Ras (RAT-sarcoma) is a
monomeric GTPase

Ras is a G protein (guanosine-nucleotide-binding protein), a small GTPase

The first two ras gen_es, HRAS and KRAS, were first identified from the Harvey
sarcoma virus and Kirsten sarcoma virus, by Scolnick and colleagues at (NIH) in 1982.
In 1982, activated and transforming human ras genes were discovered in human
cancer cells, A third ras gene was subsequently discovered and named NVRAS, for its
initial identification in human neuroblastoma cells.

Anchored at the plasma membrane owin%_to its prenylation and palmitoylation (HRAS
and NRAS) or the combination of prenylation and a polybasic sequence adjacent to
the prenylation site (KRAS).

The C-terminal region of Ras first %ets farnesylated at its Cys residue in the cytosol,
allowing Ras to loosely insert into the membrane of the endoplasmatic reticulum and
other céllular membranes.

The three human ras genes encode extremely similar proteins made up of chains of
188 to 189 amino acids, designated H-Ras, N-Ras and K-Ras4A and K-Ras4B (from
alternative splicing).



Ras is a monomeric- Ras has an intrinsic GTPase

GTPase

INACTIVE

ACTIVE

activity: the protein on its own will
hydrolyze a bound GTP molecule
into GDP. However this process is
too slow for efficient function, and
hence the GAP for Ras, RasGAP,
may bind to and stabilize the
catalytic machinery of Ras.

GEFs catalyze a "push and pull"
reaction which releases GDP from
Ras. Because intracellular GTP is
abundant relative to GDP
(approximately 10 fold more) GTP
predominantly re-enters the
nucleotide binding pocket of Ras
and reloads the spring. Thus GEFs
facilitate Ras activation.

The balance between GEF and
GAP activity determines the
guanine nucleotide status of Ras,
thereby regulating Ras activity.
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RTK Activation of Ras

EGF binding causes receptor
clusterization and autophosphorylation
on cytosolic tyrosines.

In Step 2, the adaptor protein GRB2
binds receptor phosphotyrosine residues
via its SH2 domain. GRB2 contains SH3
domains that allow the GEF protein
known as Sos to bind to the membrane
complex.

The C-terminus of Sos inhibits its
nucleotide exchange activity; binding
of GRB2 relieves this inhibition

Sos converts inactive GDP-ras into active
GTP-ras.

EGF V
vv

v
\4 EGF J
monomers
Exterior

Cytosol /@
: G
Inactive Ras D

P

dimerization, kinase activation, and
phosphorylation of cytosolic receptor

Binding of hormone causes receptor n \
tyrosine residues

Binding of GRB2 and Sos couples
receptor to inactive Ras




The activated Ras-GTP
complex then dissociates from
Sos, but remains tethered to
the inner leaflet of the
cytoplasmic membrane via a
lipid anchor sequence. The
active form of Ras then
activates the MAP kinase
portion of the signaling
pathway.

GDP<« Sos promotes dissociation of GDP
GTP E from Ras; GTP binds and active
N Ras dissociates from Sos

Y

Active
Ras

Signaling



Ras Activation of MAP Kinase

Ras activated Active Ras recruits, GTP hydrolysis
by exchange of binds, and activates leads to dissociation
Exterior GDP for GTP Raf of Ras from Raf

o~ —

GDP GTP
Inactlve Ras Actlve Ras

Cytosol

N-terminal
regulatory
domain

Ras activates MAP kinases via a
phosphorylation cascade that proceeds
to the serine/threonine c-Raf, to the dual
specificity kinase MEK1 which in turn
phosphorylates ERK2 on a threonine
(T183) and on a tyrosine (Y185). MAP
kinase then dimerizes and enters the
nucleus.

