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Objectives:

Define first messenger (Hormones)

List hormone types

Describe receptor types

Outline the hormone receptors interactions
Describe second messenger mechanism of action
List second messengers



Signaling Overview
1. Introduction
A. Definitions
B. Componentsinvolvedin signaling
C. Typesofsignaling
2. Typesof Signaling Ligands - cell-surface vs.intracellular
3. ThreeMajor Classes of Signaling Receptors
lon Channel-linked
G protein-coupledreceptors (GPRs)
Enzyme-linked receptors
Tyrosine-Kinase Receptors
Overview
Mechanism of activation
Differentways that TKRs can be activated
TKsthatarenon-covalently linked with receptors
4. Second Messengers: cAMP,cGMP, IP3 and DAG, Ca+2,PIP3
5. Signaling Cascades
A. Ras GTPase
B. Adaptor proteinswith SH2 and SH3 domains
C. MAPkinase pathway
D. 5differentkinases activated by differentcascades
E. JAK-STAT pathway



Signaling Overview

1. Introduction

A. Definitions

Signaling: Cell-cell communication via signals.

Signal transduction: Process of converting
extracellular signals into intra-cellular
responses.

Ligand: The signaling molecule.

Receptors: Bind specific ligands. Transmit
signals to intracellular targets. Different
receptors can respond differently to the
same ligand.

B. Components involved in signaling:
Ligands
Receptors
Intracellular Signaling Proteins
Intermediary Proteins
Enzymes
Second Messengers
Target Proteins
Inactivating Proteins

EXTRACELLULAR
SIGNAL MOLECULE
RECEPTOR PROTEIN

INTRACELLULAR
SIGNALING PROTEINS
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Figure 15-1. Molecular Biology of the Cell, 4th Edition.




Cells adjust to their particular
environmental inputs (e.g.,
oxygen, sugar, and temperature)

Lateral inhibition signals
prevent duplication of
unique cell types

Signaling is responsible for how cells can respond to their
environment and how they can differentiate or change over time

Graded signals create
different cell types

Combined actions of
transcription factors
create different cell

types

Integration of signals
allows cells to adjust to
their neighbors and to
change with time



Signals get translated into cellular responses or
changes In gene expression

G Ligand

(primary

O O O O messenger)

CYTOSOL

@ Receptor-ligand
binding

transduction
(via second
messengers)

gene expression
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Not all of the receptor needs to be bound to induce a response



Signals can act locally or at a distance

Bloodstream

Target cell

O

Target cells

Hormones Local mediators

Copyright @ 2003 Pearson Education, Inc., publishing as Banjamin Cummings.



Responses can be fast or slow

extracellular signal molecule

intracellular signaling 'l cell-surface
pathway receptor

ALTERED
PROTEIM
FUNCT 10N

FAST
(¢ gec to mins)

SLOW
imins to hrs)
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Amplification

Amplification

Amplification

Amplification

Signals are amplified

. Epinephrine
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Signaling Overview
1. Introduction
C. Types of signaling

I. Contact-dependent - via proteins inthe PM:
li. Via Secreted Signals:

a. Autocrine -viagrowth factors, cell that releases the signalis also
the target.

b. Paracrine-via neurotransmitters and cytokines, action on
adjacenttargetcells.

c. Endocrine-viahormones,action on distanttargetcells.

d. Synaptic - via neurotransmitters,action on post-synaptic cellin
responseto electrical stimuli

2. Types of Signaling Ligands:

A. Ligands that bind to cell-surface receptors:
1. Neurotransmitters (NT), i.e. norepinephrine, histamine -
hydrophilic (charged, polar)
2. Peptidehormones (P),i.e.insulin - can'tcross membrane
3. Growth factors (GF), i.e. NGF, EGF, PDGF
4. Lipophilic signalingmolecules,i.e. prostaglandins

B. Ligands that bind to intracellular receptors:

lipid soluble hormones thatdiffuse across the plasmamembrane
and interactwith receptorsinthe cytosolor nucleus. i.e.
steroids,thyroxine, retinoic acid, nitric oxide.
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Local vs. Circulating hormones
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Blood
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9% Circulating hormone
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Chemical classes of hormones

_ILipid-soluble hormones- use transport proteins in the
plasma

Steroid: Lipids derived from cholesterol.
* Are lipophilic hormones.

I Testosterone.

IEstradiol.

_ICortisol.

_IProgesterone.

Thyroid (amine but lipid soluble)
Nitric oxide (NO)




Chemical classes of hormones

_IWater-soluble — circulate in “free” form in the plasma
Amines:

Hormones derived from tyrosine and tryptophan.
Polypeptidesand proteins:

Polypeptides:

» Chains of < 100 amino acids in length.
JADH.

Protein hormones:

* Polypeptide chains with > 100 amino acids.

» Growth hormone.

Eicosanoid (p[ostaglandins) derived from
arachidonic acid (20 carbon 4 double bonds)




Chemical Classification of Hormones
 Glycoproteins:

Long polypeptides (>100) bound to 1 or more carbohydrate
(CHOSJ groups.

