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Marc-André Delsuc
• Aujourd’hui à l’IGBMC de Strasbourg (8 ans) 

‣ après Gif-sur-Yvette (10 ans) et Montpellier (15 ans) 
‣ chimie-orga  -  peptides  -  protéines  -  IDP 

• Intérets: 
‣ IDP - PolyProlines - Récepteur Androgène 

• Méthodes 
• RMN 

méthodologie - processing 
• FT-MS     depuis peu 

2D FT-ICR - processing - top-down 
• processing / analyse    depuis toujours 

Analyse de Fourier 
Compressed Sensing 
Analyse statistique



NMR Principles 
from observation to 
structural information 

Marc-André Delsuc 
Renafobis - 2017
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms 
• Some atom nucleus have a spin≠0 
‣ 1H    spin ½  ≡  the proton  
‣ 2H    spin 1 low abund. 
‣ 13C   spin ½ low abund. 
‣ 15N   spin ½ low abund. 

• What is the spin ??? 
• appears as the solution of the Dirac equation 
‣ Schrödinger + Relativity 

• an intrinsic property of particules  (and black holes) 
‣ as the mass or the charge 

• carries a momentum 
‣ magnetic momentum - angular momentum
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‣ 19F    spin ½ 
‣ 31P    spin ½ 

…
the most interesting 

to the biologist
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms
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https://www.rdmag.com/news/2017/04/how-did-proton-get-its-spin
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms 
• In presence of a strong magnetic field Bo, a spin n 

presents 2n+1 different energy states, so a spin ½ ⇒ 2 states 
• Energy difference ΔE 
‣ determines the transition frequency 
‣ is proportional to Bo
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms 

• with γ depending on nucleus type 
‣ 1H    spin ½                       800 MHz 
‣ 2H    spin 1 low abund.      123 MHz 
‣ 13C   spin ½ low abund.     200 MHz 
‣ 15N   spin ½ low abund.       80 MHz 
‣ ….
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NMR is a very low energy spectroscopy

Thermal energy @ 298K 
 0,5 kcal/mol
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Low-energy = low sensitivity
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Nuclear Magnetic Resonance
• Spectroscopy of the magnetic properties 

of the nuclei of atoms 
• The Quantum Resonance 

‣ phase coherence of the wave functions of the different particules 

• observed / used in  
‣ LASERS 
‣ Quantum Computers 
‣ NMR 

• characterized by 
‣ strange quantum effects 
‣ coherence transfers 
‣ decoherence limits life time 
‣ enhanced sensitivity
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carry home messages: 

NMR effect is QM 

it is complicated!
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Spins in the Field…
• nuclear spins interact with 

• other nuclear spins 
• molecular orbitals 
‣ local 
‣ nearby 

• electronic spins 
• … 

• act as perfect spies 
• no impact on molecular 

phenomenon 
• and perfect reporters 

• will react to anything
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Spins in the Field…
• In NMR EVERYTHING is 

rotating 
• in physical space 
• in quantum space 
• rotating in a rotating frame  
⇒ Precession 

• + ALL interactions are 
depending strongly on 
orientation 
• molecular axis vs Bo 
• spin-spin axis vs Bo 
⇒ Tensor algebra
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Phenomenon
• Chemical-Shift 

• resonance frequency 

• Spin-Spin interaction 
• many effects J, D, RDC, NOE… 

• Relaxation 
• decoherence of the quantum states 
• TWO main effects 

decoherence of resonance: loss of signal T2 
return to initial steady state: recovery: T1 

• … 

• Measure by impulse response
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The NMR observables…on a simple molecule
• Ethanol 1H spectrum HO-CH2-CH3

 

 
This article is protected by copyright. All rights reserved. 

NOESY pulse sequence. In addition, we have also introduced suppression of 13C satellites that is 
compatible with cryoprobes. The proposed pulse sequence is shown in Fig. 1. 

 

 

 
Fig. 1 – Pulse sequence for simultaneous suppression of water, ethanol and 13C ethanol satellites in whisky samples. Narrow 
filled rectangles represent 90° pulses. 1 ms CHIRP-shaped PFGs were applied at G1 = 50% and G2 = -11% followed by a 200 
µs gradient recovery delay, resulting in a W period of 1.2 ms. The following phase cycle was used M1 = x, -x; M2 = 8(x), 8(-x); M3 

= 2x, 2(-x), 2y, 2(-y) and \ = x, 2(-x), x, y, 2(-y), y, (-x), 2x, (-x), (-y), 2y, (-y). For more details see Materials and Methods, 
Bruker pulse program included in Supplementary Information. 

Crucial to the quality of solvent suppression is the determination of the exact frequencies of solvent 
signals. However, due to the high Q factor of cryoprobes, even a very short r.f. pulse produces 
radiation damping[55], which severely distorts ethanol multiplets and makes this task impossible 
when focusing on 12C isotopmers of ethanol. This is not an issue for their much weaker 13C satellites 
signals, which can be acquired as the first trace of a non-refocused gradient-selected HSQC [56] or 
non-refocused reverse INEPT[57] experiment. The former method produced distorted multiplets 
affected by the evolution of proton-proton couplings, while the latter method yielded pure 
antiphase multiplets with respect to 1JCH. Despite the lower sensitivity of the latter method, signal-
to-noise > 4000 was routinely obtained, which is more than adequate for accurate frequency 
determination. The level of the suppression of the main signals (< 25% of the height of the satellite 
signals) was also sufficient.  The chemical shifts of 12C isotopmers of ethanol were therefore 
obtained based on the frequency of 13C isotopmers and considering the proton 13C/12C isotope shift 
as detailed in the Materials and Methods. 

A double-selective pulse of approximately 50 ms, saturating both CH2 and CH3 signals, was used to 
suppress ethanol signals.  Its exact length was calculated for each sample taking into account the 
exact chemical shift difference between the CH2 and CH3 signals and allowing the off-resonance 
signal (CH3 in this implementation) to make exactly a multiple of 2S rotation. We find that this is 
essential for excellent suppression of the off-resonance signal as illustrated in Fig. 2. Here, for a 
difference of 1470 Hz between the CH2 and CH3 signals, a 50094 µs pulse produces 74*2S rotation of 
the off-resonance CH3

 signal (the first, left spectrum in Fig. 2). When the pulse length was 
recalculated to allow additional precession in 20° increments the suppression of the CH3 signal 

Apply Fourier Transform ⇒
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Chemical Shift
• CS depends strongly on 

molecular orientation vs Bo 
• in liquids all values are averaged 

• only mean value is observed 
• in solids ⇒ wide lines 

• isotropic CS is affected by 
shielding of the orbitals  
⇒ chemical shift 

• effect proportional to Bo  
⇒ ratio (ppm) indep. of Bo
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The NMR observables…on a simple molecule
• Ethanol 1H spectrum

frequency depends  on chemical environment 
=> Chemical shifts 

HO-CH2-CH3

signal of the molecule 
of reference is set to 0 
by convention

Si (CH3)4

Resonance integrals proportional 
to the number of nuclei
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A ⌦ B

A B

cA⌫A + cB⌫B
cA + cB

k : characteristic  
     interconversion rate

k

▪ True for any NMR observable 

▪ coalescence depends  
very much on observable 
▪ ≠ life-time 
▪ ≠ frequency difference 
▪ ≠ interconversion rate

Averaging properties of NMR

• in NMR EVERYTHING is averaged 
• over time 
• over molecules

double averaging



• Rénafobis Oléron - 2017 •

A B

Chemical Shift
• In liquids during the measure, the 

molecules tumble and take successively 
the CS value of each orientation 

• if tumbling is fast (small molecules) a sharp 
line is observed at mean CS value 

• if tumbling is not so fast, the lines widen 
• if in solid all CS appear ⇒ wide lines

�!
Bo
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effect of molecular size

GB1 (~6 kDa) LBD RXR Dimer  (~50 kDa)
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Spin-Spin interactions
• Dipolar coupling D 

• Through space 
• depends on distance 
‣ and of course orientation 

• averaged to zero in isotropic 
liquids 

• relaxation effect 

• Scalar coupling J 
• isotropic part of D 
• mediated by molecular orbitals 
• depends on molecular topology 
‣ and also on diedral angles
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J-Coupling
• Ethanol 1H spectrum

Fine structure due 
to interactions with  
neighbouring nuclei 

HO-CH2-CH3
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NMR Spectra of Scotch Whisky

 

 
This article is protected by copyright. All rights reserved. 

Advanced Solvent Signal Suppression for the Acquisition of 1D and 2D NMR Spectra of 
Scotch Whisky 

Will Kew, Nicholle G. A. Bell, Ian Goodall, Dušan Uhrín* 

 

A simple and robust solvent suppression technique that enables acquisition of high quality 1D 1H 
NMR spectra of alcoholic beverages on cryoprobe instruments was developed and applied to acquire 
NMR spectra of Scotch Whisky. This was integrated into several homo- and heterocorrelated 2D 
NMR experiments, including 2D COSY, 2D TOCSY, 2D band-selective TOCSY, 2D J-resolved 
spectroscopy, 2D 1H, 13C HSQC, 2D 1H, 13C HSQC-TOCSY and 2D 1H, 13C HMBC. The wealth of 
information obtained by these experiments will assist in NMR structure elucidation of Scotch Whisky 
congeners and generally the composition of alcoholic beverages at the molecular level. 

 

 

 Will Kew, Nicholle G. A. Bell, Ian Goodall, Dušan Uhrín  
(2017) Magn Reson Chem DOI: 10.1002/mrc.4621 
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NMR Spectra of Scotch Whisky 

 
This article is protected by copyright. All rights reserved. 

 
Fig. 4 - Typical 1H NMR spectrum of Scotch Whisky sample S14-1941 with ethanol and water suppression, including the 
suppression of 13C satellite signals of ethanol acquired using the pulse sequence of Fig. 1. Insets show three regions 
representing higher alcohols (0.8-1.8 ppm), carbohydrates (3-5.5 ppm) and cask extractives and aromatic compounds (6.5-
8.5 ppm) indicating the vertical scale up relative to the main spectrum. The overlapped methyl signals from congeners at 
0.88 ppm are labelled with an asterisk. DSS signals at 0 ppm act as a 1 mM internal standard. 

The final spectrum shows many congeners clearly identifiable and quantifiable, displaying pure 
phase multiplets as shown in Fig. 4. The signal-to-noise ratios (SNR) for signals of several compounds 
are summarised in Table 1. Their identity was confirmed through the analysis of 2D experiments and 
spike-in 1D spectra. We estimate that the limit of detection is therefore approximately 50 μM. This 
could be improved by increasing the number of scans or using a higher field instrument. 

In conclusion, the presented protocol allows automated acquisition of high quality 1H NMR spectra 
of Scotch Whisky in 32 scans over 15 minutes on a 600 MHz cryoprobe NMR spectrometer. The 
obtained spectra are suitable for chemometric analysis and quantitative analysis of congeners of 
Scotch Whisky or other spirits.    

