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A man without contact
other people.




Communication of cells is necessary for
normal function of every multicellular
organism!

Communication: target cell

sending and receiving
of signals

signaling cell




Growth Signal

Signals:

- from the external
environment
(extracellular matrix)

Bdhe siord Migration 5ignal

- informations - multiple signals at the

exchanged between same time — contradictory?
CC”S Secreting cell

chemical
signal

synthesis & release reception



- signals - first messengers

Second Messenger

« PHYSICAL SIGNALS /).

First messenger

« CHEMICAL SIGNALS

Cell



PHYSICAL SIGNALS - the amount and
form of energy

+ Acoustic waves (frequency and amplitude of the
wave)

* Thermal energy (temperature differences)
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Cytosol Change in electrical properties of cell

- hormones (peptides,
steroids),
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- growth and
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- chemokines
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chemical signal - information depends on

physico-chemical parameters of first
messenger:

* three-dimensional structure - ability to
interact with other chemical agents

First messenger -
inappropriate 4‘ . _
shape for receptor First messenger s good

L] [

fit for receptor
and bindsto it
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Information carried by a first messenger is
received and recognized by specific structures,

receptors.

First messenger binding receptors
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chemical signal = first messenger = ligand
- interacts with and binds to a receptor

The nature and structure

of the ligand determines

the location of the

receptor

- cell surface receptors
(peptide)

- intracellular receptors
(steroid hormone)

- nuclear receptors

cell surface
receptors

)

hydrophilic
signal
hydrophobic
ENEE) » signal

carrier
protein

9

intracellular
receptors




chemical messenger - receptor interactions

Spatial (three
dimensional) interaction
between molecules (like
a key and a lock)

Electrostatic Forces: Attraction
between opposite charges

hYdr'Ogen bonds Hydrogen Bonds: Hydrogen shared
. between electronegative atoms
electrostatic forces
. Van der Waals Forces: Fluctuation in
ion bonds electron clouds around molecules
oppositely polarize neighboring atoms
van der Waals

Hydrophobic Forces: Hydrophobic

groups interact with each other to
fOr'CCS exclude water molecules



Binding of ligand -
receptor -activation
(conformational change,
oligomerization) - (2N
transduction of signal EHEEs
(into the cell) -

€) Reception

Agonist - a ligand capable of
activating a specific receptor

Antagonist - a ligand capable of
binding to a specific receptor
but does not activate it

CYTOPLASM

¢ Transduction ’};'j ) Response

Activation
—_— T —— of cellular

responses
Relay molecules

Plasma membrane

Receptor

Natural ligand
JL
Agonist

)

Antagonist



The antagonist - blocks the binding of ligand and the

receptor (treatment of diseases)

- RANITIDINE - a histamine H2-receptor
antagonist - inhibits stomach acid production

- PROPRANOLOL - beta blocker - blocks the action

of p-adrenergic receptors

Histamine H, Antagonists Decrease Acid Qutput] 7"

o _ adrenaline
o ©® e

® '\ PROPRANOLOL
- beta blocker

.‘/J

p-adrenergic

receptors

Histamine

o

Parietal cell

Histamine

Antagonist RANITI DINE

Cardiac cell



RANITIDINE - peptic ulcer disease and
gastroesophageal reflux disease

(CHZ)Z-NH3+

. /T - CH,-S-(CH,),-NH-C-NH-CHj
Y ifferences :
\ R ot

HISTAMINE chains only N

RANITYDINE
(H2 receptor antagonist)

HC-NO,

Peptic Ulcer Disease



PROPRANOLOL - high blood pressure, heart
dysrhythmias, heart problems in patients with angina

or previous heart attacks.

HO

side chains
HO CH-CHAR-CH: differences

d:
ADRENALINE

@) BETA-BLOCKERS

RECEPTORS
BLOCKED

4y I Beta-bockers enter 1 Beta-blodckers prevent

“* the bloodstream =+ adrenaline from attaching
through gast ro- to the receptors on the
intestinal tract heart’s cells.

