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LA FOSFORILACION ES UN MECANISMO REVERSIBLE DE
REGULACION DE PROTEINAS

1959 La fosforilacion como mecanismo reversible de
Fischer y Krebs regulacion de la actividad de proteinas: Fosforilasa
kinasa (Ser/Thr kinasa)

1980 Descubrimiento de la fosforilacion en tirosinas
Hunter y Sefton
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FOSFATASAS

1955 Fosforilasa fosfatasa,

1988 Identificacion de la primera fosfatasa de tirosinas
Tonks, Diltz y Fischer




32.000 HUMAN GENES

= 20 7% SIGNAL TRANSDUCTION

- 518 PROTEIN KINASES (2%)

290 PTK GENES (0.3 %)
o b8 RTK-20 subfamilies
o0 32 NON-RTK (CYTOPLASMIC)-10 subfamilies

+ 130 PHOSPHATASES
> 107 TYROSINE PHOSPHATASES




PHOSPHORYLATION

+ 30 7o HUMAN PROTEINS CONTAIN
PHOSPHATE BOUND COVALENTLY

299.9 % SER/THR
20.1 % TYR




Why is so important tyrosine phosphorylation?

Growth factor signaling
Cell adhesion, spreading, migration and shape

Cell differentiation in development

Cell cycle control

Gene regulation and transcription
Endocytosis and exocytosis

Insulin stimulation of glucose uptake

Angiogenesis (formation of new blood vessels)

1.
2.
3.
4.
5.
6.
7.
8.
9.

Regulation of ion channels in nerve transmission
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FOSFATASAS

> DE SERINA/TREONINA

> PPP: subfamilias PP1, PP2A, PP2B y PP5
> PPM: PP2C

> DE TIROSINA

> CISTEINA DEPENDIENTES
> ASPARTICO DEPENDIENTES




FOSFATASAS
DE
TIROSINAS:
107 genes en el
genoma humano

81 PTPs
ACTIVAS

A Class | Cys-based PTPs

— VH1-like PTPs (61) —

RPTPs (21)

—— Classical PTPs (38) —[
NRPTPs (17)

— MKPs (12)

— Atypical DSPs (19)
— Slingshots (3)

— PRLs (3)

- CDC14s (4)

— PTENSs (5)

B Class Il Cys-based PTPs (1)
LMPTP (1)

C Class Il Cys-based PTPs (3)
CDC25 (3)

D Asp-based PTPs (4)
EyA (4)

— Myotubularins (16)

SUBSTRATE SPECIFICITY

PTyr
PTyr
PTyr, PThr

PTyr, PThr, nRNA

PTyr
PThr

D3-phosphoinositides

PI(3)P

PTyr

PTyr, PThr

PTyr,
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Cytoplasmic protein-tyrosine kinases
32 kinases in 10 subfamilies

FGR, FYN, SRC, YEST, BLK, HCK, LCK, LYN
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Core structures within the PTP domain are highly conserved and
surface loops between secondary structure elements are least conserved

S —— KCxxYWP
WPDxGxP . (M7)

-

NxxKNRY  DYINA
(M1) (M3)

Ribbon diagram indicating the position of conserved motifs (M1-M10) within the tertiary
structure of PTP1B (blue - most conserved; red - least conserved).

http://ptp.cshl.edu & http://science.novonordisk.com/ptp Andersen et al Mol. Cell. Biol. 2001




PTPs: MECANISMO CATALITICO

WPD-30X-CXXGXXR _C

Reaccion en
2 pasos
Iniciada por
un ataque
nucleofilico




Extracellular

2 i ¥
Cytoplasm ®&.—

of receptor-PTK by
dimerization

Ligand

of receptor-PTP
by dimerization




Activacion de Lck

SH3 and/or
SH2 ligands

Tyr 394
J phosphorylation

(Junlatching dephosphorylation

Y505




LCK REGULATION BY TYROSINE PHOSPHORYLATION

PLASMA
MEMBRANE

CYTOPLASM

INACTIVE ACTIVE




ALTERACIONES EN LAS FOSFATASAS DE
TIROSINAS CAUSAN ENFERMEDADES

PTPNI (PTP1B)
PTPN6 (SHP1)
PTPNS (PTP-MEG2)
PTPN11 (SHP2)
PTPN22 (LYP)
PTEN (PTEN)

MTM1 (myotubularin)
MTMRZ (MTMR2)
MTMR13 (MTMR13)
EPMZ2A (laforin)

Insulin resistance, obesity

Sezary syndrome

Autism

Noonan syndrome

SNP polymorphism in type I diabetes

Bannayan-Zonana , Cowden syndrome and
Lhermitte-Duclos disease

X-linked myotubular myopathy
Charcot-Marie-Tooth syndrome type 4B
Charcot-Marie-Tooth syndrome type 4B

Progressive myoclonus epilepsy (Lafora's
disease)




PTPs and
CANCER

PTP (encoding gene)

Tumour suppressing functions

PTEN (MMAC1) Tumour suppressor mutated invarious human cancers.
Cowden disease

DEP1(PTFRJ) Colon cancer susceptibility locus SCC1. Deletions and
mutations in human colon, lung and breast cancer

PTPx (PTPRK) Potential tumour suppressor in primary central nervous
system lymphomas

PTPp (PTPRT) Potential tumour suppressor in colorectal cancers

LAR (PTFRF)

PTPy(PTPRG)

PTPH1 (PTPN3)
PTPBAS (PTPN13)
PTPD2 (PTPN14)

GLEPP1 (FTPRO)

SHP1 (PTPN6)

FAP1 (PTPN13)

Promoter methylation in lung tumours and hepatocellular
carcinoma— potential tumour suppressor

Promoter methylation in leukaemia and/or lymphoma
— potential tumour suppressor

Promoter methylation in hepatocellular carcinoma
— potential tumour suppressor

SHP2 (PTPN11)

Oncogene in leukaemia. Target of Helicobacter pylori CagA
protein in gastric carcinoma

MKP3 (DUSP6)

cdc2s

Candidate pancreatic tumour suppressor at locus 12q22.
Promoter methylation

Cell-cycle control. Target of Myc and overexpressed in
primary breast cancer

PRL3 (PTP4A3)

Upregulated in metastases of colon cancer

(PTPRR)

TEL and PTPRR chimeric gene. It fuses exon 4 of the TEL
gene with exon 7 of the PTPRR gene in acute myelogenous
leukaemia




Distribution of mutations in PTPRT, PTPN13, PTPN14,
PTPRG, PTPRF, and PTPN3, in colorectal cancer
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Wang Z, et al. Mutational analysis of the tyrosine phosphatome in colorectal cancers. Science (2004)
304:1164-6.




