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LEARNING OUTCOMES

• Can describe the mechanisms of G-protein 
coupled receptors and enzyme-coupled 
receptors and apply these to real cases in 
which they are used



THREE CLASSES OF CELL-SURFACE 
RECEPTOR PROTEINS

• Synaptic signaling between nerve cells
• Signal molecules (neurotransmitters) 

transiently open ion channel

• G-protein 
mediates signal 
from receptor to 
target protein

• Receptor is an 
enzyme that act 
directly or by 
activating an 
associated 
enzyme

Typically kinases



G-PROTEIN-COUPLED RECEPTOR 
(GPCR) 

• G-protein 
mediates signal 
from receptor to 
target protein

G-protein = 
trimeric GTP-
binding protein

Target protein 
can be enzyme 
or ion channel

• Largest family of cell-surface receptors
• Ligands can we very diverse, proteins, peptides, small molecules 

or even photons of light
• All share similar structure

Three modules:
1. GPCR
2. G-protein (trimeric GTP binding protein)
3. Enzyme or ion channel



G-protein-coupled receptor 
(GPCR) 

• Typical cylindrical arrangement 
of the seven transmembrane 
helices in a GPCR

• The ligand binds in a pocket 
between the helices → 
conformational changes on 
the cytoplasmic surface of the 
receptor → G-protein 
activation



G-PROTEINS

• Heterotrimeric G proteins relay signals from 
GPCRS

• Inactive G-protein shown
• α and γ subunits have covalently attached lipid molecules 

that help them bind to the plasma membrane, 
• α subunit has GDP bound

AH domain



Heterotrimeric G proteins relay signals 
from GPCRs:
• Binding of an extracellular signal 

molecule to a GPCR → change in 
the conformation of the receptor

• Receptor binds G protein and alters 
its conformation

• The AH domain of the G protein α 
subunit moves outward to open the 
GTP-binding site, thereby 
promoting dissociation of GDP

ACTIVATION OF A G PROTEIN BY AN 
ACTIVATED GPCR



• GTP binding promotes closure of 
the binding site → conformational 
changes → dissociation of the α 
subunit from the receptor and from 
the βγ complex

• The GTP-bound α subunit and the 
βγ complex each regulate the 
activities of downstream signaling 
molecules 

• The receptor stays active while the 
extracellular signal molecule is 
bound to it, and it can therefore 
catalyze the activation of many G-
protein molecules

ACTIVATION OF A G PROTEIN BY AN 
ACTIVATED GPCR



SIGNALING THROUGH G-PROTEIN-
COUPLED RECEPTORS

• GPCR Desensitization depends on receptor 
phosphorylation

A GRK phosphorylates only activated receptors because it is the activated GPCR that turns on 
the GRK. The binding of an arrestin to the phosphorylated receptor prevents the receptor from 
binding to its G protein and also directs its endocytosis 



Examples of GPCR pathways:
• cAMP + PKA pathway
• Inositol phospholipid pathway
• Ca2+ mediated
• Directly to ion gates

GPCR PATHWAYS



CYCLIC AMP (CAMP) AND GPCRS

• Some G proteins regulate the production of cyclic 
AMP

• Catalysis of cyclic AMP (cAMP) 
synthesis by enzyme adenylyl cyclase

• Large transmembrane protein, active 
site in cytosol

• cAMP is synthesized from ATP through a 
cyclization reaction that removes two 
phosphate groups as pyrophosphate (PP)

• pyrophosphatase drives this synthesis 
by hydrolyzing the released 
pyrophosphate to phosphate

• Cyclic AMP is short-lived (unstable) in the 
cell because it is hydrolyzed by specific 
phosphodiesterases to form 5′-AMP



CYCLIC AMP (CAMP) AND GPCRS

• Some G proteins regulate the production of cyclic 
AMP

• Stimulatory G protein (Gs) 
activates adenylyl cyclase

• Inhibitory G-protein (Gi) 
inactivates adenylyl cyclase



CYCLIC-AMP-DEPENDENT PROTEIN 
KINASE (PKA)

• Cyclic-AMP-dependent protein kinase (PKA) mediates most of the 
effects of cyclic AMP

• PKA is a Ser/Thr kinase

• Binding of cAMP to the regulatory subunits of the PKA tetramer → conformational 
change → subunits dissociate from the catalytic subunits → kinase activity of the 
catalytic subunits activated 