€) HEART RATE

NORMAL

=¥ Heart rate stays
normal; fight-or-
flight reactions
do not occur

O-CH,-CH-CH2-NH-CH
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PROPRANOLOL
(B2 receptor antagonist)

CH,



Intercellular communication - mode of signal
spreading and range

Hormone Travels in Bloodstream
Throughout Body

1. information should be e
. . A0,40,2 A5 4 A8,

available for many different o ad

cells in the body A by 4
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into the bloodstream. hormone receptors

communication
(peptide and steroid
hormones, vitamins)

Target cell
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diffuses through
extracellular fluid




Intercellular communication - mode of signal
spreading and range

3. synaptic communication
(neurotransmitters)
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neural network
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Direct communication through gap junctions



INTERCELLULAR COMMUNICATION - signal origin

Target Cell LE e il

1. paracrine ot 3o

communication - gacel < 9@ T8 TrCe

signaling molecules oy, S
produced by one cell act '

on the target cells

2. autocrine communication - cell / &Recepm
secretes the signal that binds to the A \_/4

receptor on the same cell Autocrine

cytopl asm

3. juxtacrine
communication -
contact-dependent

signaling - ligand is

bound to the cell b ST

mermbr ane of target cell



MESSAGE (ligand)

Ligand bind to a membrane receptor ligand-receptor complex triggers intracellular response
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CELL REACTION

Cell membrane
depolarization - ion
channels

Change of cell shape
- cytoskeleton
rearrangement and
change of cell
adhesion

(adhesion molecules)

Change of cell
metabolism -

1. enzymatic activity
2. gene expression

(a) Resting state (cytosolic face negative)
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Classification of receptors

- lonotropic receptors - cell membrane
depolarization
- metabotropic receptors - change of cell

metabolism
- modification of structural proteins - a change

of cell shape
- change of cell metabolism - enzymatic activity
- change of gene expression - transcription

factors



TIONOTROPIC RECEPTORS
LIGAND- OR VOLTAGE-GATED ION CHANNELS

- Ligand - neurotransmitter
- Change of membrane potential
- typically composed of several different subunits

K* Na*

BIOLOGICAL EFFECT: rapid change of ion
concentration 0 membrane depolarization
(miliseconds)



Nicotinic acetylcholine receptor - ligand-gated

- Na+ and K+ ion channel

- five subunits - around a central pore (two of the five
subunits - ability to bind acetylcholine)

binding of
acetylcholine -
receptor undergoes

i bt;’l*rl megl conformational

S el changes - the opening

Q- " of the channel and the

free flow of Na+ and
K+ ions

3r3r 31T
F3323IEEE2

EEE 3
%= plasma 3

cell interior
channel closed channel open



Voltage-gated calcium
channels

external cell membranes
dihydropyridine receptors
(T tubule of skeletal
muscle, associated with the
ryanodine receptor of the
sarcoplasmic reticulum)

Ryanodine receptors

mediate the release of
calcium ions from the
sarcoplasmic reticulum -
muscle contraction

A Voltage

Dihydropyridine
’\V\,\’_&receptor

Ryanodine
receptor

Sarcoplasmic
reticulum



MESSAGE
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RECEPTOR

4.....

ion channel
DEPOLARIZATION

MESSAGE MESSAGE
RECEPTOR RECEPTOR
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enzyme, transcription
structural protei factor
METABOLIC CHANGE OF
CHANGE GENE
EXPRESSZON

PATTERN



MESSAGE MESSAGE MESSAGE

l Voo

RECEPTOR RECEPTOR RECEPTOR
E PHOSPHORYTION AND DEPHOSPHORLATION
\ v \

ion channel Sukgjls, transcription

structural proteins factors

DEPOLARIZATION

METABOLIC CHANGES  CHANGE OF

msek GENE

EXPRESSION
PATTERN



PHOSPHORYLATION AND DEPHOSPHORYLATION
OF PROTEINS

KINASES AND PHOSPHATASES

- enzymes,

- structural proteins

- transcription
factors




SERINE-THREONINE KINASES

Ca’" /CaM-dependent kinase
Kinase A

Kinase G

Kinase C
Ceramide-dependent kinase
TGFB receptor family

TYROSINE KINASES

Src kinase family
Jak/ Tyk kinase family
EGF/insulin receptor family

SERINE-THREONINE PHOSPHATASES

Ca’" /CaM-dependent phosphatase
Ceramide-dependent phosphatase

TYROSINE PHOSPHATASES

CD45 receptor family

Leukocyte common antigen-related family
Human tyrosine phosphatase a family
Human tyrosine phosphatase B family

BISPECIFIC KINASES

Mitogen-activated protein kinase kinase (MAPKK)
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1992 Nobel Prize in Physiology or Medicine

L

{ e~

Edwin Krebs and Edmond Fischer

The Nobel Prize in Physiology or Medicine 1992 was
awarded jointly to Edmond H. Fischer and Edwin G. Krebs
"for their discoveries concerning reversible protein
phosphorylation as a biological regulatory mechanism"



