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Week 12
Cell Signalling

Suggested Reading: Chapter 15 Karp 9th ed.
15.1 Basic elements of cell signaling

15.2 Survey of messengers and receptors
15.3 G- protem coupled receptors

A reminder of kinase/phosphatase and G protein

’Switches' Protein kinases transfer a phosphate from
P ATP to a protein. This usually activates

- _ Kkinase the protein.
€ phosphatase @ Protein phosphatases remove the
inactive active h hat . the itch’
Approx 50% of all proteins are regulated by phosphorylation! p Osp ate, reverSIng € switch.

Guamne exchange

factor (GEF) . . .
G-proteins are inactive when bound to GDP.
*"‘°"v"'°'v='= _ The GEF enzyme swaps the GDP for a GTP,
inactive G;:::;:‘:g:;;"‘ active activating the G-protein.
There are two ways G-proteins switch ‘off’. They have a slow
intrinsic GTPase activity and will self-hydrolyze the GTP to GDP. If the proper GAP is
present, the GAP will greatly speed up the process. So, G-proteins are more like

‘timers’ than ‘switches’. We've already seen two of these (hint hint).
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The importance of signalling

* Living organisms constantly receive and interpret signals from their environment. Signal
transduction is the process of converting external signals into a cellular response through
transmembrane receptors

* Cells of multi-cellular organisms receive signals from other cells, including signals for cell
division and differentiation. The majority of cells in our bodies must constantly receive signals
that keep them alive and functioning.

* Signal transduction allows for the
alteration of gene expression and
protein activitY in response to proliferation
environmental signals. differentiation

-

* It allows for communication between -
the different cells of an organism

* It allows for cells to adapt to their
environment

-—

Types of extracellular signaling

* In autocrine signaling the cell has receptors on its surface that respond to an extracellular
messenger it releases.

* In paracrine signaling, the extracellular messenger travel short distances to nearby cells through
the extracellular space.

* In endocrine signaling, extracellular messengers (i.e. hormones) can travel long distances
through the bloodstream and target distal cells.

—~
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The general idea of cell signalling

receptor

* 1. Aligand binds to a receptor on the PM.
This causes a conformational change in the
receptor on the cytosolic side (a process
called signal transduction).

e 2. This trigFers a cascade of effects in
the cytosol. These
cascades amplify the signal inside the cell.
Often kinase activity is involved.

* 3. The final ‘layer’ of the proteins in

— the cascade trigger effectsinthe cell.
Gene transcription These can include alteration of transcription
Protein activity changes of genes, or changes in the activity/function
(enzymes, cytoskeletal, Of prOtEIHS.

lon channels, etc.)

Two main ways signaling (in general) works

é} Extracellular signaling

molecule (first messenger)

The activation of the receptor
activates an effector protein.

The activation of the receptor
forms a ‘recruiting

station’ that in turn

recruits other proteins.

Transmembrane
receptor

The effector makes
a soluble second messenger 2o meone
which diffuses into the cell. These proteins trigger the

signal cascade.

The second D ‘iﬁf;{f‘\éo

messenger triggers the °° . %

signal cascade leading to Transciption

cell effects. i on nemrd

Cell death
Metabolic change
I Example: glucagon signaling | |Examp|e: MAP kinase cascade |
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Types of ligands

Ligand = any molecule that binds to a receptor that triggers signaling

Extracellular fluid

. . Cortisol "
Hydrophobic ligands T

* Often made from cholesterol

* can cross the cell membrane

* Thus, the receptors are inside the cell
* We've already seen an example of this
(PEPCK activation in the transcription factor lecture)

\o 4

é} Extracellular signaling

molecule (first messenger)
Lipophobic ligands ﬁ:xm

* Many types (proteins, peptides, small molecules) i ] || —

* Can’t cross the cell membrane .
* Bind to integral membrane receptors

7

Second messengers made by different effectors

There are thousands of different receptors

There are only a handful of primary second messengers, 3* °
Ext
of which we’ll discuss two OQ
Transmembrane <
1. Cyclic AMP (cAMP) B o
* Made by the effector adenylyl cyclase Bl || S :
* Adenylyl cyclase is an i | b [ e
ylyl cyclase is an integral membrane protein
/\ Second
g AP, © messenger
P2 i -
T
° o b Mo Cny Hem Cnyf
OmFmOmfm =m0 My R
o oo oo LNl N

" W
C—C \
-

oN oM

Copyriot © John Wikey & Sen, lnc. M rights reserved.

oMo tw WM cAMP can readily diffuse into the cytosol and trigger downstream effects
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Second messengers made by different effectors

2. Inositol phosphates
* Derived from phosphatidylinositol

* The inositol portion can be phosphorylated by kinases
* Seven different possible P patterns

inositol sugar phosphate glycerol fatty acids
(@W
O] OH

l kinases

l
o o Q==
Q ph0§phg inositol 4,5, bisphosphate (PIP,)

This is the substrate for the effector (next slide!)

