C at 25,000 r.p.m. for 1 h. After centrifugation, the
supernatant was loaded on a Hiload 26/10 Q Sepharose HP column. The column
was washed with 20 mM Tris, pH 8.0, 1 mM DTT, 1 mM EDTA (Buffer A) and the
protein was eluted with a two-step gradient using buffer A with 2 M NaCl (0–20%
in 0.3 CV and 20–100% in 1 CV). Fractions containing the protein, as seen in
SDS–PAGE, were pooled, diluted three times in buffer A, and loaded on a HiLoad
26/10 SP Sepharose HP column. The protein was eluted with a 0–51% gradient of
buffer B and the fractions containing the protein were concentrated and polished
by gel filtration on a Superdex 75 26/60 column previously equilibrated with PBS,
pH 7.0, 1 mM DTT. Mass spectrometry analysis of the purified material confirmed
the identity of the polypeptide, which lacked the initial methionine of the construct
and contained residues 32–111 of human p15.

Peptides p1550–77 (50GNPVCVRPTPKWQKGIGEFFRLSPKDSE77) and
p1559–70 were purchased from Apeptide Co. For NMR, ITC and fluorescence
polarization measurements, concentrated peptide stock solutions were prepared
dissolving the lyophilized powder in water or in PBS, pH 7.0, and the pH was adjusted
with NaOH, if necessary. For crystallization, the buffer was 20 mM Tris, pH 7.5,
0.5 mM TCEP. The peptide concentration was measured by absorbance at 280 nm
using the extinction coefficient calculated from the amino acid composition.

p15–PCNA

p15–PCNA–DNA

PCNA–DNAPCNA
Polδ

DNA

p15

Ubiquitin

90°

ReplicationReplication

N

N
Ub

Ub

p12

p66
p125

p12
p66

p125

p50p50

C C

Figure 6 | Model of the ternary p15–PCNA–DNA complex. (a) Ribbon plot of PCNA (green), p15 (yellow) and a regular B-form 24 bp DNA duplex (orange
and blue). (b) Electron microscopy pictures of the mixtures with negative staining. Representative areas of digital micrographs are shown at the left,
selected class averages resulting from 2D reference-free alignment at the right (top-, tilted- and side-views from top to bottom). The bars drawn on each of
the three micrographs are 100 nm long. (c) Scheme for a possible arrangement of the PCNA ring sliding along the DNA, with the replication polymerase d
complex bound at the front-face. In this model, one p15 chain traverses the clamp channel, with its N-terminal tail binding the DNA at the back-face of
PCNA. This p15–DNA interaction could be disrupted by p15 ubiquitylation at K15 and K24 occurring during S-phase progression and, thus, modulate PCNA
diffusion along the DNA.
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Figure 6. (A) Lateral view of an ensemble of the 3:3 complex containing five conformations of p15 on each site corresponding to the in-model (left) and
the out-model (right). p15 conformations were colored according the residue number from blue to red. Notice the distinct relative orientation of the N-
and C-termini of p15 and the occlusion of the PCNA ring in the two models that induce the difference in the resulting SAXS curves. (B) Averaged ! 2

values for the Kd screening for the in-model (red line) and the out-model (blue line). (C) Residuals computed for the fitting of the in-model (left) and the
out-model (right) to the experimental SAXS curves at the optimal Kd values for each structural model (Kd = 30 "M for the in-model, and Kd = 50 "M for
the out-model). Residual ranges for each curve span from -4.0 to 4.0 (white and gray bars). The momentum transfer range 0.05 < s < 0.3 Å−1 is displayed
to highlight the systematic deviations encountered for the out-model. Color code for p15 concentrations is the same as in Figure 5, going from low (30 "M)
to high (370 "M) p15 concentration, from bottom to top.

plete dataset was 0.95, and the individual collective ! 2 val-
ues varied between 0.91 and 0.98. All titration points at a
Kd of 30 "M contained non-negligible populations of sev-
eral species, thereby highlighting the complexity of the sys-
tem under study (Figure 5D). The robustness of the de-
rived model was further evaluated by calculating the op-
timal amount of p15 able to reproduce the experimental
curves at the optimal Kd. For each curve, the minimum
found was in excellent agreement with the amount of p15
experimentally added (Figure 5E). Although some curves
displayed a narrow collective ! 2 minimum, others showed
very flat and broad profiles, thereby indicating their reduced
discriminatory capacity. This analysis highlights the power
of the collective analysis of SAXS data to reduce inherent
ambiguities of individual curves.

p15 crosses the PCNA ring

In all the models built for the structural analysis of the
SAXS data for the PCNA–p15 complex, the disordered
N-terminal region of p15 was modeled to cross the ring
and emerge on the back face. This model, which we call
in-model (see Figure 6A), is supported by previous NMR
and X-ray crystallography data (27). However, this model
was not unambiguously proven (see above), and the possi-
bility that the N-terminus of p15 reverses its direction to-
wards the front face of PCNA, which we call out-model (see
Figure 6A), could not be discarded. We used the SAXS
dataset to study this structural feature. The Kd screening
analysis of the SAXS data was repeated but using the av-
eraged curves computed from 800 models for each of the
three complexes (3:1, 3:2 and 3:3), where the N-terminus of
p15 sampled the front face of PCNA. For this out-model,
the overall behavior of collective ! 2 with Kd was equiva-
lent to that of the previously analyzed in-model, with rel-
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Phosphorylation 

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. 

