
Negative Signalling 



SIGNALLING NEGATIVO 

  
•  definitivo (irreversibile): termina i segnali rimuovendo  

 le proteine attivate e genera un periodo refrattario  
 nella cellula  

•  transitorio (reversibile): interferisce con l’intensita’   
 e la durata del segnale in una definita finestra temporale  
  ! modulazione fine  



Mechanisms for Attenuation & 
Termination of RTK Activation 

1) Ligand antagonists 
2) Receptor antagonists 
3) Phosphorylation and dephosphorylation 
 
4) Receptor endocytosis 
5) Receptor degradation by the ubiquitin-proteosome 

pathway 

DEFINITIVO 

TRANSITORIO 



Classification of Protein Tyrosine 
Phosphatases 

Non-transmembrane PTPs Receptor-like PTPs

Andersen et al., Mol Cell Biol, 21, 7117, 2001 



C-terminal 
- ER targeting 
- Proteolytic cleavage 
Proline rich segment 
- SH3 binding sites 
Alternative splicing 
- Nucleus vs Cytoplasmic 


Functional Diversity Through  
Targeting and Regulatory Domains 

SH2 domains 
- Plasma membrane  
 signaling complexes 
- Auto-inhibition 

Cellular retinaldehyde  
binding protein-like 
- Golgi targeting 
- Secretory vesicles 

- Putative lipid-binding domain 
  

FERM domain 
- Subcellular targeting 
 (e.g. cytoskeletal proteins)  
PDZ domain(s) 
- Protein-Protein interactions 

PEST domain 
- Protein-Protein Interactions 
BRO1 domain 
- Functionally uncharacterised;  
 (Found in a number of signal  
 transduction proteins)  
- Vesicle associated 
His-domain 
- Functionally uncharacterised 



 
PTEN  Tumor Suppressor    Mutated in various human cancers. Cowden disease   
 
DEP1  Tumor suppressor     Colon cancer susceptibility locus Scc1 (QTL in mice) 
 
PTPκ  Tumor Suppressor    Primary CNS lymphomas 
 
SHP2  Noonan Syndrome    Developmental disorder affecting 1:2500 newborn 

 Stomach Ulcers     Target of Helicobacter pylori 
  
Cdc25  Cell Cycle Control     Target of Myc and overexpressed in primary breast cancer 
 
PRL-3  Metastasis     Upregulated in metastases of colon cancer 
 
FAP-1  Apoptosis                  Upregulated in cancers, inhibits CD95-mediated apoptosis 
  
 

PTPs and Cancer 



PTEN 
Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene. 
This phosphatase is involved in the regulation of the cell cycle, preventing 
cells from growing and dividing too rapidly. 
The protein encoded by this gene is a phosphatidylinositol-3,4,5 
trisphosphate 3-phosphatase.  
Unlike most of the protein tyrosine phosphatases, this protein preferentially 
dephosphorylates phosphoinositide substrates. It negatively regulates 
intracellular levels of PIP3 in cells which functions as a tumor suppressor by 
negatively regulating Akt/PKB signaling pathway. 

The structure of PTEN reveals that it consists of 
a phosphatase domain (Blue), and a C2 domain 
(red) which binds the phospholipid membrane. 
Thus PTEN binds the membrane through its C2 
domain, bringing the active site to the 
membrane-bound PIP3 to de-phosphorylate it. 



- Activated EGF receptors are 
recognized by Cbl which either 
binds directly through a 
phosphotyrosine-binding motif 
or by interaction with the SH3 
domain of Grb2. Cbl causes 
mono-ubiquitylation of the EGFR 
and this acts as a sorting signal 
directing the receptor into the 
lysosomal pathway for 
degradation.  
 
- The receptor-Cbl complex is 
recognized by CIN85 and 
endophilin which couple the 
receptor to a complex of 
proteins that includes the key 
endocytic adaptor AP-2.  

TERMINATION OF THE SIGNAL 

The complex then recruits clathrin monomers. As a result, active EGFRs accumulate in 
clathrin-coated membrane pits which then pinch off from the plasma membrane as 
endocytic vesicles. Within the intracellular network of vesicular transport pathways, the 
receptors are sorted into a pathway that takes them via the early and late endosomes 
towards the lysosome. They are thus destroyed. 



Upon	ligand-induced	activation	of	EGF	
receptors,	Cbl	binds	to	phosphorylated	
receptors	and	promotes	receptor	
ubiquitination	(Ubi).		
Cbl	is	also	tyrosine-phosphorylated	in	
this	complex	leading	to	translocation	of	
CIN85/endophilin	in	the	vicinity	of	
active	EGF	receptors,	whereby	
endophilins	in	concert	with	dynamin	
and	amphiphysin	regulate	clathrin-
mediated	internalization.	