9

Second messengers made by different effectors

* The main lipid second messengers are produced by the

effector phosphatidylinositol-specific phospholipase C.
* abbreviated PI-PLC

* produces two signal molecules:
* Diacylglycerol (DAG), which stays within membrane

« and Inositol triphosphate (IP3), highly soluble, enters cytoplasm

®_. o
e+ 0=_¢
®(_po-t-o —
P, DAG
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Lipophobic (water soluble) signals

Ligand -

 Extracellular signals are transduced and
amplified

primary messenger

» Transduction:

» Process by which a signal crosses the
membrane or is transferred to other
molecules

Second messengers

» Amplification: / \
* Process by which the effect of a signal is Cell responses /—m

multiplied/increased

Changes in
gene expression

11

Signal transduction can occur two ways

* Occurs one of two ways:
» via direct phosphorylation

Ligand —@
(eg: a hormone) rotein

@ Phosphate

Group

* An example we will discuss later:
RTK Receptors or...

Receptor

12
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Signal transduction can occur two ways

» A far more common form of transduction
is via “G” proteins ...

=
© N
7 \ Amplifying Enzyme
Ligand [> G protein

Receptor

13

Why do cells amplify a signal?

« Amplification of the signal permits N
+ the initial signaling molecule (hormone) to be in \
limited concentrations and still be effective “

Concentration of a hormone is

. very dilute when it reaches the
 one hormone to activate numerous enzymes target tissue

* e.g. each protein kinase (a second messenger) can
activate several MORE kinase molecules.

« coordination of several different pathways
simultaneously, as all are induced by a single
signal

14
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The steroid hormones (endocrine signals)

+ Steroid hormones - small and fat soluble o o
— made from cholesterol
— travel through bloodstream bound to carrier proteins
— enter cells by diffusion o
— include glucocorticoids (including cortisol), estradiol, testosterone, progesterone.
» Easily enter cell
high-affinity receptors present in cytoplasm or nucleus
hormone receptor complex binds to DNA at promoter regions upstream of certain genes
transcriptional enhancement *— gene expression increases
relatively slow, longer term response

* the receptor-steroid complex releases HDACs and recruits histone acetylases, relieving chromosome repression

15

Review: action of cortisol on PEPCK gene
expression

« cortisol is released from adrenal gland in response to
stress. Cells respond by gene expression, causing
change in sugar metabolism, providing more energy to
the cell.

* action:

1. diffuses into cell

2. binds specific receptor (protein)

3. receptor dimerizes

4. dimer enters nucleus

5. dimer binds to GRE response element on PEPCK
promoter (and other genes)

6. increases transcription rate, enzyme amount and
enzyme activity —gluconeogenesis

16
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Lipophobic hormones (signaling molecules)
cannot enter the cell

= water-soluble hormones, proteins, neurotransmitters, cell-cell contacts
- process of Signal transduction occurs; the external signal is different from internal cellular signals

- Signaling pathways; a series of sequential steps
1. recognition of stimulus by cell-surface receptor (specific, sensitive)
2. transfer across the membrane

3. effector (e.g. adenylyl cyclase) molecules or a series of molecules on interior of membrane or cytosol
create the next message (cCAMP, or calcium ions); usually a series of intervening steps before ultimate

response (activations/inactivations)
4. cessation of the response when signal disappears. (eg. cAMP phosphodiesterase)

Second messenger
molecules o

N
effectoi O —— —— responses
Pe.O =
J
i

O [N ] [ )

Signal molecule
transduction

reception

17

G-Protein Coupled Receptors

igan
Receptor L NH,

» “G-protein” = GTP-binding protein

* Many hormones work through GPCRs

* As many as 2000 different GPCRs . " messengers
» many putative GPCR genes identified
* no known ligands for many

» Caenorhabditis (nematode):
» 1/20 of all the proteins are GPCRs

* Humans:
+ one quarter of all prescription drugs work o

through GPCRs }@""ﬁ, 1
R e

. «ﬁo@ s
Cclod
Vs £ ’ (
’f —~\ /o -
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nematodes

Mutations in C. elegans G proteins
can cause easily detected changes in
the worm’s movements:

A — normal worm
* Sinusoidal movement
B — mutant G-protein causes hyperactivity
+ Sidewinding, twisting
C — another mutant G-protein causes
lethargy
 Slow, limited tracks

GPCRs are easily studied using mutant

)
- N
NN AN & \ »
NS Y o $ ey V. a
\ :<,\_\ 74 -~ (‘;:\q\ v/ e
C 2

Tracks left in the bacterial food of wild type animals (A),
hyperactive goa-1 animals (B) and lethargic eg/-30 animals (C).

http://www.ucl.ac.uk/Imcb/pages/nurrish.html

19

« A family of integral proteins, all have
seven trans-membrane a-helix
segments

* All work in the same way
+ through the heterotrimeric G-proteins
* a, B, y subunits