• The release of the catalytic subunits requires the binding of more than two cAMP 
molecules to the regulatory subunits in the tetramer → sharpens the response of the 
kinase to changes in cAMP concentration (lecture 9)

Ser/Thr kinaseLocalize to 
particular 
compartments

One of the targets cAMP 
phosphodiesterase → negative 
feedback



Effect of PKA can be in seconds or in hours
Slow effect e.g. by altering gene transcription

Cyclic-AMP-dependent 
protein kinase (PKA)



A rise in intracellular cyclic AMP 
concentration can alter gene 
transcription:
• The binding of an extracellular signal 

molecule to its GPCR activates adenylyl 
cyclase via Gs → increases cAMP 
concentration in the cytosol

• Activates PKA → released catalytic 
subunits of PKA enter the nucleus → 
phosphorylate the transcription regulatory 
protein CREB

• Phosphorylated CREB recruits the 
coactivator CBP → stimulates gene 
transcription

Cyclic-AMP-dependent 
protein kinase (PKA)



A rise in intracellular cyclic AMP 
concentration can alter gene 
transcription:
• The binding of an extracellular signal 

molecule to its GPCR activates adenylyl 
cyclase via Gs → increases cAMP 
concentration in the cytosol

• Activates PKA → released catalytic 
subunits of PKA enter the nucleus

Cyclic-AMP-dependent 
protein kinase (PKA)



A rise in intracellular cyclic AMP 
concentration can alter gene 
transcription:
• The binding of an extracellular signal 

molecule to its GPCR activates adenylyl 
cyclase via Gs → increases cAMP 
concentration in the cytosol

• Activates PKA → released catalytic 
subunits of PKA enter the nucleus

• Catalytic subunits of PKA phosphorylate 
the transcription regulatory protein CREB

• Phosphorylated CREB recruits the 
coactivator CBP → stimulates gene 
transcription

Cyclic-AMP-dependent 
protein kinase (PKA)



G PROTEINS AND PHOSPHOLIPIDS

• Some G proteins signal via phospholipids

Phospolipase C-β
• A plasma membrane bound 

enzyme
• Cleaves PI(4,5)P to IP3 and 

diaglycerol

There are several classes of 
phospholipase C: 
• β class is activated by GPCRs
• γ class is activated by a class 

of enzyme-coupled receptors 
called receptor tyrosine 
kinases (RTKs)



GPCRS INCREASE CYTOSOLIC CA2+ AND 
ACTIVATE PROTEIN KINASE C

The activated GPCR 
stimulates the plasma-
membrane-bound 
phospholipase C-β (PLCβ) 
via a G protein called Gq

The α subunit and βγ complex of Gq are 
both involved in this activation. 



GPCRS INCREASE CYTOSOLIC CA2+ AND 
ACTIVATE PROTEIN KINASE C

Activated PLC 
hydrolyzes PI(4,5)P2
→ Inositol 1,4,5-
trisphosphate (IP3)
→ Diacylglycerol



GPCRS INCREASE CYTOSOLIC CA2+ AND 
ACTIVATE PROTEIN KINASE C

Activated PLC 
hydrolyzes PI(4,5)P2
→ Inositol 1,4,5-
trisphosphate (IP3)
→ Diacylglycerol

Diacylglycerol remains in the plasma 
membrane and helps to activate protein kinase 
C (PKC), which is recruited from the cytosol to 
the cytosolic face of the plasma membrane



GPCRS INCREASE CYTOSOLIC CA2+ AND 
ACTIVATE PROTEIN KINASE C

• IP3 releases Ca2+ from the ER by 
binding to and opening IP3-gated 
Ca2+-release channels (IP3
receptors) in the ER 

• The large electrochemical 
gradient for Ca2+ across this 
membrane causes Ca2+ to 
escape into the cytosol when the 
release channels are opened

Ca2+, helps to activate protein kinase C (PKC)
(makes PKC to translocate to membrane)



SIGNALING THROUGH G-PROTEIN-
COUPLED RECEPTORS

• Ca2+ functions as a ubiquitous intracellular mediator, 
e.g. muscle contraction and secretion in nerve cells

• High concentrations also in ER



FEEDBACK GENERATES CA2+ WAVES 
AND OSCILLATIONS

Positive and negative feedback 
produce cytosolic Ca2+ waves and 
oscillations
• Cytosolic IP3 rises to high levels in 

response to a strong extracellular signal 
→ occupies most IP3 receptors on the 
ER membrane.