What activates protein kinases and phosphatases?

ligand (first messenger)

receptor
I
transduction ? ‘

enzyme responsible for
second messenger

‘ synthesis

second messenger

protein
«nases/phosphatas



Metabotropic
receptors

*+  G-protein-linked
receptors

Enzyme-linked
receptors
(tyrosine-kinase
receptors)

G Protein-Coupled Receptor (GPCR)

1- Ligand
o g

_Receptor

Ligand binding to
receptor initiates

{ U signaling
Extracellular

B

Erovime Active
p ¥ & . Enzyme

Heterotrimeric/
Cytoplasm

G Protein Second

Messengers

Signal-molecule

«-helix in the binding site

membrane Plasma

membrane

Tyrosine-
kinase
region of
protein

Tyrosine-kinase receptor
proteins (inactive monomers)




G-protein-linked receptors
- seven-pass transmembrane protein
- trimeric 6TP-binding protein - G protein

G protein
- three protein subunits: o, and vy

8) igand binding to the receptor
W o> W e Q(’\ ..k
| GDP l . | GTP I~ ‘
l GTP I Inactive G protein I prven I Active G protein l'

A)

In unstimulated receptor a subunit binds GDP
After ligand binding - GDP exchanged for the GTP - activation



inactive a - GDP Activation of
binding of the ligand - G protein
conformational change o

receotor - activation G protein

GDP is exchanged for the GTP

dissociation of the Ga subunit

(which GTP) from the Gpy

dimer

- guanine nucleotide exchange
factor (GEF) - exchange GDP
for GTP
a subunit - GTP-hydrolyzing
activity (GTPase) -
hydrolyzes GTP to GDP -

active. Slgnal |S ShUT Off
A GAP - GTPase-Activating

GT? Protein




G proteins can T

regulate ion channels & % ASASAAAALL: g B

Icholi
Acetylcholine K* channel
Exterior i b
Cytosol T
Active muscarinic D
o P
acetylcholine receptor
GDP
K+
A
® ) ++ + + +
EGE’Y’ ‘
G
T
P

Messenger

¥7® Receptor @

.. );DC* OO DOC

GTP lons move in

G protein GDP GTP or OUtff cell

Extracellular fluid

Change in electrical

properties of cell

- B,y complex

binds to K*
channel of heart

muscle cells -
inhibition of the
heart activity.
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Types of G proteins

- different G proteins - various enzymes - different
second messengers - different kinases

" eAcTor ENZYME  SECOND KINASE
- IP;, AV or- T Ca’*/CaM-dependent
kinase

Gg/i protein Adenylate cyclase cAMP PKA

G, protein PLC B DG PKCa, Biy

G protein? PLD DG PKCa, Biy

G; protein PDE cGMP -

? Guanylate cydase cGMP PKG

Second messengers - Cyclic AMP, Cyclic GMP, Inositol
Triphosphate(IP3), Diacylglycerol(DG), and Calcium
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ATP
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G protein
complex




AMP Ta 2 AMF g ation o olgle
Adenylyl
cyclase
(active form)
Adenine Adenine
o) o) o)
] I I
OH OH
ATP Cyclic AMP
Adenine
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| Phospho-
0— 'I’ —0—CH, o_ diesterase
o— ndi -
H,O

AMP




cAMP - second messenger - function

- hormones (glucagon), adrenaline

- protein kinase A (PKA) - cAMP-dependent protein
kinase - regulation of glycogen, sugar, and lipid
metabolism

cAMP-signaling pathway
ell membrane :o AC: adenylate cyclase

PKA PKA: protein kinase A




il PKA - cyclic-AMP-dependent
protein kinase

Messenger
Adenylate

Prot nase A

/®

Protein  Protein- P

Response in ce

phosphorylation of proteins
(a serine/threonine protein
kinase - phosphorylates the
OH group of serine or
threonine)

|
OH O
| ATP ADP + Pj |
?Hz ?Hz
| Tl | |l
H H O H H O
/ ) phosphoserine
serine
serine/threonine (I'?

protein kinases 0= Fl‘—D‘

- the effects of PKA

activation vary with cell
Type

| ATP ADP +Pj |
Hl.l'.:'"'UH HC—CHs
—N—C—C— A—LD C

N—C _ N ——

o0 L

H H H H
threonine

phosphothreonine



Adrenaline
-

Adrenergic

’ | |
&), receptor Adenyly

cyclase

activation
Gop I ! l :
[5 i b
(e
! 09
Cyclic AMP
—_—
PKA
CYTOPLASM
NUCLEUS
PKA .
Transcription i 0 :
regulator —_— Activated target gene

DNA
l Transcription
RNA ;.-'i MM o M " ~ M ™ /.

| AN i “‘q

G protein and gene
expression

PKA - transported to
the nucleus -
phosphorylation of
transcription factors




CREB - (cAMP response element-binding protein)
- transcription factor - activated by cAMP or Ca?*
and protein kinase A - transported to the nucleus
- transcription of genes
Cyclic AMP

i Stimulates

Protein kinase A

g@@?