 

1D and 2D experiments with solvent suppression 
To aid in interpretation of whisky spectra, several established NMR experiments were modified to 
include the developed solvent suppression scheme. Amongst these are homonuclear 1D and 2D 
experiments such as 2D COSY, 2D TOCSY, 2D band-selective TOCSY, 1D chemical-shift-selective 

Will Kew, Nicholle G. A. Bell, Ian Goodall, Dušan Uhrín  
(2017) Magn Reson Chem DOI: 10.1002/mrc.4621 



• Rénafobis Oléron - 2017 •

1H NMR spectrum of a folded protein

aromatic protons

Methyls

Amide protons 
Hα

aliphatic protons

H2O

Buffer (TRIS)Molecular size 12 kDa
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aromatic protons

Methyls

Amide protons 
Hα

aliphatic protons

H2O

Buffer (TRIS)

Val 65

Val 52

Molecular size 12 kDa

1H NMR spectrum of a folded protein
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aromatic protons

Methyls

Amide protons 
Hα

aliphatic protons

H2O

Buffer (TRIS)Spectre d’une 
Protéine de 10 kDaMVKQIESKTA FQEALDAAGD KLVVVDFSAT WCGPCKMIKP
FFHSLSEKYS NVIFLEVDVD DCQDVASECE VKCMPTFQFF
KKGQKVGEFS GANKEKLEAT INELV

Valine 52 Valine 65

1H NMR spectrum of a folded protein
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2D experiment
• using spin-spin interaction to transfer coherence 

from one spin to another

Ha Hb

Ha

Hb

J: COSY / TOCSY

Ha

Hb

Ha

Hb

D: NOESY
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2D experiment - NOESY

 proteine ligand NOE ( 1H/1H)
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Heteronuclear interactions
• HSQC 

• Heteronuclear Single Quantum Corr. 
• 1 bound 13C-1H  or   15N-1H 

• Requires isotopic labelling  
(usually) 
• E.coli in minimum media 
• ( 15N cheaper than 13C )
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12C 13C
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 spectrum 1.1 (1D 1H)
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Study of large molecules requires 15N-13C labeling
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Isotopic labeling
◆Partial view =>  

a tool to address the complexity of protein NMR spectra

15N

15N

1H

1H-15N HSQC 2D spectrum
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CS is sensitive to protein conformation

Figure 4. The 2D 1H–15N HSQC spectra of P13MTCP1 as a function of pressure between 3 and 300 MPa. Protein
solutions were 1 mM in 10 mM Tris buffer (pH 7.0 at 20 8C). Spectra were acquired as described in Materials and
Methods.

614 Pressure Unfolding of P13MTCP1

Figure 4. The 2D 1H–15N HSQC spectra of P13MTCP1 as a function of pressure between 3 and 300 MPa. Protein
solutions were 1 mM in 10 mM Tris buffer (pH 7.0 at 20 8C). Spectra were acquired as described in Materials and
Methods.

614 Pressure Unfolding of P13MTCP1

Figure 4. The 2D 1H–15N HSQC spectra of P13MTCP1 as a function of pressure between 3 and 300 MPa. Protein
solutions were 1 mM in 10 mM Tris buffer (pH 7.0 at 20 8C). Spectra were acquired as described in Materials and
Methods.

614 Pressure Unfolding of P13MTCP1

complete protein denaturation

Figure 4. The 2D 1H–15N HSQC spectra of P13MTCP1 as a function of pressure between 3 and 300 MPa. Protein
solutions were 1 mM in 10 mM Tris buffer (pH 7.0 at 20 8C). Spectra were acquired as described in Materials and
Methods.

614 Pressure Unfolding of P13MTCP1

R. Kitahara, C. Royer, H. Yamada, M. Boyer, J-L. Saldana, K. Akasaka,C. Roumestand 
Pressure-jump fluorescence and 15N/1H 2-D NMR studies of the unfolding of the beta-barrel protein, P13MTCP1. 
J Mol Biol, 320, 3, (2002), pp 609-628 
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Chemical shifts contain a structural information

Unfolded protein Folded protein

δ = δlocal +δstructure
Methyl groups 
below 0.6 ppmHigh spreading 

of amide resonances



• Rénafobis Oléron - 2017 •

Specific methods for IDP

Patel et al.  Phys. Chem. Chem. Phys., 2014,16, 12703-12718 

Apo-Hahellin Ca++
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Bio-drug control quality

Quinternet, M., Starck, J.-P., Delsuc, M.-A., & Kieffer, 
B. (2013). J.Pharm. Biomed. Analysis, 78-79, 252–254. 
http://doi.org/10.1016/j.jpba.2013.02.016

http://doi.org/10.1016/j.jpba.2013.02.016
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CS of backbone provide structure information

CSI =



• Rénafobis Oléron - 2017 •



• Rénafobis Oléron - 2017 •

CS interpretation as φ-ψ angles
Talos+ : http//:spin.niddk.nih.gov/NMRPipe
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Full structure calculations: CS ROSETTA
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Local structure propensity from chemical  
shifts analysis
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Large number of molecules
▪ Molecules will be distributed between the different  states 

available for the observed molecular system 

▪ NMR observables will result from an average over all these 
states

E
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rg
y

Molecular coordinates Molecular coordinates

Large number of states with 
low activation energy barrier

One excited state with 
Large activation energy 
barrier
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sensitive to all interactions

patterns of their corresponding genes are also dif-
ferent, which may suggest a difference of function.
They share the same 8-cysteine skeleton, but the
S–S assignment has been shown to be different [8].
The three-dimensional structure of type 2 ns-LTPs is
still unknown. We have initiated NMR study of a
wheat type 2 LTP. This 67 residues LTP
(ACQASQLAVC ASAILSGAKP SGECCGNLRA
QQGCFCQYAK DPTYGQYIRS PHARDTLTSC
GLAVPHC [9]) possesses eight cysteines, all impli-
cated in disulfide bridges (Cys2–Cys34, Cys10–Cys24,
Cys25–Cys60, Cys36–Cys6) and six proline residues.
In parallel with the tertiary structure determination,
dynamics of the protein have been explored for a
better understanding of the interaction of the LTP
with lipids. This study has been achieved using
several NMR spectrometry methods, 1H15N HSQC,
ROESY and multifield relaxation [10], allowing the
characterization of the protein motions over the ns
to the ms range.

2. Results and discussion

2.1. HSQC experiments

1H15N HSQC spectrum recorded with the type 2
LTP liganded with 1.5 equiv of LPG (Lα-
palmitoylphosphatidylglycerol) (figure 1B) reveals a
fully folded protein and displays one peak for each
nitrogen bound hydrogen atom (one peak per
amino acid engaged in the polypeptide backbone
but proline, as well as characteristic peaks for resi-
dues with side chain nitrogen). On the spectrum
recorded with DPC (dodecanoyl-phospho-choline)
liganded LTP (figure 1C), about 50 % of the peaks
are not modified while 25 % disappears and 25 %
exhibits a shift. The unliganded protein displays
less peaks (figure 1A), revealing intense conforma-
tional exchange. In the three conditions, the unaf-

fected peaks are the same, and these peaks remain
at the same position. This suggests that the overall
tertiary structure is not modified. These experi-
ments demonstrate that chemical exchanges impli-
cate only half of the protein. It has to be noted that
neither molten globule, nor partially denaturated
protein spectra were observed.

2.2. ROESY

These positives peaks recorded at the position of
the ROESY spectra confirm slow motion exchanges
from the lateral chains (figure 2). Attribution of
these peaks remains to be done.

2.3. Relaxation study

The dynamical parameters were extracted using a
site-specific analysis [10] of the spectral densities

Figure 1. HSQC spectra of type 2 LTP. A. Unliganded. B. Liganded with 1.5 equiv of LPG. C. Liganded with 1.5 equiv of DPC.

Figure 2. Positive peaks of the ROESY spectrum recorded as
described in § ‘Experimental conditions’.

840

F. de Lamotte et al. / C. R. Acad. Sci. Paris, Chimie / Chemistry 4 (2001) 839–843
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Chemical shift averaging
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Using chemical shifts to study molecular 
interactions
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Application: modulation of binding affinity 
between RAR and vinexin by RAR phosphorylation 

:   40 µM
: 140 µM
: 280 µM
: 545 µM

77S-79S
77pS-79S
77S-79pS

77pS-79pS

Kd

Lalevee et al. Vinexin , The FASEB Journal (2010) vol. 24 (11) pp. 4523-4534
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Assignment problem
Letter to the Editor: 1H, 15N and 13C Backbone resonance assignments
of the 37 kDa surface antigen protein Bd37 from Babesia divergens

Yin-Shan Yanga, Stephane Delbecqb, Marie-Paule Struba, Frank Löhrc, Theo Schettersd,
André Gorenflotb, Eric Precigoutb & Christian Roumestanda,*
aCentre de Biochimie Structurale, UMR 5048 CNRS/UM1 – UMR 554 INSERM/UM1, Faculté de
Pharmacie, BP 14491, 15 Avenue Charles Flahault, 34093 Montpellier Cedex 5, France; bLaboratoire de
Biologie Cellulaire et Moléculaire, ERT 1038, Faculté de Pharmacie BP 14491, Université de Montpellier
I, 15 Avenue Charles Flahault, 34093 Montpellier Cedex 5, France; cInstitut fur Biophysikalische Chemie,
Johann Wolfgang Goethe-Universitat, Biozentrum N230, Marie-Curie-Strasse 9, D-60439 Frankfurt am
Main, Germany; dDepartment of Parasitology, Intervet International B.V., Boxmeer, The Netherlands

Received 10 June 2004; Accepted 18 November 2004

Key words: Babesia divergens, GPI-anchored protein, NMR assignments, surface antigen

Biological context

The intraerythrocytic protozoa Babesia divergens is
the agent of the bovine babesiosis in Europe. This
Apicomplexa is transmitted to bovine during the
blood meal of the tick Ixodes ricinus. The parasite
inoculated in blood undergoes an asexual life cycle
which consists in the intraerythrocytic development
of merozoites. The release of newly formed mer-
ozoites induces the lyses of the erythrocyte, and
causes a haemolytic anaemia, associated with hae-
moglobinuria and fever. Although the bovine babe-
siosis is not fatal for most of the cattle, this
infection leads to growth and lactation decrease, so
that economical losses due to this parasite are suffi-
cient to require the development of a vaccine.
Transmission to human is seldom, but can cause a
severe and even fatal babesiosis in splenectomised
patients (Gorenflot et al., 1998).

In most parasitic protozoa, including Trypano-
soma and Leishmania, the surface of the parasite is
coated by glycosylphosphatidylinositol-anchored
proteins which are directly involved in host–parasite
relationships (Ferguson, 1999). The major merozo-
ite surface antigen of Babesia divergens, has been
described as a 37 kDa membrane protein (Carcy
et al., 1995) GPI-anchored at the surface of the mer-
ozoite. The immuno-prophylactic potential of Bd37

has been demonstrated by the protection of animals
against babesiosis using injection of an anti-Bd37
monoclonal antibody (Precigout et al., 2004). The
determination of the Bd37 structure could signifi-
cantly improve the understanding of B. divergens
biology, as well as the rational design of a vaccine.
Here we report the backbone assignments of Bd37,
as established by triple-resonance experiments.

