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Figure	1	:	diversité	des	oses	(représenta4on	de	Fischer)	
(in	Audigié	et	Zonszain,	Doin	1993)	
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Figure	5	:	conforma4on	chaise	et	bateau	du	glucopyrannose	
(in	Zubay,	WCB	Publishers,	1998)	

Figure	3	:	isomères	op4ques	
(in	Lehninger	et	al.,	WH	Freeman	and	Compagnie,	2008)	
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Figure	4	:cyclisa4on	du	glucose	(aldohexose)	en	glucopyranose	
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Figure	6	:	cyclisa4on	du	fructose	(cétohexose)	
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Figure	7	:	dérivé	des	oses	
(in	Lehninger	et	al.,	W

H	Freem
an	and	Com

pagnie,	2008)	
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Figure	8	:		Trois	diholosides	importants	
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Figure	9a	:	les	groupes	sanguins	dépendent	de	groupements	osidiques		
présents	sur	la	membrane	plasmique	

(in	Lodish	et	al.)	

Figure	9b	:	les	oligosides	permeJent	la	féconda4on	par	reconnaissance	moléculaire	
exemple	du	spermatozoïde	de	mammifère	

ZP	:	protéine	de	la	Zone	
Pellucide	=	enveloppe	de	
glycoproé4nes	autour	de	
l’ovocyte
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Figure	10	:	l’amidon,	une	molécule	de	réserve	stable	et	hydrolysable	
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Figure	11	:	organisa4on	de	l’amidon	dans	un	amyloplaste	
(in	Robert	et	Roland,	Doin,	1998)	
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Figure	13	:	la	cellulose,	un	polymère	de	structure	(liaisons	ß1,4)		
stabilisé	par	des	liaisons	H	intra	et	inter	chaîne	

1	microfibrille	=	30-60	molécules	de	cellulose	
1	macrofibrille	=	association	de	4	microfibrilles
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Figure	14	:	les	composants	de	la	matrice	amorphe	des	parois	végétales:	
pec4ne	et	hémicellulose		
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Figure	16a	:	structure	d’un	agrécane	

Figure	15	:	la	chi4ne,	polymère	de	base	de	la	cu4cule	des	Arthropodes	
(in	Lehninger	et	al.,	WH	Freeman	and	Compagnie,	2008)	
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Figure	16b	:	diversité	des	G
AG
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heparan sulfate chain (Fig. 7). These two heparan sulfate chains
are docked through their non-reducing ends into the basic can-
yon located on the top face of the FGF2-FGFR2 protein complex
called the heparin binding site. Furthermore, the electrostatic
and topological characteristics of the basic canyon are different
for each protein signaling complex; i.e. the canyon of FGF12-
FGFR1c2 should be distinct from that of FGF22-FGFR1c2 (57).

Most SAR studies in the past focused on the structural char-
acteristics of heparin or HS required for binding to various
FGFs in the absence of receptor (58). These studies provide only
limited information because they do not consider the FGFR
component of the interaction (57). Furthermore, without a cel-
lular component, such as used in the BaF3 assay, it is always
unclear whether binding is sufficient for signaling (49). Bio-
chemical studies directly assessing FGF-FGFR signaling clearly
support the symmetric FGF2-HS2-FGFR2 ternary complex
model in which the non-reducing ends of two HS chains are
involved in the interaction (22, 52, 60). Studies on chemically
modified heparins and various chondroitin sulfates generally
show heparin giving the greatest signaling among the heparin
derivatives and dermatan sulfate (chondroitin sulfate B) giving
the greatest signaling for the various chondroitin sulfates (61).
Although these previous studies provide a better understanding
of the SAR, they provide no information about the precise
structural features directly at the non-reducing ends of the
chains involved in FGF signaling.

FGF2 signaling through FGFR1c has been shown to interact
via the NS domains of HS chains (62) and FGF2 binding to

FGFR1c (57). The current study is focused on developing a
more precise SAR for heparan sulfate-mediated signaling
through one pair of homologous growth factor-receptor com-
plexes, FGF12-FGFR1c2 and FGF22-FGFR1c2. A new paradigm
for the chemoenzymatic synthesis of a variety of larger heparan
sulfate chains having between 16 and 28 repeating units was
required to carry out this study.