CIN85	and	CMS	are	also	
monoubiquitinated	by	Cbl	in	these	
complexes	and	are	implicated	in	sorting	
of	EGF	receptors	along	
the	endocytic	pathway	for	lysosomal	
degradation.	



c-Cbl 
c-CBL (Casitas B-lineage Lymphoma) is an E3 ubiquitin-protein ligase 
involved in cell signalling and protein ubiquitination.  
 
c-Cbl has several regions encoding for functionally distinct domains: 
•  N-terminal tyrosine kinase binding domain (TKB domain): 

determines the protein which it can bind to 
•  RING finger domain : recruits enzymes involved in ubiquitination 
•  Proline-rich region: the site of interaction between Cbl and cytosolic 

proteins involved in Cbl's adaptor functions 
•  C-terminal ubiquitin-associated domain (UBA domain): the site of 

ubiquitin binding. This domain structure and the tyrosine and serine-
rich content of the protein product is typical of an "adaptor molecule" 
used in cell signalling pathways 



CIN85 
CIN85	(Cbl-interacting	
protein	of	85	kDa)	is	an	
adaptor	protein.  



Endophilins 

Clathrin-coated	intermediates	labeled	with	
antibodies	against	endophilin	(B)	and	dynamin	(C)	

"  Endophilin	localizes	in	the	vesicle	pool	at	rest	and	in	spirals	at	the	necks	of	clathrin-coated	pits	
(CCPs).	Endophilin	and	dynamin	colocalize	at	the	base	of	the	clathrin	coat.		

"  Tubulation	efficiency	and	the	amount	of	dynamin	recruited	to	lipid	tubes	are	dramatically	increased	
in	the	presence	of	endophilin.		

"  Blocking	the	interactions	of	the	endophilin	SH3	domain	in	situ	reduces	dynamin	accumulation	at	
the	neck	and	prevents	the	formation	of	elongated	necks	observed	in	the	presence	of	GTPγS.		

"  Endophilin	recruits	dynamin	to	a	restricted	part	of	the	CCP	neck,	forming	a	complex,	which	
promotes	budding	of	new	synaptic	vesicles.	





•  BAR	domains	form	dimeric,	crescent-shaped	
units	that	occur	N-	or	C-terminally	to	other	lipid-
binding,	adaptor,	or	catalytic	modules.		

•  In	crystal	structures,	Endophilin	appears	to	be	
rigid	in	solution,	and	the	SH3	domains	are	located	
at	the	distal	tips	of	a	BAR	domain	dimer	with	
fixed	curvature.			

•  We	observed	tip-to-tip	interactions	between	the	
BAR	domains	in	a	trigonal	crystal	form,	
reminiscent	of	functionally	important	
interactions	described	for	F-BAR	domain	



•  Tyrosine	phosphatases	(PTPs)	reverse	
EGFR	tyrosine	phosphorylation	at	the	
cell	membrane,	as	well	as	during	
endocytic	trafficking.		

•  Activated	EGFRs	undergo	rapid	
endocytosis.	

•  Internalised	EGFRs	reach	early	
endosomes,	from	where	receptors	are	
rapidly	recycled	to	the	cell	surface	unless	
tagged	robustly	with	ubiquitin.		

•  Ubiquitylated	EGFRs	are	sorted	into	
MVBs,	a	step	that	segregates	the	EGFR	
kinase	activity	from	the	cytosol	and	
effectively	terminates	signalling.		

•  The	MVBs/late	endosomes	fuse	with	
lysosomes,	where	EGF	and	EGFR	
undergo	proteolysis.	

•  Ubiquitylation	directed	by	the	EGFR-
bound	CBL	E3	ligase	is	therefore	crucial	
for	the	regulation	of	EGFR	endocytosis	
and	its	role	in	signal	attenuation.	



Hypothetical model of signaling 
complexes in endosomes 

Binding of Raf to GTP-loaded Ras 
contributes to the recruitment of Raf to 
endosomes. Docking of MAPK and MEK to 
the endosomal membrane might involve 
an unidentified anchoring protein.  

Adaptor proteins, Grb2 and Crk, exchange Factors (SOS) and small GTPases 
(Ras and Rap1) can translocate to endosomes with activated epidermal 
growth factor (EGF) and TrkA receptors. 

β-arrestins bound to phosphorylated 
GPCRs can interact with c-Src, as well as 
with other Src-family kinases. β-arrestins 
can also interact with various components 
of MAPK modules.  



Termination	of	receptor-tyrosine-kinase	signaling		
																				in	multivesicular	bodies	

Receptors	incorporated	into	vesicles	
are	not	accessible	for	interactions	with	
adaptor	proteins	and	cannot	
phosphorylate	
cytoplasmic	signalling	proteins.		
So,	sequestration	of	active	receptors	
inside	MVBs	might	terminate	RTK	
signalling	before	their	degradation	in	
lysosomes.	

