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Figure	1	:	Les	20	acides	aminés	des	protéines

(in	Raven	De	Boeck,	2007)
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Figure	2	:	Propriétés	acido-basiques	des	acides	aminés

Figure	3	:	hydrophobicité	des	acides	aminés

(in	Augere	B,	Ellipses,	2001)


Figure	4		:		Un	polypeptide	est	une	succession	de	plans	dans	

lesquels	s’inscrivent	les	liaisons	peptidiques.	
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Figure	5		:		la	liaison	peptidique	est	polaire

(in	Raven	De	Boeck,	2007)
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Figure	6	:	la	drépanocytose


Électrophorèse	 d’hémoglobine	 (chaîne	 ß)	 e	
d’individu	 sain	 et	 d’individus	 atteints	 d’anémie	
falciforme	 (=drépanocytose)	 ou	 ayant	 le	 trait	
drépanocytaire

Structure	 primaire	 de	 la	 chaîne	 ß	 l’hémoglobine	
normale	 et	 de	 l’hémoglobine	 mutée	 de	 l’hématie	
falciforme

hématies d’un individu sain hématies d’un individu malade

A	partir	de	l’ensemble	des	documents,	expliquez	l’origine	du	phénotype	de	la	drépanocytose.


Formation	des	fibres.

(in	Weinmen,	Dunod	2000)

chaîne	ß	normale	(début	de	séquence)	:	
ATGGTGCACCTGACTCCTGAGGAGAAGTCT
GCCGTTA


chaîne	ß	mutée	(début	de	séquence):

ATGGTGCACCTGACTCCTGTGGAGAAGTCT
GCCGTTA
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Schéma	bilan	sur	la	drépanocytose	(I.	Bohn)
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Figure	7	:	Détermination	de	la	séquence	d’une	

protéine	par	la	méthode	d’Edman	


Mise	au	point	en	1949	puis	automatisée	en	1967.

Principe	 de	 la	 méthode	 :	 méthode	 récurrente	 dans	 laquelle	 on	 détermine	 la	 nature	 de	 l’acide	
aminé	du	côté	N-terminal.	


Schématisation de l’expérience
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Hélice	alpha	transmembranaire

Vue polaire

Hélice	alpha		:	une	succession	de	plans	en	hélice

dont	sortent	les	chaînes	latérales

Structure	 coiled	 coil	 :	 deux	 hélices	
cytosoliques	mettent	en	commun	des	
acides	aminés	hydrophobes.

Figure	8	:	les	hélices	alpha,	une	structure	secondaire
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Représentation	schématique	à	connaître
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Figure	9	:	structure	du	transporteur	au	glucose	GLUT2

(in	Richard	et	Preston,	1995	/	in	Medecine	Sciences,	1995)
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Modèle	de	structure	secondaire	:	12	hélices	transmembranaires
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windows and the crystal structures of various states validate the efficacy of our path-finding
protocol (S1E Fig).

The three systems exhibit drastically different free energy profiles (Fig 1D). GLUT1 shows a
broad energy well which is required for the fast turnover of passive uniporters. The slight pref-
erence of OF over IF conformations agrees with the unidirectional conformational shift in the
aMD simulation (S1B Fig). Notably, the GLUT1 profile exhibits no favorable energy wells at
the window corresponding to the inward-facing crystal structure 4PYP (S1F Fig). The reason
at least partially arises from the mutation and detergent introduced to the crystal structure (see
S1 Text). In contrast, an energy barrier is present at the image index of 20 in both XylE sys-
tems. According to our rough estimation, this barrier of ~5 kcal/mol can effectively forestall
rapid IF$OF transition (Fig 1D) and thereby suppressing proton leakage across the mem-
brane in the absence of substrate (see S1 Text for details). The marked difference between
XylE_H and GLUT1 at the energy barrier cannot be accounted for purely by the protonation-
site residue. In addition, comparison on free energy profiles between XylE_H and XylE_noH
indicates that conformational preference of XylE could be altered thermodynamically by pro-
tonation/deprotonation. Particularly, once the proton and substrate have been unloaded,
inward-facing XylE would spontaneously restore the energetically more stable outward-facing
state for another cycle of transport.