FSH and LH, TSH and hCG (human chorionic
gonadotropin)

They have o and 3 subunits (o is common and B is
specific)

» Hormones can also be divided into:
Polar:
H,0 soluble.
Nonpolar (lipophilic):
H,0 insoluble.
- Can gain entry into target cells.
- Steroid hormones and T, (thyrxine —tetraiodothyronine))
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Prohormones and Prehormones
* Prohormone:

Precursor is a longer chained polypeptide that is cut
and spliced together to make the hormone.
Proinsulin — gives insulin

* Preprohormone:
Prohormone derived from larger precursor molecule.
Preproinsulin.
* Prehormone:

Molecules secreted by endocrine glands that are
Inactive until changed into hormones by target cells.

T, converted to T (tri-iodothyronin).
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Nucleus DNA

ZNVINING

lTranscription

mRNA

Translation

Endoplasmic
reticulum

Golgi '
apparatus
Secretory
vesicle; -/
‘ ‘ (. ACa*t
'®: & {cAMP
Extracellular Stimulus

fluid

Synthesis and secretion of peptide hormones
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Chemical classification of hormones

Table 10-4 Chemical Classification and Function of Hormones

Chemical Classification

Examples

Regulated Function

Endocrine Hormones

Amino acid derivatives

Peptides

Proteins

Steroids

Paracrine Hormones
Amino acid derivative
Arachidonic acid derivatives

Epinephrine (adrenaline} and norepinephrine
(both derived from tyrosine)

Thyroxine (derived from tyrosine)
Antidiuretic hormone (vasopressin)

Hypothalamic hormones (releasing factors)

Anterior pituitary hormones

Sex hormones (androgens and estrogens)

Corticosteroids

Histamine
Prostaglandins

Stress responses: regulation of heart rate

and blood pressure; release of glucose and
fatty acids from storage sites

Regulation of metabolic rate

Regulation of body water and blood pressure
Regulation of tropic hormone release from
pituitary gland

Regulation of other endocrine systems

Development and control of reproductive
capacity

Stress responses; control of blood electrolytes

Local responses to stress and injury
Local responses to stress and injury

Copyright @ 2003 Pearson Education, Inc,, publishing as Banjamin Cummings.
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Peptide & Protein Hormones

Gland/Tissue Hormones Gland/Tissue Hormones
Hypothalamus = TRH, GnRH, CRH Placenta = HCG, HCS or HP

GHRH, Somatostatin,

Anterior pituitary = ACTH, TSH, FSH, LH, Kidney = Renin
PRL, GH
Posterior pituitary = Oxytocin, ADH Heart = ANP -
g
Thyroid = Calcitonin G.I. tract = Gastrin, CCK, E
Secretin, GIP, %
Somatostatin 5

Pancreas = Insulin,Glucagon,
Somatostatin

Liver = Somatomedin C (IGF-1) Adipocyte = Leptin

Parathyroid = PTH Adrenal medulla

(2]




Gland/Tissue

Hypothalamus

Thyroid

Adrenal medulla

Hormones

= Dopamine
=T Ty

=Epinephrine and
Norepinephrine
(NE, EPI)

g
<
2
o
=
(7
o
>~
=
n
O
N=
(o=t
D)

—
(\©)
[E

—/




Synthests ot Amine Hormones

Tyrosine
tyrosine
hydroxylase /

dopa L-Dopa
decarboxylase
Dopaminergic
Neurons

Dopamine

dopamine [3 -
hydroxylase

Adrenergic
Neurons

Norepinephrine

X
phenylethanolam / Thyroid Hormones
ine-N- Epinephrine

methyltransferas Adrenal Glands
e

Thyroid
Gland



Gland/Tissue

Adrenal Cortex

Testes

Ovaries
Corpus Luteum

Placenta
Kidney

Hormones

= Cortisol, Aldosterone,
Androgens

= Testosterone

= Estrogens, Progesterone
= Estrogens, Progesterone
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Hormone Activity

- Hormones affect only specific target tissues with specific
receptors

 Receptors are dynamic and constantly synthesized and broken
down

Down-regulation- decrease in receptor number or esponse
Up-regulation- increase in receptor number or activity
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Effects of [Hormone] on Tissue Response

* Priming effect (upregulation):

Increase number of receptors formed on target cells in
response to particular hormone.

Greater response by the target cell.
» Desensitization (downregulation):
Prolonged exposure to high [polypeptide hormone].

Subsequent exposure to the same [hormone] produces
less response.

» Decrease in number of receptors on target cells.
* Insulin In adipose cells.

Pulsatile secretion may prevent downregulation.
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Effects of hormone concentration on
Tissue Response

» [Hormone] in blood reflects the rate of secretion.
» Half-life:

Time required for the blood [hormone] to be reduce
15 reference level.

Minutes to days.

- Affinity of receptors to ligands, Kd

» Normal tissue responses are produced only when
[hormone] are present within physiological range.

- Varying [hormone] within normal, physiological rang
can affect the responsiveness of target cells.