Fig. 1. 
Post-translational protein modifications by NMR. a Schematic outline of exemplary PTM 
distributions and mass spectrometry (MS) analysis via proteolytic peptide fragmentation and 
identification. Note that the different PTM distributions yield identical sets of peptide 
fragments. b Schematic outline of NMR analyses of the same set of PTMs and correct 
identification of the respective PTM distributions. NMR spectra reproduced in reference to 
Liokatis et al. (2012). c Superposition of 2D 1H–15N NMR spectra of unmodified 15N-
labeled histone H3 in vitro (aa1-33, black) and in HeLa cell extracts (red). Simultaneous 
NMR detection of H3 Ser10 phosphorylation and Lys14 acetylation by endogenous cellular 
enzymes. Reproduced from Liokatis et al. (2010). d Quantitative PTM monitoring by time-
resolved NMR spectroscopy. Reproduced from Theillet et al. (2012) and Dose et al. (2011)
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NMR is Qualitative and Quantitative 

è  In vitro phosphorylation by recombinant kinases: Identification and quantification 
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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 
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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 

and noticed that PKA phosphorylation of Tau slows down and
becomes almost sequential, thereby facilitating the identification
of individual resonances. When phosphorylated for 15 min in
these conditions, a single peak (class I) at 9.08/118.7 ppm was
detected, with an intensity close to that of a fully occupied site
(Figures 2 and 3).
This first phosphorylation site was readily identified as

phospho-Ser214, as we noted the concomitant disappearance
of the Ser214 resonance, previously assigned as a rather isolated
resonance in the overcrowded Tau spectrum.31,32 Upon prolong-
ing the phosphorylation reaction for 1 h, two additional

resonances (class II) appeared close to the phospho-Ser214.
After 5 h, a total of 6 resonances are detected in the region of
the spectrum located between 8.8 and 9.2 ppm. The class II
peaks obtained an intensity close to 60%, whereas the last three
(class III) that only appeared after 3 to 5 h of incubation did
not reach more than 20% of full occupation (Figure 3). The
appearance of new resonances corresponding to phosphorylated
serine/threonine residues was correlated with chemical shift
perturbations in the crowded region of Tau resonances, but
previous assignments were not sufficient to unambiguously
assign them.
Identification of the Phosphorylation Sites. A sample of

15N,13C Tau phosphorylated on the six expected phosphorylation
sites was prepared for further assignment through triple reso-
nance spectroscopy. CBCANH and CBCA(CO)NH spectra were
used to identify the nature of every phosphorylated amino acid
and of their preceding residue. Because of its unstructured
nature, random coil carbon NMR shifts had been found to be
generally valid for Tau,31,32 and the same is true for the
phosphorylated protein. On the basis of the observed carbon
chemical shift values (57.9 ( 0.5 ppm for CR, 66.2 ( 0.5 ppm
for C!), we conclude that all the phosphorylated residues
correspond to serines.30 Four of the six phosphorylated Ser have
a glycine at the i - 1 position, whereas the two remaining
phospho-Ser are preceded by a Pro and Leu, respectively (Table
1, Figure 4). Extracting the C! plane centered around 66.2 ppm
from the same CBCA(CO)NH experiment allowed identification
of the amide resonances of the residues that have the phospho-
Ser in the (i - 1) position. As expected, six resonances were
found (Figure 4, green correlation peaks), but the poor resolution
of the carbon dimension combined with extreme spectral
degeneracy, with all phospho-Ser CR and C! carbon frequencies
resonating within 1 ppm, hindered a direct connection of those
residues to their exact neighbor. A 3D HNN experiment26 did
allow connection of the amide cross-peak of the phospho-Ser
residues with the amide nitrogen of the following residue (Figure
4). A triplet of resonances around a phospho-Ser were thus
identified following this scheme and mapped onto the Tau
primary sequence (Table 1).
A fragment of Tau, Tau[163-441]C2S, corresponding to the