Shp2

Ubiquitous
Substrates are unknown

Shp2 has a positive effect
on RPTK signalling

Activating mutations make
Shp2 a proto-oncogene
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PTPN11 (SHP2) VARIANTS

Table 2| SHP2 (PTPN11) variants in Noonan syndrome, and malignancies
Mutations Domain of SHP2 Occurrence

T42A N-terminal SH2 NS

W46l N5&8S M-terminal SH2 Lung carcinoma

061G N-terminal SH2 NS

De1H, YV N-terminal SH2 IMML, ALL, AML

Eaak M-terminal SH2 JMML, ALL, AML, neurchblastoma
A720G,5 M-terminal SH2 NS

A72D, TV M-terminal 5H2 JMML ALL, AML

T731 M-terminal 5H2 NS, IMML, AML

E7eh, K, WV, O M-terminal SH2 JMML, ALL, AML, lung carcinoma
Q79F R M-terminal SHZ NS

D106A Inter-SHZ region NS

R1380 C-terminal SH2 Melanoma

R289G PTP AML

N208D, 5 PTP N5

G503V PTP IMML, AML

s506P PTF NS, IMML

Ts07K FTP MNeuroblastoma

ALL: acute lymphoblastic leukaemia.
AML.: acute myeloid leukaemia; JMML.:
juvenile myelomonocytic leukaemia.
NS: Noonan syndrome




Normal Shp2 regulation and its disruption in disease
NORMAL SHP2 REGULATION

C-SH2"N-sH2
pY protein substrate M

> N-SH2- C-SH —

Activation of signaling
pathways

Basal state: inactive

ENHANCED ACTIVATION BY SHP2 MUTATION

-N-SH2 e
C-SH2
pY protein substrate & ® Increased and sustained

> N-SH2- C-SH2 PTP 5 activation of signaling pathways
® (e.g.Ras/Erk, Akt, Stat5)

Basal state: partially/completelyactive Fully active

ENHANCED ACTIVATION BY SHP2 BINDING PROTEIN

Src kinase .
N-SH2 C-SH —» Sustained Erk activation

yFak phosphorylation/Rh
Activation of Shp2 activation
(Gastric carcinoma)

@Ga2d — ﬂ G - - |
@ N-SH2-C-SH?2 » Activation of multiple
Signaling pathways.
Activation of Shp2 (Chronic myeloid leukemia)

Gene amplification Increased recruitment and Enhanced Erk activation
A R o —_—
- - activation of Shp2 (Breast cancer)

Current Opinion in Genetics & Development




SHP-2 DEREGULATION BY CClgA (cy’ro‘roxin—associa’red
antigen A) a protein of Helicobacter pylori

Gastric pit

< | BExtracellular

Call
membrane

/' {active)

|

ks,

Sustained
| ERK activation 1

CERK D

l

Abnormal mitogenic signal
Hummingbird phenotype
Cell scattering

Apoptosis




PTEN (Phosphatase and tensin homolog)

“PTEN regulates signaling
pathways activated by PI3K.

= PTEN dephosphorylates
Pt+dIns(3,4,5)P3, at position 3.

“PTEN dephosphorylates FAK.

& PTEN/MMACI is a common
event in diverse tumours.

“PTEN is a fumor suppressor

Growth Factors
Cytokines

PIP3 Downstream Effectors
[PKB, Btk, P-Rex, PDK1, etc]

.

Proliferation, Survival, Migration, DNA Repair, etc




Table 1 | Evidence of PI3K-signalling deregulation in human malignancies

Cancer type Type of alteration References
Glioblastoma FPTEN mutation 133

Owarian Allelic imbalance and mutations of PTEN gene 134
Elevated AKT1 kinase activity 135
AK T2 amplification and overexpression 71
PI3K p7 170 amplification 70
PI3K p85a mutation 74

Elevated AKT1 kinase activity 135
AKT2 amplification and overexpression 71
RSK amplification and overexpression 78,79
Loss of heterozygosity at PTEN locus 136
PI3K and AKT2 overactivation 137

Endometrial PTEMN mutation 138
PTEN silencing 139

Hepatocelular carcinoma FPTEN mutation 140

Melanoma FPTEN mutation 147
PTEN silencing 142

Digestive tract Aberrant FTEN transcripts 143
PI3K p85a mutation 74

Lung PTEN inactivation 144
Fenal-cel carcinoma PTEN mutations 145

Thyroid FTEN mutations 146-148
AKT overexpression and overactivation 149

Lymphoid FTEN mutations 150,151
p85-EPH fusion {only one case reported) 75




THE PI3K-PTEN SIGNALING NETWORK

— Cytoplasm Ptdins (4,5)P2
| S(4,5)P;]

|
1
[.'

kinase' ('PDK-2"
", L e e - -
PKC-rx IRS-1 PDE-3B CREB
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Gene transcription Glcoten/orotss Cell proliferation
Cell-cycle entry "'r p?eb 'l:.’":: b Angiogenesis
Cell proliferation Lkl DNA repair

TUMOR GROWTH AND ANGIOGENESIS







PROTEIN KINASAS

| Perspectiva Historica
> Clasificacion

> Evolucion

> Estructura

> Tyr Kinasas




The History of Protein Phosphorylation

Phospho- Protein | | Phospho- Src
serine in kinase tyrosine tyrosine
proteins activity | | in fly eggs| Kkinase

1932 1954 1964 1979

1930 1940 1950 1960 1970 1980 1990 2000

Phospho
-protein
discovery

1906

Phospho-
tyrosine
synthesis

1933

Phosph-
orylase
kinase

1959

cAMP
depen-
dent PK
1968

Gleevec
approved
for CML

2001




GLUCOGENOLISIS

Cotia
excitation

1 1968 Krebs: PKA
L cAP

.