Receptors for many
peptide hormones,
growth factors, and
amino acid-derived
hormones(catecholamines)
HYPOTHETICAL TARGET CELL

Other steroid
hormones
and their
specific
receptors

&
@
@

Nucleus

\
DOOOOOI

Nuclear thyroid

hormone-receptor complex
Cell membrane

Cytoplasm

, Hormone
Y

Specific unliganded
steroid (glucocorticoid)

hormone receptor
. ¢

. Diagram showing the different locations of classes of hormone receptors expressed by a target cell.

Textbook of Biochemistry With Clinical Correlations, Sixth Edition, Edited by Thomas M. Devlin. Copyright © 2006 John Wiley & Sons, Inc.




Receptor in cytosol

& Receptor
Lipophilic 0 in nucleus
signal <
molecules S
\. -
.%5
Lipophobic or |
lipophilic £
signal §

molecule

Receptor on surface
of cell membrane




Mechanisms of Hormone Action

* Hormones of same chemical class have similar mechanisms
of action.

Similarities include:

Location of cellular receptor proteins depends on the
chemical nature of the hormone.

Events that occur in the target cells.
* To respond to a hormone:

Target cell must have specific receptors for that hormone
(specificity).

Hormones exhibit:

- Affinity (bind to receptors with high bond strength).

- Saturation (low capacity of receptors).
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Mechanisms of Hormone Action

4Response depends on both hormone and target cell

¢ Lipid-soluble hormones bind to receptors inside target
cells

¢Water-soluble hormones bind to receptors on the plasma
membrane

< Activates second messenger system
<+ Amplification of original small signal

4 Responsiveness of target cell depends on

4 Hormone’s concentration
% Abundance of target cell receptors
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Receptor

Receptors are specific membrane proteins, which are able to

recognize and bind to corresponding ligand molecules, become
activated, and transduce signal to next signaling molecules.

Glycoprotein or Lipoprotein
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Receptors

 Specificity: The "specificity" of a ligand for a receptor is a
description of how favorable the binding of the ligand for the
receptor is compared with its possible binding to other types
of receptors that may also be present.

* Affinity: "Affinity" simply refers to how strong the binding is
(as judged by K association or K dissociation and AGo ). "High
affinity" refers to very strong binding (large negative AGo and
a very small Kd). The association or dissociation constant is
often referred to as the "affinity” or “binding” constant.
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ligand

A small molecule that binds specifically
to a larger one; for example, a hormone Is
the ligand for its specific protein receptor.
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Membrane receptors

Membrane Glycoprotein
Intracellular receptors

Cytosol or nuclel

DNA binding protein
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1. membrane receptors

1- Ligand-gate ion channels type
(cyclic receptor)

ligand—receptor—ion channel open or close




Neurotransmitter
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Signaling Overview

3. Three major classes of surface receptors for signaling :

(A) ION-CHANNEL-LINKED RECEPTORS

plasma o5 ===lons

membrane

g

(B) G-PROTEIN-LINKED RECEPTORS

signal molecule

enzyme

G protein activated
P G protein

Figure 15-15 part 1 of 2. Molecular Biology of the Cell, 4th Edition.

(C)  ENZYME-LINKED RECEPTORS

signal molecule
in form of a dimer

OR

inactive catalytic active catalytic
domain domain

v signal molecule
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Receptor for
ligand other
than X

(

h , * Ligand X Receptors determine response

No receptor - no response

No binding of X; no cellular response

Transfection with cDNA
expression vector and
| selection of transformed cells

& Ligand X

— Ligand X
J receptor

cDNA for receptor

for ligand X l

Binding of X; normal cellular response



Signaling Overview

3. Three major classes of surface receptors
for signaling, cont.:

A. lon Channels:

2. G protein-coupledreceptors (GPRs): largest family
of cell surfacereceptors; presentin all eukaryotes;
ex:adrenergicreceptors,opioid receptors.

1. Overview:

a. 7trans-membranespanning domains

b. Act as receptorsfor many differentligands
including NT,H

c. Large amountofreceptordiversity, but
common mechanismof action

d. Transmitsignalsto intracellulartargetsviaG
proteins

e. Targets are plasmamembrane bound enzymes
or ion channels

2. Mechanism of Activation of GPRs:

a. Binding of ligand to extracellular domain of
GPRs induces conformational change that
allows cytosolic domain of the receptorto
bind to inactive G protein atinner face of PM.

b. Thisinteractionactivates the G protein,
which dissociatesfromthe receptor

c. Activated G protein a subunitcan now bind
GTPinstead of GDP, causing dissociationinto
activated a vs.Bysubunits. Each of thesecan
go on to activatetarget proteins.

C. Enzyme-linkedreceptors:

receptor protein inactive G protein

(A)

plasma

membrane
signal

molecule

EXTRACELLULAR SPACE

(B)
CYTOSOL
activated G-protein subunits
[
(C)
GTP|
activated ___
o subunit activated
By complex

Figure 15-28. Molecular Biology of the Cell, 4th Edition.




G Protein Signal Cascade

Most signal molecules targeted to a cell bind at the cell
surface to receptors embedded in the plasma membra

Only signal molecules able to cross
the plasma membrane (e.g., steroid
hormones) interact with intracellular
receptors.

A large family of cell surface
receptors have a common structural
motif, 7 transmembrane a-helices.