« turn on effector molecule which makes the
second messenger
» E.g. epinephrine and glucagon turn on
adenylyl cyclase to make cAMP (2™
messenger).
+ others (e.g. acetylcholine) use
phosphoinositol , DAG second messengers

 others (e.g. photoreceptors) use cyclic
aSMp (e.g.p ptors) Y

G-Protein Coupled Receptors

Ligand
Receptor * NH,

Effect
OOH
GDP
or
GTP Intracellular second
messengers
G Protein

Figure 1532 Celland Molecula Biology, 4 (0 2005 John Wiley & Sons)

Note: Ga and Gy are lipid-
anchored proteins

20
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Some visual models of how GPCRs work

* Binding of the ligand causes a + The downstream effector
conformational change in .
GPCR - allowing G protein to
interact

proteins\?re nearby

Side Perspective
Inactive GPCR Active GPCR

Noaermings
uuuuuuuu

Intracellular Perspective

Inactive GPCR Active GPCR

Images acquired from http://en.wikiJJed\'a,org/wiki/G prote'm—co%ﬂed receptor

21

GPCR action in 8 steps

Receptor Ligand
1. When receptor combines with ligand, receptor (1) —_— .
changes shape and binds the o subunit of the G <D, <)
protein G protein (3& @Dba

2. Activation of the G protein: o. subunit then exchanges Hifecton
a GDP for a GTP, entering activated state (2] .
- the receptor/ligand can activate several G proteins, as ﬁ,

long as ligand is bound G B
3. Relay: the a subunit dissociates from 3,y and .,.
associates with effector, producing second message \V4
- B,y stay together
- second message is made for duration of binding © >
Cp) (o)

Fig 15.4 Karp 6t ed

Cell & Molecular Biology, Karp 2010
Reprinted with permission by Wiley & Sons, Inc.

22
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http://en.wikipedia.org/wiki/G_protein-coupled_receptor
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GPCR action in 8 steps

- @I

4. Activated effector produces

\%
second messenger (eg. adenylyl © O l
<,
\%

cyclase makes cyclic AMP =
cAMP) N ol

@
ousffgn)
5. a subunit hydrolyzes GTP into % Gy
GoP

GDP, thereby deactivating itself

¥ -

6. o subunit binds other two © O A
subunits - now inactive

S

Fig 15.4 Karp 6th ed
Cell & Molecular Biology, Karp 2010
Reprinted with permission by Wiley & Sons, Inc

23

GPCR action in 8 steps

To prevent overstimulation, activated
receptors need to be blocked from

interacting with G-proteins o . U
ey S0
& D

7. G-protein-coupled receptor ADP
kinase (GRK) phosphorylates
receptor

\Y
o [ 1
Q.. 0
8. Arrestin protein binds to Arrestin

phosphorylated receptor to
prevent G-proteins from binding — _
‘desensitization” Fig 15.4 Karp 6 ed

Cell & Molecular Biology, Karp 2010
Reprinted with permission by Wiley & Sons, Inc

24
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G-proteins have different effects

- Different types of G-proteins, Choleraton oo
each with different Ga subunits. \
* Gsa stimulates adenylyl cyclase

+ Ggo. activates phospholipase C 1-Todnbindng 5. Cr

"
« G inactivates adenylyl cyclase ) ﬂ chloride 6. Na+ and water
2. endocytosis [, channel
o a
. A
» The Gg, complex can also activate 3. Toxin binds s
other &fectors. Gs NS

4. Adenylyl cyclase
makes cAMP

Cholera toxin specifically binds Gsa

Locks it into the active state (cannot hydrolyze GTP)

Adenylyl cyclase remains active all the time

cAMP induces chloride channel to remain open, and water follows by osmosis

25

Stopping signalling

Arrestin

- G-protein hydrolyzes GTP, inactivates itself

- receptor is phosphorylated, becomes inactive

- phosphorylated receptor binds arrestin,

- arrestin binds to clathrin — endocytosis of receptor occurs

26
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What you should know after this section

* Five types of cell signalling

» Difference between lipophilic and lipophobic signal molecules
* Define signaling transduction

* Why and how are signals amplified?

» Describe a G-Protein Couple Receptor’s structure and function
» The role of GPCRs in inducing second messengers

» How does GPCR-mediated signalling stop?

27

Week 13
Cell Signalling I

» Suggested reading — Karp 9t edition, Chapter 15
* Regulation of blood glucose levels
* GPCRs in sensory perception

28
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Regulating glucose metabolism
glucagon and epinephrine effects =~
* Utilization of gl " )
+ primary energy source Ej\ /
+ stored as insoluble polymer, glycogen
. glycogen conversion to glucose is promoted f

~ pancreas

y hormones
. glucagon (released from pancreas), Glucaggn Insulin \ released
oosts blood glucose by aiong ebls by beta \cells
 epinephrine (adrenal gland), boosts v

blood glucose during stress
To produce glucose:
» Promote breakdown of glycogen to glucose-
T-phosphate (first step in catabolism
* Glucose is either catabolized or sent to
bloodstream for delivery to other places.