Methods and experiments

Protein expression and purification

The cDNA encoding for the 294 residues Bd37 pro-
tein from B. divergenss was sub-cloned into a
BamHI and HindIII site of pQE-30 plasmid
(Qiagen) allowing expression of the recombinant
protein fused to a N-terminal His–Tag. The
construct was transformed into Escherichia coli
M15(pREP4) (Qiagen) and protein expression was
induced for 3 h (37 !C) by addition of 1 mM IPTG.
The cells were then harvested by centrifugation, and
the pellet was sonicated in a lysis buffer (100 mM
Tris/HCl, 100 mM NaCl pH 8.5). The supernatant
was applied to a Ni-NTA column (Qiagen,
Germany). The protein was further purified using
ion exchange chromatography using HiTrap Q XL
column (Amersham Biosciences) equilibrated with
Tris/HCl 20 mM pH 7.5 and eluted with a 0–0.5 M
NaCl gradient. Fractions containing Bd37 were
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Biological context

The intraerythrocytic protozoa Babesia divergens is
the agent of the bovine babesiosis in Europe. This
Apicomplexa is transmitted to bovine during the
blood meal of the tick Ixodes ricinus. The parasite
inoculated in blood undergoes an asexual life cycle
which consists in the intraerythrocytic development
of merozoites. The release of newly formed mer-
ozoites induces the lyses of the erythrocyte, and
causes a haemolytic anaemia, associated with hae-
moglobinuria and fever. Although the bovine babe-
siosis is not fatal for most of the cattle, this
infection leads to growth and lactation decrease, so
that economical losses due to this parasite are suffi-
cient to require the development of a vaccine.
Transmission to human is seldom, but can cause a
severe and even fatal babesiosis in splenectomised
patients (Gorenflot et al., 1998).

In most parasitic protozoa, including Trypano-
soma and Leishmania, the surface of the parasite is
coated by glycosylphosphatidylinositol-anchored
proteins which are directly involved in host–parasite
relationships (Ferguson, 1999). The major merozo-
ite surface antigen of Babesia divergens, has been
described as a 37 kDa membrane protein (Carcy
et al., 1995) GPI-anchored at the surface of the mer-
ozoite. The immuno-prophylactic potential of Bd37

has been demonstrated by the protection of animals
against babesiosis using injection of an anti-Bd37
monoclonal antibody (Precigout et al., 2004). The
determination of the Bd37 structure could signifi-
cantly improve the understanding of B. divergens
biology, as well as the rational design of a vaccine.
Here we report the backbone assignments of Bd37,
as established by triple-resonance experiments.

Methods and experiments

Protein expression and purification

The cDNA encoding for the 294 residues Bd37 pro-
tein from B. divergenss was sub-cloned into a
BamHI and HindIII site of pQE-30 plasmid
(Qiagen) allowing expression of the recombinant
protein fused to a N-terminal His–Tag. The
construct was transformed into Escherichia coli
M15(pREP4) (Qiagen) and protein expression was
induced for 3 h (37 !C) by addition of 1 mM IPTG.
The cells were then harvested by centrifugation, and
the pellet was sonicated in a lysis buffer (100 mM
Tris/HCl, 100 mM NaCl pH 8.5). The supernatant
was applied to a Ni-NTA column (Qiagen,
Germany). The protein was further purified using
ion exchange chromatography using HiTrap Q XL
column (Amersham Biosciences) equilibrated with
Tris/HCl 20 mM pH 7.5 and eluted with a 0–0.5 M
NaCl gradient. Fractions containing Bd37 were
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3D Structure Determination 

is located on a pocket on the surface of the protein. This pocket
presents a basic environment constituted by the Arg-49, Arg-
54, and His-66 side chains. These basic residues are observed
in close proximity with the phosphate moiety, equilibrating the
phosphate charge (Fig. 5). The cavity of ns-LTP2 is asymmet-
ric. The proximal entrance of the cavity, where the phosphate
group is found, presents several hydrophilic and basic groups:
Arg-49, Arg-54, Thr-58, and His 66. The distal opening of the
cavity is characterized with hydrophobic residues, such as
Leu-7, Tyr-38, Tyr-44, and Tyr-47.

This location is in good agreement with the following spec-
troscopic observations: In the fatty acid chain only three un-
ambiguous NOE intermolecular contacts have been identified.
Four NOE contacts connect the LPG-terminal methyl groups
(C16) with the Tyr-44 and Tyr-47 aromatic part. The other
NOE connects the one of the methylenes of the fatty acid chain
with the H! of Phe-35. All of these residues are found in the
hydrophobic cavity. No NOE contacts were found between the
protein and LPG glycerol moiety. The chemical shifts of the
phospholipid glycerol moiety do not present much shift upon
complexation with the protein. On the other hand, the fatty

acyl chain chemical shift differences between isolated and li-
ganded LPG are important.

The structure of the minor form present in solution has not
been studied, even though it appears to be structured. About
one-third of the amino acids seem to be involved in the confor-
mation equilibrium; no attempt was made to assign the resi-
dues involved in this equilibrium. Previous dynamic study (58)
has shown that the major form is predominantly rigid, with S2

ranging from 0.8 to 0.9, except for Lys-19, exposed to the
solvent.

ns-LTP2 versus ns-LTP1 Comparison—The three-dimen-
sional structure is known for several ns-LTP1 from different
species (19–29). They are very similar among plant and consist
in four "-helices organized in a superhelix structure and con-
nected by four disulfide bridges. We compared the structure we
present here with wheat ns-LTP1 (Protein Data Bank code
1gh1) (19) using the Visual Molecular Dynamics software (46)
(Fig. 6).

The best superposition is obtained when the H1, H2, and H5
(residues 3–16, 22–32, and 50–63) helices in ns-LTP2 are su-
perimposed with the H1, H2, and H4 helices (residues 5–8,10–

FIG. 4. a, stereo view of the best 10
NMR structures of wheat ns-LTP2. The
phospholipid is not shown for clarity. b,
mean NMR structure, with the ensemble
of the phospholipid structure as observed
in the 10 best protein generated struc-
tures. The orientation is rotated by 90°
along the OX axis with respect to panel a.
Basic residues around the phosphate
group are marked in green. c, schematic
view of the structure of ns-LTP2 with a
CPK model of the liganded phospholipid.
The orientation is the same as in panel b.

Refined Solution Structure of a Liganded Wheat ns-LTP214254

Refined Solution Structure of a Liganded Type 2 Wheat Nonspecific
Lipid Transfer Protein*
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The refined structure of a wheat type 2 nonspecific
lipid transfer protein (ns-LTP2) liganded with L-!-palmi-
toylphosphatidylglycerol has been determined by NMR.
The 15N-labeled protein was produced in Pichia pasto-
ris. Physicochemical conditions and ligandation were
intensively screened to obtain the best NMR spectra
quality. This ns-LTP2 is a 67-residue globular protein
with a diameter of about 30 Å. The structure is composed
of five helices forming a right superhelix. The protein
presents an inner cavity, which has been measured at
341 Å3. All of the helices display hydrophobic side chains
oriented toward the cavity. The phospholipid is found in
this cavity. Its fatty acid chain is completely inserted in
the protein, the L-!-palmitoylphosphatidylglycerol glyc-
erol moiety being located on a positively charged pocket
on the surface of the protein. The superhelix structure
of the protein is coiled around the fatty acid chain. The
overall structure shows similarities with ns-LTP1. Nev-
ertheless, large three-dimensional structural discrepan-
cies are observed for the H3 and H4 !-helices, the C-
terminal region, and the last turn of the H2 helix. The
lipid is orthogonal to the orientation observed in ns-
LTP1. The volume of the hydrophobic cavity appears to
be in the same range as the one of ns-LTP1, despite the
fact that ns-LTP2 is shorter by 24 residues.

Plant nonspecific lipid transfer proteins (ns-LTPs)1 were
first isolated from spinach leaves and named based on their
ability to mediate in vitro the transfer of phospholipids be-
tween membranes (1). ns-LTPs are widely distributed and form
a superfamily of related proteins subdivided into two families:
the type 1 ns-LTPs (ns-LTP1) and the type 2 ns-LTPs (ns-
LTP2) (see Refs. 2 and 3 for review). Both families are multi-
genic, and more than 150 sequences of plant ns-LTPs are listed
in data bases. Only a limited number of proteins have been
isolated from plant, and in vitro lipid transfer or binding has

been demonstrated for an even more limited number of
proteins.

The biological functions of ns-LTP1 have not yet been clearly
determined, the most favored hypothesis being a role in the
transport of cutin monomers (4, 5) or in plant defense mecha-
nisms (6–8) for ns-LTP1. ns-LTP2 gene expression has been
reported in the Zinnia elegans cell differentiation process (9,
10), in barley and rice developing seeds (11, 12), under abiotic
stress conditions in barley roots (12), or during nodulation in
Vigna unguiculata root hairs (13). However, there is no biolog-
ical evidence of their function in these different contexts. The
recent discovery that some ns-LTPs are pan-allergens of plant-
derived foods has brought new interest for their study. Most of
the ns-LTP allergens identified so far belong to the ns-LTP1
family (14–17), whereas ns-LTP2 has been reported only as a
potent allergen of the pollen of Brassica rapa (18).

The three-dimensional structure of four cereal ns-LTP1s has
been determined, i.e. wheat (19), barley (20), maize (21, 22),
and rice (23, 24). In addition, seven structures of plant ns-LTP1
in complex with ligands have been determined, including those
of maize ns-LTP1 with palmitate (21) or palmitoyl-lyso-phos-
phatidylcholine (22), barley ns-LTP1 with palmitoyl CoA (25)
or palmitate (26), and wheat ns-LTP1 with di-myristoyl-phos-
phatidylglycerol (27), lyso-myristoyl-phosphatidylcholine (28),
or prostaglandin B2 (29). All of these data showed that ns-
LTP1 are compact single domain proteins whose fold is stabi-
lized by four disulfide bonds. They are characterized by a
four-!-helix bundle and a C-terminal region with no regular
secondary structure. The most interesting feature of ns-LTP1
structure is the tunnel-like hydrophobic cavity that runs
through the molecule and appears as a potential site for lipid
binding. Although plant ns-LTP1s exhibit very similar global
folds, the shape and size of this hydrophobic cavity vary con-
siderably depending on the protein and/or on the ligand. This
clearly indicates a high plasticity of the cavity that is able to
accommodate a variety of hydrophobic molecules. In contrast,
an antifungal protein extracted from onion seeds that showed a
structure similar to those of ns-LTP1 except that the internal
cavity, obstructed by several aromatic side chains, is unable to
transfer lipids (30).

ns-LTP1s have been studied more extensively than ns-
LTP2s that are distinct in terms of primary sequence with less
than 30% homology (Fig. 1), size (7 kDa versus 9 kDa), and lipid
transfer efficiency. In wheat, both ns-LTP1 and ns-LTP2 have
been biochemically characterized, and ns-LTP2 exhibits a
higher lipid transfer activity than ns-LTP1 (31). They share the
same 8-cysteine skeleton, but their disulfide bond assignment
has been shown to be different (32). Because the wheat ns-
LTP2 exhibits a lipid transfer activity, one can hypothesize the
presence of an hydrophobic cavity. However, whether ns-LTP2s
have a fold that is similar to or different from that of ns-LTP1

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

The atomic coordinates and structure factors (code 1N89) have been
deposited in the Protein Data Bank, Research Collaboratory for Struc-
tural Bioinformatics, Rutgers University, New Brunswick, NJ (http://
www.rcsb.org/).
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Chromosomal translocations leading to overexpres-
sion of p14TCL1 and its homologue p13MTCP1 are hall-
marks of several human T-cell malignancies (1). p14TCL1/
p13MTCP1 co-activate protein kinase B (PKB, also named
Akt) by binding to its pleckstrin homology (PH) domain,
suggesting that p14TCL1/p13MTCP1 induce T-cell leukemia
by promoting anti-apoptotic signals via PKB (2, 3). Here
we combined fluorescence anisotropy, NMR, and small
angle x-ray-scattering measurements to determine the
affinities, molecular interfaces, and low resolution
structure of the complex formed between PKB!-PH and
p14TCL1/p13MTCP1. We show that p14TCL1/p13MTCP1 target
PKB-PH at a site that has not yet been observed in
PH-protein interactions. Located opposite the phospho-
lipid binding pocket and distal from known protein-
protein interaction sites on PH domains, the binding of
dimeric TCL1 proteins to this site would allow the cross-
linking of two PKB molecules at the cellular membrane
in a preactivated conformation without disrupting cer-
tain PH-ligand interactions. Thus this interaction could
serve to strengthen membrane association, promote
trans-phosphorylation, hinder deactivation of PKB, and
involve PKB in a multi-protein complex, explaining the
array of known effects of TCL1. The binding sites on
both proteins present attractive drug targets against
leukemia caused by TCL1 proteins.