B vex

activates
Q MAPK
e

MAP kinase

Active MAP kinase translocates
to nucleus; activates many
transcription factors



MAP Kinase Activation of Transcription

In the final steps of RTK-Ras/MAP kinase signaling, MAP kinase
phosphorylates and activates the p90R=X kinase in the cytoplasm.
Both kinases enter the nucleus where they phosphorylate ternary
complex factor (TCF) and serum response factor (SRF), respectively.

The phosphorylated
forms of these TFs
bind to serum
response element
(SRE) enhancer
sequences that
control genes
regulated by growth
factors present in
serum (such as c-fos)
and_propel cells
through the cell cycle.




Genes regulated by RTK/Ras pathway include
early response genes.

serum response elements;

-allows for activated transcription
following growth factor (mitogen)
stimulation

-found in genes involved in cellular
proliferation.

Ex: c-fos gene

-c-fos is an early response gene
-required for the induction of delayed

mRNA level

response genes including cyclin D.

Early-response genes S
| . pl - C-fos transcription factor
|
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MAP Kin ases - Mitogen-activated protein kinases are
serine/threonine-protein kinases. They

regulate proliferation, gene expression,
differentiation, mitosis, cell survival, and
apoptosis.

MAP kinases are found in eukaryotes
only.

“Classical" MAPKs activation requires two
phosphorylation events, both threonine
and tyrosine residues, in order to lock the
kinase domain in a catalytically competent
conformation.

Inactivation of MAPKSs is performed by a
very conserved family of dedicated
_phosphatases is the so-called MAP kinase
phosphatases (MKPs), dual-specificity
phosphatases (DUSPs). They hydrolyze the
phosphate from both phosphotyrosine and
the phosphothreonine residues.




Once activated, Ras propagates signaling further inside the cell via a kinase
cascade that culminates in the activation of members of the MAP kinase
family.

MAP kinases phosphorylate TFs that regulate genes involved in the cell
cycle, survival and in differentiation.

As a result, mutations in ras G__‘?/\) (MAP-kinase-kinase-kinasg ~\-CYTOSOL

I|\\

genes can cause acfive Ras“‘ '(

unintended and overactive protein ® e )
signalling inside the cell and (" MAP-inase-kinase . )-
ultimately to cancer Hx

Ras is the most common K

oncogene in human cancer (" MAPkinase j:”):

- mutations that /1
permanently activate Ras

are found in 20-25% of all ‘ J T ‘
human tumors and up to @®protein X @-protein] @02 1@ _gene
90% in certain types of orotsinA| | proteinB

cancer (pancreatic cancer). | | |
changes in protein activity changes in gene expression



Table 2| HRAS, KRAS, NRAS and BRAF mutations in human cancer

Cancer type HRAS KRAS NRAS BRAF
Biliary tract 0% 33% 1% 14%
Bladder 11% 4% 3% 0%
Breast 0% 4% 0% 2%
Cervix 9% 9% 1% 0%
Colon 0% 32% 3% 14%
Endometrial 1% 15% 0% 1%
Kidney 0% 1% 0% 0%
Liver 0% 8% 10% 3%
Lung 1% 19% 1% 2%
Melanoma 6% 2% 18% 43%
Myeloid leukaemia 0% 5% 14% 1%
Ovarian 0% 17% 4% 15%
Pancreas 0% 60% 2% 3%
Thyroid 5% 4% 7% 27%

The mutation data was obtained from the Sanger Institute Catalogue of Somatic Mutations in
Cancerweb site®,

* Diversi tipi di cancro sembrano essere associati alla mutazione di una specifica
isoforma RAS. Solitamente i carcinomi (in particolare quelli del colon e del
pancreas) presentano mutazioni di KRAS, i tumori della vescica hanno mutazioni
di HRAS e i tumori emopoietici presentano mutazioni di NRAS.



https://www.fondazioneserono.org/glossario/pancreas/

Oncogenes vs proto-oncogenes

An oncogene is a gene that has the potential to cause cancer.

In tumor cells, they are often mutated or expressed at high levels.