CRE
——
Cyclic AMP Transcription is

response element activated
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G protein activates phospholipase C

- cleaves the phospholipid phosphatidylinositol
bisphosphate (PIP,) into diacyl glycerol (DAG) and
inositol trisphosphate (IP,).

EXTRA-

CELLULAR Signaling molecule
FLUID (first messenger)

G protein
P 4

" A
G protein-coupled g
regeptor & Phospholipase C PIP,

IP;

(second messenger)

IP;-gated /
caICIum channel @l@

Endoplasmic, §: Various / Cellular

reticulum (ER) Caz* n“‘a@ 5 @ == [EOCINS Nl ..o cnc
‘W activated \ P

O

Q
Ca?
(second

CYTOSOL messenger




- DAG - bound to the membrane

- IP3 - released into the cytosol

- IP3 diffuses through the cytosol to bind to IP3
receptors (calcium channels in the smooth endoplasmic
reticulum).

Phospholipase C

Extracellular PIP,

Intracellular

Phosporylation

IP5; Sensitive of Substrates

Ca?* Channel

Endoplasmic
Reticulum



- calcium ions - a cascade of intracellular changes and
activity

- calcium and DAG together activate protein kinase C -
phosphorylation other molecules - cellular activity

Phospholipase C
Extracellular / 9AG
' — & — =
C L L
Intracellular 2 iy P >

By  Protein
® Kinase C

Phosporylation
IP5; Sensitive of Substrates
Ca?* Channel

Endoplasmic
Reticulum




Protein kinase C - serine-threonine kinase

- phosphorylation of hydroxyl groups of serine and
threonine amino acid residues on proteins

Gg-Coupled
. Receptor

- activated by
calcium ions
(Ca2+) and
diacylglycerol
(DAG)

- a multiplicity
of functions -
induces NF-«kB




Inducing\ prc']'ein

signal kinase C
NF-KB / IKK
- a protein complex - '- prot'g'jfysis
controls transcription
Inactive
of DNA(GCTS as Cytoplasm /[ NF-«xB
transcription factor) — —

- Nucleus

/

Transcription )
\ %m
N " /

i S \Active NF-xB _ _—

NF-kB - in cytosol with the inhibitory protein IkB.
After phosphorylation - IkB dissociates and is degradated

by the proteasome.
The activated NF-kB - translocated into the nucleus - binds

to DNA - ftranscription of genes.




Cell adhesion

Innate response

VCAM, ICAM,

complement,
defensins,

Bcl2, Bcl-xL, SOD,
cFLIP, IAPs, IkB,

selectins, MMPs

COX-2, CRP growth factors

Inflammation Apoptosis and
\ / Cell survival

B7, IL-2,

AgR, MHC, |« Gene Expression »| CyclinD1 ’
Foxp3, ROR A

‘ Cell-cycle
Immunity

- antigen presentation
In acquired response

- promotes the activity
of the cells

- involved in the immune response to infection

- cytokine production and cell survival



Gq protein-coupled receptor

Calcium ions

phospholipase C
phosphatidylinositol bisphosphate
- second messenger
(bound by calmodulin
- Calmodulin- oo @
GDP

depe nd en'r pr'O"'e 14 protein actlvated

kinase C PK C
kinases
Calmodulin- 'P3

dependent
protein kinases

free

enzyme s phosphorylated
enzyme

- phospholipase C - phosphatidylinositol bisphosphate (PIP2)
into diacyl glycerol (DAG) and inositol trisphosphate (IP3).
- IP3 - calcium ions



Ca 2+/Calmodulin-dependent protein kinase (CaM-
kinases) - serine-threonine kinase

- in nerve cells - neurotransmitter synthesis and release
- learning and memory (dysregulation of CaM-kinases -
Alzheimer's disease?)