Protein kinase B (PKB)1 is a 60-kDa member of the AGC
superfamily of serine/threonine kinases composed of a amino-
terminal PH domain and linked to a kinase domain by a 30
amino acid linker. PKB is frequently called Akt, because it is a
mammalian homologue of v-Akt, a viral oncogene isolated from
the Akt8 virus that causes T-cell leukemia in mice (4–7). Ac-
tually, the PKB family comprises three members, PKB!,

PKB", and PKB# (Akt1, Akt2, and Akt3), all of which display,
despite some idiosyncrasies, a high level of functional redun-
dancy (Fig. 1) (8). Protein kinase B is a central component of
phosphoinositide 3!-kinase signaling pathways and has
emerged as a pivotal regulator of many cellular processes in-
cluding apoptosis, proliferation, differentiation, and metabo-
lism (3, 9, 10). Deregulation of members of the PKB family has
been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
tracellular stimuli involves membrane recruitment of PKB
triggered by inositol phospholipid (PtdIns-P) binding of its ami-
no-terminal pleckstrin homology (PH) domain. At the mem-
brane, PKB is activated by a partially defined process involving
lipid-mediated dimerization and phosphorylation of two critical
residues, Thr308/Thr309/Thr305 in the kinase activation seg-
ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
Normally, the cellular expression of TCL1 family genes (TCL1,
TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
lineage and to the early stages of embryogenesis (20) where
they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
However, in certain T-cell malignancies, chromosomal translo-
cations lead to changes in the expression patterns of TCL1
family genes.

Thus the TCL1 oncogene was identified because of charac-
teristic chromosomal translocations and inversions at 14q32.1
in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
of T-cell proliferations. In addition to structural similarity,

* This work was supported in part by a research grant from the
“Association pour la Recherche sur le Cancer,” the “Fondation pour la
Recherche Medicale” (to D. A.), and a cancer research investigator
award and a grant-in-aid from the Ministry of Education, Science and
Technology (Japan) (to M. N.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org)
contains Supplemental Material 1 and 2.

! To whom correspondence may be addressed. E-mail: roume@cbs.
cnrs.fr (C. Roumestand) and stef@cbs.cnrs.fr (S. T. A.).

1 The abbreviations used are: PKB, protein kinase B; PH, pleckstrin
homology; PtdIns-P, inositol phospholipid; TCL1, T-cell leukemia-1;
p14TCL1, the 14-kDa protein product of the TCL1 gene; p13MTCP1, the
13-kDa product of the MTCP1 gene; PDB, Protein Data Bank; R2,
relaxation rate; SAXS, small angle x-ray scattering.
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NMR or by fluorescence. When comparing a spectrum recorded
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to a reference spectrum (15N-p13MTCP1 alone), we observed an
intense line broadening of most resonances. In addition, slight
shifts are noticeable for the resonances of residues Val15, Arg22,

FIG. 3—continued
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de Recherche, 26 rue d’Ulm, F75248 Paris Cedex 5, France, and ¶Division of Cancer Biology, Institute for Genetic
Medicine, Hokkaido University, N15 W7, Kita-ku, Sapporo 060-0815, Japan

Chromosomal translocations leading to overexpres-
sion of p14TCL1 and its homologue p13MTCP1 are hall-
marks of several human T-cell malignancies (1). p14TCL1/
p13MTCP1 co-activate protein kinase B (PKB, also named
Akt) by binding to its pleckstrin homology (PH) domain,
suggesting that p14TCL1/p13MTCP1 induce T-cell leukemia
by promoting anti-apoptotic signals via PKB (2, 3). Here
we combined fluorescence anisotropy, NMR, and small
angle x-ray-scattering measurements to determine the
affinities, molecular interfaces, and low resolution
structure of the complex formed between PKB!-PH and
p14TCL1/p13MTCP1. We show that p14TCL1/p13MTCP1 target
PKB-PH at a site that has not yet been observed in
PH-protein interactions. Located opposite the phospho-
lipid binding pocket and distal from known protein-
protein interaction sites on PH domains, the binding of
dimeric TCL1 proteins to this site would allow the cross-
linking of two PKB molecules at the cellular membrane
in a preactivated conformation without disrupting cer-
tain PH-ligand interactions. Thus this interaction could
serve to strengthen membrane association, promote
trans-phosphorylation, hinder deactivation of PKB, and
involve PKB in a multi-protein complex, explaining the
array of known effects of TCL1. The binding sites on
both proteins present attractive drug targets against
leukemia caused by TCL1 proteins.

Protein kinase B (PKB)1 is a 60-kDa member of the AGC
superfamily of serine/threonine kinases composed of a amino-
terminal PH domain and linked to a kinase domain by a 30
amino acid linker. PKB is frequently called Akt, because it is a
mammalian homologue of v-Akt, a viral oncogene isolated from
the Akt8 virus that causes T-cell leukemia in mice (4–7). Ac-
tually, the PKB family comprises three members, PKB!,

PKB", and PKB# (Akt1, Akt2, and Akt3), all of which display,
despite some idiosyncrasies, a high level of functional redun-
dancy (Fig. 1) (8). Protein kinase B is a central component of
phosphoinositide 3!-kinase signaling pathways and has
emerged as a pivotal regulator of many cellular processes in-
cluding apoptosis, proliferation, differentiation, and metabo-
lism (3, 9, 10). Deregulation of members of the PKB family has
been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
tracellular stimuli involves membrane recruitment of PKB
triggered by inositol phospholipid (PtdIns-P) binding of its ami-
no-terminal pleckstrin homology (PH) domain. At the mem-
brane, PKB is activated by a partially defined process involving
lipid-mediated dimerization and phosphorylation of two critical
residues, Thr308/Thr309/Thr305 in the kinase activation seg-
ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
Normally, the cellular expression of TCL1 family genes (TCL1,
TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
lineage and to the early stages of embryogenesis (20) where
they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
However, in certain T-cell malignancies, chromosomal translo-
cations lead to changes in the expression patterns of TCL1
family genes.

Thus the TCL1 oncogene was identified because of charac-
teristic chromosomal translocations and inversions at 14q32.1
in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
of T-cell proliferations. In addition to structural similarity,
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Chromosomal translocations leading to overexpres-
sion of p14TCL1 and its homologue p13MTCP1 are hall-
marks of several human T-cell malignancies (1). p14TCL1/
p13MTCP1 co-activate protein kinase B (PKB, also named
Akt) by binding to its pleckstrin homology (PH) domain,
suggesting that p14TCL1/p13MTCP1 induce T-cell leukemia
by promoting anti-apoptotic signals via PKB (2, 3). Here
we combined fluorescence anisotropy, NMR, and small
angle x-ray-scattering measurements to determine the
affinities, molecular interfaces, and low resolution
structure of the complex formed between PKB!-PH and
p14TCL1/p13MTCP1. We show that p14TCL1/p13MTCP1 target
PKB-PH at a site that has not yet been observed in
PH-protein interactions. Located opposite the phospho-
lipid binding pocket and distal from known protein-
protein interaction sites on PH domains, the binding of
dimeric TCL1 proteins to this site would allow the cross-
linking of two PKB molecules at the cellular membrane
in a preactivated conformation without disrupting cer-
tain PH-ligand interactions. Thus this interaction could
serve to strengthen membrane association, promote
trans-phosphorylation, hinder deactivation of PKB, and
involve PKB in a multi-protein complex, explaining the
array of known effects of TCL1. The binding sites on
both proteins present attractive drug targets against
leukemia caused by TCL1 proteins.

Protein kinase B (PKB)1 is a 60-kDa member of the AGC
superfamily of serine/threonine kinases composed of a amino-
terminal PH domain and linked to a kinase domain by a 30
amino acid linker. PKB is frequently called Akt, because it is a
mammalian homologue of v-Akt, a viral oncogene isolated from
the Akt8 virus that causes T-cell leukemia in mice (4–7). Ac-
tually, the PKB family comprises three members, PKB!,

PKB", and PKB# (Akt1, Akt2, and Akt3), all of which display,
despite some idiosyncrasies, a high level of functional redun-
dancy (Fig. 1) (8). Protein kinase B is a central component of
phosphoinositide 3!-kinase signaling pathways and has
emerged as a pivotal regulator of many cellular processes in-
cluding apoptosis, proliferation, differentiation, and metabo-
lism (3, 9, 10). Deregulation of members of the PKB family has
been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
tracellular stimuli involves membrane recruitment of PKB
triggered by inositol phospholipid (PtdIns-P) binding of its ami-
no-terminal pleckstrin homology (PH) domain. At the mem-
brane, PKB is activated by a partially defined process involving
lipid-mediated dimerization and phosphorylation of two critical
residues, Thr308/Thr309/Thr305 in the kinase activation seg-
ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
Normally, the cellular expression of TCL1 family genes (TCL1,
TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
lineage and to the early stages of embryogenesis (20) where
they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
However, in certain T-cell malignancies, chromosomal translo-
cations lead to changes in the expression patterns of TCL1
family genes.

Thus the TCL1 oncogene was identified because of charac-
teristic chromosomal translocations and inversions at 14q32.1
in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
of T-cell proliferations. In addition to structural similarity,
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Chromosomal translocations leading to overexpres-
sion of p14TCL1 and its homologue p13MTCP1 are hall-
marks of several human T-cell malignancies (1). p14TCL1/
p13MTCP1 co-activate protein kinase B (PKB, also named
Akt) by binding to its pleckstrin homology (PH) domain,
suggesting that p14TCL1/p13MTCP1 induce T-cell leukemia
by promoting anti-apoptotic signals via PKB (2, 3). Here
we combined fluorescence anisotropy, NMR, and small
angle x-ray-scattering measurements to determine the
affinities, molecular interfaces, and low resolution
structure of the complex formed between PKB!-PH and
p14TCL1/p13MTCP1. We show that p14TCL1/p13MTCP1 target
PKB-PH at a site that has not yet been observed in
PH-protein interactions. Located opposite the phospho-
lipid binding pocket and distal from known protein-
protein interaction sites on PH domains, the binding of
dimeric TCL1 proteins to this site would allow the cross-
linking of two PKB molecules at the cellular membrane
in a preactivated conformation without disrupting cer-
tain PH-ligand interactions. Thus this interaction could
serve to strengthen membrane association, promote
trans-phosphorylation, hinder deactivation of PKB, and
involve PKB in a multi-protein complex, explaining the
array of known effects of TCL1. The binding sites on
both proteins present attractive drug targets against
leukemia caused by TCL1 proteins.