The systematic difference between XylE and GLUT1 may hinder accurate side-by-side
comparison on their free energy profiles. We thus developed an RMSD-scoring based algo-
rithm to align BEUS windows for the three systems, which can effectively eliminate the cross-

Fig 1. Conformation sampling and free energies of GLUT1, XylE_H and XylE_noH. (A) The definitions of extracellular and intracellular gates.
Extracellular gate (EG) comprises of two groups of interacting helices at periplasmic side, including TM 1, 2&5 and TM 7, 8&11 (highlighted in yellow).
Likewise, cytoplasmic portions of TM 2, 4&5 and TM 8, 10&11 compose the intracellular gate (IG) residues. The centers of mass (COM) of CĮ atoms in the
two gating groups are used to depict gate distances. (B) List of simulation sets performed on GLUT1, XylE_H and XylE_noH systems. (C) The unweighted
contour maps for aMD trajectories in the 2D space of Extracellular and Intracellular Gate distances. The positions of initial structures for GLUT1 (PDB ID:
4PYP) and XylE systems (PDB ID: 4JA3) are shown as red dots. Dashed circles denote the supposed regions of inward- and outward-facing conformations.
(D) Free energy profiles along discretized BEUS images/windows. GLUT1, XylE_H and XylE_noH are colored red, blue and yellow, respectively.

https://doi.org/10.1371/journal.pcbi.1005603.g001

Modeling the mechanistic difference between uniporter and proton symporter

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005603 June 15, 2017 4 / 26
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Figure	10	:	structure	des	filaments	intermédiaires

(in	Kim	et	al.,	2015	/	in	Guzenko	et	al.,	2017)


Les	filaments	intermédiaires	sont	formés	de	protéines	fibreuses	(hélices	alpha)	qui	s’associent	par	
deux	 grâce	 à	 des	 hélices	 amphiphiles	 qui	 forment	 structures	 coiled	 coil.	 Les	 acides	 mainés	
hydrophobes	s’associent	par	effet	hydrophobe.	

165

approach for the full-length protein (Aziz et al. 2012; Chernyatina et al. 2016). This 
correlation is also very apparent for the representative structures shown in Fig. 6.7.

Another important discovery that emerged during the studies of multiple IF rod 
fragments was that the coiled-coil stability varies greatly along the rod length. In 
particular, the fragment corresponding to vimentin coil1A (and thus containing the 
complete N-terminal consensus motif of the rod) formed a coiled coil of only mar-
ginal stability, since its melting temperature was only 32°C (Meier et al. 2009). A 
single engineered point mutation (Y117L) was capable of increasing the melting 
temperature up to 78 °C. Likewise, a fragment including the hendecad repeats from 
the N-terminal part of coil2 was found to be monomeric in solution (Nicolet et al. 
2010). Analysis of the corresponding parallel bundle structure revealed that its 
hydrophobic core contains several alanine and tyrosine residues as well as one 
asparagine, all of which are not optimal for stability. Indeed, the loose packing of 
the coiled-coil core in this region is quite apparent (Fig. 6.7b). Importantly, there are 
some indications that variations in coiled-coil stability along the rod length are 
needed if correct IF assembly is to proceed. For instance, introduction of the Y117L 

Fig. 6.7 Stereo view of the two types of coiled-coil structure found in IF dimers. (a) Classical 
left-handed coiled coil formed by the N-terminal part of coil1B (residues 154–181 corresponding 
to three heptads, PDB code 3SSU, (Chernyatina et al. 2012)). (b) N-terminal part of coil2 forming 
a parallel α-helical bundle (residues 269–301 corresponding to three hendecads). The crystal struc-
ture (PDB code 3TRT) had some irregularities apparently linked to the introduction of an arti"cial 
disulphide bridge at the N-terminus and crystal packing (Chernyatina and Strelkov 2012). Shown 
here is a re-modelled structure obtained using Rosetta fold-and-dock protocol (Kaufmann et al. 
2010) with soft distance constraints derived from the crystal structure. The residues are coloured 
according to the position in the heptad or hendecad repeat. Amino-acid sequences are given below 
the structures, with heptad and hendecad repeats highlighted. Sequence-based prediction of sol-
vent exposure using NetSurfP (Petersen et al. 2009) is shown as a colour scale (red – buried in the 
hydrophobic core, blue – exposed to solvent). The d1/d values calculated from the SDSL EPR 
experiments (Aziz et al. 2012; Hess et al. 2006) are shown as a bar graph. The d1/d values correlate 
with the proximity of the residues

6 Crystallographic Studies of Intermediate Filament Proteins

Noter l’importance de la nature des radicaux et l’importance 
des liaisons faibles (nombreuses donc structure stable). 



BCPST1,	Lycée	Champollion																																																																																																					Chapitre	I.A.4	:	les	protéines

 

11

Figure	12	:	les	feuillets	ß,	une	structure	secondaire	formée	de	2	brins	ß


Figure	11	:	structure	de	facteur	de	transcription	à	leucune	zipper


Les	 protéines	 qui	 contrôlent	 l’expression	 de	 l’information	
génétique	 se	 fixent	 à	 l’ADN.	 Certaines	 de	 ces	 protéines	 se	
fixent	sur	l’ADN	grâce	à	deux	hélices	amphiphiles	(les	acides	
aminés	hydrophobes	sont	des	leucines)	:	on	parle	de	leucine	
zipper.	
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Représentation	schématique

Brins antiparallèles

Brins parallèles
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Figure	13	:	associations	des	structures	secondaires	en	motifs

(in	Lodish)


Deux	hélice	formant	une	boucle	
capable	de	fixer	du	calcium.