Rhodopsin was the first of these to
nave its 7-helix structure confirmed
oy X-ray crystallography (in retina,
low light vision).

Rhodopsin

PDB 1F88 \
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G Protein Signal Cascade
* Rhodopsin is unigue.

It senses light, via a bound
chromophore, retinal.

¢ Most 7-helix receptors have
domains facing the extracellular
side of the plasma membrane that
recognize & bind signal
molecules (ligands). ;

E.g., the B-adrenergic receptor = B-Adrenergic
] : i i Receptor

IS activated by epinephrine &
norepinephrine.

Lysozyme
Insert

PDB 2RH1




G Protein Signal Cascade

The signal is usually passed from a 7-helix receptor to
an intracellular G-protein.

+ Seven-helix receptors are thus called GPCR, or
G-Protein-Coupled Receptors.

+ Approx. 800 different GPCRs are encoded In the
human genome.



[ Binding of hormone induces
a conformational change
in receptor

o

B Activated receptor
binds to G, subunit

*@a

[ Activated receptor causes
conformational changein G,
triggering dissociation of GDP u

‘igure 15-13

© Hormone

Exterior e

P ctiv Trimeric Gg protein

cepto
Cytosol , éﬁﬂ

6
RESTING Gy Gy D
STATE P
© Hormone

P I3 Hydrolysis of GTP to GDP
' causes G, to dissociate from
0 effector and reassociate with Gg,

Hormone dissociates
from receptor; G, binds
to effector, activating it

+ S

Binding of GTP to G,
triggers dissociation of G,
both from the receptor and
from Gg,

-
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G Protein Signal Cascade

¢ G-proteins are heterotrimeric, with 3 subunits a, 3,y

¢ A G-protein that activates cyclic-AMP formation
within a cell 1s called a stimulatory G-protein,
designated G, with alpha subunit Gg,.

* G, 1s activated, e.g., by receptors for the hormones
epinephrine and glucagon.

The B-adrenergic receptor is the GPCR for
epinephrine.




TABLE 15-1 Major Classes of Mammalian Trimeric G Proteins and Their Effectors”

G, CLASS  ASSOCIATED EFFECTOR 2ND MESSENGER RECEPTOR EXAMPLES

G, Adenylyl cyclase c¢AMP (increased) B-Adrenergic (epinephrine) receptor;
receptors for glucagon, serotonin, vasopressin

G, Adenylyl cyclase cAMP (decreased) a,-Adrenergic receptor
K* channel (G Change in membrane potential Muscarinic acetylcholine receptor
activates effector)
G, o Adenylyl cyclase cAMP (increased) Odorant receptors in nose
G,q Phospholipase C IP., DAG (increased) a,-Adrenergic receptor
G, Phospholipase C IP,, DAG (increased) Acetylcholine receptor in endothelial cells
G, c¢GMP phosphodiesterase ¢GMP (decreased) Rhodopsin (light receptor) in rod cells

*A given G_ subclass may be associated with more than one effector protein.To date, only one major G has been identified, but
multiple G  and G ; proteins have been described. Effector proteins commonly are regulated by G but in some cases by GB’Y or the
combined action of G, and G »

IP, = inositol 1,4,5-trisphosp‘i\ate; DAG = 1,2-diacylglycerol.

SOURCES: See L. Birnbaumer, 1992, Cell 71:1069; Z. Farfel et al,, 1999, New Eng. J. Med. 340:1012; and K. Pierce et al., 2002, Nature Rev.
Mol. Cell Biol. 3:639.

Table 15-1
Molecular Cell Biology, Sixth Edition
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Summary of Hormones
signaling pathways

Tyrosine kinase -

Tyrosine kinase -

IP3 cAMP cGMP I receptor Steroid
intrinsic .
associated
GnRH FSH ANP Insulin Prolactin Glucocorticoid
Gastrin LH NO (EDRF) IGF-1 Cytokines (IL-2,6,8) Estrogen
Oxytocin ACTH FGF GH Progesterone
TRH TSH PDGF Testosterone
ADH (V) CRH Aldosterone
Histamine (H) hCG Vitamin D
Angiotensin I PTH T3/Ta
Calcitonin Cortisol
Glucagon

GHRH (canactvia
IP3as well)
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G Protein Signal Cascade

hormone
S|gnal
. outside
* The a subunit of a G- olasma
protein (G,) binds GTP, membrane
& can hydrolyze 1t to
GDP -+ P. cytosol
1 P GTP
GTP GDP ATP cAMP + PP;

* o & vy subunits have covalently attached lipid anchors that bind
G-protein to the plasma membrane cytosolic surface.

* Adenylate Cyclase (AC) 1s a transmembrane protein, with
cytosolic domains forming the catalytic site.




Adenylate Cyclase

Adenylate Cyclase (Adenylyl Cyclas cAMP  NH,
ATP - cAMP + PP,

NZ N
Binding of certain hormones (e.g., \\ ‘ \>
the outer surface of a cell activates \N N

Cyclase to form cAMP within the ce
H, O
Cyclic AMP is thus considered to be ;C bt N 1
messenger. o\ W Fa A
S




G Protein Signal Cascade

4. Adenylate Cyclase, anfgf”e
activated by the stimulatory

G,-GTP, catalyzes synthesis
of cAMP.