During	the	passage	through	the	endosomal	
compartments,	receptor	tyrosine	kinases	(RTKs)	become	
increasingly	concentrated	in	the	internal	membranes	of	
multivesicular	bodies	(MVBs).	These	internal	structures	
might	represent	isolated	vesicles	or	deep	invaginations	of	
the	limiting	endosomal	membrane.		



- Tyrosine Kinase Receptors 

• Not only a receptor 

• Also an enzyme: Tyrosine kinase 

- Cytokine superfamily receptors 
•  No catalytic domain 
•  Interact with non receptor  
    protein-tyrosine kinases 

–  Src family 
–  JAK family 

Enzyme-linked receptors fall into  
3 categories: 

- TGF-β receptors 



What	is	Cytokine?		

#   Secreted polypeptide or low molecular weight 
protein involved in cell-to-cell signaling.   

#   Acts in paracrine or autocrine fashion through 
specific cellular receptors.  

#   Can be produced by cells of any tissue and act on 
many cells involved in immune and inflammatory 
response.  



Cytokine	receptors	belong	to	families	of	receptor	proteins,	each	with	a	
distinctive	structure.	

Receptors	Classification		



Cytokine	receptors	subfamilies	have	shared	signaling	subunits	



Cytokine Receptor Signaling 

•  Similar to Receptor Tyrosine 
Kinase signaling 

•  Receptor clustering 
•  Cytokine receptors do NOT 

have any enzymatic activity, 
but bind cytosolic kinases 

•  Phosporylation and activation of 
JAK kinases 

•  Binding of STAT to p-Receptor 
via SH2 domain 

•  Phosphorylation of STAT by JAK 
kinase 

•  Translocation of p-STAT into 
nucleus 

•  Activation of transcription 
•  Feedback regulation: SHP1 and 

SOCS 



The JAK-family of tyrosine kinases 

•  Family members 
–  JAK1 (135 kDa) 
–  JAK2 (130 kDa) 
–  JAK3 (120 kDa) 
–  Tyk2 (140 kDa) 

•  Common feature 
–  C-terminal kinase + pseudokinase 
–  ≠ RTK by lacking transmembrane domains and SH2, SH3, PTB, PH 
–  several regions homologous between JAK-members 
–  Associated with cytokine receptors (type in and II) 

•  Function 
–  Associated with cytokine receptors in non-stimulated cells in an 

inactive form 



STAT proteins 
STATs:	Signal	Transducers	and	Activators	of	Transcription	

	
1.	Transducers	for	signals	from	many	cytokines	

Broad	spectrum	of	biological	effects	
	
	

2.	Transcriptional	activators	
activation	at	the	cell	membrane,	response	in	the	nucleus	
	
	

Rapid	signal	response	
The	activation/deactivation	cycle	of	STAT	molecules	is	quite	
short,	about	15	min	for	an	individual	molecule.		



STAT proteins 

•  All STAT proteins contain an N-terminal SH2 domain that 
binds to phosphotyrosine in the receptor’s cytosolic domain, a 
central DNA binding domain and a C-terminal domain with a 
critical tyrosine residue 



STAT-family	
members	

•  STAT3	-	involved	in	response	to	several	cytokines	including	IL6.	It	activates	several	
genes	involved	in	acute	phase	response	
–  Important	in	growth	regulation,	embryonic	development	&	organogenesis	
–  Activation	of	STAT3	correlated	with	cell	growth,	link	to	cancer,	binds	c-Jun	

•  STAT4	-	involved	in	IL12-response	
•  STAT5a	&	5b	-	involved	in	response	to	several	cytokines	including	prolactin,	IL-2,	

and	regulates	expression	of	milk	proteins	in	breast	tissue	in	response	to	prolactin	
•  STAT6	-	involved	in	IL4-response	
•  non-mammalian	family	members	(e.g.	Drosophila)	

•  STAT1	-	involved	in	IFNα/β-	
and	IFNγ-response	

•  STAT2	-	involved	in	IFNα/β-
response.	Mainly	acting	as	
partner	for	STAT1/p48	



•  SH2-domain	
–  Three	important	functions	in	STATs:	

•  important	for	recruitment	of	STAT	to	receptor	
•  important	for	interaction	with	the	JAK	kinase	
•  important	for	dimerization	of	STATs	to	an	active	DNA-binding	
form	

•  Tyr-701	
–  conserved	key	Tyr	residue	located	just	C-terminal	to	SH2	
–  essential	for	dimerization	to	an	active	DNA-binding	form	
–  function:	TyrP	binding	for	SH2	in	partner	

•  DNA-binding	domain	
DBD	located	in	the	middle	of	
the	protein	
Unique	motif	-	All	DBDs	bind	
similar	motifs	in	DNA	
symmetric	inverted	half	sites.		