Exemple	:	calmoduline

Une	 hélice	 associée	 à	 deux	 brins	 ß	
antiparallèles

Exemple	:	facteurs	de	transcription

(c) Hélice - tour-hélicedoigt de zincHélice - boucle-hélice
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Figure	14	:	expérience	de	dénaturation	/	renaturation	de	la	ribonucléase	A

Anfinsen	1957


Matériel	d’étude	:	une	petite	enzyme	formée	d’une	chaîne	repliée	sur	elle-même

La	ribonucléase	A	est	une	petite	enzyme	formée	d’une	seule	chaîne	polypeptidique	de	124	acides	
aminés	possédant	4	ponts	disulfure	qui	relient	des	portions	différentes	de	la	chaîne.

Intérêt	:	

- une	protéine	de	petite	taille	dont	la	structure	est	connue	par	cristallographie

- une	activité	facilement	mesurable	in	vitro	:	cette	enzyme	a	une	activité	estérase

- une	structure	 III	 reposant	sur	des	 liaisons	disulfure	facilement	rompues	en	présence	d’un	agent	
réducteur	comme	le	mercaptoéthanol	(CH3CH2SH).	


Première	expérience	:	dénaturation


La	dénaturation	(dépliement	de	la	molécule)	est	réalisée	en	présence	d’urée	concentrée	(NH2-	CO-
NH2	 agent	 dénaturant	 :	 déstabilise	 les	 interactions	 hydrophobes	 et	 hydrogènes)	 et	 de	
mercaptoéthanol	(rupture	des	liaisons	disulfure).

La	protéine	est	totalement	dépliée	et	elle	ne	présente	aucune	activité	enzymatique.


Interprétation	:	
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Deuxième	expérience	:	renaturation	en	absence	d’urée	et	de	mercaptoéthanol


La	 solution	 contenant	 l’enzyme	 dénaturée	
(expérience	 1)	 est	 dialysée	 pour	 éliminer	 les	
agents	dénaturants.		On	observe	que	la	solution	
recouvre	son	activité	estérase.	

Ceci	 suggère	 donc	 que	 les	 ponts	 disulfure	 se	
sont	reformés	(par	oxydation)	et	à	des	positions	
correctes.

Une	 étude	 minutieuse	 montre	 qu’il	 n’est	 pas	
possible	de	distinguer,	 ni	 par	 leur	 structure,	ni	
par	 leur	 fonctionnement	 les	 enzymes	 actives	
formées	 à	 partir	 des	 enzymes	 dénaturées	 des	
enzymes	 correctement	 repliées	 (=	 protéines	
natives)	présentes	au	début	de	l’expérience.

Bilan : 


Troisième	expérience	:	renaturation	en	présence	d’urée


Lorsque	l’urée	n’est	pas	éliminée	(et	donc	la	
protéine	 reste	 dénaturée),	 les	 ponts	
disulfure	ne	se	forment	pas	correctement.

Interprétation	:		


Bilan	:	Postulat	d’Anfinsen	

	

	All	the	information	necessary	to	achieve	the	native	conformation	of	a	protein	in	a	
given	environment	is	contained	in	its	amino	acid	sequence
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Figure	15	:	stabilisation	de	la	structure	III	par	différents	types	de	liaisons

(in	Raven,	De	Boeck,	2007)
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Figure	17	:		rôle	des	chaperons

(in	thèse	de	Céline	Martineau	2010)

Figure	16	:	scénario	probable	pour	le	repliement	des	protéines	

(in	Benhabilès	et	al.,	Biotechnol.	Agron.	Soc.	Environ.	2000	4	(2))
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Figure 4 : Coordination des chaperons moléculaires cytosoliques 
Repliement de novo. Chez les procaryotes, les chaînes naissantes interagissent avec le Trigger Factor à la sortie du ribosome. Environ 70% des 
protéines pourraient adopter leur conformation native sans assistance supplémentaire. Le système Hsp70 prend également en charge les chaînes 
naissantes. Il permet le repliement de 20% des protéines, les 10% restant nécessitant l’action des chaperonines GroEL/GroES. Chez les eucaryotes, les 
complexes RAC et NAC remplacent le Trigger factor. Le système Hsp70 permet le repliement d’une fraction des protéines, et peut transférer certaines 
chaînes aux Hsp90. Le repliement et le transfert des substrats aux chaperonines peuvent être assistés par la préfoldine. 
Condition de stress. Les chaînes polypeptidiques dénaturées sont prises en charge par le système Hsp70 et par les petites Hsp. Chez certains 
organismes, les Hsp100 peuvent assister la solubilisation et la dégradation des agrégats. 
Figure inspirée de (Hartl and Hayer-Hartl, 2009) et (Liberek et al., 2008). 