. e -, " P
Voltage sensitive Ligand gated Phosphoinositide-
Ca™ channel, receptor channel linked receptor

"4
Differ. \ ‘ Ca’ "“<—H’3

signal 'C
Binding Ca™) ‘\I
pro tun\ /
S
{ I Kinase 11 [ Neurotransmitter synthesis
L * Neurotransmitter release
rephorsipred Protein lon channel and receptor function
st = - s v Lt § ™o X . .
P phosphorylation Calcium homeostasis

Splicing - : ’
Cytoskeletal function
Regulation of —%] Gene t\Plk\\lUIl

nerve functions

| lerning and memory




Enzyme-linked receptors pess

transmembrane proteins - |
two domains DO
extracellular - ligand- /
bmdlng domain, Tyrosine kinase
cytoplasmic domain receptorfinactve

1. has an activity of an B

enzyme

2. forms a complex with

an enzyme (tyrosine

kinase)

Receptors tyrosine kinase
(growth factors, cytokines, and
hormones)

cell growth, proliferation or
differentiation, cancers

Extracellular
fluid

[\\7,.,)(\,)\:\»/'/\‘J\/-)\y..v)\.;vl )& KK ,«J J \\/\ *
\Tyrosme kinase

receptor (active)
Protein-Tyr  Protein-Tyr- P + ADP

ATP * @

Response in cell (alter
metabolism, regulate
protein synthesis)

ligand

. . tyrosine kinase

receptors




TYROSINE KINASES

- RECEPTOR TYROSINE KINASES

- NON-RECEPTOR (membrane) TYROSINE KINASES
SRC (sarcoma)

- CYTOPLASMIC TYROSINE KINASES
JAK/TYK (Janus kinase)
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Receptors tyrosine kinase

signal molecule in form of a dimer

CNasing
&/N f\ﬁ J.._. % e @ EXTRACEL;gl:éE

| i e 3 @ CYTOSOL
< ) _tyrosine ;,,< >\\,< )\g )( Dla'snt;ua >< e ——
5 mernbrane M ~intracellular
0 _ Y

kinase AP

demain /(P P - signaling proteins
- -, > O phosphor vl"vated\ _— bound to
il C phosphorylated

tyrosine .
INACTIVE s ACTIVE ACTIVE tyrosines
receptor tyrosine kinase kinase activity receptor tyrosine kinase
stimulated SIGNAL RELAYED INTO
THE CELL'S INTERIOR

. Dimerization of receptors (kinase activity stimulation)
. Phosphorylation of the tyrosine in the cytoplasmic
portion of receptor monomer
. Binding intracellular signaling proteins
. Initiation of signal transduction pathways




Phosphatidyl-inositol 3-kinase (PI 3-kinase)

- phosphorylates inositol phospholipids of plasma
membrane (PIP2 to PIP3)

- PIP3 - activation of protein kinase B (PKB)

£CsF-1)

tyrosine kinase
receptor
(PIP3) <«—— = =
PISKu, [}, _84

RTKs

—3 Other |
¢ \effevtors PI 3-kinase

Inflammation Survival

v

Arthritis
Lupus




Protein kinase B - kinase Akt
- a serine/threonine-specific protein kinase

Protein Glycogen
synthesis synthesis

\ /

Cell survival <«—— PpKB/Akt —> Cell growth

/\

Transcription ANGIOJENESIS gevelopment




Akt kinase in cancer

- aberrant activation of Akt (mutations of Akt,
inactivation of PTEN) - glioblastoma, ovarian,
pancreatic and breast cancers

Activated

lt'ecepfor PTEN - phosphatase —
yrosine

kinase dephosphorylation of PIP3 -
inhibition of AKT

Loss of

expression

CMDM2 D

Cell growth, proliferation, and survival



Receptor tyrosine kinase and Ras protein

j§ .igand binding, dimerigation Multiprotein comple
and autophosphorylatio assembles a the SH2|site

Activated Ras
recruits Ralf

Outside
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Inactive
Ras

Ras protein - monomeric GTP-binding
protein
resembles a subunit of G protein

inactive form - GDP, active - GTP @
Guanine nucleotide exchange

factors (GEF) - exchange of GDP 1,
to GTP ?