STATs	-	structure	and	function	



STAT proteins 
 
•  Once the STAT is bound to the receptor, the C-terminal 

tyrosine is phosphorylated by an associated JAK kinase 
•  The phosphorylated STAT dissociates from the receptor, and 

two activated STATs form a dimer and then enters the nucleus 



STAT-DBD	structure	 –  Symmetry-axis	through	DNA,	
each	monomer	contacts	a	
separate	half	site	

–  The	dimer	forms	a	C-shaped	
”clamp” around	DNA.	

–  The	dimer	is	kept	together	by	
reciprocal	SH2-	TyrP	interactions	
between	the	SH2	domain	in	one	
monomer	and	the	
phosphorylated	Tyr	in	the	other.	

–  The	SH2	domain	in	each	
monomer	is	closely	linked	to	the	
core	DBD	and	is	itself	close	to	
DNA,	and	is	assumed	also	to	
contribute	to	DNA-binding.	

–  N-terminal	coiled-coil	region	not	
close	to	DNA,	probably	involved	
in	prot-prot	interaction	with	
flexible	position	



Specificity	in	response	
–  each	cytokine	activates	a	subgroup	STAT	
–  some	cytokines	activate	only	one	specific	STAT	
	
What	does	mediate	specificity?	
	
1.  the	SH2	-	receptor	interaction	specific	for	certain	

combinations	swaps-experiments	of	SH2	between	STATs	
change	specificity	affinity	of	the	SH2-receptor	interaction	is	
affected	by	the	sequence	context	of		the	Tyr	

	
2.  different	STAT-dimers	bind	different	response	elements	in	the	

genome	and	turn	on	different	genes	
	
	

STAT1	knock-out	mice	illustrate	biological	specificity:	STAT1-/-		
phenotype:	total	lack	of	IFN-response	→	highly	sensitive	to	virus-
infection	



Several	signalling	pathways	linked	
•  STATs	may	also	be	Tyr-phosphorylated	and	hence	activated	by	other	

receptor	families	
–  receptor	tyrosine	kinases	(RTKs)	may	phosphorylate	STATs	

•  EGF	stimulation	→	activation	of	STAT1,	STAT3	
–  non-receptor	tyrosine	kinases	such	as	Src	and	Abl	may	also	
phosphorylate	STATs		

–  G-protein	coupled	7TMS	receptors	such	as	angiotensine	receptor	(?)	
•  STAT	may	also	be	modified	by	Ser-phosphorylation	

–  DNA-binding	reduced	(STAT3)	
•  JAKs	may	activate	other	signalling	pathways	than	STATs	

–  TyrP	will	recruit	several	protein-substrates	and	lead	to	phosphorylation	
and	activation	of	other	signalling	pathways	

•  e.g.	JAK	activation	→	activation	of	MAP-kinases	
•  e.g.	substrates:	IRS-1,	SHC,	Grb2,	HCP,	Syp,	Vav	



Through	their	SH2	domains,	
STAT1a	and	STAT1b	bind	to	the	
tyrosine-phosphorylated	
receptor	and	become	
phosphorylated.	They	then	form	
a	dimer,	(called	a	Sis-inducible	
factor,	SIF)	which	translocates	to	
the	nucleus,	where	it	binds	to	a	
Sis-inducible	element	(SIE)	within	
the	fos	promoter.	

Direct	phosphorylation	of	STAT	transcription	factors.	



Negative	Regulation	of	the	JAK-STAT	pathway		

•  Signal-induced transcription of target genes can not last for too long and 
needs de-sensitized 

•  Signaling from cytokine receptor is usually dampened by two classes of 
proteins: short term regulation by SHP1 phosphatase and long term 
regulation by SOCS proteins 



Signaling from Cytokine Receptors Is Modulated by  
Negative Signals 

SHP1 Phosphatase 
 
$  Mutant mice lacking SHP1 phosphatase 

die because of producing excess 
amount of erythrocytes and other blood 
cells. SHP1 negatively regulates 
signaling from several types of cytokine 
receptors in several types of progenitor 
cells 

$  Binding of an SH2 domain SHP1 to a 
particular phospho-tyrosine in the 
activated receptor unmasks its 
phosphatase catalytic site and brings it 
near the phosphrylated tyrosine in the 
lip region of JAK2 