BCPST1,	Lycée	Champollion																																																																																																					Chapitre	I.A.4	:	les	protéines

 

18

Figure	19	:	mise	en	évidence	d’une	structure	IV	par	SDS	page


La	structure	d’une	enzyme	(la	dopamine-β-hydroxylase	humaine)	est	étudiée	par	électrophorèse.


A	:	marqueurs	de	masse	moléculaire

B	:	SDS	avec	β-mercaptoéthanol

C	:	SDS	sans	β-mercaptoéthanol


En	 comparant	 de	manière	 judicieuse	 les	 résultats	 obtenus,	 déterminer	 si	 cette	 enzyme	possède	
une	structure	IV.	


	Quel	type	d’électrophorèse	permettrait	d’affiner	les	résultats?

80

160
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Figure	20	:	Maturation	de	l’insuline


Niveaux	structuraux	de	l’insuline

L’insuline	est	 formée	de	2	chaînes	polypeptidiques	reliées	entre	elles	par	2	ponts	disulfures	et	1	
pont	disulfure	intrachaîne	dans	la	chaîne	A	:	une	chaîne	A	de	21	acides	aminés	une	chaîne	B	de	30	
acides	aminés.	Les	deux	chaînes	sont	issues	d’une	même	chaîne	polypeptidique	(=	proinsuline)	qui	
est	ensuite	clivée.	

Figure	21:	structure	de	l’hémoglobine

(in	Dunod,	2021)
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 CHAPITRE  3   La respiration : une fonction en interaction directe avec le milieu  
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Figure	22	:	schéma	bilanstructure	de	l’hémoglobine

(in	Dunod,	2021)
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Figure	23	:	glycosylation	des	protéines	dans	le	RER	et	l’appareil	de	Golgi
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Figure	24	:	structure	des	filaments	intermédiaires

(in	Alberts	2002)
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Figure	25	:	courbe	de	saturation	du	récepteur	GLUT2

(	in	Zheng	et	al.,	2012)

Table 2). Please refer to the Supplementary Discussion and Extended
Data Fig. 7 for detailed analysis of maltose coordination in the two
conformations. Briefly, the maltose-bound, outward-occluded struc-
ture is virtually indistinguishable from the glucose-bound GLUT3
with an overall root mean square deviation of 0.25 Å. The second
glucose unit (Glc2) of maltose completely overlaps with D-glucose
when the two structures are superimposed. The coordination of
Glc2 is nearly identical to that of glucose except for Asn286, whose
side group exhibits a distinct rotamer that recognizes the C3-OH of
Glc1 (Extended Data Fig. 7a, b).

Comparison of the outward-open and -occluded states
Subtle relative rotation of the N-terminal and C-terminal domains
towards the central cavity on the extracellular side is observed during
the state transition from outward-open to outward-occluded. The
N-terminal domains remain nearly rigid in the two structures,
whereas prominent local rearrangements occur to TM7b in the
C-terminal domain (Fig. 4a, b and Supplementary Video 1).

To achieve the conformational switch from outward-open to out-
ward-occluded, TM7b, which consists of four helical turns, is partly
unwound and bent in the middle such that the first two helical turns
tilt inwards. Meanwhile these two helical turns undergo an axial
rotation by approximately 60 degrees, leading to the relocation of
the bulky residue Tyr290 and the substrate-coordinating residue
Asn286 into the transport path (Fig. 4b). Notably, an invariant glycine
(Gly284 in GLUT3) constitutes the kink preceding TM7b, which
may provide the flexibility for the pronounced structural shift
(Supplementary Fig. 1). Whereas the endofacial region of the TM
domain remains nearly unchanged (Fig. 4a, right panel), the ICH
domain exhibits minor intra-domain rearrangements with the inward

motion of helices IC1/2/3/5 by 1 to 2 Å during the outward-open to
outward-occluded transition (Fig. 4c).