5. Protein Kinase A (cCAMP
Dependent Protein Kinase)
catalyzes transfer of GTP GDP
phosphate from ATP to

serine or threonine residues

of various cellular proteins,

altering their activity.

outside
plasma
membrane
y cytosol
P GTP

ATP cAMP + PP;



Protein Kinase O

Protein—OH + ATP mmm) Protein IT’ O + ADP
\_/\ o_
H>O

Protein Phosphatase

Protein kinases and phosphatases are themselves regulated by complex signal
cascades. For example:

¢+ Some protein kinases are activated by Ca**-calmodulin.

* Protein Kinase A is activated by cyclic-AMP (cAMP).

Protein Kinase A (CAMP-Dependent Protein Kinase) transfers P; from ATP to OH of a
Ser or Thrin a particular 5-amino acid sequence.

Protein Kinase A in the resting state is a complex of:

2 catalytic subunits (C)
2 regulatory subunits (R).

R,C, : When each (R) binds 2 cAMP, a conformational change causes (R) to release
(C).

The catalyticsubunits can then catalyze phosphorylation of Ser or Thr on target
proteins.

PKis, Protein Kinase Inhibitors, modulate activity of the catalyticsubunits (C).




Turn off of the signal:

1. G, hydrolyzes GTP to GDP + P,. (GTPase).

The presence of GDP on G, causes it to rebind to the inhibitory By
complex.

Adenylate Cyclase is no longer activated.

2. Phosphodiesterases catalyze hydrolysis of
cAMP - AMP.




Phosphodiesterase enzymes
catalyze:

cAMP + H,0 > AMP

The phosphodiesterase that

cleaves cAMP is activated by
phosphorylation catalyzed by
Protein Kinase A.

Thus cAMP stimulates its own
degradation, leading to rapid
turnoff of a cAMP signal.




3. Receptor desensitization varies with the hormone.

In some cases the activated receptor is phosphorylated via a G-protein
Receptor Kinase.

The phosphorylated receptor then may bind to a protein B-arrestin.

-Arrestin promotes removal of the receptor from the membrane by clat
mediated endocytosis.

B-Arrestin may also bind a cytosolic Phosphodiesterase, bringing this enz
close to where cAMP is being produced, contributing to signal turnoff.

4. Protein Phosphatase catalyzes removal by hydrolysis
of phosphates that were attached to proteins via Protei
Kinase A.




+ Differentisoforms of G, have different signal roles. E.g.:

* The stimulatory G,,, when it binds GTP, activates
Adenylate cyclase.

* An inhibitory G, , when it binds GTP, inhibits
Adenylate cyclase.

Different effectors & their receptors induce G;, to
exchange GDP for GTP than those that activate G,

¢ The complex of Gg , that is released when G, binds GTP is itself an effector
binds to and activates or inhibits several other proteins.

E.g., Gg ,inhibits one of several isoforms of Adenylate Cyclase, contributing
rapid signal turnoff in cells that express that enzyme.




Small GTP-binding proteins include (roles indicated):

+ initiation & elongation factors (protein synthesis).

¢ Ras (growth factor signal cascades).

¢ Rab (vesicle targeting and fusion).

¢ ARF (forming vesicle coatomer coats).

¢ Ran (transport of proteins into & out of the nucleus).

* Rho (regulation of actin cytoskeleton)

All GTP-binding proteins differ in conformation
depending on whether GDP or GTP is present at their
nucleotide binding site.

Generally, GTP binding induces the active state.




Most GTP-binding
protems depend on
helper proteins:

GAPs,

GTPase Activating
Protems, promote GTP
hydrolysis.

protein-GTP (active)

GDP
GEF GAP
GTP P

protein-GDP (inactive)




protein-GTP (active)

GDP
GEF GAP
GTP P

protein-GDP (inactive)

* G, of a heterotrimeric G protein has innate capabili
for GTP hydrolysis.

It has the essential arginine residue normally
provided by a GAP for small GTP-binding proteins.




protein.

protein-GTP (active)
GDP
GEF GAP
GEFs, Guanine Nucleotide GTP
Exchange Factors, promote
GDP/GTP exchange. protein-GDP (inacti
¢ An activated receptor (GPCR) normally serves as GEF for a heterotrimeri



Stimulatory [ Epinephrine Inhibitory | PGE,
hormone Glucagon hormone ) Adenosine

Adenylyl
cyclase

(4
auiitie® *

Receptor for P % ’ Receptor for
stimulatory « " y N ” , inhibitory
hormone  Stimulatory CAMP Inhibitory ~ hormone

G protein G protein

complex complex

Fiaure 15-21
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Signaling Overview

Three major classes of surface receptors for signaling, cont.:

C. Enzyme-linked receptors:
1. Tyrosine kinase-linked receptors (TKRS).
A. Overview of TKRs:

1. Cell surface receptors that are directly linked to intracellular enzymes (kinases).

2. Includes receptors for most growth factors (NGF, EGF. PDGF),

insulin, and Src.