$  Removal of the phosphate from this 
tyrosine inactivates the JAK kinase 



Signaling from Cytokine Receptors Is Modulated by  
Negative Signals 

CIS proteins act in two ways to negatively 
regulate cytokine receptor stimulated 
signaling: 
% The SH2 domain in several SOCS 

proteins bind to phosphotyrosines on 
an activated receptor, preventing 
binding of other SH2-containing 
signaling proteins and thus inhibiting 
receptor signaling 

% SOCS-1 can bind to critical 
phosphotyrosine in the activation lip of 
activated JAK2 kinase thereby 
inhibiting its catalytic activity 

% All SOCS proteins contain a SOCS box 
that recruits components of E3 ubiquitin 
ligases.  As a result of SOCS-1 binding, 
JAK2 becomes polyubiquitinated and 
then degraded in proteasomes and thus 
terminate the signaling permanently 

STAT proteins induce a class of small proteins termed SOCS proteins.  
These negative regulators are also known as CIS proteins 



SOCS4	and	SOCS5	bind	to	the	EGFR	through	their	respective	SH2	
domains,	which	share	87%	sequence	homology	and	a	poorly	defined	
Nterminal	region.		
The	SOCS	box	recruits	an	E3	ligase	and	thereby	leads	to	EGFR	
ubiquitylation.		





Integrins are transmembrane receptors that mediate the attachment 
between a cell and other cells or the extracellular matrix (ECM) 
components such as fibronectin, vitronectin, collagen, and laminin.  
In addition to transmitting mechanical forces across otherwise 
vulnerable membranes, they are involved in cell signaling and the 
regulation of cell cycle, shape and motility. 

Integrins 



Integrins are 
heterodimers containing 
two distinct chains, 
called the α (alpha) and 
β (beta) subunits.  
In mammals, 18α and 8β 
subunits have been 
characterized.  
The α and β subunits 
each penetrate the 
plasma membrane and 
possess small 
cytoplasmic domains. 

Domain architecture of integrins 



Integrin dimers are in a "bent" 
conformation which  prevents them 
from interacting with their ligands. 
Therefore, integrin dimers must be 
'unbent' in order to allow their 
binding to the ECM.  
In cells, the priming is accomplished 
by talin, which binds to the β tail of 
the integrin dimer and changes its 
conformation.  
Talin binding alters the angle of tilt 
of the β3 chain transmembrane 
helix which primes integrins. 
Moreover, talin proteins are able to 
dimerize and thus are thought to 
trigger the clustering of integrin 
dimers which leads to the formation 
of a focal adhesion.  

Integrins activation 



Talin	
Talin	is	a	270kDa	cytoskeletal	protein	concentrated	at	regions	of	cell–substratum	contact	and,	
in	lymphocytes,	at	cell–cell	contacts.	It	is	a	structural	platform	that	is	required	for	the	initial	
linkage	between	the	contractile	cytoskeleton	and	sites	of	integrin/fibronectin	adhesion	

Integrin	tail	binding	occurs	via	the	F3	phosphotyrosine	binding	(PTB)	domain	via	a	unique	
interaction	with	the	integrin	membrane	proximal	region,	which	is	sufficient	for	integrin	
activation.	The	basic	patches	on	all	subdomains	can	dock	onto	the	plasma	membrane	and	
further	enhance	integrin	activation.	Specific	interactions	through	basic	residues	on	F3	are	
also	essential	for	integrin	clustering.		
The	rod	contains	an	additional	integrin-binding	site	(IBS2),	two	actin-binding	sites	(ABD)	and	
several	vinculin-binding	sites	that	are	shown	to	be	exposed	by	stretch	in	response	to	force.	
Talin	also	contains	numerous	potential	phosphorylation	sites	which	are	suggested	to	
directly	or	indirectly	regulate	the	association	of	talin	with	other	factors		



Talin	activation	and	membrane	recruitment	

Talin	is	in	an	autoinhibited	form	in	the	cytosol	due	to	the	intermolecular	association	
between	the	F3	subdomain	and	a	helical	bundle	in	the	rod	region.	This	not	only	
blocks	integrin	binding	site	on	F3	but	also	F2	and	F3	binding	to	membrane.		
Activation	likely	involves	binding	to	membrane	phospholipids	such	as	
phosphatidylinositol	4,5-bis-phosphate	(PIP2),	vinculin	and	F-actin	or	calpain	
cleavage.	This	enhances	talin’s	affinity	for	the	β-integrin	subunit	by	revealing	binding	
sites.	



In	resting	cells,	most	integrins	are	kept	inactive,	possibly	owing	to	conformational	constraints	in	
the	cytoplasmic	tails.	A	small	proportion	of	the	integrin	dimers	display	the	thermodynamically	
unfavourable,	active	conformation	and	can	bind	their	ligand.		
Upon	agonist	stimulation,	Rap1	is	transiently	converted	to	the	active	GTP-bound	form	and	
directly	or	indirectly	brings	talin	to	the	integrin	cytoplasmic	tail,	maintaining	them	in	their		active	
conformation.		
Rap1	activity	is	therefore	required	for	ligand	binding	and	outside-in	signalling	to	take	
place,	by	the	anchoring	of	the	ligand-bound	integrin	to	the	actin	cytoskeleton.	