* Inhibit glycogen synthase: this enzyme
makes glycogen, so it has to be turned off in
order for the cells to release or burn glucose.

- .

Liver releases Fat cells take in
glucose into blood glucose from blood

Achieve normal blood glucose

29

Glucagon and epinephrine (adrenaline) bind to different GPCRs, but
the GPCRs then both activate adenylyl cyclase

~OLOLOLOLOLOLOUD!
glucagon - Glycogen

glucagon

O receptor

%

Activates

epinephrine Adenyl Cyclase Glycogen breakdown into g|UCOS€

epinephrine
receptor

ATP
Activates c A M p

G-protein

Inhibition of glycogen formation

Activates,

Protein Kinase A

» Induce synthesis of glucose from
smaller precursors

30
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Glucagon/epinephrine signalling

Glucagon,
epinephrine, others
1

. . — Receptor

1. Hormone binds to receptor which Adenylyl GTEZN. B rorin
binds to G-protein cyclase  SHINN s

—

2. Activation of effector: Adenylyl Inactive  © Active
cyclase, formation of cAMP, diffuses o .’i\. * AMP
into cytoplasm o

3. cAMP binds to Protein kinase A ®u regulatory subunits
(PKA) & activates it — how? \"a‘j'ym subunits

regulatory

subunit \
PKA is a tetramer with 2 removed @ @
regulatory subunits
and 2 catalytic subunits; Active PKA

cAMP removes the
inhibitory regulatory
subunits

31

Glucagon/epinephrine signalling

4. PKA phosphorylates target1:

Glycogen synthase, inactivating it. Glucose giycogen Glycogen
Glycogen no longer produced /\ synthase
5. At same time, PKA phosphorylates PKA
the enzyme Phosphorylase kinase, ™
activating it @ v
6. the phosphorylase kinase then phosphorylase |
phosphorylates target enzyme: kinase
Phosphorylase, activating it,
7. phosphorylase catalyzes glycogen @ @
break-down, glucose-1-phosphate is Phosphorylase * |
released Y

Glycogen G-1-P

* = Glycogen phosphorylase

32
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8. also at same time, in the nucleus, PKA
phosphorylates transcription factor: cyclic
AMP response element binding protein

(CREB)
9. B_hosphorylated CREB dimerizes and
inds to cAMP response element Nucleus
(CRE), turning on PEPCK gene, PRA
gluconeogenesis increases T ;,C

In the nucleus... glucagon/epinephrine signalling

33

Glucagon, Ep inephrine‘ ‘ ‘ Note: these hormones bind to different receptors ‘

naneen OGN
R PR

QD @ adenylyl cyclase

active o

inactive

" Phosphodi
cAMP osphodiesterase

- {;} Glycogen Synthase

active

ATP

Breakdown of glycogen into inactive

glucose-1-phosphate
° |
Fs4<0- 9

inactive

Phosphorylase active inactive Stops making glycogen
Phosphorylase Kinase
Effect in Nucleus

34
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. . - adenylyl
Termination of the signal cyclase
| PDE is activated by PKA! | 2 W
cAMP
1. cAMP is broken down by phosphodiesterase
2. Phosphatases reverse the phosphorylation of the three PDE AMP
proteins:
1. phosphorylase kinase
2. glycogen synthase and AC
3. phosphorylase
3. Adenylyl cyclase is deactivated when the a subunit of the GDP
G-protein hydrolyzes the GTP back to GDP (a subunit re-
associates with y and ) — this hydrolysis is a timed event - i

aided by another protein: RSG (regulator of G protein

signaling)* cAMP

4. inactivation of the_receptor, a 2-step process of )
desensitization. This means that the cell stops responding,
even when ligand is still present around the cell

a. Phosphorylation by G-protein receptor kinase (GPRK), ‘
inactivates the receptor,

b. The phosphorylated receptor binds another, protein called P
arrestin, which acts as adaptor for clathrin, allowing
receptors to be internalized, thus further desensitizing the
cell arrestin

clathrin

35

Lipid Second Messengers

* GPCR-induced intracellular messengers

* Made by the phosphorylation and hydrolysis of the
membrane glycerophosphate phosphatidylinositol

inositol sugar phosphate glycerol fatty acids

(0=

kinases

H o—
OH
phospho inositol 4,5, bisphosphate (PIP,)

36
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Lipid Second Messengers

» The main lipid second messengers are
produced by phosphatidylinositol-specific
phospholipase C.