• A few IP3-bound receptors are 
activated by the low amount of cytosolic 
Ca2+ present in the unstimulated cell

• The local release of Ca2+ by an 
activated receptor cluster promotes the 
opening of nearby IP3 receptors, 
resulting in more Ca2+ release

• This positive feedback  produces a 
regenerative wave of Ca2+ release that 
spreads across the cell 

• The regenerative wave produces a high 
Ca2+ concentration across the entire cell



FEEDBACK GENERATES CA2+ WAVES 
AND OSCILLATIONS

• When it reaches high concentrations, 
Ca2+ inactivates IP3 receptors and 
ryanodine, shutting down the Ca2+

release
• Ca2+-pumps reduce the local cytosolic 

Ca2+ concentration to its low resting 
levels

• The result is a cytosolic Ca2+ pulse: 
positive feedback drives a rapid rise in 
cytosolic Ca2+, and negative feedback 
sends it back down again. 

• The Ca2+ channels remain refractory to 
further stimulation for some period of 
time, delaying the generation of another 
Ca2+ spike 

• Eventually the negative feedback wears 
off, allowing IP3 to trigger another Ca2+

wave.
• The end result is repeated Ca2+

oscillations



CALMODULIN
• Two globular ends, which can bind to many different target proteins. 
• The globular ends are connected by a long, exposed α helix, which allows 

the protein to adopt a number of different conformations, depending on the 
target protein it interacts with. 

• Each globular head has two Ca2+-binding sites

2nd major structural change 
occurs in Ca2+/calmodulin 
when it binds to a target 
protein

Binding of Ca2+ causes 
conformational change

E.g. activates Ca2+ pump 
that reduces Ca2+ 
concentration – negative 
feedback



CAM KINASES

• Ca2+/calmodulin-dependent protein kinases mediate 
many responses to Ca2+ signals

• Six CaM-kinase II proteins are assembled into a giant ring 
• The complete enzyme contains two stacked rings, for a total of 12 kinase proteins



• If present, 
Ca2+/calmodulin 
will bind the 
regulatory segment 
and prevent it from 
inhibiting the 
kinase, thereby 
locking the kinase in 
an active state 

Inactive compact state:
• kinase domains interact with 

the hub domains
• regulatory segments are buried 

in the kinase active sites and 
block catalytic activity

• kinase domain has popped 
out, linked to its hub domain 
by its regulatory segment, 

• continues to inhibit the 
kinase domain but is now 
accessible to 
Ca2+/calmodulin



• Adjacent kinase domain also pops out 
from the hub → activated by 
Ca2+/calmodulin → will phosphorylate 
each other on their regulatory segments 

• Autophosphorylation further activates 
the enzyme + prolongs the activity of the 
enzyme: 

1. Traps the bound Ca2+/calmodulin so 
that it does not dissociate from the 
enzyme until cytosolic Ca2+ levels 
return to basal values for at least 10 
seconds



2. Converts the enzyme to a Ca2+-
independent form, so that the 
kinase remains active even after 
the Ca2+/calmodulin dissociates 
from it 
This activity continues until the 
action of a protein phosphatase 
overrides the 
autophosphorylation activity of 
CaM-kinase II. 



Molecular memory!
Reminds in active state 
after Ca2+ removed



Propose specific types of mutations in the gene for the regulatory 
subunit of cyclic-AMP-dependent protein kinase (PKA) that could 
lead to either a permanently active PKA or a permanently 
inactive PKA?