Talin	activation	and	membrane	recruitment	

Ligand	occupancy	in	certain	cell-surface	receptors	(agonists)	causes	phospholipid	
hydrolysis	releasing	diacylglycerol	(DAG)	and	inositol	triphosphate	(IP3).	IP3	
increases	cytosolic	levels	of	calcium	ions;	DAG	and	Ca2+	can	promote	GTP-loading	
and	membrane	translocation	of	Rap1	either	by	activating	Ca2+	and	DAG-regulated	
GEF	(CALDAG-GEF	or	Rap-GEF)	or	protein	kinase	C	(PKC).	Activated	Rap1	in	turn,	
recruits	Rap1-GTP-interacting	adaptor	molecule	(RIAM)	along	with	its	binding	
partner,	talin	to	the	plasma	membrane.		



Rap-1		
(Ras-proximate-1	or	Ras-related	protein	1)	
It	is	a	small	GTPase	which	belongs	to	Ras-related	protein	family;	
there	are	two	isoforms	of	the	Rap1	protein,	each	encoded	by	a	
separate	gene,	RAP1A	and	RAP1B.		
Rap1	plays	a	unique,	Ras-independent	role	in	eukaryotic	cells.		
Activated	by	virtually	all	receptor	types	and	second	messengers,	
Rap1	controls	adhesion-related	functions	such	as	phagocytosis,cell-
cell	contacts	and	functional	activation	of	integrins	through	inside-out	
signalling.	





Many	receptors	and	second	messengers	are	coupled	to	the	activation	
of	Rap1	guanine	nucleotide	exchange	factors	(Rap1GEFs),	and	an	
increase	in	the	cellular	levels	of	active,	GTP-bound	Rap1.	





FAK KINASE 

•  PTK2 protein tyrosine kinase 2 (PTK2)/Focal Adhesion Kinase (FAK) is a focal 
adhesion-associated protein kinase involved in cellular adhesion and 
spreading processes.  

•  With the exception of certain types of blood cells, most cells express FAK.  
•  FAK activity elicits intracellular signal transduction pathways that promote 

the turn-over of cell contacts with the extracellular matrix, promoting cell 
migration.  

•  FAK is required during development: its KO is lethal 







Sequence	and	structural	analysis	reveals	4	distinct	domains:		
① an	N-terminal	FERM	domain;		
② a	centrally	located	catalytic	tyrosine	kinase	domain;		
③ a	C-terminal	focal-adhesion	targeting	(FAT)	domain	(a	four-helix	bundle);		
④ and	an	unstructured	proline-rich	region	between	the	catalytic	and	FAT	domains	

The	FERM	domain	docks	with	the	catalytic	domain	to	autoinhibit	kinase	activity,	but	also	
interacts	with	other	molecules	to	control	FAK	signaling.	The	FAT	domain	and	proline-rich	
region	are	also	docking	sites	for	binding	partners	that	function	in	localization	and	
downstream	signaling.	









The	story	of	Src	
What	Viruses	and	Nobel	Laureates	Taught	
Us	About	Cancer		

Nobel	Prize	in	Physiology	
and	Medicine	1975	

Howard	Temin	and	David	Baltimore	



No	contact	inhibition	of	cell	division	

Normal	

Normal	

Cancer	

Cancer	



Normally,	Src	kinase	intrinsic	activity	is	low	

What	makes	Src	so	active	in	transformed	cells?	

Western	Blot	with	antibody	
that	recognizes		
Tyr	phosphorylated		
proteins	



The	structures	of	c-src	and	v-src	
provided	an	important	clue!	

Lodish	et	al.	Fig.	24-17	



Tyrosine	phosphorylation	of	the	C-terminus	creates	an	
intramolecular	and	inhibitory	interaction	



Phosphorylation of the C-terminal 
tyrosine of Src causes binding of 
its own SH2 domain. This event 
places the SH3 domain adjacent 
to the N-terminal lobe of the 
kinase domain which affects the 
coordination of ATP (orange).  
Detachment of the SH2 domain, 
through dephosphorhylation of 
the carboxy-terminal tyrosine (or 
through binding of the SH2 
domain to tyrosine phosphates of 
other proteins) removes this 
restraint.  
Subsequent phosphorylation of 
tyrosine-419 in the activation 
segment liberates the entry path 
for substrate; the protein kinase is 
now catalytically competent. 

Regulation of Src kinase activity 



Where	is	Src	within	cells?	