The first confirmed oncogene was discovered in 1970 and was termed
src. Src was in fact first discovered as an oncogene in a chicken
retrovirus.

In 1976 Dominique Stehelin, J. Michael Bishop and Harold E. Varmus
demonstrated that oncogenes were activated proto-oncogenes, found in
many organisms including humans (for this discovery Bishop and Varmus
were awarded the Nobel Prize in Physiology or Medicine in 1989).

A proto-oncogene is a normal gene that becomes an oncogene due to
mutations or increased expression.

Proto-oncogenes code for proteins that regulate cell growth and
differentiation. Proto-oncogenes are often involved in signal transduction
and execution of mitogenic signals.

Upon activation, a proto-oncogene becomes a tumor-inducing agent, an
oncogene.



CELLULAR ONCOGENES — VIRAL ONCOGE

* Present in cancer cells * Present in viruses

* Contains introns * Host cell origin
characteristic of eukaryotic * Do not possesss introns
cells

Also called ‘cancer genes’
* Encodes proteins triggering

transformation of normal
cells

* Encodes proteins triggering
transformation of normal
cells into cancer cells

VIRAL HUMAN ORIGIN NATURE
ONCOGENE | ONCOGENE

V-src¢ C-src Chicken Sarcoma
V-ras C-ras Rat Sarcoma
V-myc C-myc Chicken Leukemia
V-fes C-fes Feline Sarcoma
V-sis C-sis Simian Sarcoma

V-mos C-mos Mouse Sarcoma



Biochimica et Biophysica Acta 1793 (2009) 1691-1702

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamcr

Rasosomes spread Ras signals from plasma membrane ‘hotspots’

Merav Kofer-Geles, Irit Gottfried, Roni Haklai, Galit Elad-Zefadia, Yoel Kloog *, Uri Ashery *

Department of Neurobiology, The George S. Wise Faculty of Life Sciences, Tel Aviv University, 69978 Tel Aviv, Israel

Original image 'Hot spot' map

GFP-NRas

Ras-osomes move within distinct
areas, rasosomal ‘hotspots’, near

the PM.

Rasosomes move within cortical
actin cages.



GFP-NRas(G13V)

GFP-NRas expressing cells were labeled with anti-phosphorylated-ERK
Abs. Insets show filtered images of the boxed regions with arrows that
indicate phospho-ERK positive GFP-NRas rasosomes
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(Regulation of RAF protein kinases in
ERK signalling

Hugo Lavoie' and Marc Therrien'?

Ras activated Active Ras recruits,
by exchange of binds, and activates
Exterior GDP for GTP Raf

1

o) N 7

- GDP GTP

Inactive Ras Actlve Ras

Cytosol

N-terminal

regulatory = I(<: terminal
domair domain




c-Raf

Ser259 (AKT, 1999; PKA, 2002;

PP1, PP2A, 2001; LATS1, 2014)75-78.108.230

(P)

N-terminal deletions
activate CRAF*2*5

CRAF is required for
NIH3T3 cell proliferation*®

CRAF is part of an RTK-
induced signalling complex*?®

I

[ v-RAR | [ crAF= |

* D. melanogaster RAF acts
downstream of Torso RTK3!

* CRAF depletion reduces
cancer cell tumorigenicity??®

1983 1984 1985 1986 1987

1988

1989 1990

1991 1992 1993 1994 1995 1996

Ser621 (PKA, 1996; T Tyr340, Tyr341 Ser338, Ser339
AMPK, 1997; (Src, 1993)138242 (PAK3, 1998; CK2,
RAF, 2008)79.155.157.158 2007; PPS,
T Crystal structure | [ 2006)!37:145.243.178
= HSP90 and of CRAFRBD I
CDC37 forma bound to BRAF KO leads to
complex with RAP1A® vascular defects
CRAF*2 in mice?*?
« RAS-GTP directly
interacts with RKIP inhibits
CRAF#—¢ RAF activity?**