ENZYME-COUPLED RECEPTORS

• Synaptic signaling between nerve cells
• Signal molecules (neurotransmitters) 

transiently open ion channel

• G-protein 
mediates signal 
from receptor to 
target protein

• Receptor is an 
enzyme that act 
directly or by 
activating an 
associated 
enzyme

Typically kinases



RECEPTOR TYROSINE KINASES 
(RTKS)

• ~60 in human
• Signals typically small proteins



RECEPTOR TYROSINE KINASES 
(RTKS)

• Activated receptor tyrosine kinases (RTKs) 
phosphorylate themselves

• Typically have 
1 
transmembran
e segment



ACTIVATION OF RTKS BY 
DIMERIZATION

No extracellular 
signals →
monomers → the 
internal kinase 
domain is inactive

Binding of ligand →  
dimerization → two 
domains 
phosphorylate each 
other

The ligand itself can be a dimer or 
two ligands can bind independently 
on two receptors to promote 
receptor dimerization 



ACTIVATION OF RTKS BY 
DIMERIZATION

2. Phosphorylation at tyrosines in other 
parts of the receptors → docking sites for 
intracellular signaling proteins → large 
signaling complexes

1. Phosphorylation at some 
tyrosines in the kinase 
domains → complete 
activation of the domains



ACTIVATION OF RTKS BY 
CONFORMATIONAL CHANGE

In the absence of ligand, the 
EGF receptor exists primarily as 
an inactive monomer. 

EGF binding results in a conformational 
change that promotes dimerization of the 
external domains. 



ACTIVATION OF RTKS BY 
CONFORMATIONAL CHANGE

In the dimer one kinase domain (the activator) y causing an activating 
conformational change in the other domain (receiver)

Not transautophosphorylation!

The active receiver domain phosphorylates multiple tyrosines in the C-
terminal tails of both receptors, generating docking sites for intracellular 
signaling proteins



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Proteins with SH2 Domains Bind to Phosphorylated 
Tyrosines



Phosphorylated RTKs as docking sites 
for intracellular signaling proteins 

• Phosphorylated tyrosines on RTKs serve as docking sites for 
intracellular signaling proteins (typically in intrinsically disordered regions)

• Binding molecules recognize phospotyrosine+flanking residues
• Activation by 1) phosphorylation, 2) conformational change, or 3) proximity
• Scaffold proteins grow the complexes further
• Can also mediate inhibition by e.g. directing to lysosomes



PRINCIPLES OF CELL SIGNALING

• Modular interaction domains mediate interactions between 
intracellular signaling proteins

SH2
Src homology 2

SH3
Src homology 3

PTB
Phosphotyrosine

binding

PH
Pleckstrin homology

Phosphorylated
tyrosine

Pro-rich 
regions

PhosphoinositidesPhosphorylated
tyrosine



MULTIPLE DOCKING SITES IN AN ACTIVATED RTK

Five phosphotyrosines are shown, three in the kinase insert region and two 
on the C-terminal tail; these form three docking sites, each of which binds a 
different signaling protein as indicated



THE BINDING OF SH2-CONTAINING INTRACELLULAR 
SIGNALING PROTEINS TO AN ACTIVATED RTK

The binding pocket for phosphotyrosine, 
and a pocket for binding a specific amino 
acid side chain (valine, in this case). The 
RTK polypeptide segment binds the SH2 
domain

The SH2 domain is a compact, “plug-in” 
module, which can be inserted in 
disordered regions of a protein without 
disturbing the protein’s folding or function



RAS SUPERFAMILY

• Consists of families of monomeric GTPases
• Ras and Rho families mediate signals from cell-surface 

receptors



Recap: Ran GTPase imposes directionality on 
nuclear transport

• Ran is a molecular switch that exists in two conformational
states (GTP and GDP bound)

• Cytosol contains mainly Ran-GAP, nucleus Ran-GEF
• Gradient of the two forms (GTP/GDP form) drives nuclear

transport

Players:
• Ran GTPase
• Ran GTPase activating

protein (Ran-GAP) Cytosol
• Ran guanine exchange

factor (Ran-GEF) anchored
to chromatin



RECAP: RAB PROTEINS GUIDE 
TRANSPORT VESICLES TO THEIR 

TARGET MEMBRANE
• Membrane bound state, bind GTP (active)

• Interact with Rab effector proteins on the target and/or vesicle membrane
• Soluble state, bind GDP (+GDI) (inactive)

• Hydrolysis of GTP to GDP during docking causes Rab to dissociate

Rab-GDP in cytosol is bound by a 
GDP dissociation inhibitor (GDI) 
protein that keeps it soluble and 
inactive



RAS SUPERFAMILY

• Consists of families of monomeric GTPases
• Ras and Rho families mediate signals from cell-surface 

receptors



Covalently attached to 
membrane via a lipid 

group

The Grb2 adaptor protein recognizes a 
specific phosphorylated tyrosine on the 
activated receptor by means of an SH2 
domain 

Recruits the Ras GEF Sos by means of an 
interaction between its SH3 domains and 
proline-rich regions in Sos



Covalently attached to 
membrane via a lipid 

group

The Ras GEF domain of Sos stimulates the 
inactive Ras protein to replace its bound GDP 
by GTP, which activates Ras to relay the signal 
downstream.