1950 Sutherland: hormone
NP 1971

\ Phosphorylase
Kinase

(sctive) 1955/59 Fisher & Krebs
NP 1992

Caz"' _

Phosphorylase a

o]
Afos 30 C. & 6. Cori
l NP 1947

(active)




Finales de los 70 principios de los 80

= Nuevos ejemplos de fosforilacion
(L. Reed 1969 Piruvato deshidrogenasa)

= Nuevos sustratos para la PKA

+ Proteinas fosforiladas en mas de un sitio
por mds de una kinasa

- Fosfatasas especificas de Ser/Thr
= V-Src
= Fosforilacion en Tyr




Descubrimiento de la
fosforilacion de tirosinas

Call, Viel. 18, 925933, Decemb @ pyright @1979 by Ceall Prass

An Activity Phosphorylating Tyrosine in Polyoma
T Antigen Immunoprecipitates

‘alter Eckitagt, Mary Anne Hutchinson and large T antigen between 74 and 79 and 86 and 24
map units (Smart and ho, 1978; Hutchinson et al.,
- miogy Laboratory 1978; G. Camichael and T. Benjamin, unpublished
The Salk Institute results). The medium and large T antigens are trans-

Post Office Box 85800 lated in different reading frames from the viral DNA
San Diego, California 92138 between 86 and 99 map units (Hunter et al., 1979).




HISTORIC MOMENTS IN THE DISCOVERY OF PHOSPHOTYROSINE

# 1

= |
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Comparison of 1-D and 2-D phosphoamino acid analysis of
phosphorylated Polyoma virus middle T antigen

1-D PAA analysis

__PTYR

- -
2.pH 3.5 “e--“PTHR :-'-n."‘SE" P,
2-D PAA analysis [E
I

L—_.ELEchOPHoRESIS 1 pH 19

Eckhart, Hutchinson and Hunter, Cell 18:925 (1979)



RSV (v-src) transformed cells have
increased levels in phosphotyrosine

Ser(P)

uninfected RSV-transformed

Hunter and Sefton, PNAS 77:1311 (1980)



How many tyrosine kinases are there?

* The finding that v-Src and c-Src was a kinase provided the
first evidence for tyrosine kinase in 1979

- By the end of 1980 four tyrosine kinases were known (Src,
Abl, EGF receptor, Fps/Fes)

By the end of 1990 over 50 tyrosine kinases had been
identified in vertebrates and equal numbers of tyrosine
kinases and serine kinases were known, leading to the
prediction that there might be several 100 tyrosine
kinases in a vertebrate genome and a total of over a
1000 protein kinases.

+ The complete human genome sequence reported in 2001
reveals that there are 90 tyrosine kinases, out of a total of
518 protein kinases




What is tyrosine phosphorylation used for?

Growth factor signaling (and oncogenesis)
Cell adhesion, spreading, migration and shape

Cell differentiation in development

Cell cycle control

Gene regulation and transcription
Endocytosis and exocytosis

Insulin stimulation of glucose uptake

Angiogenesis (formation of new blood vessels)

1.
2.
3.
4.
5.
6.
7.
8.
9.

Regulation of ion channels in nerve transmission




PROTEIN KINASAS

> Perspectiva Histdrica
> Clasificacion

> Evolucion

> Estructura

> Tyr Kinasas




PROTEIN KINASAS

2 Fosfotransferasas que transfieren el fosfato y del
ATP al -OH libre de la cadena lateral de los amino
dcidos

Se clasifican por la especificidad del amino dcido que
fosforilan y por la secuencia de amino dcidos del
domino catalitico

La fosforilacion de proteinas es ubicua y esta
intimamente ligada a la regulacion del metabolismo, del
crecimiento y de la diferenciacion.




Protein Kinases Classified by Specificity

serine threonine tyrosine

A A A
H,N-C-COO-  H;N-C-COO-  H,N-C-COO-

CH, CH- CH,

CH; $

Serine/Threonine Kinases Tyrosine kinases

Dual Specificity Kinases




90
PTKs
85 activas

The Protein Kinase Complement of the
Human Genome. Manning, DB Whyte, R
Martinez, T Hunter, S Sudarsanam (2002).
Science 298:1912-1934

KINOMA HUMANO

518 genes (2% del total)

* 478 ePK
* B0 aPK

CDK, MAPK, GSK3 y CLK
Calcium/calmodulin dependent kinases
PKA, PKG y PKC

Caseina Kinasa 1

Homdlogos de STERILE (kinasa de levaduras)
Tyrosin Kinase Like

Tyrosin Kinase

Receptor Guanylato Cyclase




RECEPTOR TYROSINE KINASES
59 kinases in 20 subfamilies

EGFR PDGFR FGFR NGFR EPHR
InsulinR KLG/CCHK HGFR

Y
A

I< = LHDﬂr

% I ]

| IR

EGFR INSR PDGFR-u VEGFR1 FGFR-1 CCK4* TRKA MET EPHA1 AXL TIE RYK' DDR1 RET ROS LTK ROR1 MUSK
ERBBZ IGF-1R PDGFR-§ VEGFR2 FGFR-2 TRKE RON EPHAZ MER TEK DDR2 ALK ROR2
ERBB3* IRR CSF-1R VEGFR3 FGFR-3 TRKC EPHAZ TYRO3
ERBB4 KIT/SCFR FGFR-4 EFHA4
FLK2/FLT3 EPHAS
EPHAS
EPHATY
EPHAB
EPHE1
EPHB2
EFHBE3
EPHB4
EPHBS
EPHBE