Alternating access
GLUT3 shares sequence identity of 66% and similarity of 80%
with GLUT1 (Supplementary Fig. 1). Structural resolution of the
two closely related GLUTs in three distinct conformations reveals
the molecular basis for the alternating access cycle. The N-terminal
domain remains almost rigid during a relative rotation of the two
domains, while the discontinuous helices TM7/10 and their adjoining
segments in the C-terminal domain undergo prominent local
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Figure 2 | Coordination of the a- and b-D-
glucose anomers by GLUT3. a, b, Both a- and
b-anomers of D-glucose are identified in the
structure of GLUT3. The 2Fo 2 Fc electron density
maps, shown as blue mesh, for a- and b-D-glucose
are contoured at 2s and 1s, respectively. c, The
bound glucose is predominantly coordinated by
the C-terminal domain. A cut-open side view of the
semi-transparent surface electrostatic potential is
shown. d, The position of the bound glucose
with respect to the C-terminal and N-terminal
domains. The substrate-facing sides of the
C-terminal and N-terminal domains are shown
in surface and cartoon representations. Only the
a-anomer is shown. e, f, Coordination of a- and
b-D-glucose by GLUT3 through polar interactions.
The a- (e) and b- (f) anomers are coloured black
and silver, respectively. Hydrogen bonds are
represented by red dashed lines. g, Coordination
of glucose by GLUT3 through van der Waals
interactions. The residues from the N-terminal and
C-terminal domains are coloured green and cyan,
respectively.
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Figure 3 | Structures of maltose-bound GLUT3 in the outward-open and
outward-occluded conformations. a, Structures of GLUT3 in complex with
maltose in the outward-open and outward-occluded states. The cut-open
views of the surface electrostatic potential are shown to compare the contours of
the central cavities in the two structures. b, The van der Waals surface of the
two GLUT3 structures was calculated with the program HOLE50. The radii of
the potential transport path are tabulated. The glucose and maltose binding
zones are indicated by grey shades. Glc, glucose.
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The	alpha-	(e)	and	bêta-	(f)	anomers	are	coloured	black	and	silver,	respectively.	Hydrogen	bonds	
are	represented	by	red	dashed	lines.	

g,	Coordination	of	glucose	by	GLUT3	through	
van	der	Waals	interactions.	The	residues	from	
the	N-terminal	and	C-terminal	domains	are	
coloured	green	and	cyan,	respectively.	

Table 2). Please refer to the Supplementary Discussion and Extended
Data Fig. 7 for detailed analysis of maltose coordination in the two
conformations. Briefly, the maltose-bound, outward-occluded struc-
ture is virtually indistinguishable from the glucose-bound GLUT3
with an overall root mean square deviation of 0.25 Å. The second
glucose unit (Glc2) of maltose completely overlaps with D-glucose
when the two structures are superimposed. The coordination of
Glc2 is nearly identical to that of glucose except for Asn286, whose
side group exhibits a distinct rotamer that recognizes the C3-OH of
Glc1 (Extended Data Fig. 7a, b).

Comparison of the outward-open and -occluded states
Subtle relative rotation of the N-terminal and C-terminal domains
towards the central cavity on the extracellular side is observed during
the state transition from outward-open to outward-occluded. The
N-terminal domains remain nearly rigid in the two structures,
whereas prominent local rearrangements occur to TM7b in the
C-terminal domain (Fig. 4a, b and Supplementary Video 1).

To achieve the conformational switch from outward-open to out-
ward-occluded, TM7b, which consists of four helical turns, is partly
unwound and bent in the middle such that the first two helical turns
tilt inwards. Meanwhile these two helical turns undergo an axial
rotation by approximately 60 degrees, leading to the relocation of
the bulky residue Tyr290 and the substrate-coordinating residue
Asn286 into the transport path (Fig. 4b). Notably, an invariant glycine
(Gly284 in GLUT3) constitutes the kink preceding TM7b, which
may provide the flexibility for the pronounced structural shift
(Supplementary Fig. 1). Whereas the endofacial region of the TM
domain remains nearly unchanged (Fig. 4a, right panel), the ICH
domain exhibits minor intra-domain rearrangements with the inward

motion of helices IC1/2/3/5 by 1 to 2 Å during the outward-open to
outward-occluded transition (Fig. 4c).