1997
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1998

I v-MIL* | | ARAF2-22 | | BRAF® | CRAF structure— RAF signals through * Artificial
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are Ser/Thr CRAF bypasses RAF acts downstream of multiple Artificial membrane activity!1041t
kinases’ neutralizing RAS receptors and membrane-bound targeting of RAF * ARAF KO leads to Mechanism of
antibodies?® oncoproteins??’ induces its activity?***® digestive tract CRAF auto-
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scaffolding proteins RAF family members

Key phosphorylation sites on human CRAF

and RAF kinase inhibitors
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P
[ Thrao1, Ser494 (RAF, 2013)“9-*52453?

impaired T cell activation

Solution structure IMP modulates RAS-ERK
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T T leads to acquired resistance
Oncogenic BRAF Crystal structure of to RAF inhibitors?:-20
mutations found in BRAF kinase domain!** KSR2 KO leads | | ® RAF inhibitors paradoxically
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other cancers*®! BRAF is a therapeutic mice??? promoting RAF
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= KSR bridges RAF and Development * Clinical efficacy of PLX4032
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* Development of ‘paradox-

breaking’ RAF inhibitors?%®
T

P
Ser465, Ser467 (RAF, 2013)207?




Viral oncoproteins have
N-terminal truncations and are
fused to the N-myristoylated
(N-myr) viral Gag protein

Gag Kinase domain v-RAF

Kinase
suppressor of
RAS




Autoinhibitory Hinge region Protein kinase domain
domain block (highly flexible) (catalytic domain)

(regulatory)

S621
| 648

82|59

184 349

N C
14-3-3 binding 14-3-3
ﬂ k linear motif binding
motif
Ras binding C1 domain * *
domain (binas lipids:  Kinase domain,  Kinase domain,
(bindsto  e.g.ceramide)  N-terminallobe  C-terminal lobe

GTP-Ras)

« Ras-binding domain: it binds GTP-Ras

« C1 domain: it is a special zinc finger, rich in cysteines and stabilized by two
zinc ions. It interacts with lipids and aids in the recognition of GTP-Ras.
The close proximity of these two domains allows them to act as a single
unit to negatively regulate the activity of the protein kinase domain, by
direct physical interaction.

Between the auto-inhibitory domain block and the catalytic kinase domain, a

long and very flexible region acts as a natural "hinge" between the rigidly

folded autoinhibitory and catalytic domains.

« The C-terminal half of c-Raf folds into a single protein domain, responsible
for catalytic activity.



Regulation of c-Raf activity

Flexible
Jhinge”

* N-terminal
» extension

14 -3-3
dimer .- Catalytic site
(occluded)
C-terminal
extension

¥ Autoinhibitory
domain block

*

Kinase
domain

The most important regulatory mechanism involves the direct, physical
association of the N-terminal autoinhibitory block to the kinase domain
of c-Raf. It results in the occlusion of the catalytic site and full
shutdown of kinase activity. This "closed" state can only be relieved if
the autoinhibitory domain of Raf engages GTP-bound Ras.



14-3-3 proteins

* Very well conserved in mammals, as well as in plants: they are among the very few
signaling elements that are shared by both animals and plants.

* Family of acidic brain proteins. The name was given based on particular elution

pattern on chromatography (14th fraction)
 They usually work as dimers

* They bind to peptides, usually containing a phosphorylated serine or threonine

residue

e 14-3-3 proteins are a major class of molecular chaperones, with more than 200

proteins that have been shown to be targeted.