* abbreviated PI-PLC
* produces two signal molecules:
» Diacylglycerol (DAG), which stays within
membrane

« and Inositol triphosphate (IP5), highly soluble,
enters cytoplasm

DAG

37

Overview of phospholipase C action

Extracellular signal

GPCR

Phospholipase C
G protein

/ \ ‘ Note: this molecule is embedded in the membrane! ‘

e
Ps DAG Protein kinase C
[Ca2+] \ l
Phosphorylation of proteins
organelle l
effect

38
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Epinephrine can induce lipid second messengers

e Epinephrine also triggers DAG and IP3 R oLe
second messengers, through different G- 3

proteins

activates proteins that are in the
gluconeogenesis pathway

channels on cell’s membrane

¢ |P3 causes intracellular stores of calcium IPs+ DAG
to be released — the Ca%* binds and

¢ DAG activates PKC and also opens Ca?*

* — activate gluconeogenesis enzymes

—

receptor

G-protein

_.—---> Calmodulin
1
Ca?* v
Phosphorylase kinase
1

v

phosphorylase

!

Glucose production

39

i @ Piap 9 PI(4,5)P,
Kinase,

One more GPCR pathway

o Ligand
DAG G protein

« Steps 1, 2: Kinases add P groups to Pls.
« Step 3: activation of G protein.

« Step 4: activation of PLCB.

« Step5: PLCP splits PIP2 into DAG

« and IP3.
Smooth ER
\

Ca?* can be considered to be
another second messenger!

This is how Ca2+ is released in
smooth muscles, such as those
in your digestive tract.

Compare with skeletal muscle
Ca2+ release we discussed in
the actin/myosin lecture!

Steg 6: DAG recruits PKC to the membrane.
Step 7: IP3 diffuses into the cytosol.

Step8: IP3 binds to an IP3 receptor and Ca?*
channel in the membrane of the SER.

Step9: binding of IP3 to receptor releases Ca2*

40
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Intracellular signalling molecules activate

different responses in different cells
a. IP; 25

i. Muscle cells

contraction
ii. blood platelet aggregation of platelets

b. Protein Kinase C

cell growth, differentiation, metabolism.
i. mast cells

ii. adipose tissue
iii. liver cells

histamine release
fat synthesis
glycogen hydrolysis

Glycogen stained pink

41

42

c. cCAMP in different cells

i. Liver:

epinephrine -glycogen hydrolysis, glucose synthesis,
glucagon -reduction in glycogen production

epinephrine

PLC
®
receptor G-protein /\ PIP2
__IPs+DAG
v
_.----> calmodulin
e 1
CaZ+
Phosphorylase kinase
1
v
phosphorylase

Glucose production for “fight or flight” response

21
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GPCRs in odorant reception

e Our sense of smell is based on GPCRs

on olfactory sensory neurons. ’ﬁ

¢ Olfactory receptors have affinity for itk
more than one odorant molecule;

¢ 1 odorant molecule may bind to >1 R ooy

receptor, but with different affinity

Microsoft Clip Art

) | i)

<«

odorant Na*  Ca?*

( 2
. 3 5
1. Odorant molecule binds to GPCR ‘ “ \' b 6
2. G-protein stimulates adenylyl cyclase (AC) 4
3. cAMP opens calcium-sodium channels Odorants bind to different receptors, stimulating
4. Membrane depolarization triggers odorant sensory neurons; olfactory neurons then
electrical signal in sensory neuron relay the mix of signals to brain
43

GPCRs for odorant detection

Humans and dogs
* Humans have ~400 odorant receptors; dogs have ~1100
* Dogs can sniff out some cancers

. Som%c ncer cells produce unusual amounts of certain
metabolites

» 6 dogs trained to detect bladder cancer from urine samples

e 22/54 41%2 accurag rafe; one “failure” }(urned ?ut to be from
a person with a previously undiagnosed kidney tumor

Electronic noses

* layer of olfactory receptor proteins from animal noses on a
microelectrode

Human sperm cells have odorant receptors

—for homing in on the egg?
htto://www.voutube com/watch?v=IZAOROUSGWc

44
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Insects and pheromone detection

* GPCRs used to detect minute amounts of sex-
pheromone - males seeking females

« Understanding pheromone-receptor interactions
means we can control pest insects with pheromone
mimics

* Ants following chemical trails to food sources use
GPCRs to detect the paths

* Conflicting evidence on whether humans have
pheromones, but we do produce odorants that can
affect behaviour.

45

What you should know after this section

* Which hormones induce cells to take in or release glucose

« Outline the signaling pathway following glucagon reception that
results in glucose production

« Outline how the cell terminates all components of glucagon-induced
signaling

 Outline how epinephrine activates phospholipase C, the second
messengers involved and the downstream events

« Outline how acetylcholine signaling induces muscle contraction
* How does vasopressin induce aquaporins to be mobilized?
* How do GPCRs affect odorant reception?

46
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Week 13
Cell Signaling lll

- Suggested reading — Karp 9t" edition, Chapter 15
* Protein tyrosine phosphorylation

» Signaling by the insulin receptor

« Calcium as a 2" messenger

» Convergence, divergence, crosstalk

47

Receptor Tyrosine Kinases (RTKs)

Receptor is an enzyme

a protein tyrosine kinase that phosphorylates
target proteins at particular tyrosines

> 90 types of RTK receptors in humans

all have similar structure — single trans-
membrane segment

present in all multicellular organisms
involved in regulation of:
Growth (growth factor receptors)
Cell division (defects lead to cancer)
Cell survival and death
Cell attachments, migrations

48

24



8/11/20

RTKs function as dimers

Ligand Ligand

* Binding of ligand induces & 1

dimerization either by: g 8. gg.