3. Common structure: N terminal extracellular ligand-binding domain, single TM domain, cytosolic C-

terminal domain with tyrosine kinase activity.
4. Can be single polypeptide or dimer.

immunoglobulin-
- like domain
cysteine- |
rich
domain-

i SSS SS 8

Examplesoftyrosinekinase-linkedreceptors (TKRs):

fibronectin-type IlI-
like domain

_plasma

tyrosine : kinase

kinase “insert

domain region
Le—

Figure 15-49. Molecular Biology of the Cell, 4th Edition.

CYTOSOL Mmembrane

EGF insulin  NGF FGF Eph
receptor receptor, receptor receptor receptor
IGF-1 PDGF
receptor receptor, VEGF
M-CSF receptor
receptor

63



Signaling Overview

3. Three major classes of surface receptors for signaling, cont.:

C. Enzyme-linked receptors, cont.:
1. Tyrosine kinase-linked receptors (TKRS)
B. Mechanism of activation of TKRs:

I. ligand binding induces receptor dimerization (receptor crosslinking).

ii. dimerization leads to autophosphorylation of the receptor (cross-phosphorylation).
lii. phosphorylation increases kinase activity & also creates specific new binding sites.
Ilv. proteins that bind to these new binding sites transmit intracellular signals.

signal molecule

EXTRACELLULAR
SPACE

CYTOSOL

intracellular signaling
proteins bound to
phosphorylated
tyrosines

activated receptor
tyrosine kinase

Figure 15-52. Molecular Biology of the Cell, 4th Edition.
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PDGF
plasma membrane receptor_QQ
CYTOSOL
Pl 3-kinase split
il H B (regulatory subunit) <~ 751 tyrosine
— kinase
GTPase-activating — ;
L N protein (GAP) dordin
phospholipase C-y - @
(PLC-y) ®)
SH2 domains SH3 domain
(A)

Figure 15-53 part 1 of 2. Molecular Biology of the Cell, 4th Edition.




Tyrosine Kinase

» Insulin receptor consists of 2 units that dimerize
when they bind with insulin.

Insulin binds to ligand—binding site on plasma membrane,
activating enzymatic site in the cytoplasm.

- Autophosphorylation occurs, increasing tyrosine
Kinase activity.

- Activates signaling molecules.

Stimulate glycogen, fat and protein synthesis.
Stimulate insertion of GLUT-4 carrier proteins.
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Tyrosine Kinase

Copyright & The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Olnsulm Extracellular fluid

HH HHH HH HHH H T HHH
HH HHH HH HHH H HHH I L1
ADP, §

i
SRt

/
Cytoplasm ATE ATP
Binding to Dimerization Phosphorylation Phosphorylation of
receptor of recep+tor signal molecules
pioteins Tyrosine Cascade of effects




Insulin

Insulin
receptor
S-S
Glucose
] B | Cellmembrane | B |
A
,I
’
[}
[
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] . :
! : Insulin receptor substrates (IRS) :
: : Phosphorylation of enzymes |
- S e e N S e A e e S e S S e 3]
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\ Glucose Fat Growth
% transport synthesis and gene
N expression
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signals
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3. Three major classes of surface receptors
for signaling, cont.:

C. Enzyme-linked receptors, cont.:
: : Phosphorylation of ITAMs on B-cell
2. TKs non-covalently associated with receptor tails by Src-family kinases
receptor (includes cytokine receptors, T & B
cell receptors) = NRTKs antigen

Cytokine receptors,as well as T and B cell
receptors, stimulatetyrosinekinases thatarenon-

covalently associated with receptor.

A. Overview
1. N-term. extracell.ligand-bindingdomain,transmemb
o helix,C-term.cytosolic domain

2. Cytosolicdomainhas no catalytic (kinase)activity

3. Acts in conjuction with anon-receptortyrosine kinase
thatis activated as a resultofligand binding. Blk, Fyn or Lyn

4. Activationis similar to that of RTKs: ligand binding
causescross phosphorylation ofassociated
tyrosinekinases thatphosphorylate thereceptor,
providing phosphotyrosine binding sites for
recruitmentof proteins with SH2 domains.

Fig 6.9 © 2001 Garland Science

From Janeway, Immunobiology, 5th editon 69




Signaling Overview
3. Three major classes of surface receptorsfor signaling, cont..:
C. Enzyme-linked receptors, cont.:

B. Two kinds of kinases associate with NRTKsS:

1. Src family protein kinases - important for B
and T cell signaling

2. Janus kinases (JAK) - universally required
for signaling from cytokine receptors.

C. Receptors can be linked to or associated
with other enzymes, besides TKs, i.e.

Protein-tyrosine phosphatases (remove
phosphates, thereby terminate signals initiated
by protein-tyrosine kinases).