Cell signaling

@utophagy@
(Apoptosis (-)

Metabolism - general
®) Glycolysis

@&/ Fatty acid synthesis

@&/2Pentose phosphate pathway

Metabolism - specialized
Biosynthesis:
Catecholamines
Serotonin/Melatonin




(i) Direct structural change of the target protein

SJ* ﬂ —
protein

14-3-3

Regulation of enzymatic
activity

14-3-3

(ii) Physical occlusion of sequce-specnflc or structural features Regulation of subcellular

localization

Inhibition of protein-
protein or protein-DNA
interactions

Protein
or DNA

Protection against
Protein \ dephosphorylation or
or DNA / proteolytic degradation

(iii) Scaffolding that facilitates protein-protein interactions

= o &5

Protein
B

Stabilization of
multiprotein complexes

14-3-3



The activation cycle of mammalian c-Raf

Relief of autoinhibition

Ceramice

Calimembrane

Catalytic

Dimerization

Ceramize

Ceramise

Catalytic

-Oper?” Raf i 5 :
{ =till in3ctive) site Raf-Raf site
> hor_n?dlmer
i3 ]
Activation i Activation
loop loop

2. When activated small G-proteins (Ras-
GTP) and appropriate lipids are present,
Raf will translocate to the membrane, and
the internal autoinhibitory interactions will be
disrupted But the kinase is not yet active.

active state

Flexible
-hinge Auxiliary proteins
(enforcing ,closure™)
14-3-3
dimer

Kinase__

dareain Autoinhibitory

domain

1. In the absence of a cellular
stimulus, most Raf molecules
are found in the cytoplasm, in a
a monomeric and closed” pho
autoinhibited) state.

3. The .open” Raf kinase domains readily
form homo- or heterodimers (with KSR)
while still bound to the membrane. This
will force their activation loops to adopt a
partially active conformation via allostery.

Catalytic
Raf-KSR site
heterodimer
{rarihyactie Adtivation

loop

Termination of signaling

%

Feed-back
phosphorylation

7. KSR can recruit ERK1 and ERK2 in order to induce a number of
inhibitory phosphorylations in the hinge regions of Raf and KSR. This
feed-back will lead to the disruption of the dimers, force dissociation
from the memibrane and terminate signaling (though several impaortant
details are still unknown). In the cytoplasm, phosphatases remove all
stimulatory phoshpates, leading to inactivation and domain closure.

Transphosphorylation

Catalytic

— site
(partially
active)

Ceramige +Omers?

Phosphorylation of effector proteins

6. ERK1 and 2 will phosphorylate
target substrates of the pathway
(including nuciear proteins, such
as transcription factors). These
are responsible for the cell-cycle
promoting effect of Raf pathway.

< —

P

Phosphorylation

Catalytic
site (fully
active)

4. The Raf-Raf (or KSR-Raf) dimers will phosphorylate
each other, leading to fully active protein kinases. Other
protein kinases such as PAK1 (which is itself activated by
GTP-bound Cdc42) can also provide heip at this step, with
additional phosphorylation events near the N-terminal end
of the kinase domain. The phosphorylated activation loops
now permanently lock the catalytic site into an active
conformation until dephosphorylated.

o

Phosphorylation

AN

Activation loop
(phosphorylated)

MAPK cascade activation

MAPK activation
(in the cytoplasm)

MAP2K activation
(atthe membrane)

5. Now that Raf is fully active, it can phosphorylate its dedicated
substrates, the MKK1 and MKK2 protein kinases. (On the other
hand, KSR is a rather poor enzyme on MKKs.) Once the MKKs
are phosphorylated, they become active as well Freely diffusing
in the cytoplasm the main substrate of MKK1 and MKK2 are
ERK1 and ERK2 conpleting the MAPK cascade.