* One ligand binding to both ﬂ:?"«“
monomers or e
DIMERIZATION 8 8“"""“"
* One ligand binds to each monomer, ﬂmmmmm
which causes them to dimerize Vv

% Active dimers % Active dimers

Figure 15-13 part 1 Cell and Molecular Biology, 4/e (© 2005 John Wiley & Sons)

49

RTKs phosphorylate each other

* The tWO monomers’ Once jOined’ Active dimers Active dimers
trans-autophosphorylate each
other 9 ¥

Trans-autophos-
phorylation

Trans-autophos-
phorylation

* Once phosphorylated, they are

( . @
activated and can bind to other T . iona
S i g n a I i n g mo I eCU Ies g‘! transmission !‘! transmission

SH2 or PTB SH2 or PTB
domain ® ® domain ® ®

Figure 1513 part 2 iology,4/e (© 2005 g

50
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Insulin receptor action through the RTK

High blood

Low blood
glucose

glucose

* Insulin is produced when blood
glucose increases after eating. .
. )
* It causes glucose uptake by liver, o
muscle, fat cells G T
alpha cells Insulin | released
* Acts to decrease blood sugar, cells

produce glycogen or fat,
gluconeogenesis is inhibited.

Fat cells take in

Liver releases glucose from

glucose into blood @ blood

Achieve normal blood glucose

51

Insulin receptor action through the RTK

1. Receptor binds ligand on exterior of the cell.
« the insulin receptor is a heterodimer - two extracellular alpha chains with ligand binding sites
and two beta chains with kinase activity, all are linked by disulfide bridges.
2. Activation of the receptor
* insulin receptor is unusual in existing in dimer state even before binding the ligand
« tyrosine kinase activity, trans-autophosphorylation.
* it also phosphorylates another protein, Insulin Receptor Substrate (IRS)

Insulin
« chain
—
B chain
Tyrosine
kinase

(a) domain (b) (c)

Figure 15-20 Cell and Molecular Biology, 4/e (© 2005 John Wiley & Sons)

52

26



8/11/20

Insulin receptor action through the RTK

Insulin receptor

PTB domain

3. Other proteins recognize, bind and are activated by
the phosphorylated tyrosines on receptor and IRS

4. Final actions of insulin:

a. Cell proliferation via the effectors:
» PLC (and its second messengers: IP;, DAG)
* Protein kinase C

b. Increased glucose import into cells via:

» (Protein kinase B)* induces movement of
glucose transporters to cell membrane

» Stimulation of glycogen synthesis \ eans g hcose
membrane ~N GLUT4 @
ﬁm’/ )

A=)

signaling
tei
it PI3K (2 subunits)

IRS-1

PI3K

Fusion

GLUT4

Q \PKBA/PDKI
* - you don’t need to remember yet 2z
another PK B
53

Diabetes — defects in insulin signaling

Diabetes — high levels of glucose in blood, loss of glucose in urine,
excessive loss of water from frequent urination, high blood pressure

Two types:
* Type I —noinsulin produced by pancreas
* Type Il —insulin resistance in cells that should take in glucose

High joule diet - high insulin production - loss of sensitivity to insulin

- insulin R ] =

Several possible causes for loss of sensitivity <—PTP active

¢ faulty insulin receptor

¢ faulty intracellular signaling

How to increase sensitivity to insulin?

* remove the negative regulator (the off switch) for the insulin receptor
e protein tyrosine phosphatase (PTP) removes P from insulin receptor

PTP gene knockout in mice produces insulin-sensitive animals that can eat
high fat dietswithout developing diabetes (and becoming obese)

54
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» A growth factor (also known as a
cytokine) is a naturally occurring substance
capable of stimulating cellular growth,
proliferation and cellular differentiation

+ Epidermal growth factor or EGFisa
rowth factor that plays an important role in
e requlation of cell %r_ow’_[h, proliferation,
and differentiation by binding to its receptor
EGFR
» This signaling results in changes in gene
expression

» Transcription factors are activated - genes
involved in cell proliferation are transcribed

+ Signal is turned off by rece{:)tor being
ubiquitinated and shunted to lysosome
« Mutations that lead to EGFR _
overexpression (known as up-regulation) or
overactivity have been associated with a
number of cancers, including lung cancer.

epidermal growth factor receptor (EGFR)

Cells labeled with antibodies
detecting EGFR on cell surface (red)

/ or this?
\
= (|

I
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» A growth factor (also known as a cytokine)

. is a naturally occurring substance
capable of stimulating cellular growth,
proliferation and cellular differentiation,
and cell survival

+ Epidermal growth factor or EGF is a growth factor
that plays an important role in the regulation of cell
growth, proliferation, and differentiation by binding to its
receptor EGFR

+ This signaling results in changes in gene
expression

* Transcription factors are activated - genes
involved in cell proliferation such as the
cyclins are transcribed

MAP-Kinase signaling pathway

2

or this?

|

Mutations that lead to EGFR overexpression
(known as up-regulation) or over-activity
have been associated with a number of
cancers, including lung cancer.