[T T

e T U |

.! I

31 have been repeteadly found mutated or overexpressed in human cancers




Cytoplasmic protein-tyrosine kinases
32 kinases in 10 subfamilies

kinase - FGR EFYM, SRC. YES1 BLK, HCK, LCK, LYN

ABL e (SHIA e L DNAZW™ECHN = ABL1, ARG

JAK = FERM = kinase-like == kinase m JAKT, JAKZ JAK3, TYK2

kinase h5|‘lﬂ .”:D o ACKY, ACKZ actin| Actin-oindir 1 domaln
’ Btk modif
15}_'13 :--- Kinase r CSK, MAT $ CdedZ-binding

m ZIP4 nomology domain
o
m— FAK K PYK2 I.ﬁﬁr' DMA pinding domain

m Focal adhesion-binding damain
'FETE' Integnn-ginding damair

JRingse| PTK damain
L BRK, FRK, SRMS =
kinase-llke! Pssudo PTH domain

: EE |1 Pleckstrin hamalogy domain
m Src homology-2 domain

kinase @B src nomoiogy-3 domain

= FER, FES

Kinase m BhAX BT, ITK, TEC, TXK

15 of these kinases are altered in human cancers




Protein Kinase Domain Structure

300 aminoacids

N-lobe (small)
5 stranded B-sheet
Alpha-C helix

P-loop: roof of the active site,
coordinates ATP y phosphate

C-lobe (large)

Substrate binding
Activation loop

ACTIVE SITE




Activation conformational change

a Active Lck (open) b Inactive Src (closed)
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Global Survey of Phosphotyrosine Signaling Identifies
Oncogenic Kinases in hon-small cell lung cancer (NSCLC)

1 MS/MS of
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Cell, Vol 131, 1190-1203, 14 December 2007




PROTEINS

A

Cell lines

Cyluskelelal prolein

Unknown
Phasphatase

Tyr Kinase,
{receplor)
Tyr Kinase, Ben/Thr Kinase
(non-receplor)

Adhesion

Tumors

Unknown -
Phosphatase
Cytoskeletal prolein

Tyr Kinase, {receplor)

Tyr Kimase,
{mon-recepior}

SenThr Kinase

ALK—
EPHE (1,2,3)
EFHB4
POGFAA
ROS
ERBB3
ERBAZ
EPHA (1,4.5.7)

ihers
RO3

Kit
ALK EPHE4
MET .

INSR
IGFIR
oL il

EPHBS
POGFRA

VEGFR-1.2,3

DDRZ

EFHAZ
“EPHA3

EPHA 1,4.5,7)

NON-PTKs




PROTEIN KINASAS
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Far

TE

TEL

(b)

Worm

CMGC

STE

Human

Yeast

Hal

CKI

AGC

CAME

51 familias (median funciones relacionadas
con la célula eucariota)

7 familias propias (median funciones especificas

de organismos unicelulares)

55 familias compartidas (median funciones relacionadas
con la célula eucariota)

(Y NO EN LEVADURA)
94 familias, incluyendo dos grupos TK'y TKL
(sefializacion y regulacion de funciones propias de
organismos pluricelulares)

13 familias exclusivas: la mayor expansién génica tuvo
lugar en el ancestro comdn del gusano, la moscay el
hombre




EXPANSIONES DE FAMILIAS DE KINASAS
EN HUMANO

Table 2. Kinase families expanded in human relative to those in fly and worm. See table 56 for more details
Function Family Human Fly Worm MNotes

Immunclogy, hemopoiesis, |AK
angiogenesis PDGFR/VEGFR
Tec
SIC
IRAK
Tie
KK
RIPK
Axl
Meurobiology Eph
Trk
MAPK cascades 5tel]
Stel0
Ste7
Apoptosis DAPK
RIPK
Lrnr
Calcium signaling CaMK1
CaMK2
EGF signaling EGFR
RSKES/RSK

Couple cytokine receptors to transcription

Angiogenesis, vascular growth factor receptors

Monreceptor tyrosine kinase

Monreceptor tyrosine kinase

IL-1 receptor—associated kinase

Tie and Tek RTKs

lkB kinase, NF-«B signaling

Receptor-interacting protein kinase, NF-xB signaling

Immune system homeostasis

Ephrin receptors

Meurctrophin receptors

(MAP3K)

(MAP4K)

(MAP2K) Has distinct worm-specific expansion

Death-associated protein kinase family

Transduces death signal from TNF-oe receptor

Lmr1, aka apoptosis-associated tyrosine kinase [AATYK)

Calmodulin (CaM)-regulated kinases

Calmedulin (CaM)-regulated kinases

Epidermal growth factor receptor family

Ribosomal protein 56 kinases; RSK1-3 activated by
MAPK in response to EGF

Tao3 activated by EGFR

Src implicated in EGF signaling

Hormoenally up-regulated Meu-associated kinase

Fly and worm orthologs lack the kinase domain

Unpublished homologs of Drosophila trbl

Mitochondrial pyruvate dehydrogenase kinases

Homeodomain-interacting protein kinases

TGF-R, Activin receptors

Bromodomain-containing atypical kinases

Implicated in hy pertension

Uncharacterized [new kinase family 3)

Uncharacterized (new kinase family 4)

Uncharacterized [new kinase family 5)

Cyclin-dependent kinase-like
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18 familias

+funciones recientes desarrolladas con
posterioridad a la divergencia con el nematodo
*algunos podrian haber estado en metazoos mas
primitivos y haberse perdido

xse relacionan con funciones de inmunidad,
neurobiologia, ciclo celular y morfogénesis.