sequence between amino acid residues 163 and 441 of full length
Tau 441 and the shortest Tau isoform Tau 352 were phospho-
rylated under the same conditions as full length Tau 441 (data
not shown). The characteristic resonance pattern observed in
both cases, identical to the one observed for full length Tau
441, confirms that all serine residues phosphorylated by PKA
are located in the C-terminal part of Tau but not in the repeat
R2 (Lys274 to Val306). Peak intensity perturbation of the
phospho-Ser neighboring residues was additionally used to
confirm the assignments. For example, the gradual increase of
phospho-Ser416 peak intensity was coupled to a concomitant
decrease of the previously assigned Gly415 resonance intensity.
Phosphorylation of a serine generally shifted the resonances of
its nearest neighbors, but not beyond one or two residues up-
or downstream. A noticeable exception is Ser324 in the third
repeat, whose phosphorylation leads to a small but significant
shift of the Lys317 and Val318 cross-peaks (Figure 4).

(31) Lippens, G.; Wieruszeski, J. M.; Leroy, A.; Smet, C.; Sillen, A.; Buée, L.;
Landrieu, I. ChemBioChem 2004, 5, 73.

(32) Smet, C.; Leroy, A.; Sillen, A.; Wieruszeski, J. M.; Landrieu, I.; Lippens,
G. ChemBioChem 2004, 5, 1639.

Figure 3. (Upper panels) Appearance of the phospho-Ser resonances during
the time course of the Tau phosphorylation reaction by PKA, after 15 min
(upper left), 60 min (upper right), 180 min (lower left), and 300 min (lower
right) of incubation with an enzyme/substrate molar ratio of 0.1 µM:10
µM. The spectra were acquired following buffer exchange and sample
concentration as described in the Experimental Section. (Lower panel)
Integrated peak volumes as a function of the reaction time. (Diamonds)
phospho-Ser214 (I), (stars) phospho-Ser208 (II), (triangles) phospho-Ser324
(II), (circles) phospho-Ser416 (III), (squares) phospho-Ser409 (III), and
(crosses) phospho-Ser356 (IV)

A R T I C L E S Landrieu et al.

3578 J. AM. CHEM. SOC. 9 VOL. 128, NO. 11, 2006
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Sibille et al. Proteins (2012) 80, 454-462  

1 lM of the TauF4 and the subsequent rapid depolymer-
ization observed by switching the temperature to 48C. In
agreement with our previous observations that at least
three phospho-events in the PRR abolish Tau’s MT as-
sembly capacity,12 the phospho-TauF4 fragment lost a
significant part of its capacity to assemble MTs after
phosphorylation on four positions in the PRR (Fig. 3).

Comparison of the local secondary
structure propensity of TauF4 and
phospho-TauF4: stabilization of a helical
conformation in the PRR

The sequence-specific backbone assignment of TauF4
and phospho-TauF4 was performed with an in-house
software package based on the product-planes approach
on the recorded 3D spectra (Supporting Information
Table S1).21 To assess the structural consequences of
phosphorylation, we first compared the TauF4 and
phospho-TauF4 [1H,15N]-HSQC spectra (Fig. 2). Phos-
phorylation of residues located in the PRR induces a
considerable change in the spectrum. The range of resi-
dues showing the main modified [1H,15N]-chemical shifts
extends at the C-terminus of pSer235, from Ser237 up
to Ala246, affecting residues located too far away in the
primary sequence to be affected by the mere chemical
modification because of the introduction of a phosphate
group (Fig. 2 and Supporting Information Fig. S2). The
resonances of these latter residues have in common an
upfield shift, both in the proton and nitrogen dimension,
at the exception of Ser 237 (Fig. S2). Such an upfield
shift of the amide resonances is consistent with
an increase of the local helical propensity.34 The Ca

chemical shifts in this region equally decrease of the
order of 1 ppm upon phosphorylation, with the major
Ca differential shift affecting Pro236-Ala239 [Table S1,
Fig. 4(A)]. The Ca trend hence matches the observation
of the chemical shift differences of the amide groups of
the phospho-TauF4 and TauF4 fragments, and indicates
the same region with a defined helical tendency.
Upon comparing the Ca chemical shift values of the

phospho-TauF4 sample with the expected random coil
values22 we can calculate the secondary chemical shifts
that are empirically correlated with the secondary struc-
tures and indeed show an helical tendency between resi-

Figure 3
Tubulin polymerization assay: The turbidity of 5 lM tubulin was
followed at 378C in polymerization buffer in the presence of 1 lM of
TauF4 (blue curve) or phospho-TauF4 (yellow). Tubulin alone does not
polymerize in these conditions (black). After 40 min at 378C the
temperature is switched to 48C inducing tubulin depolymerization
observed as a decrease in turbidity. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 4
(A) Deviation of the Ca chemical shift of TauF4 (blue) and phospho-
TauF4 (yellow) from random coil chemical shift values22 along the amino
acid sequence. The domains of TauF4 are delineated by vertical bars.
(B) RDC values measured for TauF4 (blue) and phospho-TauF4 (yellow)
along the sequence. (C) Paramagnetic relaxation enhancement profile for
the amide protons of the T245C/C291S TauF4 (blue) and T245C/C291S
phospho-TauF4 (yellow) labeled with a nitroxide group at position 245.
Ratio of the NMR signal intensities between two [1H,15N]-HSQC spectra
corresponding to the paramagnetic and diamagnetic states of TauF4
(blue) and phospho-TauF4 (yellow) are reported along the sequence. The
sequence scale is the same in all diagrams.