’
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Growth factors such as EGF activate the MAP kinase pathway

MAP kinase = mitogen activated protein kinase.
Serine / threonine specific kinases.

Mitogens are chemical substances (usually
proteins) that induce mitosis

Active Ras

(a)

—~

* Ras is a monomeric G protein
embedded in the membrane by a lipid

1. EGF binds and activates EGFR group. Ras is active when bound to

2. EGFR autophosphorylates its tyrosines GTP and inactive when bound to GDP.

3. The phosphorylated tyrosines serve as a * Grb2 acts as an adaptor protein that

Steps:

docking station for Grb2/Sos, which is i
recruitgd to the membrane links _EGFR and Sos. _
4. SOS is a GEF that activates RAS » Sos is a GEF that activates G-
proteins.

57

Ras recruitment sets off a kinase "o
. P - B
signal cascade ;
5. Once Ras is recruited to the membrane, it recruits L g
a serine/threonine kinase called Raf |
~— 0 2
Ras-GDP | 3,
6. Raf phosphorylates and activates MEK /{ o, £8
VSOR:?? 77777777 MAPKKK Eg
7. MEK phosphorylates and activates ERK Ao R £2
MEK MAPKK %E
8. ERK phosphorylates transcription factors, which i
enterFt)he npuqle)l/Js and start trgnscription of target E’ ar | S5
genes that initiate the cell cycle (e.g. cyclin D) vé\/l N 3
Or %%
30% of cancers have a mutation in this pathway. B l £:
Thus these genes (and others) are referred to as e £3
oncogenes. ; e eseiior =]
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The MAP-kinase pathway has been recruited for different

purposes in other organisms

In yeast, the pathway has different
components, but is mostly the same
idea. It can regulate yeast mating and
osmoregulation.

In plants, it regulates response to
pathogens.

In flies, it regulates the development
of photoreceptors.

Mating Mating

factor High salt factor

Ste5-Pbs2
scaffold

By

Ste11 [MAPKKK
Ste7 | MAPKK
Fus3 | MAPK

kinase
| Hog1 Hog1
Transcription Transcription Transcription
factors activated factors activated factors activated
Mating genes o] ponsit ponsi
activated genes activated genes activated

Mating response o] g y o]
response

(a) (b) (c)

pyright © John Wiley & Sons, Inc. All rights reserved.

response

(don’t memorize figure!)
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Ca?* can be let into the cytosol by voltage dependent
channels in nerves, some muscles and by receptor-
mediated calcium channels (like we just saw with the
smooth muscle)

fertilization, calcium channels open up in oocytes
following fertilization.
 prevent further sperm entry anywhere around the
large cell (rapid, long-distance)
* begins activation of cyclins, starting cell division
(coordinating effect)

Calcium can also bind to calmodulin which modulates
the activity of other pathways such as adenelyl cyclase
and other kinases

Other second messengers: Calcium

Remember that [Ca?*] is low in the
cytosol through the action of Ca?*
pumps and exchangers.
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muscles

following fertilization.

(coordinating effect)

Types of Calcium Responses

* voltage dependent channels in nerves, some

* receptor-mediated calcium channels
« fertilization, calcium channels open up in oocytes

 prevent further sperm entry anywhere around the large
cell (rapid, long-distance)
* begins activation of cyclins, starting cell division

..
15 pm

Calcium-sensitive fluorescent dye
shows wave of calcium spreads through
cytoplasm over 1 minute period

Polyspermy block:
only 1 sperm gets in

61

channel

diffuse throughout cell

protein)

signal is therefore fast

1. Calcium ions enter cell through activated

2. Ca?* binds to the ryanodyne receptor on ER

3. Ca?* released from the SER (or the vacuole in
plants) diffuse down concentration gradient,

4. calcium ions bind to calmodulin (calcium-binding

5. Activated calmodulin binds to many more
effectors — intracellular effects

6. one of the effects is to initiate the pumping of
calcium back out of the cytoplasm to SER, the
plant vacuole and the exterior of cell: termination of

Calcium-induced calcium release

2+
Voltage-gated Ca* channel Ca

a

i };} a8

|
[ Plasma
membrane

of the SER
Ca?* (SERCA)

Figure 15-24 Cell and Molecular Biology, 4/e (© 2005 John Wiley & Sons)
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* Nitric oxide (NO) — an inorganic gas — can act as an

extracellular messenger and as a second messenger
* NO is synthesized by nitric oxide synthase within cells
* NO acts as autocrine and paracrine hormone