Protein kinase B (PKB)1 is a 60-kDa member of the AGC
superfamily of serine/threonine kinases composed of a amino-
terminal PH domain and linked to a kinase domain by a 30
amino acid linker. PKB is frequently called Akt, because it is a
mammalian homologue of v-Akt, a viral oncogene isolated from
the Akt8 virus that causes T-cell leukemia in mice (4–7). Ac-
tually, the PKB family comprises three members, PKB!,

PKB", and PKB# (Akt1, Akt2, and Akt3), all of which display,
despite some idiosyncrasies, a high level of functional redun-
dancy (Fig. 1) (8). Protein kinase B is a central component of
phosphoinositide 3!-kinase signaling pathways and has
emerged as a pivotal regulator of many cellular processes in-
cluding apoptosis, proliferation, differentiation, and metabo-
lism (3, 9, 10). Deregulation of members of the PKB family has
been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
tracellular stimuli involves membrane recruitment of PKB
triggered by inositol phospholipid (PtdIns-P) binding of its ami-
no-terminal pleckstrin homology (PH) domain. At the mem-
brane, PKB is activated by a partially defined process involving
lipid-mediated dimerization and phosphorylation of two critical
residues, Thr308/Thr309/Thr305 in the kinase activation seg-
ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
Normally, the cellular expression of TCL1 family genes (TCL1,
TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
lineage and to the early stages of embryogenesis (20) where
they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
However, in certain T-cell malignancies, chromosomal translo-
cations lead to changes in the expression patterns of TCL1
family genes.

Thus the TCL1 oncogene was identified because of charac-
teristic chromosomal translocations and inversions at 14q32.1
in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
of T-cell proliferations. In addition to structural similarity,
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Chromosomal translocations leading to overexpres-
sion of p14TCL1 and its homologue p13MTCP1 are hall-
marks of several human T-cell malignancies (1). p14TCL1/
p13MTCP1 co-activate protein kinase B (PKB, also named
Akt) by binding to its pleckstrin homology (PH) domain,
suggesting that p14TCL1/p13MTCP1 induce T-cell leukemia
by promoting anti-apoptotic signals via PKB (2, 3). Here
we combined fluorescence anisotropy, NMR, and small
angle x-ray-scattering measurements to determine the
affinities, molecular interfaces, and low resolution
structure of the complex formed between PKB!-PH and
p14TCL1/p13MTCP1. We show that p14TCL1/p13MTCP1 target
PKB-PH at a site that has not yet been observed in
PH-protein interactions. Located opposite the phospho-
lipid binding pocket and distal from known protein-
protein interaction sites on PH domains, the binding of
dimeric TCL1 proteins to this site would allow the cross-
linking of two PKB molecules at the cellular membrane
in a preactivated conformation without disrupting cer-
tain PH-ligand interactions. Thus this interaction could
serve to strengthen membrane association, promote
trans-phosphorylation, hinder deactivation of PKB, and
involve PKB in a multi-protein complex, explaining the
array of known effects of TCL1. The binding sites on
both proteins present attractive drug targets against
leukemia caused by TCL1 proteins.

Protein kinase B (PKB)1 is a 60-kDa member of the AGC
superfamily of serine/threonine kinases composed of a amino-
terminal PH domain and linked to a kinase domain by a 30
amino acid linker. PKB is frequently called Akt, because it is a
mammalian homologue of v-Akt, a viral oncogene isolated from
the Akt8 virus that causes T-cell leukemia in mice (4–7). Ac-
tually, the PKB family comprises three members, PKB!,

PKB", and PKB# (Akt1, Akt2, and Akt3), all of which display,
despite some idiosyncrasies, a high level of functional redun-
dancy (Fig. 1) (8). Protein kinase B is a central component of
phosphoinositide 3!-kinase signaling pathways and has
emerged as a pivotal regulator of many cellular processes in-
cluding apoptosis, proliferation, differentiation, and metabo-
lism (3, 9, 10). Deregulation of members of the PKB family has
been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
tracellular stimuli involves membrane recruitment of PKB
triggered by inositol phospholipid (PtdIns-P) binding of its ami-
no-terminal pleckstrin homology (PH) domain. At the mem-
brane, PKB is activated by a partially defined process involving
lipid-mediated dimerization and phosphorylation of two critical
residues, Thr308/Thr309/Thr305 in the kinase activation seg-
ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
Normally, the cellular expression of TCL1 family genes (TCL1,
TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
lineage and to the early stages of embryogenesis (20) where
they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
However, in certain T-cell malignancies, chromosomal translo-
cations lead to changes in the expression patterns of TCL1
family genes.

Thus the TCL1 oncogene was identified because of charac-
teristic chromosomal translocations and inversions at 14q32.1
in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
of T-cell proliferations. In addition to structural similarity,
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been associated with human pathologies such as cancer and
diabetes (8).

PKB activation in response to growth factors and other ex-
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ment and Ser473/Ser474/Ser472 in the COOH-terminal hydro-
phobic motif, on PKB!, PKB", and PKB#, respectively (6, 11–
16). Residue Thr308/Thr309/Thr305 is phosphorylated by the
3-phosphoinositide-dependent kinase 1, whereas the mecha-
nism responsible for the phosphorylation of Ser473/Ser474/
Ser472 has not been resolved (8, 17).

The PH domain of PKB (PKB-PH) has been shown to be
essential for mediating the targeting and co-activation of PKB
by proteins of the T-cell leukemia-1 (TCL1) family (18, 19).
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TCL1b, and MTCP1) is mainly restricted to the lymphoid cell
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they co-activate PKB, possibly to promote a growth advantage
during development through PKB-stimulated cell survival (3).
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cations lead to changes in the expression patterns of TCL1
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Thus the TCL1 oncogene was identified because of charac-
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in clonal T-cell proliferations and malignancies (21). Reposi-
tioning of T-cell receptor !/$ or "-chain control sequences next
to the TCL1 coding region yields deregulated T-cell-specific
expression. The product of the TCL1 gene is a 14-kDa protein
(p14TCL1) that has been shown to localize in the cytoplasm and
nucleus of expressing cells (22). Crystallographic studies indi-
cated that p14TCL1 exhibits a novel "-barrel structure (23). A
similar structure was found for the 13-kDa product of the
MTCP1 gene (p13MTCP1) (23–25). The MTCP1 gene, located in
the Xq28 chromosomal region, was the first gene to be identi-
fied in the heterogeneous group of uncommon T-cell leukemias
presenting a mature phenotype (26). It is involved in the trans-
location t(X;14)(q28;q11), recurrently associated with this type
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models compiled from different FTDock runs (!2 to raw data
was 3.06 compared with 3.35 and 3.41 for next best solutions
(Crysol (45)) (Fig. 7). The buried-accessible surface area of the
modeled PKB"-PH!p14TCL1 complex is 1030 Å2 (490 Å2 on
PKB-PH and 540 Å2 on p14TCL1), which is within the range
observed for protein-protein associations with micromolar af-
finities. In the model, PKB"-PH docks onto p14TCL1 mainly
using an interface constituted by the first "-strand of the sec-
ond "-sheet and the COOH-terminal helix. On p14TCL1, the
binding site is centered around Gln77 and involves Asp16 and
Trp19, which have been shown to be important for the interac-
tion by mutational analysis (32).

This model was further supported by the program HAD-
DOCK (49). This program, which carries out computational
docking under constraints derived from NMR data (see “Mate-
rials and Methods”), proposed a structurally similar best solu-
tion albeit with a slightly different respective orientation of the
binding surfaces (Supplementary Material 2), giving a less
favorable !2 score (5.65).

DISCUSSION

Combining fluorescence anisotropy, NMR methods, and
SAXS analysis, we have determined the affinities and molecu-
lar framework of the complexes formed between TCL1 family
proteins and PKB"-PH. Whereas the affinities measured be-
tween PKB"-PH and p14TCL1 using fluorescence anisotropy or
NMR are compatible with the slow-exchange regime with re-
gard to the NMR time scale, the dissociation constants meas-
ured for the PKB"-PH!p13MTCP1 complex are more in favor of a
fast-exchange regime. Indeed, a rule of thumb is that interac-
tions with a KD ! 10 #M are slow exchange, whereas interac-
tions with low affinity are immediate to fast exchange. How-
ever, exceptions can be very dramatic. Slow-exchange

conditions for the interaction of a peptide with 500 #M affinity
was measured for the Hsp70 chaperones (because of a slow kon)
(52), and fast-exchange conditions were encountered for the
binding of a phosphate compound to hemoglobin with an affin-
ity of "1 nM (because of a multi-site binding mechanism) (68).
We believe that the apparent discrepancy between the inter-
mediate-to-slow regime and the low affinity observed for the
PKB"-PH!p13MTCP1 complex probably arises because the kon is
significantly slower than diffusion-limited. Usually, important
conformational changes for one or more of the two partners
upon binding are invoked to explain such phenomenon. Even
though such rearrangements cannot completely be discarded in
the present case (see below), it is unlikely that the surface
recognition mechanism underlying the formation of the PKB"-
PH!p13MTCP1 complex would require such important conforma-
tional changes. Rather, we believe that, in this particular case,
a low kon may have for origin a certain degree of aggregation of
p13MTCP1. Indeed, if the binding surface becomes temporarily
masked by nonspecific aggregation, the kon will be significantly
lower than the expected diffusion constant.

It has been shown that NMR is well suited to study such
weakly interacting systems (reviewed in Ref. 55). Different
NMR techniques have been developed to study these systems
depending on the exchange regime. Although the chemical shift
perturbation mapping is the most widely used NMR method to
map protein interfaces, it cannot be used in the present case
because it relies on fast-exchange conditions. On the other
hand, line-broadening analysis has been shown to provide a
useful alternative in the case of a slow/intermediate-exchang-
ing system. The binding surface of p13MTCP1, as revealed by T2
mapping, is in perfect agreement with previous results ob-
tained from single or multiple site-specific mutations (31, 32) of

FIG. 6. SAXS analysis of the PKB!-PH!p14TCL1 complex. A, experimental scattering data. Error bars are indicated by vertical lines. B, pair
distribution function p(r) for the PKB"-PH!p14TCL1 complex. Open circles, experimental curve; solid line, calculated curve for a typical ab initio
model. C, side and top views of the molecular envelope of the PKB"-PH!p14TCL1 complex obtained by averaging 10 individual ab initio models.
Proposed position of PKB"-PH domains (circles) and the p14TCL1 dimer (trapeze) within the SAXS envelope are indicated in the side view.
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p14TCL1. It involves mainly residues located in the !1, !2, !5,
and !6 strands of the !-barrel structure that form a continuous
surface of !788 Å2, which is highly conserved among TCL1
family members. Among the p13MTCP1 residues that differ from
p14TCL1, His12 and Arg22 (respectively Arg17 and Leu27 in
p14TCL1) are situated in the center of the binding site and thus
are likely to affect the affinity of p13MTCP1 for PKB!-PH. In
addition, the binding site encompasses residues located in the
small "-helix located in the long loop that joins the two
!-sheets, forming the characteristic barrel structure of the
TCL1 proteins. This helix is located on the same face of the
!-barrel and is spatially close to the main binding surface as
delineated from NMR experiment. This structural element was
not proposed as part of the TCL1 interaction site as deduced by
sequence homology analysis (32), because its sequence diverges
substantially from one member to another. However, its struc-
ture is conserved within the protein family. The differences in
sequence of this part of the binding surface could also contrib-

ute to the different affinities for PKB-PH measured for
p13MTCP1 and p14TCL1. In addition, previous 15N relaxation
measurements on p13MTCP1 (24) have shown that this helix as
well as the entire loop connecting the two !-meanders forming
the !-barrel structure experiences microsecond-to-millisecond
motions. In the dimeric crystal structure of p14TCL1, contacts
exist between the loops of each of the two monomers that
probably restrict the flexibility of this region when compared
with p13MTCP1. It is possible that these contacts restrain the
helix position in the dimeric structure of p14TCL1 in a favorable
orientation to bind PKB!-PH. This favorable conformation
could be reached only through the conformational changes in
this highly flexible loop in the monomeric structure of
p13MTCP1. Such rearrangements involve microsecond-to-milli-
second motions that could explain a significant lower kon for
p13MTCP1 and thus could provide an additional explanation for
the higher KD measured for the complex p13MTCP1!PKB!-PH.
The binding site of p14TCL1/p13MTCP1 on PKB!-PH comprises
residues located in the COOH-terminal "-helix as well as res-
idues located in the !4 and !5 strands on one face of the
!-sandwich. This surface ("830 Å2) is located opposite the
PtdIns-P binding pocket and remote from the G!# binding site
as determined for G protein receptor kinase 2-PH (66, 69),
indicating that PKB!-PH is able to engage these three inter-
actions simultaneously (Fig. 8). The TCL1 interface on
PKB!-PH flanks the region (residues 67–77) necessary for
binding to periplakin (70), a nuclear localization signal-con-
taining plakin family protein, suggesting that these binding
events are also compatible. Finally, TCL1 binding to mem-
brane-bound PKB-PH leaves accessible PKB-PH Trp80, a resi-
due potentially involved in protein-protein interactions (71).
Thus TCL1 proteins could cross-link and possibly stabilize a
number of PKB-PH interactions at the membrane, promoting
the formation of the high molecular weight protein complexes
(18) and nuclear relocalization (1, 18).