Serine/ threonine kinases, i.e. TGF-B
Guanylyl cyclases

Cytokine binding
dimerizes the
Cytokine receptors receptor, bringing
consist of at least together the
two chains, the cytoplasmic JAKs,
cytoplasmic kinases || which activate each
(JAKs) other and
phosphorylate the
receptor
4 v _»
- v
JAK
JAK

STAT ’

STAT

Pabio 552, J. R. Lingappa 4/27/06

Fig 6.22 © 2001 Garland Science

From Janeway, Immunobiology, 5th edition
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Enzyme-linked / Leptin
Receptor (the | a 3
Leptin receptor) _ fepinreceptor P
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Enzyme-linked receptor
(the leptin receptor)

The receptor exists as a homodimer (two identical parts)
Leptin binds to the extracellular part of the receptor

This causes activation of the intracellular associated janus
Kinas 2

This causes phosphorylation of signal transducer and activator
of transcription (STAT) proteins

This then activates the transcription of target genes and
synthesis of proteins

JAK 2 phosphorylation also activates several other enzyme
systems that mediate some of the more rapid effects of leptin
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Slgnhaling Overview

4. Second Messengers: for Hormones that
can’t cross PM

A. cAMP:

i. Production:

ATP convertedto cAMP by adenylatecyclase (alarge
multipass TM protein)

Degraded by cAMP phosphodiesterase
ii. Action:
a. CAMP-dependent protein kinase (proteinkinase A
(PKA)).
PKA s atetramer of catalytic and regulatory subunits

cAMP binding leadsto dissociation ofregulatory
subunitsand release of catalytic subunits whichthen
phosphorylatetarget proteinsin cytoplasm:

cyclic AMP
L T )
_ y,
\5

inactive
PKA

. . complex of

;e%ulagtcarv matlgal\;ga cyclic AMP and ,/“\\\
ubuni ca ic
b regulatory subunits active catalytic
subunits

Figure 15-32. Molecular Biology of the Cell, 4th Edition.

cAMP production:

NH»
4o £ ]\/\)
‘OII’OTOTOLHz()
vV VW
OH OH
adenylyl .
cyclase N2
N
{ ]
N
/CHZO
/P—O OH
o
H2O
cyclic AMP NH
phosphodiesterase N 2
|
{ |
(@)
Il N
f0=P=0CH>0O
o 5- AMP
OH OH

Figure 15-31. Molecular Biology of the Cell, 4th Edition.




Slgnhaling Overview

4. Second Messengers, cont.:

A. cAMP, cont.
ii. Action:
b. PKA entersthenucleusand phosphorylates CREB (CRE binding protein),which binds to

the cAMPresponseelement (CRE), a regulatory DNA sequence associated with specific
genes. Thisresults in activation of transcription of those genes.

iv. Rapid turn on and rapid turn off of cCAMP and activation by cAMP :
Question: whatturns off proteins activated by protein kinases?

v. Amplification of signal at each step of signaling pathway -characteristic featureof signal
transduction.

CYTOSOL

—|C

NUCLEUS nuclear pore actlvated PKA

' nactive CREB
CREB-binding (P i v
protein (CBP) D activated target gene
B B > S m
D

| TRANSCRIPTION

activated, phosphorylated CREB

CREB-binding

element | TRANSLATION

new protein

Figure 15-33 part 2 of 2. Molecular Biology of the Cell, 4th Edition.




Slgnhaling Overview

4. Second Messengers, cont.:
A. cAMP, cont.:
vi. Regulation of adenylate cyclase:
Receptorsthat causeincreasein cAMPdo so
by activating G, a stimulatory protein
that activates adenylylcylase.

Adenylylcyclaseisturnedoff by G;, an
inhibitory protein.

vii. Pathogensalter cAMP production:

Choleratoxin active subunit catalyzes
transferof ADP ribose from intracellular
NAD to the a subunitof G, causingit to
be continuously active, stimulating
adenylyl cyclaseindefinitely. This
causesionchannels thatexport
chlorideto produce aneteffux of Cl-
and water,leading to severediarrhea

characteristic of cholera.

B. cGMP:
1. produced from GTPby guanylylcyclase;

2. activates cGMP-dependentkinases or
other targets

3. example: G-prot.Coupledrhodopsin
photoreceptorin rod cells of retina

Summary of how cAMP activates transcription:

activated
adenylyl cyclase

signal molecule

receptor

cyclic AMP Z/

activated
o subunit of o“
G protein %’ , . .
inactive PKA actlvated
CYTOSOL

:IC

NUCLEUS

nuclear pore actlvated PKA

activated, phosphorylated CREB

75) tive CREB
CREB-binding (P inactive
protein (CBP) ‘ activated target gene
- : _
=
CREB binding | TRANSCRIPTION
element

; TRANSLATION 7
new protein

Figure 15-33 part 2 of 2. Molecular Biology of the Cell, 4th Edition.




Adenylate Cyclase-cAMP

Copyright & The MaGraw-Hill Companies, Inc. Permissi quired for

Phosphorylates
enzymes within the
cell to produce
hormone’s effects.

Modulates activity of
enzymes present in \ Wolel
the cell. G-protéins

Alters metabolism of
the cell.

CAMP inactivated by
phosphodiesterase.