The activation cvcle of mammalian c-Raf
Inactive state

Flexible
-hiﬂ e' ili H Autoinhibitory Hinge region Protein kinase domain
. g AUX |||8ry pr oteins domain block  (highly flexible) (catalytic domain)
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N 349 | 648
C
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Kl nase domain (binds lipids:  Kinase domain,  Kinase domain,
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In quiescent cells, Raf-1 is
: f ! .
Zﬁ,’,'lu‘,ﬁi_,a,?‘;‘;??a?,,?d‘;ii;"; phosphorylated on both 14-3-3 binding
are found in the cytopiasm, in - sjtes (by PKA?) and 14-3-3 maintains the

a monomeric and closed” ] ) )
(autoinhibited) state. Raf closed inactive conformation

-

| Regulation and function of Raf kinases / Matallanas etal.  Genes & Cancer / vol 2 no 3 (2011)



Relief of autoinhibition Dimerization

Ceramice Ceramise Ceramise

| Celimembrane

{23?&5:; Eos E— Raf-Raf site
v homm?dlrr;er
Activation Mo sea Activation
loop loop
2. When activated small G-proteins (Ras- 3. The _open” Raf kinase domains readily
GTP) and appropriate lipids are present, form homo- or heterodimers (with KSR)
Raf will translocate to the membrane, and while still bound to the memibxane. This
the internal autoinhibitory interactions will be will force their activation loops to adopt a
disrupted Butthe kinase is not yet active. partially active conformation via allostery.
Phosphatases PP1 or PP2A are co-recruited to
the plasma membrane and de-phosphorylate
the inhibitory residues; 14-3-3 proteins are
released in the cytoplasm.
Ceramice Ceramige +Omers?

Catalytic
site

Raf-KSR
heterodimer

pariaiysons) Adtivation
loop



Transphosphorylation

Raf-Raf
homodimer
(partaliyacte)

Phosphorylation Phosphorylation
Catalytic
site (fully

active)

Activation loop
(phosphorylated)

4. The Raf-Raf (or KSR-Raf) dimers will phosphorylate
each other, leading to fully active protein Kinases.

The phosphorylated activation loops
now permanently lock the catalytic ste into an active
conformation until dephosphorylated.



* Dimerization
» Activation segment phosphorylation
* Allosteric transactivation

4 | RAF catalytic activation

Membrane binding and RAS nanoclustering augment the effective
concentration of RAF and thereby contribute to RAF dimerization.



MAPK cascade activation

Phosphorylation of effector proteins

MAPK activation

(in the cytoplasm)
6. ERK1 and 2 will phosphorylate
target substrates of the pathway
(including nuciear proteins, such
as transcription factors). These
are responsible for the cell-cycle
promoting effect of Raf pathway.

< —

MAP2ZK activation
(at the membrane)

5. Now that Raf is fully active, it can phosphorylate its dedicated
substrates, the MKK1 and MKK2 protein kinases. (On the other
hand, KSR is a rather poor enzyme on MKKs.) Once the MKKs
are phosphorylated they become active as well Freely diffusing
in the cytoplasm the main substrate of MKK1 and MKK2 are
ERK1 and ERK2 conpleting the MAPK cascade.




Inactive state

Flgxible
-hinge Auxiliary proteins
(enforcing _closure™)

14-3-3
dimer

Kinase PR
: Autoinhibitory
domain domain
Termination of signaling
1. In the absence of a cellular
stimulus, most Raf molecules
are found in the cytoplasm, in Requlato A,
a monomeric and closed” phoi%hatages
(autoinhibited) state.
. Feed-back
phosphorylation

h ERK signalling implements a negative feedback loop in which ERK

phosphorylates several inhibitory sites in distinct regions of
activated RAF, causing a release from activated RAS and the

disruption of RAF dimers. In the cytoplasm, phosphatases
remove stimulatory phosphates leading to inactivation and

domain closure



Come e’ possibile che le MAPKinasi, solubili nel citoplasma,
riescano a trovarsi esattamente nei paraggi di Raf attivato in
membrana e subirne la fosforilazione?

Non puo’ essere un evento regolato dal caso!!



Come e’ possibile che le MAPKinasi, solubili nel citoplasma,
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Non puo’ essere un evento regolato dal caso!!
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Come e’ possibile che le MAPKinasi, solubili nel citoplasma,
riescano a trovarsi esattamente nei paraggi di Raf attivato in
membrana e subirne la fosforilazione?