This	is	a	covalently	attached	lipid:		
what	might	that	mean?	



A	more	detailed	model	of	Src	activation		
	

Cowen-Jacob	et	al.	Structure	13,	861-871	(2005)	



V	=	v-Src	transfected	cells	

2A/V	=	non-myristylated	v-Src	
transfected	cells	

Identifying	The	Targets	of	Src:	1989…	

Western	blotting	with	anti-
phosphotyrosine	antibodies	

p120	catenin:	modulates	cell-
cell		adhesion	

Reynolds	et	al.	MCB	(1989)	





(B)	FAK	(red)	and	v-Src	(green)	co-localize	in	smaller	adhesion	structures	at	the	cell	
periphery	when	v-Src	is	active,	and	focal	adhesions	(and	the	associated	actin	
filaments)	are	dynamically	regulated.	These	adhesion	characteristics	indicate	that	v-
Src-KD	impairs	adhesion	turnover	and	that	focal-adhesion	size	is	linked	to	Src-
dependent	dynamic	regulation	

(A)	In	the	case	od	inactive	src,	the	focal	adhesions	are	enlarged	(at	the	termini	of	
stabilized	actin	cables).		
FAK	is	already	at	the	membrane	proximal	region	(broken	arrow)	and	FAK–v-Src-KD	
is	localized	at	the	membrane-distal	region.	



The focal adhesion kinase FAK associates with talin. Autophosphorylation of 
FAK then generates a docking site for the SH2 domain of Src which 
phosphorylates FAK at Y925. Src and FAK next phosphorylate the FAK-
associated docking protein CAS at multiple sites.  
An integrin-signalling complex is formed that acts in a manner similar to 
growth factor-receptor signaling complexes, i.e. attachment of adaptors and 
effectors and tyrosine phosphorylation substrates.  

Integrin signaling complex 



Integrin signaling 



Phosphorylated focal adhesion kinase (FAK) is a binding site for 
Grb2. This interaction recruits the Ras guanine exchange factor 
Sos, leading to activation of Ras.  
Ras-GTP initiates the activation of the Raf-ERK pathway, necessary 
for initiation of the cell cycle.  

The focal adhesion 
site promotes cell 
proliferation through 
activation of Ras 



Phosphorylated focal adhesion kinase (FAK) binds the SH2 domain of the 
regulatory subunit (p85) of PI 3-kinase. Subsequent production of PIP3 
provides a binding site for PKB (and PDK1). After its activation PKB 
phosphorylates a large number of proteins that directly or indirectly deal 
with cell death.  

The focal adhesion site promotes cell 
survival through activation of PKB  



Adhesion-mediated cell cycle control	

In epithelial cells, integrin α6β4, forms 
a special adhesion complex named 
hemi-desmosome. These complexes 
are linked to intermediate filaments via 
plectin.  
ERBB2/3 receptors are recruited into 
these complexes leading to 
phosphorylation of ERBB2 by Src bound 
to FAK.  
Src also phosphorylates STAT3 and this 
signal is enforced by a second 
phosphorylation on serine through 
ERK2. Both phosphorylations enhance 
its transcriptional activity.  
 
In the case of breast tumor cells, this 
pathway promotes cellular invasion.  



- Tyrosine Kinase Receptors 

• Not only a receptor 

• Also an enzyme: Tyrosine kinase 

- Cytokine superfamily receptors 
•  No catalytic domain 
•  Interact with non receptor  
    protein-tyrosine kinases 

–  Src family 
–  JAK family 

Enzyme-linked receptors fall into  
3 categories: 

- TGF-β receptors 



TGFβ 
•  TGFβ (Transforming Growth Factor β) superfamily proteins play 

important roles in regulating development of vertebrates and 
invertebrates 
$ Bone Morphogenic Protein (BMP) is one of the TGFβ 

superfamily important in regulating formation of mesoderm 
and the earliest blood forming cells 

$ GDF11 
$ TGFβ-1 is another member of the TGFβ superfamily proteins 

which can induce a transformed phenotype of certain cells in 
culture 

•  There are three human TGFβ isoforms known to have potent 
anti-proliferative effects on many types of mammalian cells.  
Mutation of TGFβ will result in releasing cells from growth 
inhibition (frequently occurs in human tumors) 

•  TGFβ also promotes expression of cell-adhesion molecules and 
extracellular matrix molecules 



TGFβ Signaling Receptors Have Serine/Threonine 
Kinase Activity 

•  Three different polypeptides with apparent molecular weights of 55, 85 
and 280 kDa were purified, referred to as types RI, RII and RIII TGFβ 
receptors 

•  Type RIII TGFβ receptor is a cell-surface proteoglycan, also called β-
glycan which bind and concentrate TGFβ near the cell surface 