Our analysis allows us to put forward a model in which
dimeric p14TCL1 cross-links two PKB molecules by binding to a
surface region of their PH domains, which has not yet been
observed in other PH-protein interactions. It should be noted
that NMR experiments can indicate contact points between two
proteins, but that it is not safe to conclude that all such con-
tacts are crucial for specificity recognition and/or any subse-
quent biological effect. Site-directed mutagenesis will be re-
quired to dissect the contributions of individual residues. The
mapping of the contact sites offers an important starting point
in such work. Nonetheless, some assumptions can be tenta-
tively derived from the present model on how TCL1 family
proteins promote their array of cellular effects.

Contrary to current models (30), the association with
p14TCL1 appears compatible with the membrane anchoring of
PKB-PH and even should strengthen significantly its mem-
brane attachment by an avidity effect. Indeed, all of the PKB!-
PH!p14TCL1 orientations that satisfy the NMR and SAXS con-
straints share the fact that the two PtdIns-P binding sites of
both PH domains point approximately in the same direction,
away from the interface with dimeric p14TCL1. Together with
structural data indicating that interaction with TCL1 family
proteins does not affect the PtdIns-P binding site of PKB-PH
(this study and Refs. 34 and 71), our analysis suggests that a
p14TCL1 dimer is able to associate simultaneously with two
membrane-bound PH domains (Fig. 8). The co-localization of
high concentrations of p14TCL1 and activated PKB at the mem-
brane has already led French et al. (32) to suggest that the
membrane is the site of complex formation. Because constitu-
tive membrane anchoring renders PKB oncogenic (8), we spec-
ulate that the stimulation of a prolonged membrane association

FIG. 7. Fit of the atomic model of PKB!-PH!p14TCL1 to SAXS
data. A, calculated scattering curve of the atomic model for the PKB!-
PH!p14TCL1 complex (solid line) fitted to the experimental scattering
pattern of PKB!-PH!p14TCL1 (open circles). B, atomic model of the
PKB!-PH!p14TCL1 complex fitted into the SAXS envelope (gray) in side
and top views. Atomic structures are colored according to the following:
blue, PKB!-PH; red, p14TCL1; and green, residues of PKB!-PH impli-
cated in binding to PtdIns-P.
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RDC of IDP

incorporation of glycine and proline residues into simulations of
random homopolymers, which resulted in prediction of RDC
profiles that increased or decreased due to the change in flexi-
bility of the specific amino acids. The observation of significant
site-to-site variation of experimental RDCs along an unfolded
peptide chain compared with the overall bell-shaped prediction
from the random flight models also underlined the need to intro-
duce amino acid-specific conformational behavior into any inter-
pretative model of RDCs measured in disordered proteins.

RDCs in Highly Flexible Systems: Explicit Ensemble
Models
Two very similar, more direct approaches to the interpretation of
RDCs from unfolded proteins have therefore been proposed,
and these rely on the development of explicit ensemble descrip-
tions of the unfolded state (Jha et al., 2005; Bernadó et al.,
2005a). Measured couplings are expressed in terms of a discrete
average over RDCs predicted for all sampled conformers on the
basis of the molecular shape, or on the basis of electrostatic
charge distribution in the case of electrostatic alignment.

D = Dmax
1

M

XM

k = 1

Ak;zz

!
P2ðcoswkÞ+ hk=2sin2wkcos24k

"
(6)

RDCs are averaged over a sufficient number (M) of conformers
to fully represent the available conformational sampling. Although
thisnumber may beof the order ofmany thousands for anunfolded
strand of 50 amino acids in length, it has recently been demon-
strated that convergence of RDCs toward experimental data can
be achieved with smaller number of conformers if the protein is
divided into small, uncoupled segments (Marsh et al., 2008),
although this decoupling of distant regions in the chain might not
represent the true nature of the conformational space (vide infra).
These approaches explicitly account for the heteropolymeric

Figure 2. Figurative Representation of
Effective Angular Averaging Properties of
15N-1H Vectors
Figurative representation of effective angular aver-
aging properties of 15N-1H vectors in an unfolded
protein dissolved in weakly aligning medium with
the director along the magnetic field. Dipolar
couplings measured for 15N-1H vectors in more
extended conformations (q z90#), more com-
monly found in unfolded proteins, will have nega-
tive values (A), whereas those in helical or turn
conformations align more or less parallel with the
direction of the chain (q z0#) and will have larger
positive values (B).

nature of the peptide chain, and sampling
amino-acid-specific {f/c} propensities to
construct the conformational ensemble
(Jha et al., 2005; Bernadó et al., 2005a).
The study from Bernadó et al. sampled
conformations from an explicitly con-
structed coil library, comprising non-a-
helical and non-b sheet conformations
from 500 high-resolution crystal structures
(Lovell et al., 2003). Additional sampling
properties were included that account,

for example, for amino acids preceding prolines. Rudimentary
nonbonding considerations were accounted for between amino
acid side chains by removing structures when a steric clash
occurred between residue-specific spheres centered on the
b-carbon atoms of each amino acid (a-proton in the case of
glycines). Conformers were constructed by randomly sampling
the amino acid specific coil library, and RDCs were predicted for
each copy of the ensemble using shape-based alignment algo-
rithms (Zweckstetter and Bax, 2000; Almond and Axelsen, 2002)
and averaged over the entire ensemble.

This approach, termed Flexible-Meccano or FM, was initially
applied to a two-domain viral protein, protein X, from Sendai
virus phosphoprotein (Figure 3) comprising a disordered domain
and a folded domain. 1DNH and 2DC’NH RDCs predicted using
the FM approach are relatively well reproduced from throughout
the protein both in amplitude and distribution. Note that in this
particular system the RDCs from each copy of the protein, in
both folded and unfolded domains, depend on the relative align-
ment of the two domains, constituting a quantitative test of the
validity of the approach.

Using this approach it was possible to accurately reproduce
theexperimentallymeasured 1DNH couplings in theD131Dmutant
of staphylococcal nuclease (Shortle and Ackerman, 2001) simply
on the basis of local conformational propensities, without residual
tertiary fold as had initially been invoked. A number of further
examples were also shown, for example the prediction of 1DNH

RDCs measured in 8M urea unfolded apo-myoglobin (Mohana-
Borges et al., 2004), establishing the statistical coil approach as
a viable choice for predicting random coil RDCs that result
directly from the conformational properties of the primary
sequence and thereby constitute an unfolded ‘‘baseline.’’ The
absolute level of alignment is not accurately known in these simu-
lations, so that all RDCs are finally scaled by the appropriate
optimal scaling factor to reproduce the experimental data.

Structure 17, September 9, 2009 ª2009 Elsevier Ltd All rights reserved 1173
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been carried out providing a useful addition to already existing
data sets.53

Another way of obtaining δRC values is to employ the large
database (for example, the BMRB57) of experimentally assigned
CSs of proteins of known three-dimensional structure.58−61

Characteristic CSs of α-helix and β-sheet can be derived
directly from the database. Random coil values are derived from
CSs measured in loop regions of proteins that are also present
in high-resolution structural databases. Statistical coil ensembles
are generally assembled by randomly sampling amino-acid

Figure 5. RDCs are modulated by the presence of persistent long-range contacts in IDPs. (Top) Flexible-meccano simulations of 1DNH and 1DCαHα
RDCs (black lines) in a model protein of 100 amino acids with arbitrary primary sequence in the absence (A) and the presence (B−G) of different
persistent long-range contacts: 1−20 and 41−60 (B), 1−20 and 61−80 (C), 1−20 and 81−100 (D), 21−40 and 61−80 (E), 21−40 and 81−100
(F), 41−60 and 81−100 (G). (Bottom) Flexible-meccano simulations of 1DNH and 1DCαHα RDCs (black lines) in a poly valine chain of 100 amino
acids in the absence (H) and the presence (I−N) of the same long-range contacts. The red lines correspond to the parametrization of the baseline
via a simple analytical expression that depends on the length of the chain and the positions of the contacting regions. In both panels, RDCs were
averaged over 100 000 conformers, and the red lines on top of each plot indicate the positions of the two contacting regions. Reprinted with
permission from ref 112. Copyright 2011 American Chemical Society.
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Another way of obtaining δRC values is to employ the large
database (for example, the BMRB57) of experimentally assigned
CSs of proteins of known three-dimensional structure.58−61

Characteristic CSs of α-helix and β-sheet can be derived
directly from the database. Random coil values are derived from
CSs measured in loop regions of proteins that are also present
in high-resolution structural databases. Statistical coil ensembles
are generally assembled by randomly sampling amino-acid

Figure 5. RDCs are modulated by the presence of persistent long-range contacts in IDPs. (Top) Flexible-meccano simulations of 1DNH and 1DCαHα
RDCs (black lines) in a model protein of 100 amino acids with arbitrary primary sequence in the absence (A) and the presence (B−G) of different
persistent long-range contacts: 1−20 and 41−60 (B), 1−20 and 61−80 (C), 1−20 and 81−100 (D), 21−40 and 61−80 (E), 21−40 and 81−100
(F), 41−60 and 81−100 (G). (Bottom) Flexible-meccano simulations of 1DNH and 1DCαHα RDCs (black lines) in a poly valine chain of 100 amino
acids in the absence (H) and the presence (I−N) of the same long-range contacts. The red lines correspond to the parametrization of the baseline
via a simple analytical expression that depends on the length of the chain and the positions of the contacting regions. In both panels, RDCs were
averaged over 100 000 conformers, and the red lines on top of each plot indicate the positions of the two contacting regions. Reprinted with
permission from ref 112. Copyright 2011 American Chemical Society.
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no LR contact

with LR contacts

unfolded state. These effective couplings are compared with
experimental data using the expression:

c2 =
X!

Dij;eff ! Dij;exp

"2
=s2

ij (8)

where s represents the uncertainty on the experimental
coupling.