EJEMPLO: Familia JAK

Citokine

@
/“U\Recep‘ror'

v
JAK

STAT—STAT-

STAT-

I_&I

: 8 JAK
: 1 JAK, 1 STATY 1CLR

: 0 JAK, varios STAT activados por RTK




Phospho-tyrosine signaling machinery in different eukaryotic lineages

B Proteins with TyrK domains

i
: WHITE R & I Proteins with PTP domains

A P I Proteins with SH2 domains
tyrosine kinases
(TyrK) “ I

g P
) "@ ’ ——“READER”

CTyr P-Tyr
. ety Src Homology 2
\_d/ (SH2) domains

tyrosine
phosphatases

(PTP)

appearance

“ERASER” ' of TyrK

Pincus D. et.al. PNAS 2008;105:9680-9684




Model: Timeline for the evolution of the P-Tyr signaling system

Appearance of TyrK

appearence of shared core
P-Tyr proteins

SH2 and PTP
exist in early
eukaryotes

branching of choanoflagellate
& metazoan lineages (MULTICELLUARITY)

branching of cnidarian (radially symm.)

o__n_\ l_ & bilaterian Iineages

potential in

available
encoding T
P-Tyr system

number of
P-Tyr signaling
proteins

evolutionary time

—

Pincus D. et.al. PNAS 2008;105:9680-9684




PROTEIN KINASAS

> Perspectiva Historica
> Clasificacion

> Evolucion

> Estructura

> Tyr Kinasas




Protein Kinase Structure

300 aminoacids

N-lobe (small)
5 stranded B-sheet
Alpha-C helix

P-loop: roof of the active site,
coordinates ATP y phosphate

. ACTIVE SITE

C-lobe (large)
Substrate binding
Activation loop




Activation conformational change

a Active Lck (open) b Inactive Src (closed)




Change in Activation loop conformations in IRK (Insulin receptor kinase)

The activation loop is , the catalytic loop is orange, and the peptide substrate is pink.

Hubbard & Till, ARB 69, 373 (2000)




PROTEIN KINASAS

> Perspectiva Historica
> Clasificacion

> Evolucion

> Estructura

>| Tyr Kinasas




FOSFORILACION EN Tyr

= Estad : surgio al
mismo tiempo que los metazoos, lo que
suglere gque es necesaria para uha

= Surge en

del sistema que usa la
fosforilacion en Tyr para propagar la
sefal (p.ej. Dominios SH2, PTPs)
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KINASAS DE TIROSINA

CLASIFICACION

ACTIVACION

DOMINIOS ASOCIADOS CON LAS
KINASAS DE TIROSINAS

LAS KINASAS DE TIROSINAS COMO
ONCOGENES



CLASIFICACION DE LAS Tyr
KINASAS HUMANAS

&

(RPTK):20 Familias (59 kinasas)

&

10 familias (32 kinasas)




RECEPTOR TYROSINE KINASES
59 kinases in 20 subfamilies

EGFR FDGFR FGFR NGFR EPHR
InsulinR KLG/CCK HGFR

EGFR |INSR PDGFR-a VEGFR1 FGFR-1 CCK4* TRKA MET EPHA1 AXL TIE RYK® DDR1 RET ROS LTK ROR1 MUSK |RTK106
ERBBZ IGF-1R PDGFR-f VEGFR2 FGFR-2 TRKE RON EPHAZ MER TEK DDR2 ALK ROR?2
ERBB3* IRR CSF-1R VEGFR3 FGFR-3 TRKC EPHAZ TYRO3
ERBB4 KIT/SCFR FGFR-4 EPHA4
FLK2/FLT3 EPHAS
EPHAS
EFHAY
EPHAB
EPHE1
EPHB2
EPHBE3
EPHB4
EPHBS
EPHBE




Cytoplasmic protein-tyrosine kinases
32 kinases in 10 subfamilies

FGR, FYN, SRC, YEST, BLK, HCK, LCK, LYN

QEEE F Actin e ABL1 ARG

kinase-like  w= kinase m JAK1, JAK2 JAK3, TYK2

T ] = e
HEHG e e ACKT, ACKZ actin | Actin-pinding domain

= Btk monf

____kinase » CSK, MATH/CTK ﬁ Cded2-binding

m SIP4 Nomoiogy acmain
. 1 2
kinase {FABD T ke FAK PYK2 FBRAT ONA-binding domain

- — E Focal adhesian-oinding dormain
""' KiNase_— = FER, FES e

EERM.| integnn-oinding demair
= BRK FRK, SRMS ’ m P e
kinase-lka| Pseudo PTH domain
m Pleckstrin hamalogy doman
@ Src homology-2 domain

= ST-E:- 2re homology-3 domain
Kinase — SYK ZAP70 @Y Src homology '

== BMX, BTK, ITK, TEC, TXK




KINASAS DE TIROSINA

= CLASIFICACION

&

&

&

ACTIVACION

DOMINIOS ASOCIADOS CON LAS
KINASAS DE TIROSINAS

LAS KINASAS DE TIROSINAS COMO
ONCOGENES



Protein tyrosine b33t .4
kinase activation o B el @) Q
mechanisms W

Cytoplasm ®&

Activating
phosphorylation

B Y527  <— Dephosphorylation




ACTIVACION DE LAS SRC

KINASAS




Structure of the Src tyrosine kinase

Myr
(Gly2) Tyr4le  Tyr527

I
NH, 4 ] 1 COOH

2 | Unique
Pal (Cys-3) region  SH3 SH2 catalytic domain

Kinase
(catalytic
domain)




Activation of Src tyrosine kinases

SH?g 1. SH3 LIGANDS

2. SH2 LIGANDS

3. PHOSPHORYLATION

INACTIVE

o

4. DEPHOSPHORYLATION

ACTIVE




Activacion de Lck

SH3 and/or
SH2 ligands

Tyr 394
j} phosphorylation

(Junlatching dephosphorylation

Y505 |

SH2 and SH3 domains assist tyrosine kinases in recognizing cellular

substrates. Many of the best substrates for Src kinases contain ligands for the

SH3 and/or SH2 domains. Binding promotes phosphorylation by the catalytic domain;
in this way, kinase activation is coupled to substrate recognition.




KINASAS DE TIROSINA

= CLASIFICACION
+ ACTIVACION

“|DOMINIOS ASOCTADOS CON LAS
KINASAS DE TIROSINAS

= LAS KINASAS DE TIROSINAS COMO
ONCOGENES




Protein modules for the assembly of
signaling complexes

C
PDZ

Y-X-X-hy-  hy-X-N-P-X-Y- -E-S/T-D-V-COOH
D E F
SH3 wWw 14

-P-X-X-P-X-

From Pawson & Scott, 1997. Science 278:2075-2080.