Phospho-Tau Structure

PROTEINS 5
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Other Post-translational Modification 

Cell signaling, post-translational protein modifications and NMR spectroscopy 
Francois-Xavier Theillet et al. J Biomol NMR. 2012 November ; 54(3): 217–236.  

Fig. 5. 
Serine, threonine glycosylation. a Serine, threonine O-Glc-NAc modification. b Left panel: 
Superposition of 2D 1H–15N NMR spectra of unmodified (black) and Ser400 O-
GlcNAcylated (red) Tau (aa392–411). Middle panel: Superposition of 2D 1HN–1H TOCSY 
NMR spectra of unmodified (black) and Ser400 O-GlcNAcylated (red) Tau. Right panel: 
Superposition of 2D 1H–13C NMR spectra of unmodified (black) and Ser400 O-
GlcNAcylated (red) Tau. Reproduced from Dehennaut et al. (2008), Smet-Nocca et al. 
(2011)
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Fig. 4. 
Lysine and arginine alkylation. a Lysine mono-, di-, and trimethylation. b Left panel: 
Superposition of 2D 1H–15N NMR spectra of unmodified (black), Lys4 monomethylated 
(blue) and Lys4 dimethylated (purple) histone H3 peptides (aa1–15) at pH 4.5. Right panel: 
Superposition of 2D 1H–13C NMR spectra (CH2ɛ region, selective 13C lysine labeling) of 
unmodified (black) and Lys4 monomethylated (blue), Lys4 dimethylated (purple), Lys4 
trimethylated (red) and Lys4 acetylated (orange) histone H3 peptides. Reproduced from 
Theillet et al. (2012). c Arginine mono- and dimethylation (symmetric/asymmetric). d Left 
panels: Superpositions of 2D 1H–13C NMR spectra (CH2ɛ region) of synthetic unmodified 
(black) and Arg11 monomethylated (green), Arg11 symmetrically dimethylated (pink) and 
Arg11 asymmetrically dimethylated (blue) histone H2A peptides (aa4–11). Right panel: 
Superposition of 2D 1H–15N NMR spectra (NHɛ region) of synthetic unmodified (black) 
and Arg11 monomethylated (green), Arg11 symmetrically dimethylated (pink), Arg11 
asymmetrically dimethylated (blue) histone H2A peptides (aa4–11) at pH 6.4 and 275 K
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Serine, threonine glycosylation Lysine and arginine alkylation 

Fig. 3. 
Lysine acylation. a Lysine acetylation. b Superposition of 2D 1H–15N NMR spectra of 
unmodified (black) and stepwise acetylated (orange and brown) C-terminal TAD of p53 
(aa360–393). c Lysine acetylation, propionylation and butyrylation. d Superposition of 
2D 1H–15N NMR spectra of synthetic unmodified (black) and Lys14 acetylated (orange), 
Lys14 propionylated (green) and Lys14 butyrylated (blue) histone H3 peptides (aa3–19). e 
Lysine malonylation, succinylation and crotonylation. f Superposition of 2D 1H–15N NMR 
spectra of synthetic unmodified (black) and Lys9 malonylated (blue), Lys9 succinylated 
(pink), Lys9 crotonylated (brown) histone H3 peptides (aa3–16)
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Lysine acylation 

Fig. 2. 
Serine, threonine, tyrosine and histidine phosphorylation. a Serine, threonine 
phosphorylation. b Left panel: Superposition of 2D 1H–15N NMR spectra of the unmodified 
(black) and HeLa cell extract-phosphorylated (green) N-terminal transactivation domain 
(TAD) of p53 (aa1–63). Middle panel: Superposition of 2D 1H–15N NMR spectra of 
unmodified (black) and phosphorylated Sic1 (red). Reproduced from Mittag et al. (2008). 
Right panel: Superposition of 2D 1H–15N NMR spectra of phosphorylated Tau (black) and 
upon dephosphorylation by PP2A (blue). Reproduced from Landrieu et al. (2011). c 
Tyrosine phosphorylation. d Far left panel: Superposition of 2D natural abundance 1H–13C 
NMR spectra (aromatic region) of a peptide fragment of unmodified (black) and 
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Serine, threonine, tyrosine and histidine phosphorylation 
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