Non puo’ essere un evento regolato dal caso!!




(KSR-1)

The Kinase Suppressor of RAS (KSR-1) was originally identified in genetic
screens in Drosophila and Caenorhabditis elegans designed to isolate
mutations in genes that modify the phenotypes associated with oncogenic
RAS alleles.

In mammalian cells, KSR-1 acts as a molecular scaffold to assemble a
macromolecular complex of MAPK pathway components to facilitate
efficient signal transmission and is required for mutant RAS-mediated
cellular transformation.

In quiescent cells, KSR-1 is phosphorylated on $297 and S392 by C-TAK1
and held in an inactive state in the cytosol by 14-3- 3 proteins.

RAS activation stimulates the dephosphorylation of KSR-1 on S392,
resulting in its translocation to the plasma membrane where it potentiates
MAPK signaling (Ory et al., 2003).



Steps involved in KSR regulation often R
parallel those defined for RAF proteins @ |

CR2 @ CA4
RAF- Kinase
Kinase domain
domain

RBD O

b * N-region phosphorylation? —

* Ser406 dephosphorylation * Dimerization with a RAF family member
* Ser406 phosphorylation ® 14-3-3 release * Allosteric transactivation * ERK-mediated phosphorylation
* N-terminal 14-3-3 binding * Plasma meTbrane anchoring . RAF-m%diated phosphoryl transfer to MEK = Disruptic;n of KSR-RAF dimers

1 |Auto-inhibition? 2 |Release of auto-inhibition?l 3 |Signaltransmission| 4 |Feedbackinhibition|

RAF

MEKQ qBRK

Inactive KSR proteins are The dephosphorylation of

kept in the cytosol through Ser406 allows 14-3-3 KSR proteins ERK-mediated negative
interaction with inhibitory release and plasma heterodimerize with other feedback ph hgr lation of
14-3-3 proteins in their membrane anchoring of RAF proteins, leading to see(\e/er:lcsitl:c)esci)rs\pR:F2:d?<5§
N-terminal region. KSR and KSR proteins via conserved RAF transactivation and disrupts RAF—KSR dimers
MEK proteins form area 1 (CA1) and CA3. MEK—ERK signalling. g '

constitutive complexes leading to signal attenuation.



REGULATION OF THE MAPK SIGNALING
CASCADE

. N KSR1 has a number of conserved
epi =N S s dOMains, and a kinase domain
C-TAK1 binding MEK/Raf binding sites that resembles _that Of Raf, bl_*lt
| 5297 $392 lacks an essential lysine and is
CA3: phorbol ester e e . .
sl i therefore inactive.
IMP (impedes mitogenic signal Zn-(RING)-finger motif

propagation) is an E3-ligase and binds ., —
E2-ubiquitin. The E3-ligase activity is Ub_;ydmlase e
activated by binding to RasGTP and BRCA1 associated protein motif
this results in the auto-ubiquitylation

of IMP, followed by its destruction.



REGULATION OF THE MAPK SIGNALING

A [grouth factor] CASCADE
Q" ‘cr‘ g @ — @
( .‘.b— U b
rbd > (E2-Ub O
2 L4 3 1
B C-Raf f o B N Ub
. y “ub  E2) 7_*""' ‘UB

I v%‘f :' IMP

! o) / \
@ - "‘ x
£ A I \
| \ \
| | |
| |
5 ‘ @ "“‘
>
(
|

signal

In order to activate the ERK pathway, Ras has not only to recruit C-Raf, but
also to remove IMP, the inhibitor which prevents formation of the Raf-
MEK-ERK signalling cassette.

RasGTP binds IMP and this initiates a series of autoubiquitylations that
mark the protein for destruction by the proteasome.

MEK1 and ERK2, linked to the scaffold protein KSR1, are now able to join
C-Raf, enabling the signal to pass from one kinase to another



