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Cell communication (1)

1. contact

Exchange (potentially bidirectional) of ions and molecules 
(with low MW) between the two communicating cells

Cell 1 Cell 2
(sender) (receiver)

Endpoint
Variation in composition of the intracellular compartment

in the receiving cell
_____________________

Electrical synapse
The communication occurs between excitable cells

Ions are exchanged 

Endpoint
Change in the membrane potential (action potential)



Cell communication (2)

2a. short distance 2b. long distance
Signalling molecule

(first messenger, ligand):
extracellular molecule (with low MW)

Sender = secretory cell

Receiver = target cell

Receptor
protein that selectively binds 

the signalling molecule 
(specificity of response)  

Endpoint = signal transduction:
time-limited process whereby the first
messenger is converted (transduced) 

into an intracellular signal

flux rate
diffusion

Chemical synapse

Neurohormones



Ionotropic receptors
and

metabotropic receptors



Signal transduction requires receptors

- Specificity (binding site; lock and key mechanism)

- Receptor affinity (time-limited activation of the target cell, reversibility of the signal transduction)

- Localisation (predictive for the chemical properties of the messenger) 

- Structure (predictive for the signal transduction mechanism)

ligand = physiological messenger (e.g. ACh)
agonist = non-physiological messenger, activates the receptor to produce the biological response (e.g. Nic)
antagonist = non-physiological messenger, blocks or inhibits the biological response (e.g. a-BuTX) 

Binding site



The localisation of the receptors depends
on the chemical properties of the soluble factor



Intracellular
receptors

cytosolic

nuclear

ion channels

Cell surface
receptors

with enzymatic
activity

G-protein coupled
(metabotropic synapses)

ion channels
(ionotropic synapses)



Intracellular
receptors

cytosolic

nuclear

ion channels



Intracellular receptors
are located in the cytoplasm or in the nucleus

Endpoint
Regulation of gene expression in the target cell



Structure of the intracellular receptors

N = amino-terminal
C = carboxy-terminal

zinc finger domain (DNA binding domain)

a-helix contacts 
the major groove of the DNA

His

His
Cys

Cys



Hormone-receptor complex binds to specific DNA sequence
(hormone-response elements, HREs)

HRE: palindromic sequence in the promotor region



Why the receptors do not bind to HREs
in the absence of the ligand?

transcriptionally
inactive state

transcriptionally
active state

+ ligand



An activation model of cytoplasmic receptors
(“transformation”)

Heteromeric complexes:

inactive state = receptor + HSP

active state = receptor + ligand

HSP = heat shock protein 
(HSP90; HSP70, HSP56)

HSP

HSP

transcription 
activating domain (A/B)

inhibitor
binding site (E/F)

DNA-binding
site blocked (C)

DNA-binding site exposed

ligand

hinge region (D)



Cell surface receptors

with enzymatic activity

G-protein coupled

ion channels



Cell surface receptors:
receptors with enzymatic activity (protein kinase domain)



The importance of the transmembrane domain

Growth hormone
Receptor (GHR)

Extracellular
domain

Intracellular
domain

Transmembrane
domain

GHRECEPTOR 1 RECEPTOR 2



Dimerization allows trans-phosphorylation 
and triggers signal transduction

Transphosphorylation first occurs at juxtamembrane region

Catalitic site (red) 
containing

tyrosine residues (yellow)

Transphorylation
causes a conformational change
allowing fully activation
of the catalitic site



Fully transphosphorylation and docking site formation 

inactive 
tyrosine-

kinase 
regions

activated 
tyrosine-

kinase 
regions

activation 
of signaling 
molecules* SH2/PTB

domains

ligand

activation 
of signaling 
molecules*

*  re-distribution of signaling molecules
by  phosphorylation
by allosteric activation



SH2 and PTB domains

SH2: Src homology 2 domain
PTB: phosphotyrosine binding domain

*Phe-Leu-Val-Arg-Glu-Ser

*



Many proteins have SH2 or PTB domains



Dimerization allows trans-phosphorylation 
and triggers signal transduction

Main endpoint
Regulation of gene expression in the target cell



An example



An example of TKR: Muscle-Specific Kinase (MuSK)

(Strochlic et al, 2005, BioEssays 27: 1129-1135)

juxtamembrane region



The soluble ligand: neural agrin
_____________________________________________

Agrin is a large heparansulfate proteoglycan. 

The deduced protein from full-length cDNAs has calculated MW of more 
than 200 KDal.

In Mammals, site Y encodes 4 amino acids and site Z for either 8, 11 or 19 
(8+11). In chick, the sites Y and Z are referred to as site A and B.

The prevalent neural isoform is A4B8.

Non neural and muscle cells express only mRNA encoding agrin A4B0 and agrin A0B0.