•  Type RI and type RII receptors are dimeric transmembrane proteins with 
serine/threonine kinases as part of their cytosolic domains 

•  RII is a constitutively active 
kinase that phosphrylates itself 
in the absence of TGFb  

•  Binding of TGFβ induces the 
formation of two copies each of 
RI and RII.  A RII then 
phophorylates serine/threonine 
of RI adjacent to the cytoplasm 
and thus activate the RI kinase 
activity  



TGFβ Receptor Signaling:  
a	logic	resembling	the	STAT-family 

STAT-related logic 
- TGFß-receptors are 
activated by binding of 
ligand (TGFb).              
- Activated receptor 
kinases phosphorylate 
specific Smad-factors 
- Phosphorylated 
Smad-factors 
associate with a 
common Smad-factor 
(Smad4) 
- The generated 
heteromeric complexes 
migrate to the nucleus 
as transcription factors 



Classification	
•  Smad-factors: design and classification 
 

–  Nine different Smad-factors identified in vertebrates 
–  common conserved domains: N-terminal MH1-domain (DBD) + C-

terminal MH2-domain 



Three	groups	of	SMADs	

Effector 
SMADs 

(R-SMADs) 

Co-SMADs 

Repressor  
SMADs 

1:	Effector	SMADs	(also	called	the	
Receptor-SMADs)	are	ser-
phosphorylated	by	the	activated	
receptor.	Smad1,	5,	8,	9	are	
phosphorylated	in	response	to	bone	
morphogenetic	morphogenetic	protein	
(BMP)	and	growth	and	differentiation	
factor	(GDF);	Smad2	and	3	are	
phosphorylated	in	response	to	the	
activin/nodal	branch	of	the	TGF-β	
pathway.	
2:	Regulatory	or	co-SMADs	(common	
SMADs).	They	are	Smad4	and	Smad4β.	
The	regulatory	Smad4	binds	to	all	
effector	SMADs	in	the	formation	of	
transcriptional	complexes,	but	it	does	
not	appear	to	be	required	for	nuclear	
translocation	of	the	effector	molecules.		
3:	Two	inhibitory	SMADs,	Smad6	and	
Smad7,	provide	negative	regulation	of	
the	pathway	by	blocking	Smad4	binding.	



Activated Type I TGFβ Receptors 
Phosphorylate Smad Transcription 

Factors 
•  R-Smads contain two domains, MH1 and 

MH2, separated by a flexible linker 
region.  The N-terminus of the MH1 
contains a specific DNA binding segment 
and a NLS sequence  

•  When R-Smads are in inactive state, the 
NLS is masked and the MH1 and MH2 
domains associate in a way that they can 
not bind to DNA or to a co-Smad 

•  Phosphorylation of three serine residues 
near the C-terminus of a R-Smad 
(Smad2 or Smad3) by activated type I 
TGFβ receptors separates the domains, 
allowing binding of importin β to the NLS 



•  A complex containing two molecules of 
Smad3 (or Smad2) and one molecule of a co-
Smad (Smad4) forms in the cytosol 

•  The complex is stabilized by binding two 
phosphorylated serines in both the Smad3 
and the Smad4 MH2 domains 

•  The importin β–bound heteromeric R-Smad3/
Smad4 complex translocates into nucleus 

•  After importin β dissociates from the complex 
in the nucleus, the Smad2 (or 3)/Smad4 will 
cooperate with other transcription factors to 
turn on specific target genes  

•  In the nucleus, R-Smads are continuously 
dephosphorylated, resulting in the 
dissociation of the R-Smad /co-Smad 
complex  and export of these Smads from the 
nucleus.  Therefore, the concentration of the 
active Smads in the nucleus closely reflects 
the levels of the activated TGFβ receptors on 
the cell surface 



The	Smad-factors	activate	their	target	
genes	in	combination	with	other	TFs	



Oncoproteins and I-Smads Regulate Smad 
Signaling via Negative Feedback Loop 

•  Smad signaling is regulated 
by additional intracellular 
proteins including SnoN and 
Ski (Ski stands for “Sloan-
Kettering Cancer Institute”) 

•  These proteins are 
oncoproteins since they 
cause abnormal cell 
proliferation when over 
expressed in cultured 
fibroblasts 

•  SnoN and Ski can bind to Smad2/Smad4 or Smad3/Smad4 complex after 
TGFβ stimulation 

•  Binding of SnoN and Ski to Smad2/Smad4 or Smad3/Smad4 will block 
transcriptional activation of target genes, making cells resistant to growth 
inhibition induced by TGFβ

•  PAI-1 gene: encodes plasminogen activator inhibitor-1  

HDAC; 
histone 
deacety-
lase 



1. Summary	