Alternating access
GLUT3 shares sequence identity of 66% and similarity of 80%
with GLUT1 (Supplementary Fig. 1). Structural resolution of the
two closely related GLUTs in three distinct conformations reveals
the molecular basis for the alternating access cycle. The N-terminal
domain remains almost rigid during a relative rotation of the two
domains, while the discontinuous helices TM7/10 and their adjoining
segments in the C-terminal domain undergo prominent local
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Figure 2 | Coordination of the a- and b-D-
glucose anomers by GLUT3. a, b, Both a- and
b-anomers of D-glucose are identified in the
structure of GLUT3. The 2Fo 2 Fc electron density
maps, shown as blue mesh, for a- and b-D-glucose
are contoured at 2s and 1s, respectively. c, The
bound glucose is predominantly coordinated by
the C-terminal domain. A cut-open side view of the
semi-transparent surface electrostatic potential is
shown. d, The position of the bound glucose
with respect to the C-terminal and N-terminal
domains. The substrate-facing sides of the
C-terminal and N-terminal domains are shown
in surface and cartoon representations. Only the
a-anomer is shown. e, f, Coordination of a- and
b-D-glucose by GLUT3 through polar interactions.
The a- (e) and b- (f) anomers are coloured black
and silver, respectively. Hydrogen bonds are
represented by red dashed lines. g, Coordination
of glucose by GLUT3 through van der Waals
interactions. The residues from the N-terminal and
C-terminal domains are coloured green and cyan,
respectively.
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Figure 3 | Structures of maltose-bound GLUT3 in the outward-open and
outward-occluded conformations. a, Structures of GLUT3 in complex with
maltose in the outward-open and outward-occluded states. The cut-open
views of the surface electrostatic potential are shown to compare the contours of
the central cavities in the two structures. b, The van der Waals surface of the
two GLUT3 structures was calculated with the program HOLE50. The radii of
the potential transport path are tabulated. The glucose and maltose binding
zones are indicated by grey shades. Glc, glucose.
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Figure	26	:	affinité	du	récepteur	GLUT	1

On	 mesure	 le	 transport	 de	 D-glucose	 marqué	 au	 tritium	 dans	 des	 membranes	 artificielles	
exprimant	le	transporteur	GLUT3	dans	différentes	conditions	:	

- sans	transporteur	GLUT	3		(no	protein)

- avec	le	transporteur	GLUT	3	seul	(no	competitor)

- avec	différents	oses	non	marqués	(D-Glucose,	L-glucose	etc…)


Le	transport	est	présenté	en	%	du	contrôle.	

Identifier	les	témoins	et	expliquer	leurs	intérêts.

Présenter	le	PRINCIPE	de	l’expérience.

Interpréter	les	résultats.	
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the locations of helices in the C- and N-terminal halves are
superimposable. In addition, within each half of the proteins
(6 helices), there is trimer symmetry such that trimer TM1,2,3
has inverted repeat sequence similarities to trimer TM4,5,6
while trimer TM7,8,9 has inverted repeat sequence similarities
to trimer TM10,11,12. This enables 4 trimer substructures to
move relative to each other. The OPO to OPI transitions are
partly due to rigid-body rotation and tilt of the helices in the
four trimer sections of the protein. The N-terminal half may
act as a platform for the conformational changes and hydrogen
bonding interactions with substrate that occur in the C-
terminal half [55, 158].

The outward-facing conformations are stabilised by salt
bridge formation between conserved glutamates and arginines
of endofacial loop sequences RXGRR that occurs between
TM3-TM4 and TM10-TM11. It is these stabilising motifs that
are typical of the whole of the SLC family of transporters
extending beyond the SLC2 family of glucose transporters.
Previous mutagenesis studies highlighted the importance of
these interactions in stabilising the outward-facing conforma-
tion. Mutation of conserved glutamates and arginines leads to
a locking of GLUT4 into the inward-facing conformation that
could not bind exofacial ligand Bio-LC-ATB-BMPA but
could bind the endofacial ligand cytochalasin B [186].

OPI

OPO-SOPO

OPI-S

rGLUT5 hGLUT3

bGLUT5 hGLUT1

Fig. 2 Crystal structures of GLUT proteins define the structural basis for
alternate exposure of binding site clefts to either outside or inside
solutions. Discrete conformations for the GLUTs are identified as OPO
(open-outside without substrate; rat GLUT5, pdb:4ybq), OPO-S (open-
outside with substrate; human GLUT3 with maltose, pdb:4zwc), OPI-S
(open-inside with substrate; human GLUT1 with nonyl-glucoside, 4pyp)
and OPI (open-inside without substrate; bovine GLUT5, pdb:4yb9). The
structural fold has four inverted trimer repeats with TM1-3 and TM7-9
showing inverted repeat similarity to TM4-6 and TM10-12, respectively.
The first TM helix of each of the four trimers is shown as cartoon repre-
sentation: TM1 (blue); TM4 (green); TM7 (yellow); TM10 (orange),
while the rest of the protein is shown as transparent ribbon. The upper
half of TM7 (TM7b) and the lower half of TM10 (TM10b) are particu-
larly important for occluding the binding site from the external and inter-
nal solutions, respectively. The occlusion OPO to OPI is associated with
hydrophobic residues in TM7bmoving closer to TM1while hydrophobic