SH2 domains (Src-homlogy 2)

POSITIVELY
CHARGED

SH2 DOMAIN S l)

PHOSPHATE

SEGMENT TYROSIMNE

OF
RECEPTOR

HYDROPHOBIC
CLEFT

SH?2 domains are modules of ~100 amino acids that bind to specific
phospho (pY)-containing peptide motifs

The Pawson Lab http://www.mshri.on.ca/pawson/domains.html




The SH2 domain
is found in a
wide variety of
metazoan
proteins that
regulate
functionally
diverse

processes.

Fl B
Adaptor -@-'shm Grb2
_.._:_L
Scaffolds B |
—‘%.m = | sHa [~ She

Kinases — @) s Vil —  Sr

i sH2— ¥ Fps

Phosphatase : sﬁlz — SH2 H  Phosphatase —— Shp2

Ras Signalling —&J—@% ﬁ:l-‘i!_l . m—|_HI=GﬂP — RasGAP
Transcription } slp-_n_v—.-— Stat

Ubiquitination — a1 ¥ stz | ING— c-Chl
CH |——| RhoGEF SH2 —@ VAV
Cyloskeletal Regulation _{_n_si @@ Tensin
— SH2 %J— Chimerin
- SHZ—— SAP

Signal Reqgulation

—— sH2 -socs—  SOCS

Phospholipid Second : L _I [FLIH e TR
Messanger Signaling —.—‘m SH2 - SH2 _Hﬂ—{:‘— PLCy

Pawson, T. et al., Trends in Cell Biology Vol.11 No.12 December 2001



KINASAS DE TIROSINA

= CLASIFICACION
+ ACTIVACION

= DOMINIOS ASOCTADOS CON LAS
KINASAS DE TIROSINAS

LAS KINASAS DE TIROSINAS COMO
ONCOGENES




MECANISMOS DE TRANSFORMACION ONCOGENICA POR
KINASAS DE TIROSINAS

. TRANSDUCCION RETROVIRAL DEL PROTO-ONCOGEN DE
UNA PTK (ROEDORES Y AVES)

. REORDENACIONES GENOMICAS (TRANSLOCACIONES
CROMOSOMICAS)

. MUTACIONES DE GANANCIA DE FUNCION (GOF)
. AUMENTO DE LA EXPRESION POR AMPLIFICACION GENICA

AUMENTO DE LA ACTIVIDAD KINASA




THE HUNTING OF THE SRC

1911 Key events in hunting the Src

Cevelopment Bryan =train of RSV Identification | | 3HZ domains

of the focus e BN . : _ "
PeyTo n assay TErCLFI&S".f found to be replica Discavery of c- Tyr\osl ne of SH2 shown to bind rystal structures

fion defective proto-oncogens domain phosphotyrosine of 5rc and Hek

Rous kinase

1911 1941 1958 1960 1963 1970 1976 1977 1980 1986 1988 1990 1991 1997 1999

Transformation by Isolation of Identification of Ras shown identification ¢ knockout SiC mutations
RSV in cel culre fusiform mutants the v-5rc protein to meadiate of SH3 detectad in

of RSV =rc signaling domain colon cancer

a

Chicken c-src proto-oncogens Tl SH2 L Catabytic domain
Exon  Intron saguenca 1111

| I I
—_ [l I TTTHII =

5.- = 1 3¢
*

Rous sarcoma virus RNA

Cap —_|
5\'

"q COoH
526




SIGNALING BY SRC

Src

- |

Substrates Docking Adaptors Tyrosine kinases Substrates at
at focal proteins cell—cell
adhesions GEFs contacts

' | '
Ras = Stat3
e -
i Raf
N ¥
Akt
v\ v
BAD

PDK1

MEK
mTOR MAPK

Translational initiation, metabolism

Y Y

Ets/TCF pStat3

l Mtfc

Fos Cyclin D1

!l vy N Y ¥

Proliferation and survival _ _ﬂ_ZeII ?c_ell ad he_-sicﬂ




Activacion de Src

Amino Carboxy
iRt terminus

C-Src Myr Kinase

Tyr
527

SH3 and/or
SH2 ligands

Tyr 416
§) phosphorylation
e

latchi Tyr 527
b unialcning  gephosphorylation
Y527 |

. (C-lobe)




GENOMIC REARRENGEMENTS, CHROMOSOMAL
TRANSLOCATIONS: BCR-ABL

The Philadelphia Chromosome: 1(9:22) Translocation
95% LEUCEMIAS MIELOIDES CRONICAS

(o]

()
—
]
-
-
_
-

1960- Se asocia Cromosoma Filadelfiay LMC

1973- El cromosoma Filadelfia es el resultado
de t(9;22) traslocacion

1983- Se descubren los genes involucrados en
la traslocacion Bcr-Abl y se determina que ABL
es una tirosina kinasa

| j—bcr-ablv

FUSION PROTEIN
WITH TYROSINE
KINASE ACTIVITY




Abl physiological role in cells

%= Non-receptor PTK

= Non-erytroid myelopoiesis

% Cytoskeletal rearrengement: small GTPase regulation,
inhibition of cell migration and F-actin binding.

= Cell proliferation, survival and apoptosis




Domain structures of the SH3- and SH2-domain-
containing tyrosine-kinases

Src family

Abl family

Tec family

_;I--"‘-.h_.-" ’ﬁxxv.-"r ﬁl"‘-\__r'fﬁl-'x _.I.-"' .ﬂ_‘_\ \I,.-" ﬁ‘vh
Myristate/palmitate

o,

A

Myristate

SH3lSH2 [ Kinase doman |

1 ~, = 2 F,
AW \ff-"‘-.
A R TR L

p

SHafISH2 (| Kinase domain |

SH2/ | Kinase domain.