* NO activates guanylyl cyclase to make cGMP

* In blood vessels, acetylcholine stimulus can induce NO
synthase
* cGMP causes smooth muscle cells (around blood vessels) to
relax
* nitroglycerine applied under the tongue to patients with
congestive heart problems, produces NO to relax arteries

drugs that inhibit cGMP phosphodiesterase can be used
to relax blood vessels — e.g. viagra

Nitric oxide as a hormone, cGMP as a second messenger

nylyl

cyclase

Endothelial
cell
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C I I i I I i b I
Shosphatdyinosicl
» | "signaling system
Heterotimeric o NIK
> O awe o = > CNFRB
i ¢ VY ol
Clasia Map inase &l > 5.9 PKA Tau v
Ca- v v STt Foiaion
v inflammaton
NGE ChrasGeF _  Rapt >CPAZY o apoplosis
BONF » QIKAB! RasGRE RafB
NT3/4 RasGRP PKC v E ":2:2/2 > @&
wein |
EGF » QEGFR <V 4 ¢ MEK1
FGF ~ »@FGFRD  GRB2 SOS > Ras Raft > ko > ERK S
> SRF
PDGF » @DGFR o3 Sapla
612 g L PP MKP oMy A o »iclos 0 » Prolferation
> DNA DNA . diferentiation
S5l
INK and p36MAP FLNA™ < JIP3 < isp72 X
Kinase patway Focaladhesion oK Ti2iCot ARRB ikl e NFAT2
A T NFAT-4
HGK A MKKa ,
b 3 > )
inadiaion, heatshock, = = )
reactive oxygen species, s E@D> @B > ELD » disease Proliferation,
ipopolysaccharide R A A2 differentaton.
‘and other stress. PP2CA MKP Ek1 inflammation | el
VST puk - de
> CCASP. 2 AKT PTP 753 e
TNF »@INFR MLTK
1Lt »d LR > CTRAF2C P GCK A
ASK2 Sapta
FASL »&FAs G GADD1S3
> Dax skt > > g3 > o
ToFB > €TGFER KK " X oA
o »&Co14 ¢ TAB1 » TAK1 MEF2C
Lps N PRAK
. P27
A trarg T2 PP2CB - a2 5.8 5 Prolferaton
ECSIT b} B . X DNA differentiation
ONA damage &) » GADD4S > MEKKE NOKIZ X Cores
¥
ERKS pathway TAO12 Wt signaling
> @y > patway
Serum EGF,
reactive oxygen species (52 > Qe —> CERK » @hurT?
MAPKKKK MAPKKK MAPKK MAPK Tanscription
factor
All these proteins regulate cell division and proliferation. Don’t memorize
. ’

obviously...
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Interconnections of signalling pathways

* 1. Convergence. two receptors cause the same secondary signal to
be activated.

Growth factors,

Extracellular matrix
v e.g.,EGF, PDGF
A

Neurotransmitters,
N hormones,
growth factors

epinephrine glucagon

a
20
5 v
Intr i Gprotein-{l g
9! coupled e 4
J Receptor tyrosine kinase

Adenylyl cyclase receptor J

cAMP itz Grb2 Grb2
Gl
ycogen breakdqwn (common effect) A
Gluconeogenesis |

MAP kinase cascade

Copyright © John Wiley & Sons, Inc. All rights reserved.
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Interconnections of signalling pathways

2. Divergence. one ligand has several effects or one signal propagates several
responses
* e.g. Protein kinase A (PKA, induced by epinephrine receptor) turns on three different proteins

PKA
Activates Inactivate\ Induces
phosphorylase glycogen PEPCK gene
kinase synthase expression
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Why is signalling so important?

« cells can keep signals separate

» second messengers diffuse rapidly, but some steps, including the kinases
(such as PKA) are kept in certain locations in the cell.
* PKA s actually held in place by special binding proteins (called
AKAPs), focusing its effect in the cell.
* some pathways are kept together in one location in the cell by special
scaffolding proteins, limiting the location of the downstream cell
response.

* How a cell responds to a signal:

» Depends on: number of receptors; number of other signals; type of cell
(because different cells have different downstream signaling molecules.

67

Same pathways, different effects

» ~2000 GPCRs, but only a handful of G-proteins — so how do cells exhibit
so many different responses?

» The same intracellular signalinﬁ pathway causes different effects in
different cell types because cells in different tissues have different
downstream proteins to respond to the signal

smooth muscle

pancreas Acetylcholine
- !
L} GPCR
i *
%‘:"} G-protein

st cip l

SNARE proteins PLC calmodulin

Vesicle binding to PM IPs myosin
Ve | .. |

Insulin secretion Ca?* release Muscle contraction
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What you should know after this section

» Describe an RTK and how it differs from a GPCR
» How does insulin promote glucose uptake?

* How is insulin insensitivity associated with diabetes, and how can
you alter insulin sensitivity?

» How is calcium associated with preventing polyspermy?

» Describe calcium-induced calcium release — where is the calcium
receptor?

» How does nitric oxide affect blood flow?
» What do signals get amplified?
« Define signal convergence, divergence, and cross-talk.
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