A minimum ensemble representation of the molecular recog-
nition element of NTAIL was obtained from all available RDCs, in
terms of interconverting conformational states using statistical
F-tests to test the significance in the improvement in data fitting
upon addition of a new population. The results clearly indicate
that rather than fraying randomly, the molecular recognition
sequence of NTAIL preferentially populates three specific helical
conformers. The two highest-populated conformers were found
to differ by one helical turn in length at both termini, both en-
closing the recognition site amino acids (Figure 8). Remarkably,
the three interconverting helical conformers were all found to
be stabilized by so-called N-capping interactions via hydrogen
bonds between the side chain of the N-capping amino acid
(normally aspartic acids or serine) and the backbone amide in
position two or three in the helical elements. The preferential
helices are stabilized by these motifs, suggesting that the
favored conformations are encoded in the primary sequence
of the molecular recognition element. This provides clear detail
of the molecular basis of nascent helix formation in partially
folded chains, with additional implications for understanding
the early steps of protein folding. Possibly equally importantly,
the direction in which the disordered strands adjacent to the
helix are projected is selectively controlled as a result of these
stabilizing interactions. A mechanism by which the partially
folded form of the protein could project the unfolded strands
in the most functionally useful direction to achieve efficient

fly-casting interactions is thereby identified (Shoemaker et al.,
2000).

The origin of the periodicity of the 1DHN couplings within helical
elements (Figure 8), in addition to that exhibited in the 1DCaHa,
and to some extent 1DCaC0, and 2DHNC0 couplings, is not immedi-
ately obvious. If one assumes that the helix is not deformed, the
periodicity should only occur if the effective orientation of the
vectors on either side of the helix differs relative to the magnetic
field, resulting in an effective tilt of the main axis of the helical
element with respect to this axis. In disordered proteins, the
effective tilt of the helix relative to the alignment axis is deter-
mined by the directionality of the unfolded chains projected
from the helix termini. The amplitude and phase of the dipolar
wave have indeed been shown to depend in a predictable
and analytical way on helix length (Jensen and Blackledge,
2008), in theory obviating the need for construction of explicit
ensembles for all helical lengths (Figure 9). This dependence
has been formalized for use as an alternative to the computation-
ally onerous explicit ensemble construction, for the interpreta-
tion of RDCs measured in helical elements of partially folded
chains.

RDCs Provide the Key to a Description of
Conformational Sampling in the Disordered
Transactivation Domain of Human Tumour
Suppressor p53
RDCs offer the possibility for quantitative description of local
structural detail and as such provide powerful probes with which
to map the structural and dynamic properties of IDPs in solution.
It is however evident that a full understanding of the vast confor-
mational space available to these proteins requires experimental
data from as many complementary biophysical techniques
as possible in order to understand the nature of the unfolded
state. An example of the combination of dipolar couplings with

Figure 8. Determination of the Conformational Equilibrium in the Molecular Recognition Element of NTAIL in Solution
Explicit structural ensembles were simulated using specific helical elements of all possible combinations and populations of continuous helical segments, from
a minimum of 4 amino acids to a maximum of 20 in the range 476-495. Ensemble equilibria comprising combinations of increasing numbers of conformers (n = 0,
1, 2, 3, 4) of the 153 helical conformations were compared to the experimental data. In each case the population of each member of the ensemble was optimized.
The four conformations are presented as: a single structure, representing the 25 ± 4% unfolded conformers, the shortest helical element, comprising six amino
acids 479-484, populated at a level of 36 ± 3%, 476-488 populated at 28 ± 1% and a longer stretch 478-492 populated to a level of 11 ± 1%. The molecular
recognition site arginines are shown in red. Twenty randomly selected conformers are shown for each of the helical segments to illustrate the directionality of
the adjacent chains projected from the helix caps. Reproduction of experimental data (red) is shown compared with simulation (blue) in the molecular recognition
element on the right. Each of the helices is found to be preceded by an amino acid capable of forming an N-capping interaction that can stabilize the formation of
helices in flexible peptides (shown in blue on the ribbon and primary sequence). Reprinted with permission from the Journal of the American Chemical Society
(Jensen et al., 2008).
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Paramagnetic Relaxation Enhancement
◆ The presence of an electronic spin in the vicinity of nuclear 

spins increases their relaxation rates 

◆ If the electronic spin is characterized by an isotropic g tensor, 
the effect depends only on the distance between the nucleus 
and electronic spins
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Introducing spin label to protein surface

Battiste et Wagner Biochemistry V39, p5355 (2000)

15-35 Å
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Application to multiple domain proteins

N155C*

RRM1 RRM2>12 Å (not bleached) 
<20 Å (25% reduction) 
<15 Å (50% reduction) 
<10 Å (heavy bleaching)

from Bernt Simon M Sattler EMBL Heidelberg, Angew. Chem., 2010, 122(11), 2011 - 2014

Iox/Ired

Protein sequence
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Applied to IDP (Tau)
Figure 7. PRE of Amide Protons in Spin-Labelled Tau

Mukrasch MD, Bibow S, Korukottu J, Jeganathan S, et al. (2009) Structural Polymorphism of 441-Residue Tau at Single Residue 
Resolution. PLoS Biol 7(2): e1000034. doi:10.1371/journal.pbio.1000034 
http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1000034

http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1000034
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RNA spin labelling
Lebars I.*, Vileno B., Bourbigot S., Turek P., Wolff P. & Kieffer B. (2014) 
 "A fully enzymatic method for site-directed spin-labeling of long RNA", Nucleic Acids Res., 42(15), e117, 
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PRE based amplification of low population states
◆Due to the r-6 distance dependance of the PRE, small 

distances in low populated states may be revealed

kex

Iwahara & Clore (2006)
 Nature 440, p 1227
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Phenomenon
• Chemical-Shift  ≡  position in the spectrum 
• Spin-Spin coupling 

• “Dipolar” coupling   -  depends on spin-spin geometry 
• “Scalar” coupling    -  depends on electronic orbital 

• Relaxation 
• decoherence of the quantum states 

• NOE 
• relaxation due to spin-spin ⇒ information on atomic distances 

• RDC: Reduced Dipolar Coupling 
• information on angular geometry 

• PRE: Paramagnetic Relaxation Experiment 
• relaxation due to electronic spin-spin ⇒ information on molecular 

contacts
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final remarks
• sensitivity aspects 
• protein size aspects 
• signal aspects 
• more than structure
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Recent advance in NMR instruments
• The Signal/Noise ratio depends on the applied magnetic 

field

S/ N∝B0
5/2

γHB0 / 2π
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Sensiticity increase over my carrier

water suppression

600 MHz

cryoprobe

capillaries

spectroscopic filters 

first assigned peptides

Protein quantity   ~ Moore law 
/2 every 2 years   /1000 in 20 years

19F
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Strategy related to size
• tiny proteins                    M < 6 kD 

‣ very easy to study 
‣ peptides ! 

• small proteins                 M < 12-15 kD 
‣ easy -  
‣ 15N labelling might be enough 

• larger proteins                  M < 40 kD 
‣ 15N and 13C required - 2H to be considered 

• very large proteins            M > 50 kD 
‣ 2H labelling and  15N / 13C labelled specific incorporation 

• beware of “hidden” oligomers 
Glutathion-S-Transferase   2x50kD 
Insuline :   6x6kD
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Distribution de taille 

protein size distribution in 
C.Elegans genome 
from : Genomic classification of 
protein-coding gene families Erich 
M. Schwarz in WormBook



Lionel Imbert (IBS) Cell-Free expression platform



Is NMR spectroscopy only limited to small molecules?

Courtesy of J Boisbouvier et al.
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Nature Methods 2007
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Space scale
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Time scale

fs ns µs ms s hps

molecular 
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time

relaxation

molecular 
vibrations
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• Rénafobis Oléron - 2017 •

dynamic measurements
48

effect on the 3D models deduced from these measure-
ments. To this aim, we used the dipolar couplings mea-
sured on p8MTCP1 to further investigate the structure
and dynamics of this protein. P8MTCP1 (Madani et al.,
1995) is a small (68 residues) mitochondrial protein
encoded by one of the two splicing forms of MTCP1,
the first gene univocally identified in the group of
uncommon leukemia with a mature phenotype (Stern
et al., 1993). Previous reports on the structure of hu-
man p8MTCP1 revealed an original scaffold consisting
of three α-alpha helices, associated with a new cystein
motif (Barthe et al., 1997, 1999) (Figure 1a). Two
anti-parallel amphipatic helices spanning residues 8–
20 (helix I) and residues 29–40 (helix II) are strapped
in an α-hairpin motif by the two disulfide bridges 7–
38 and 17–28. The third helix (helix III) spanning
residues 48-63, is connected to this double-helix mo-
tif by a relatively well-defined loop (residues 41–46)
and the third disulfide bridge 39–50. Probably due to
an intrinsic flexibility, the relative orientation of he-
lix III with respect to the α-hairpin is however poorly
defined. Indeed, the presence of complex motions in
helix III was clearly demonstrated by the analysis of
15N relaxation data (Barthe et al., 1999; Canet et al.,
2001). On the other hand, NMR measurements clearly
established that the average structure of this segment
is predominantly helicoïdal since typical (i, i+3) and
3JHN couplings < 5.5 Hz (Barthe et al., 1997, 1999)
were observed. We present here the refinement of the
structure of p8MTCP1 using restraints deduced from the
measurement of NH dipolar couplings. More impor-
tantly, we point out some deleterious effects due to the
introduction of mobility-averaged dipolar couplings
in the structure calculation. For all these last points,
we think that our conclusions go beyond the frame
of the structure refinement of p8MTCP1 and should be
relevant for any multi-domain proteins.

Materials and methods

Dipolar coupling measurements

The protein expression and purification has been de-
scribed elsewhere (Barthe et al., 1999). The final
concentration of 15N labeled p8MTCP1 in the NMR
tube was 0.4 mM (pH 6.4). Experiments were run
at 30 ◦C on an AMX 600 MHz Bruker spectrometer
equipped with a z-gradient 1H-13C-15N triple reso-
nance probe. The DHN couplings were measured on a
bicelle-free tube and on a tube containing 7% (w/w)

Figure 1. (a) ribbon representation of the backbone of the solution
structure of p8MTCP1. The value of the global order parameter S2 is
encoded in the width of the ribbon line. The N- and C-terminal ends
of the protein are indicated in bold letters. (b) Experimental dipolar
coupling constants as a function of residue number for p8MTCP1.
The position of the three helices is indicated as horizontal bold lines.

DLPC/CHAPSO (5:1) (Wang et al., 1998) as fre-
quency differences in the t1 dimension between the
N+ and N- correlation peaks for each residue in the
spectra recorded using the TROSY and anti-TROSY
HSQC type experiments (Weigelt et al., 1998; Cordier
et al., 1999). NMR experiments (256 complex t1 ×
1024 complex t2 points) were processed using the Gifa
software (Pons et al., 1996) to a final resolution of
1 Hz/pt. To increase the precision of the measure, the
peak shape was then fitted using the Peak_fit routine
in Gifa. The D

dip
HN dipolar couplings were obtained as

differences between D
dip
HN splittings measured on the

bicelle-free and bicelle containing solutions.

obtained at two magnetic field strengths (J (0) (cor-
rected from exchange contribution: vide infra),
J (40), J (60), J (348), J (522)). The average value for
the τc was measured as 3.5 ns at 22.2 °C (figure 3).
This is relevant for a 7 kDa monomer and this con-
firms the conclusions of Pons et al. (personal com-
munication).