P

Phosphorylated tail

]

Last exon region

]

Src, Yes, Fyn,
Lyn, Lck, Bk,
Hck. Far, Yrk

Abl, Arg

Btk, ltk, Tec
Bmx
Txk




ABL 3-dimensional structure

Kinase
. (catalytic
/o domain)




SH3 Domain Displacement

e __d

[lest exon reglan |-

SH2 Domain Displacement

ABL activation

Phosphorylation

Regulated c-Abl pg— Fully Activated c-Abl

(st Xen gon}- S

e J
[last exan @_‘Pﬂ—'

Myristate Displacement




Possible mechanisms for the activation of Abl family kinases by
cell surface receptors

PDGF receptor PDGF binds receptor

Abl activated by PIP;

Abl in 'off' State Sre and PLC-y1 bind receptor hydrolysis and Sre phasphorylation

(b) Adhesion receptors Adhesion receptor clustering
O |
#

‘I
=

Abl in "off' State Abl recruited to receptor Abl kinase activated by autophosphorylation

TRENDS in Cell Biology




MUTACIONES DE GANANCIA DE FUNCION (GOF):
JAK2V617F

Carboxyl
terminus

V617F

In 2005, several independent groups used different experimental
approaches to identify a recurrent mutation in the JAKZ tyrosine
kinase in most patients with PV, ET or PMF8-11

Baxter....Green, Lancet 2005
James...Vainchencker, Nature 2005
Kralovics....Skoda, New Engl J Med, 2005
Levine...Tefferi...Gilliland, Cancer Cell 2005




Classification and molecular pathogenesis of the
MPD (myeloproliferative disorders)

l\ll\:____—/l
Myeloid
progenitor
TATAY

o
o

hdast
cell

Red
blood cells

T T—

Platelets —————a

Eosinophils =——

Neutrophils

T

Monocytes /

MPD

Systemic
mastocytosis

Activating
mutation

KITD8leV
FIPILI-FDGFRA

Polycythaemia
vera

JAK2VEITF
JAK2 Exon 12

Essential
thrombo-
cythaemia

JAKZVal7F
MPLWEISL/K

Chronic
eosinophilic
leukemia

("~ Chronic myeloid

leukaemia

Chronic
myelomonocytic
leukaemia

FIPILI-PDGFRA

BCR-ABL

TEL-PDGFRB
BCR—PDGFRA
TEL-JAK2

other fusion TKs

Primary
myelofibrosis

JAK2VEITF
MPLW5I5L/K




Mechanism of activation of JAK2 kinase
activity by mutations in the JAK2

a \“" -

‘Ii Ll I‘f'.'l'l'...
MPLW SISL/K

L) LOOO0CC00
COOOOCOOM COOON
| || JAK2VETTF o
' I JAKI JAK2 Exon 12 @ @
| I | |(P)
|I ' |_ L

@Q) Vo

Activation of genes important
! in proliferation and survival




Alteraciones en RECEPTOR-PTKs

C terminus




MULTIPLE PATHWAYS TO ONCOGENESIS IN
EGFR (Epidermal growth factor receptor)

a Overexpression of ERBB1 (head and b Deletions within ERBB1
neck cancer) and ERBB2 (breast cancer) (brain tumours)

£ o J
T Cysteine I: '

rich

o Enhanced signalling Cyste[ne[ E

and delayed inactivatio rich = = =
j Tyrosine
_— kinase

EGFRWT EGFR AIV
EGFR Alll EGFR AV

¢ Kinase-domain mutations in ERBB1 d Kinase-domain mutations in ERBB2
(lung cancer) {lung cancer)

P-loop “\\
u ‘h.;— B3-oC loop

lobe

Activation

MN-terminal

C-terminal




TERAPIAS DIRIGIDAS PARA KINASAS
DE TIROSINA EN CANCER

%Pequenos compuestos quimicos que inhiban la
actividad kinasa

= Anticuerpos que inhiban la dimerizacion de
los RPTK




DEVELOPMENT OF PROTEIN-KINASE INHIBITORS

Timeline | Key events in the development of protein-kinase inhibitors

POEBCEY is shown to reverss the
phenctypa of RAS-frarsfomed call lines by
prervanting the activation of MERT by BAF,

I
The first nanomclar inhititars of recaptor
Framacaitical protain tyrosine kinases are develcpad.
Thefirst oncogena | | lsodguindline companies start to T Glasvar (CEPET148, ST Gaaves iz approved
iz shoemtobaa suphoramidas are shown clevalop inhibitors of Cytokine-synthesis ant-inflammatory drugs | | 571) enters human clifical for clinical use in the
protein kirasa, to irhibit protein kirases. protein tymsing kinases, | | are shown ta inhibit p3s MAPK., trials for the treatment of ChiL. | | Urited States.

Tumeur-promoting Staurcspanine is shown Thrae-dmensicnal structure of the first The first protain-kinase inhibitor Faparmydn s approved
phortol estars are to be a rancmoalar protain kinass ie detarminad [P ifasudil, HATOTT) is approved for clinical use as an
showen to activate PRC. inhibitor of PRIC. I in Jagan far the treatment of immunosuppressant in
The immunosuspressant cyclosponn s carebral vasospasm, the Urited States.
ehown to inhicit a protein phosphataze
[FF2E].

I
The immunosupprassant mpamyzin iz
showen toinhiit a protain kiness (Torg.

CML, chronic myslogenous leukaemis; EGFE, epidermal growth factor; MAPK, mitogen-activated protein kinase; MKK1 , mitogen-activated protein kinase kinase 1;
PKA, protein kinase A; PKC, protein kinase C; Tor, target of rapamycin.