residues in TM10b move away from TM4. The reverse occurs in the OPI
to OPO conformational changes. TM7b hydrophobic residues 291, 292,
293 and 294 and TM10b residues 386 and 387 in GLUT1 (with equiva-
lent residues in GLUT3 and GLUT5) are shown with space filling to
illustrate this occlusion. In addition, salt bridges between residues at the
cytosolic ends of the TMs are formed to bunch these TM ends, and the C-
terminal ICH5 region, closer together in the OPO conformations. The
location of the substrate glucose moiety that is revealed from both the
GLUT3 structures with maltose (OPO-S, and GLUT1with nonyl-glucose
(OPI-S) is the same as in the GLUT3 structure with glucose (not shown,
pdb:4zw9). In all cases, the glucose in the central site is polarised with
C1-O projecting toward the internal solution with C4-O trailing. The
structures shown are constructed using the VMD software and using the
pdb files reported and described by the Yan group ([55, 56] for GLUT1,
3) and the Drew group ([158] for GLUT5)
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Figure	27	:	transport	du	glucose	et	changement	de	conformation

(in	Holman,	2020/	in	Sun	et	al.,	2015)

La	fixation	du	glucose	sur	le	transporteur	GLUT3	provoque	un	changement	de	conformation.	

Modèle	du	ping	pong	:	le	transporteur	passe	successivement	par	2	conformations	

- le	transporteur	est	sans	ligand	et	ouvert	vers	l’extérieur

- le	transporteur	fixe	le	glucose	et	reste	ouvert	vers	l’extérieur	

- la	fixation	du	glucose	provoque	un	changement	de	conformation	:	il	s’ouvre	vers	l’intérieur

- le	transporteur	libère	le	glucose	dans	la	cellule
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Figure	28	:	conséquence	de	la	fixation	du	dioxygène	sur	l’hémoglobine



BCPST1,	Lycée	Champollion																																																																																																					Chapitre	I.A.4	:	les	protéines

27

Figure	29	:	conséquence	de	la	phosphorylation	des	lamines

(inTorvaldson		et	al.,2015)

rise to organ and tissue-specific diseases
remains a mystery.

The possible connection between phos-
phorylation and laminopathies has not
been studied. However, there are a few
cases which highlight the potential role of
this post-translational modification in dis-
eases. It has been reported that the total
phosphorylation of lamin A is lower in
muscle biopsies from Emery-Dreifuss
muscular dystrophy (EDMD) patients
compared to healthy controls but not
which sites are affected or what impact
this has on the disease.49 In contrast, S458
has been reported to be specifically phos-
phorylated in muscle biopsies from myop-
athy patients with mutations in the Ig-
fold of lamin A but not from patients
with other lamin A mutations or healthy
controls.50 The authors speculate that
mutations in the Ig-fold opens the lamin
structure and exposes S458 to Akt1 which
was shown to target this site.50 Our identi-
fication of phosphorylation of the same

site from interphase HeLa cells suggests
that the phosphorylation also have a non-
pathological role and that this modifica-
tion is regulated in a cell specific manner.

Lamin A R453W, the mutation that
gives rise to the above-mentioned S458
phosphorylation, is one of many muscular
dystrophy-associated mutations. Interest-
ingly, this specific mutant lamin has also
been shown to have significantly lower
S390 phosphorylation compared to wild
type lamin A.36 This shows that even dis-
tant mutations can affect phosphorylation
status of the whole protein, but we cannot
explain why. The decreased phosphoryla-
tion can be due to the mutation changing
the assembly properties and/or the
mechanical or structural properties of
lamin A. The decreased phosphorylation
can also change the mechanical or struc-
tural properties of lamin A, which could
be a way for the cell to compensate for the
mutation. The phosphorylation states of
different phosphorylation sites can also

possibly affect the phos-
phorylation of others. One
site could inhibit or pro-
mote the modification of
another site, for example,
by affecting the assembly
properties and/or the con-
formation of the protein.
Whether the change in
lamin A phosphorylation in
myopathies is a result of the
mutations or a compensa-
tory mechanism still
remains to be clarified.

Laminopathy mutations
could also directly affect the
phosphorylation of individ-
ual sites. For example,
recently, a mutation of P4R
(proline at 4 to arginine) of
lamin was reported.51,52

This mutation gives rise to a
mild progeroid phenotype,
including tight, hyperpig-
mented skin and lipodystro-
phy. P4 is located between
T3 and S5, both sites phos-
phorylated during inter-
phase33 This mutation
disrupts the TP- motif,
thereby most likely leading
to a deregulation of T4-

phosphorylation. The charged side chain
of proline is also likely to influence the
phosphorylation of S5.

Interestingly, a case of a heterozygous
S22L mutation has been reported.53 This
patient suffered from dilated cardiomyop-
athy with premature ventricular beats
requiring a heart transplant. However, no
molecular data from the case is available.
Bearing in mind that the lamin A phos-
phorylation sites are highly conserved,
reflecting low tolerance for mutations, it is
not surprising that so few of the large
number of reported lamin A mutations
directly target known phosphorylation
sites.