From the site-specific analysis, the local mobility
of each amide vectors could be estimated in term
of an order parameter S 2 (figure 4). It can be seen
that the backbone of the liganded protein is glo-
bally rigid, with local motion present in the N and
C terminals, as well as locally around residue
Glu19, which is adjacent to Pro 20 and Ser 21; the
latter was impossible to position during the attribu-
tion work.

If chemical or conformational exchange takes
place, an additional term is present in the R2 value,
which depends solely on this exchange. If this
effect is not taken into account, the experimental
value of J (0) obtained at one magnetic field
strength is biased by a quantity depending on the
strength of the observation magnetic field used.
The measure performed at two magnetic fields
enabled us to correct the J (0) values, and to extract
an estimate of the exchange rate R2ex. Results for
J (ω) and R2ex are shown in figures 5 and 6. The
spectral density (figure 5) confirms the rigidity of
the protein and allows the calculation of the
exchange contribution for every residue (figure 6).
This method points out the higher contribution for
residues at position 8 and 33 (2.7 and 4.2 Hz).

3. Conclusion

The non-specific type 2 LTP from wheat succeeds
to transfer lipids between membranes despite a
high Kd (mM). The functional mechanism cannot
be explained only by a structural analysis but
requires protein dynamics information. We have
demonstrated that the protein is very rigid at the ns
scale. Two zones exist in the protein. One is never
disturbed, the protein being unliganded or liganded

Figure 3. Correlation time of type 2 LTP, determined locally for
each amino-acid.

Figure 4. Order parameter (S 2) for each residue of LPG
liganded type 2 LTP.

Figure 5. Spectral density obtained from the relaxation measure-
ments performed at 400 and 600 MHz with LPG liganded type 2
LTP.

841

F. de Lamotte et al. / C. R. Acad. Sci. Paris, Chimie / Chemistry 4 (2001) 839–843

Déméné, H., Ducat, T., Barthe, P., Delsuc, M.-A., & Roumestand, C. (2002). 
Structure refinement of flexible proteins using dipolar couplings: application to 
the protein p8MTCP1. Journal of Biomolecular NMR, 22(1), 47–56.
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Application: Real-time follow-up of a folding 

PNAS 2010



• Rénafobis Oléron - 2017 •

FCS 
Fluorescence correlation spectroscopy
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La transformée de Fourier - MA Delsuc

Mise en œuvre (1)
• calcul en module  

• phénomène cohérent = calcul sensible à la phase

� 1
x

� 1
x2

• calcul de la densité spectrale de 
puissance 

• adapté aux signaux stationnaires 
• mal adaptés aux FID

�S(�)� =
�

S(�)S�(�)

module
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La transformée de Fourier - MA Delsuc

quelques remarques (2)
• Erreur sur to 

• => convolution du spectre par  
• rotation de la phase proportionnel à la 

fréquence 
• correction de phase
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La transformée de Fourier - MA Delsuc

0

1

Hanning

Hamming
Blackmann
Lacnzos

Mise en œuvre (2)
• Apodisation 

• multiplier les données par 
une fenêtre pour 
améliorer le spectre

Hanning puis module

• artefacts 
• forte de perte de signal 

dans certains cas 
• modification du signal 

mesuré !

phase-sensible
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Working on sampling methods
• The use of FFT imposes a linear sampling 

• Non Uniform Sampling (NUS) are currently being 
developed allowing considerable gain of time

P Schanda Progress NMR Spect. 2009
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2005-2017  

• Study of Intrinsically Disordered Proteins (IDP) 

• Study of Molecular Recognition fundamental mechanisms 

• Description of Protein and Nucleic Acid excited states 

• Visualizing Large complexe’s motions 

• Monitoring protein’s states within the cell
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mesure de diffusion

highest diffusion coefficient ~P1! is no longer observed, whereas
populations with diffusion coefficients corresponding to S and P2
were detected. The SASA calculated from the population with the
highest diffusion coefficient ~P1; SASA ! 8,150 Å2! is smaller

than the SASA calculated for dimeric Nef models ~Table 2!, we
therefore attributed it to a monomeric state of Nef. Consequently,
the SASA of the dimer can be calculated as @~2 " SASA mono-
mer! # ~calculated buried interface!#, i.e., 15,300 Å2. This SASA

Fig. 4. Analysis of the oligomeric state based on NMR DOSY data: the methyl region of the DOSY spectrum of NefD1–56,D206 at
140 mM is shown. Three columns have been extracted at 0.91, 1.01, and 1.20 ppm and are reported to the left. The corresponding
diffusion coefficients, materialized by hatched axes, are 66, 84, and 77 mm20s, respectively. The star indicates an impurity, with a much
faster diffusion coefficient.
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Characterization and molecular basis of the oligomeric
structure of HIV-1 Nef protein
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Abstract

The Nef protein of human immunodeficiency virus type I ~HIV-1! is an important determinant for the onset of AIDS
disease. The self-association properties of HIV-1 Nef are analyzed by chemical cross-linking, dynamic light scattering,
equilibrium analytical ultracentrifugation, and NMR spectroscopy. The experimental data show that the HIV-1 Nef core
domain forms stable homo-dimers and trimers in solution, but not higher oligomers. These Nef homomers are not
covalently linked by disulfide bridges, and the equilibrium between these forms is dependent on the Nef concentration.
We further provide the molecular basis for the Nef core dimers and trimers obtained by analysis of crystallographic
models. Oligomerization of biological polypeptides is a common tool used to trigger events in cellular signaling and
endocytosis, both of which are targeted by Nef. The quaternary structure of Nef may be of physiological importance and
may help to connect its cellular targets or to increase affinity of the viral molecule for its ligands. The herein described
models for Nef dimers and trimers will allow further mutational studies to elucidate their role in vivo. These results
provide novel insight into the structural and functional relationships of this important viral protein. Moreover, the
oligomer interface may represent a novel target for the design of antiviral agents.

Keywords: chemical cross-linking; dynamic light scattering; HIV-1; Nef; NMR; oligomerization; sedimentation
equilibrium

The nef gene of human and simian immunodeficiency virus ~HIV
and SIV, respectively! is an essential determinant for the onset of
the acquired immunodeficiency syndrome ~AIDS! in vivo ~Deacon
et al., 1995; Kirchhoff et al., 1995; Mariani et al., 1996; Hanna
et al., 1998!.
The nef gene encodes a 27 kDa auxiliary protein that is ex-

pressed at high levels early in the viral replication cycle. The Nef
protein has a number of distinct activities that contribute to its
potential to increase viral replication and pathogenicity. Nef down-
regulates cell surface CD4 and MHC-I molecules by accelerating
the rate of their endocytosis from the cellular membrane ~Aiken
et al., 1994; Garcia & Miller, 1994; Schwartz et al., 1996; Craig

et al., 1998!. Nef enhances virion infectivity ~Chowers et al., 1994;
Miller et al., 1994; Schwartz et al., 1995! and alters cellular signal
transduction and activation, possibly mediated by interactions with
cellular kinases via the SH3-binding P-x-x-P motif of Nef ~Baur
et al., 1994; Du et al., 1995; Greenway et al., 1995; Lee et al.,
1995; Saksela et al., 1995; Collette et al., 1996!. Nef has no en-
zymatic activity; its action is therefore based on association with
host cell proteins or viral components. Many putative cellular Nef
targets have been reported so far, including proteins of signal
transduction pathways such as tyrosine and serine kinases ~Sak-
sela, 1997!, and components of the endocytotic machinery, such as
subunits of adaptor protein complexes ~Le Gall et al., 1998; Piguet
et al., 1998!, a thioesterase ~Liu et al., 1997!, and b-cop ~Benichou
et al., 1994; Piguet et al., 1999!. Nef appears also to display a weak
affinity for the cytoplasmic tail of CD4 ~Harris & Neil, 1994;
Grzesiek et al., 1996b; Rossi et al., 1996!.
HIV and SIV Nef proteins consist of a conserved core domain

of about 120 residues and two highly divergent and disordered
regions, i.e., the N-terminus ~the first 68 to 100 amino acids,
depending on the viral family! and a 30 amino acid loop projecting
from the core domain. The N-terminus of all Nef proteins is my-
ristoylated and mediates membrane association. The core domain

Reprint requests to: Christian Dumas, Centre de Biochimie Structurale,
15 avenue C. Flahault, F34060 Montpellier, France; e-mail: dumas@cbs.
univ-montp1.fr.

3Present address: Laboratory of Molecular Biophysics, South Parks Road,
Oxford, United Kingdom.
Abbreviations: DLS, dynamic light scattering; Dt, apparent diffusion

coefficient; DOSY, diffusion ordered spectroscopy; EGTA, ethyleneglycol-
bis~b-aminoethyl ether!-N,N,N9,N9-tetraacetic acid;Mapp, apparent molec-
ular mass; PAGE, polyacrylamide gel electrophoresis; SASA, solvent
accessible surface area; SDS, sodium dodecyl sulfate.

Protein Science ~2000!, 9:1137–1148. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society
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The nef gene of human and simian immunodeficiency virus ~HIV
and SIV, respectively! is an essential determinant for the onset of
the acquired immunodeficiency syndrome ~AIDS! in vivo ~Deacon
et al., 1995; Kirchhoff et al., 1995; Mariani et al., 1996; Hanna
et al., 1998!.
The nef gene encodes a 27 kDa auxiliary protein that is ex-

pressed at high levels early in the viral replication cycle. The Nef
protein has a number of distinct activities that contribute to its
potential to increase viral replication and pathogenicity. Nef down-
regulates cell surface CD4 and MHC-I molecules by accelerating
the rate of their endocytosis from the cellular membrane ~Aiken
et al., 1994; Garcia & Miller, 1994; Schwartz et al., 1996; Craig

et al., 1998!. Nef enhances virion infectivity ~Chowers et al., 1994;
Miller et al., 1994; Schwartz et al., 1995! and alters cellular signal
transduction and activation, possibly mediated by interactions with
cellular kinases via the SH3-binding P-x-x-P motif of Nef ~Baur
et al., 1994; Du et al., 1995; Greenway et al., 1995; Lee et al.,
1995; Saksela et al., 1995; Collette et al., 1996!. Nef has no en-
zymatic activity; its action is therefore based on association with
host cell proteins or viral components. Many putative cellular Nef
targets have been reported so far, including proteins of signal
transduction pathways such as tyrosine and serine kinases ~Sak-
sela, 1997!, and components of the endocytotic machinery, such as
subunits of adaptor protein complexes ~Le Gall et al., 1998; Piguet
et al., 1998!, a thioesterase ~Liu et al., 1997!, and b-cop ~Benichou
et al., 1994; Piguet et al., 1999!. Nef appears also to display a weak
affinity for the cytoplasmic tail of CD4 ~Harris & Neil, 1994;
Grzesiek et al., 1996b; Rossi et al., 1996!.
HIV and SIV Nef proteins consist of a conserved core domain

of about 120 residues and two highly divergent and disordered
regions, i.e., the N-terminus ~the first 68 to 100 amino acids,
depending on the viral family! and a 30 amino acid loop projecting
from the core domain. The N-terminus of all Nef proteins is my-
ristoylated and mediates membrane association. The core domain

Reprint requests to: Christian Dumas, Centre de Biochimie Structurale,
15 avenue C. Flahault, F34060 Montpellier, France; e-mail: dumas@cbs.
univ-montp1.fr.
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ular mass; PAGE, polyacrylamide gel electrophoresis; SASA, solvent
accessible surface area; SDS, sodium dodecyl sulfate.
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