Our synthetic approach utilized three enzymatic steps using
UDP-sugar donors to build the polysaccharide backbone. In the
first step, a commercially available glycoside acceptor, GlcA-
pNP, was iteratively extended to the heparosan trisaccharide
acceptor GlcA-GlcNAc-GlcA-pNP or GlcA-GlcNTFA-GlcA-
pNP. In the second step, the trisaccharide acceptors were effi-
ciently elongated through stoichiometrically controlled exten-
sion to afford either an NA block or the NTFA precursor of an
NS block. In the third step, either a second block was added
under stoichiometric control, or a short oligosaccharide
domain was added through iterative synthesis. For the end-
capped polymers, the last residue added at the non-reducing
end of the chain was controlled to be either GlcNAc or
GlcNTFA.

Once the suitable polysaccharide precursors were assem-
bled, the GlcNTFA residues were quantitatively converted to
GlcNS as could be demonstrated by NMR and through the use
of HPLC-MS-based disaccharide analysis. It is important to
note that, in comparison with the natural N-deacetylase N-sul-
fotransferase-based processes, our strategy for chemical instal-
lation of the NSulfo groups (i) is virtually complete and (ii)

FIGURE 7. Proposed model and structure/activity relationship of heparan sulfate-mediated FGF-FGFR signaling through an FGF2-HSPG2-FGFR1c2
complex. Heparan sulfate structural characteristics required to facilitate signaling complex formation differ between FGF1 and FGF2. FGF1 (left) requires a
terminal NS domain of 10 –11 disaccharides and a terminal GlcNS for signaling. In contrast, FGF2 (right) utilizes a shorter non-reducing NS domain (!5
disaccharides) and is tolerant of a non-reducing end GlcNAc.
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Figure	17	:	exemple	de	protéines	auxquelles	se	fixent	les	GAG	(héparan	sulfates)	
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Familles de 
Protéines Protéines fonction 

Protéases/Estérases AT-III, SLPI, C1i, 
VCP… 

Coagulation, voies métaboliques, voies du 
complément 

Facteurs de 
croissance 

FGFs, VEGF, 
HGF, PDGF… 

Prolifération, différenciation et migration 
cellulaire, angiogénèse 

Morphogènes Wnt, Hedgehog, 
BMP Développement, embryogénèse 

Cytokines Il-5, IL-8, IL-10, 
IFNJ…  Inflammation, cicatrisation 

Chimiokines SDF, RANTES, 
PF4… Inflammation, « Leukocyte Homing » 

Protéines fixant les 
lipides 

Annexin V, ApoE Transport et métabolisme des lipides 

Protéines 
d’adhésion 

Sélectines, 
Fibronectine, 
Vitronectine, 
Collagène type V, 
Laminine 

Adhésion, migration, cohésion tissulaire 

Pathogènes 

VIH, virus de la 
Dengue, HSV, 
papillomavirus, 
Streptococcus 
pneumoniae, 
Plasmodium 
falciparum… 

Infection 

 

Table 3 : Exemples de protéines fixant les HS 
 
D’après [143] et http://glyco3d.cermav.cnrs.fr/cgi-bin/gag/gag.cgi. 

 

 

1.4.1.1 Interaction AT-III/HS : activation par induction d’un changement conformationnel 

de la protéine 

 

L’activation de l’antithrombine III (AT-III) par les HS et l’héparine constitue, et de loin, le 

modèle d’interaction protéine/GAGs le plus étudié et le mieux caractérisé. L’AT-III est un 

membre de la famille des Serpines (Serine Protease Inhibitor) capable d’inhiber l’ensemble 

des facteurs de la coagulation sanguine (à l’exception du facteur VIIa) et, en particulier, du 

facteur Xa. L’activité de l’AT-III est fortement dépendante de sa fixation à un motif d’HS 

spécifique. Cette interaction induit un changement conformationnel de l’AT-III, se traduisant 

en particulier par l'exposition de la boucle réactive de la protéine, qui va alors permettre la 

Exemple	du	rôle	des	GAG	dans	la	fixa4on	du	FGF	sur	son	récepteur	
THEJOURNALOFBIOLOGICALCHEMISTRY	VOL.292,NO.6,pp.2495–2509,February10,2017		
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