The Ras GAP increases hydrolysis of bound GTP 
in Ras -> inactivates. Hyperactive Ras=resistant 
to Ras GAP -> cancer



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Both Tyr phosphorylation and activation of Ras typically 
transient (tyrosine phosphatases and Ras GAPs)



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Ras activates a MAP (mitogen-activated protein) kinase 
signaling module

• Signal downstreams + 
sustained after primary 
signal runed off

• MAP kinase (MAPK) → 
phosphorylates diverse 
set of proteins → 
changes in protein 
activities, gene 
expression



MAP KINASE SIGNALING MODULE

• Ras activates a MAP (mitogen-activated protein) kinase 
signaling module

• MAPK activates effector 
protein

• MAPKK activates 
MAPK

• MAPKKK activates 
MAPK



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Scaffold proteins reduce cross-talk between different 
MAP kinase modules

• Same kinase “unit” 
can be used in 
different pathways 
without crosstalk



PI 3-KINASE

• PI 3-kinase binds the phosphorylated tail of RTK 
receptors



PI 3-KINASE

• PI 3-kinase produces lipid docking 
sites in the plasma membrane



PI-3-KINASE–AKT SIGNALING PATHWAY

• The PI-3-kinase–Akt signaling pathway stimulates animal cells to survive and 
grow

PDK1 and Akt are 
protein kinases

1. An extracellular survival signal activates an RTK

2. RTK recruits and 
activates PI 3-kinase

4. PI(3,4,5)P3 serves as a 
docking site for two 
serine/threonine kinases 
with PH domains

PH
Pleckstrin homology

Phosphoinositides

3. The PI 3-kinase produces PI(3,4,5)P3



PI-3-KINASE–AKT SIGNALING PATHWAY

• The PI-3-kinase–Akt signaling pathway stimulates animal cells to survive and 
grow 5. Akt is phosphorylated on a 

serine by a membrane-associated 
kinase mTORC2

mTORC2 = 
membrane-
associated 
kinase 

6. Phosphorylation alters the conformation of the Akt → 
can be phosphorylated on a threonine by PDK1 → 
activates Akt



PI-3-KINASE–AKT SIGNALING PATHWAY
• The PI-3-kinase–Akt signaling pathway stimulates animal cells to survive and 

grow

7. Activated Akt 
dissociates from the 
plasma membrane and 
phosphorylates various 
target proteins, including 
the Bad protein. 

8. Unphosphorylated Bad holds the apoptosis-inhibitory Bcl2 in an inactive state 
(lecture 12). Phosphorylated, Bad releases Bcl2, which now can block apoptosis 
and thereby promote cell survival. 

9. The phosphorylated 
Bad binds to a ubiquitous 
cytosolic protein called 
14-3-3, which keeps the 
protein out of action, as 
shown.



Two mechanisms for PIPs to take part in 
signaling

Activated PLC 
hydrolyzes PI(4,5)P2
→ Inositol 1,4,5-
trisphosphate (IP3)
→ Diacylglycerol



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Cytokine receptors activate the JAK–STAT signaling 
pathway

1. The binding of the 
cytokine either 
causes two separate 
receptor polypeptide 
chains to dimerize or 
re-orients the 
receptor chains in a 
preformed dimer



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Cytokine receptors activate the JAK–STAT signaling 
pathway

2. The associated JAKs 
are brought together 
so that they can 
phosphorylate each 
other on tyrosines to 
become fully 
activated, after which 
they phosphorylate 
the receptors to 
generate binding sites 
for the SH2 domains 
of STAT proteins



SIGNALING THROUGH ENZYME-
COUPLED RECEPTORS

• Cytokine receptors activate the JAK–STAT signaling 
pathway

3. JAKs phosphorylate 
the STAT proteins

4. Phosphorylated 
STAT proteins 
dissociate from the 
receptor to form 
dimers 

5. STAT dimers enter 
the nucleus to control 
gene expression.

SH2



SUMMARY
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