The neuromuscular junction (NMJ)



The neuromuscular junction (NMJ)



Point 1. Lrp4 serves as a coreceptor of agrin 
forming a complex with MuSK 

_____________________________________________

(from Kim et al, 2008, Cell 135: 334-342)

MASC:
Muscle-Associated Specific Component
(Glass et al, 1996, Cell 85: 513-523)

Lrp4:
Low-density 
lipoprotein receptor-related
protein 4
(Kim et al, 2008, Cell 135: 334-34; Zhang et al, 2008, 
Neuron 60: 285-297)

(reviewed Hubbard & Gnanasambandan 2013, Biochim Biophys Acta 1834: 2166-2169)



Dimerization allows trans-phosphorylation 
and enhances the catalytic receptor activity

Transphosphorylation first occurs at juxtamembrane region

Catalitic site (red) 
containing

tyrosine residues (yellow)

Transphorylation
causes a conformational change
allowing fully activation
of the catalitic site



Point 2.

How many docking sites?!

One receptor, different cascades



MuSK-mediated effects

1) gene expression

2) AChR clusterization 

(Strochlic et al, 2005, BioEssays 27: 1129-1135)



Point 3. Ligand-independent activation of MuSK (and TKRs?)

!"#µ$

nAChR distribution (prepatterned) 

controlled

via a ligand–independent activation of MuSK

(MuSK/Lrp4/Dok7)

!"#µ$

nAChR distribution (endplate region) 

controlled

via a ligand–dependent activation of MuSK

(Agrin/MuSK/Lrp4/Dok7)

(see Tezuka et al, 2014, PNAS 111: 16556-16561)



Cell surface receptors

with enzymatic activity

G-protein coupled

ion channels



Cell surface receptors: G-protein-coupled receptors





The actors



When effectors are ion channels

Endpoint

Change in excitability



Endpoint

Metabolic processes
(via PK activity)

enzyme

When effectors are enzymes



When effectors are enzymes

First messenger
(ligand)

G-coupled receptor

G
protein Enzyme

Second messenger

Intracellular
effectors

cAMP pathway IP3 pathway Arachidonic acid 
pathway

cAMP arachidonic acidIP3 DAG

cAMP - sensor

Intermediate step
Change in the concentration of a second messenger

Ca2+
Increase

Ca2+
sensor derivatives



Synthesis of cAMP



Synthesis of IP3

plasmalemma outer leaflet

plasmalemma
inner leaflet

Phospholipase C

Phosphoinositol
4,5- bisphosphate (PIP2)

Inositol 1,4,5- trisphosphate (IP3)

Diacylglycerol (DAG) Activation of PKC

Ca2+ release
from stores



Synthesis
of arachidonic acid

Phospholipid

Arachidonic
acid

Prostagandin
(PGE2)

Phospholipase A2

oxidation



Metabotropic receptors in neurobiology:
two activation modes

via G – protein via second messenger



Second messengers modulate protein kinases

Endpoint

Modulation of
pre-existing cell activity

(rapid cell response)



G-proteins modulate the affinity of receptors

Some bg subunits 
play a direct role 

in the effector  activation



Guanine nucleotide binding protein family

Different a, b and g isoforms have been identified



cAMP-dependent protein kinases
(stoichiometry 1:4) 

Sensors for second messengers: protein kinases



Second messengers can bind to non-kinase molecules

Epac: Exchange protein directly activated by cAMP; CAMP-GEF: cAMP regulated Guanine nucleotide Exchange Factor;
CalDAG-GEF: calcium and diacylglycerol regulated Guanine nucleotide Exchange Factor; RasGRP: Ras Guanine nucleotide
Releaseing Protein; Munc: Mammalian Unc; PDZ: PSD-95/Discs-large/ZO-1 domain.



Why does cAMP act on different target molecules?

To increase the degrees of freedom of the signalling cascade

EPAC = Exchange protein directly activated by cAMP



The specificity of signalling depends
also on the localisation of transduction elements



Advantage of the multi-step signalling cascade



Control and reversibility of signalling cascades

1) Concentration of the first messenger
- diffusion  (after secretion arrest)
- re-uptake
- enzymatic degradation (hydrolysis)

2) Number of the available receptors
- rapid desensitisation (receptor phosphorylation) 
- slow desensitisation (receptor internalisation) 

3) Timed activation of G-proteins 
- GTPase activity

4) Timed activation of effectors
- inactivation of the enzymes

5) Half life of second messengers
- enzymatic degradation

6) Half life of phosphorylated proteins
- phosphatase activity

prevailing
when the ligand
disappears

to protect
from overstimulation
in presence of ligand



a) Acute exposure b)  Prolonged exposure / excess of ligand

Rapid desensitization

Slow desensitization



Down-regulation of the number of receptors