GTPase-Activating Protein (GAP)

SR

GDP

ACTIVE



active Ras activates
MAP-kinases cascade

Activated MAP kinase kinase kinase Raf

MAP-kinase - Mitogen- J
ac-l-iva‘red protein kinase GAcgmzd MAP kinase kinase M E K
- serine/threonine-

kinase DJ

Activated RAS

phosphorylates

structural proteins and O R ER K
transcription factors

proliferation, gene Dl

expression,
differentiation, { l | )

mitosis, cell survival, (P P (P A
and apoptosis.
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regulator A regulator B




Ras activation - cell growth and proliferation -
mutations, in which the protein is still active - cancer

Normal cell Cancer cell

Receptors gD Receptors

et g ey
~ 25 ))k))(‘ (

Negative

v
— feedback
MAP-kinase| |oop AP-kinase
kinase kinase

Transcription t Proliferation

The mutant protein Ras is not inhibited by the negative
feedback mechanism - cancer




Mutations that permanently active Ras are found in 20% to 90%
of all human tumors

Tumor type Incidence of ras mutations
Pancreatic Adenocarcinoma 90%

Colon Adenoma 50%
Colon Adenocarcinoma 50%

Seminoma 40%

Lung Adenocarcinoma 30%
Myelodisplatic Syndrome - 30%
Acute Myelogenous leukemia | . 30%
Keratinoacanthoma 30%
Thyroid carcinoma 25%
Melanomas 20%
Bladder carcinoma 6%
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TGF -B receptors - serine/threonine kinase receptors!!
form dimers and phosphorylate transcription

factors SMADs
- SMADs regulate transcription of genes

an exception !

- in embryonic
development
(cell growth,
cell
differentiation
, apoptosis)

TGF-p Receptor-mediated Signaling Pathway




NUCLEAR RECEPTORS

- Ligands - lipophilic substances - steroid hormones
(androgens, estrogens, glucocorticoids, progesterone),
thyroid hormones, vitamins A and D, and eicosanoids

- bind to DNA - regulate the expression of genes -

transcription factors

Cytoplasm

Steroid
receptor

':1 —

ﬂ . ., ‘Ju
.Ll""-,

Steroid
hormone

Hormone-receptor
complex enters nucleus

Nucleus

Complex binds

to receptor

sites on chromatin,
activating mRNA
transcription  #



Notch signaling pathway - juxtacrine signaling

(contact-dependent) - ligand - delta protein

- cleaved Notch intracellular domain migrates to the
nucleus - transcription factor

- neurogenesis, embryo polarity (anterior-posterior
polarity and left-right asymmetry)

Signaling cell Receiving cell

Notch receptor {

—NICD
S S——
HIITIT -

Notch ligand
delta Nuclear

pr'o1'ein translocation




Frizzled . ‘@B Wnt signaling pathway

protein
Extracellulai

activated by binding a
SECEERE  Wnt-protein ligand o a
B cateniin Frizzled receptor
SESEBEREE  associated with
e Dishevelled protein
accumulation of p-

catenins in the
cytoplasm -
translocation into the
nucleus - activation of

T - transcription factors
_ lﬂ—gatcnln TCF/LEF

Nucleus

, (-\j“ LEF/TCF

-

- cell proliferation

T ranscription
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~B-catenin
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Transcription

wnt signaling pathway

without Wnt signaling -
b-catenins degraded
(destruction complex
APC/Axin/p-catenins).

mutations in APC, p-
catenins, - colorectal,
breast and prostate
cancer)

APC - tumor suppressor
gene (prevents the
uncontrolled growth of
cells)




Proapoptotic receptors -
Death Receptors

ligands: TNF, Fas
ligand, TRAIL
activation - apoptosis
death domain (DD)

activation of caspases
(cysteine proteases)
apoptosis (programmed
cell death)

APOPTOSIS
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. Antagonist vs agonist - mechanism of action - therapeutic application
. Types of intercellular communication

. Kinds of receptors - location, exerted effect

. Types of ionotropic receptors

. Types of kinases and phosphatases and their activity

. Kinds of metabotropic receptors

. G-protein-linked receptors - structure and their activation

. Enzymes activated by G proteins

. Kinds of second messengers - function of phosphodiesterase

. Adenylyl cyclase - cAMP - PKA - cyclic-AMP-dependent protein kinase pathway
Activation and function transcription factor CREB

Function of phospholipase C

Activation and function of protein kinase C (PKC)

Activation and function of transcription factor NF-xB

Activation and function of Ca 2+/Calmodulin-dependent protein kinase (CaM-kinases)
Enzyme-linked receptors - receptors tyrosine kinase

Types of tyrosine kinases

Mechanism of activation of receptors with the activity of tyrosine kinase.

Protein kinase B — kinase Akt - activation and function

Ras protein - activation and function - MAP-kinase - Mitogen-activated protein kinase
Nuclear receptors

Notch signaling pathway - juxtacrine signaling (contact-dependent)