CANCER THERAPIES TARGETED TYROSINE KINASES

Status

Approved for metastatic
breast cancer

Approved for CML and GIST

Names Targets

HERZ2

Description
Humanized anti-HERZ 1gG 1«

Company

Trastuzumab, Herceptin Genentech

Imatinib, Glivec, STI&S71 BCR-ABL, KIT, Novartis

PDGFR
EGFR
EGFR
VEGF

2-Phenylaminopyrimidine

AstraZeneca
ImClona/Merck

Gefitinib, Iressa, ZD1839
Cetuximab, Erbitux
Bevacizumab, Avastin

Approved for NSCLC Quinazoline
Approved for colorectal cancer Chimeric anti-EGFR IgG1

Approved for colorectal cancer Humanized anti-VEGF (rhu mAb-VEGF) Genentech

QOSI-774, Tarceva

Cl-1033
EKB-569

CDP860

Pertuzumab, Omnitarg, 2C4

SUB66S

SU11248

ZDB474
PTK-787/2K222584
AGO13736

CP549, 6832

PKC-412, midostaurin

CEP-701
MLN-518, CT53518

EGFR

EGFR, HERZ
EGFR, HERZ

PDGFR
HER2

VEGFRZ, PDGFR,
FGFR

VEGFR2, KIT,
PDGFR, FLT3

VEGFR2
VEGFR1/2, PDGFR
VEGFRZ, PDGFR

VEGFRZ, FGFR1,
TIEZ

PKC, VEGFRZ,
PDGFR, FLT3, KIT

FLT3, TRK kinases
PDGFR, KIT, FLT3

Clinical development

Clinical development
Clinical development

Clinical development
Clinical development

Clinical development
Clinical development

Clinical development
Clinical development
Clinical development
Clinical development

Clinical development

Clinical development
Clinical development

Quinazoline

4-Anilinoguinazoline, irreversible inhibitor
4-Anilinoquincline-3-carbonitrile, irreversible
inhibitor

Anti-PDGFp-receptor antibody fragment

Humanized anti-HERZ2 (heterodimerization
inhibitor)
Indoline-2-one

Indoline-2-one

Quinazoline
Anilinophthalazine

N-Benzoylstaurosporine

Indolocarbazole alkaloid
Quinazoline

Genentech/
Roche/OS|

Pfizer

Wyesth

Cellitech
Genentech

Sugen/Pfizer
Sugen/Pfizer

AstraZeneca
Novartis/Schering
Pfizer

Pfizer

Novartis

Cephalon
Millennium




El imatinib (Gleevec), primer antitumoral de uso en clinica
descubierto por "buisqueda racional”

Gleevec® Targets the Cause of CML

.../"'J
P K [\ —Tyrosine ——Tyrosine

P

@ 2
‘ £ A 5
& 5
/N [ 0?
P | P |~ )

B Gleevec—a specific inhibitor of a small family of tyrosine
kinases, including Ber-Abl, Kit, and PDGF receptor




GLEEVEC |
(Imatinib) (4 IJ Y

o Se une al sitio de union al ATP
solo cuando el loop de activaciéon %
esta cerrado y asi estabiliza la
conformacion inactiva de la
proteina.

MN-lobe

Ademads distorsiona el loop de
unién al grupo fosfato.

Produce remision en leucemias
mieloides cronicas con una

toxicidad minima. i




BCR-ABL Kinase Domain Mutations

BCR-ABL kinase domain
@E@D—  |me

i -
Q252H/R ml
Lk

CATALYTIC
DOMAIN




ACTIVATION
LOOP
Glu-Phe-Gly

coordinates a Mg2+ ion during
catalysis. Oriented properly for
catalysis, whereas in the
imatinib this residue points
away from the active site

 IMATINIB=
GLEEVEC

Ta15




Box 3 | Network fragility — the pharmacist’s opportunity

Erbitux/ ) EREB1 EREB2 Omnitarg/ Herceptin/
cetuximab pertuzumabj, trastuzumab

%, ’ ‘ \ - 4
EREB2

p— [
Gefitinib andw P
\ erlotinib J I\% Lapatinib |

[PIBK -FAKTIF‘KB) Ras= MAPK




CONCLUSIONES

= La fosforilacion de proteinas es un mecanismo
postraduccional que permite regular las vias de
sefalizacion intracelular.

= Las kinasas y fosfatasas de tirosinas se sitdan en el
inicio de las vias de senalizacidn.

= La desregulacion de las kinasas y fosfatasas de
tirosinas conduce a la alteracion de las vias de
sefializacion y lleva a la aparicion de tumores.




MUCHAS GRACIAS...




STRUCTURE OF PROTEIN KINASES AND
FUNCTIONAL SEQUENCES

ATP binding Frotein Substrate Binding

N

Phosphate / Catalytic pyq2¢
Locp
\

Anchor

Hinge —— -I
Catalytic Core




DEVELOPMENT OF PROTEIN-KINASE INHIBITORS

Timeline | Key events in the development of protein-kinase inhibitors

POSBCSY is shown 1o reverss the
phenctyps of RAS-trarsformed call linas by
preventing the activation of MEKT by FAF.

I
The first nanomclar inhiitors of recaptor
Framacsutical protein tyrosine Minsses are develcped.
The first oncogene | | lsoguindine companies start to I Glesvac (CEPST148, ST Gleaves is approved
izshoentobea suphoramidas are shown develop inhibitors of Cytokine-synthesiz ardi-inflarmmatory drugs | | 5710 enters human clirical far clinical usain the
protain kinase, te irhibit protein kinases. protaintyrosing kinases. | | are shown to inhikit p3S MAPK, trials for the traatment of ChL. | | United States,

Tumcur-promoting Staurcsponine is shown Three-dmensional structure of the first The first protein-kinaze nhibitor Faparmydn is approved
phorbol estars are to be a rarcmolar protein kinsss = determined [PREA) ifasudil, HACTT) is approvec for clinizal usza az an
shown to activate PRC, inhibitor of PEIC. I in Jaan for the traatment of immunosupprassant in
Tha immunosusprassant cyclosporn is corekral vasospasm. the Uritad States.
shown to inhicit a protein phosphatasa
[FFZ2E].

I
The immunosupprassant apamycin is
ehowen to inhicit a protein kiress (Tor),

CML, chronic myelogenous leukaemia; EGF, epidermal growth factor; MAPK, mitogen-activated protein kinase; MKKA, mitogen-activated protein kinase kinase 1;
FKA, protein kinase A; PKC, protein kinase C; Tor, target of rapamycin.