Conclusions

We propose that the interphase-specific
phosphorylation of lamin A provides addi-
tional means to regulate the protein func-
tion in a cell and tissue specific manner.

Figure 2. Lamin phosphorylation as a regulator of cell signaling. The information that a cell receives from its envi-
ronment or from within itself is forwarded to the nucleus where it affects the localization and structure of lamin A/
C. The physical distribution of lamin A/C can both be affected by phosphorylation and in itself affect the phosphory-
lation of lamin A/C. The localization, structure, and phosphorylation in turn regulate the functions of lamin A/C and
will influence signaling output such as cell movement and mechanosensing.
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Annexe	Prion


(https://planet-vie.ens.fr/thematiques/sante/pathologies/le-prion-l-histoire-d-une-proteine-infectieuse)

Le	 prion	 (acronyme	 de	 proteinaceous	 infectious	 particles)	 est	 l’agent	 responsable	 des	 encéphalopathies	
spongiformes	 transmissibles	 (EST)	 ou	 maladies	 à	 prion.	 Ces	 maladies	 neurodégénératives	 touchent	 la	
plupart	des	mammifères	notamment	les	bovins	(ESB	pour	encéphalopathie	spongiforme	bovine	ou	maladie	
de	la	vache	folle),	les	petits	ruminants	(tremblante),	certains	cervidés	sauvages	(maladie	du	dépérissement	
chronique)	et	l’Homme	(kuru,	maladie	de	Creutzfeldt-Jakob	(MCJ)).

Au	 plan	 neuropathologique,	 ces	 maladies	 se	 caractérisent	 par	 une	mort	 neuronale	 conférant	 l’aspect	
spongieux	du	cerveau,	accompagnée	d’une	prolifération	anormale	des	cellules	gliales	du	système	nerveux	
central,	ainsi	que	d’un	dépôt	protéique	fibrillaire	extracellulaire	(ou	plaques	amyloïdes,	appelées	ainsi	car	
elles	 ressemblent	 à	 des	 grains	 d’amidon)	 composé	 quasi-exclusivement	 de	 la	protéine	 PrP	 du	 prion	 (ou	
PrPSc,	voir	plus	bas).

Il	a	été	démontré	que	les	maladies	à	prions	étaient	causées	par	le	mauvais	repliement	d’une	protéine	de	
l’hôte.

Dans	sa	conformation	native,	cette	protéine	est	constituée	de	deux	domaines,	 l’un	non	structuré,	 l’autre,	
globulaire	 formé	 de	3	 hélices	 alpha.	 En	 revanche,	 au	 cours	 de	 la	maladie,	 si	 la	 séquence	 primaire	 de	 la	
protéine	est	conservée,	 les	structures	secondaires,	 tertiaires	et	quaternaires	se	 retrouvent	complètement	
bouleversées.	Le	domaine	globulaire	perd	ses	hélices	alpha	et	forme	des	feuillets	bêta.	

Alors	 que	 la	 protéine	 dans	 son	 état	 est	 soluble	 et	 sensible	 aux	 protéases,	 elle	 devient	 insoluble	 et	
résistante	 aux	 protéases.	 Mais	 surtout,	 les	 feuillets	 β	 confèrent	 à	 la	 protéine	 une	 forte	 propension	 à	
s’agréger	et	à	former	des	assemblages	fibrillaires	amyloïdes	comme	ceux	observés	dans	les	tissus	atteints.	
Le	 point	 le	 plus	 remarquable,	 est	 que	 la	 forme	 pathologique	 (notée	 PrPSc	 pour	 «	 PrP	 scrapie	 »,	 terme	
anglais	désignant	la	tremblante	du	mouton),	à	elle	seule,	est	capable	de	forcer	le	mauvais	repliement	de	la	
forme	native	vers	la	forme	pathogène.	On	dit	que	ce	processus	de	repliement	est	auto-réplicatif	et	c’est	ce	
caractère	qui	a	donné	naissance	au	concept	de	prion.


A.	Structure	tertiaire	du	domaine	globulaire	de	la	PrPC	(résidus	1̴25-230).	Les	hélices	α	sont	représentées	en	violet	
et	les	feuillets	antiparallèles	en	jaune.

B.	Modèle	de	 la	structure	tertiaire	de	 la	protéine	PrPSc	 (à	gauche)	qui	présente	un	tonneau	β.	En	s’agrégeant,	 les	
protéines	PrPSc	donnent	naissance	à	des	structures	quaternaires	(à	droite)	:	les	fibres	amyloïdes.
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