Hydrolyzes cAMP
to inactive Activation of «~

fragments. specific enzymes

Phosphorylatlon of proteins

Inactlvatlon of
specific enzymes



WL LIRS Bl Metabolic Responses to Hormone-Induced Rise in ¢AMP in Various Tissues

Hormone Inducing

Tissue Rise in ¢cAMP Metabolic Response
Adipose Epmephone; ACTH; Increase i hydrdysis of erniglyceride; decrease in ammao
glucagon acid uprake
Liver Epimephrine Increase in conversion of glycogen to glucose; mhibition of
norepinephring; synthesis of glycogen; increase in amino acd uptake; increase
glucagon in gluconcogenesis (synthesis of glucose from amino acids) -
<
Ovaran follicle FSsH; LH Increase in synthesis of estrogen, progesterone k=
S
Adrenal cortex ACTH Increase in synthesis of aldoseerone, cortisol S
Cardiac muscle cells Epmephnne Increase in contraction rate g
]
Thyroid TSH Secretion of thyroxine :%
Bone cells Parathyroid hormone Increase in resorption of calciom from bone
Skeletal muscle Fpmephrine Conversion of glyeogen ro glucose
Intesune Epmephnne Fluid secretion
Kidney Vasopressin Resorption of water

Blood platelees Prostaglandin | Inhibicion of aggregation and secretion




G-Protein-coupled Receptors

One signal
G protein- < molecuglg
coupled Adenylyl
receptor cyclase

]

o
Protein l
kinase A @ ‘i

Phosphorylated—o O O O O O
- l l l l l
@ @
(2] >}
response

Signal molecule binds to
G protein-linked receptor,
which activates the G protein.

e G protein turns on adenylyl
———— o cyclase, an amplifier enzyme.

Adenylyl cyclase converts
ATP to cyclic AMP.

cAMP activates protein
kinase A.

Protein kinase A phosphorylates
other proteins, leading ultimately
to a cellular response.

80

(el
<
B
=
©)
=
(7
o
>~
=
n
O
A=
(o=t
D)




Slgnhaling Overview

4. Second Messengers, cont.:
IP3 and DAG:

1. Overview: Phosphotidylinositol 4,5
bisphosphate (PIP2)triggersa 2-
armed signaling pathway

a. PIP2is aminor PL ininner leaflet of
PM bilayer thatis produced by
phosphorylation of phosphatidyl-
inositolandis involvedin signaling

b. Ligand bindingto certain receptors
stimulates PIP2 hydrolysis by
phospholipase C (PLC)

c. Thisproducesdiacylglycerol (DAG)
andinositol 1,4,5-phosphate (IP3),
both of which are 2nd messengers

d. PIP2 hydrolysisis activated by both
GPRs and TKRs via differentforms
of PLC

e. PLC-Bis stimulated by G proteins
while PLC-yhas SH2 domalnsthat

allow bindingto activated tyrosine
kinases

fatty acid chains of outer
lipid monolayer of plasma membrane

fatty acid chains of ]
inner lipid monolayer
of plasma membrane |

-0 GO C-0C-0
o o o o CYTOSOL
CHz CH-CH? CH2- CH- CHo
O~ ACTIVATES
~ PROTEIN
KINASE C

()—

! p phospholipase OH
-) t ()() () ()ﬁ C-B < diacylglycerol

O= |’ () )-
A o ”o 5.6 RELEASES

2+
Pl 4, 5-bisphosphate ( — £ TSEOM
O ENDOPLASMIC

[PI(4,5)P2]
O=p O~ RETICULUM
O
inositol 1,4,5-trisphosphate (IP3)

Figure 15-35. Molecular Biology of the Cell, 4th Edition.




Phospholipase- 1 -

C 2+
-Ca
A PRODUCTION OF IP3 AND DAG S =0
of 2 haormane | PLC deaves the
toa an;ncc ML
protein—coup C—bma o=

Copyright © 2002, Elsevier Science (USA). All righls reserved.



Slgnaling Overview
4. Second Messengers, cont.:

C. DAG and IP3, cont.:
2. DAG: Remains associated withthe PM

a. Stimulates the Ca*?>-dependent protein kinase C signaling pathway, which activates other
targetsincluding the MAP kinase cascade (see below)

3. IP3: Small polar moleculereleasedinto cytosol
a. Stimulates Ca*?release fromintracellular stores. Question: where arethese?
b. Elevated Ca*? alters activities of target proteinsincluding kinases & phosphatases

signal molecule .
— o) G-protein-linked rllﬁé%?])hosphate L

receptor activated
phospholipase C-p

diacylglycerol

J:///\
®®

.
activated
protein

activated G inositol g !
o subunit 1,4,5-trisphosphate [ 00 _ ,. kinase C
(IP3) G O gCa

open |IP3-gated
Ca?*-release
channel
lumen of
endoplasmic

i Q (@]
reticulum AR .‘. ©00

Figure 15-36. Molecular Biology of the Cell, 4th Edition.




PLC- signaling pathway
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diacylglycerol
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e AR =3
s T‘-‘" e o
()

inosi tein
activated G inositol pro
o subunitq 1,4,5-trisphosphate 00 ., kinase C
(IP3) ©@Ca

—_—

GTP| 5

2N

PKC open IP3-gated
Ca?*-release
Phosphorylates channel
lumen of
many sybstrates, endoplasmic
can activate reticulum 20020 0 00895

Kinase pathway,
gene regulation



Slgnaling Overview
4. Second Messengers, cont.:

D. Ca*? also acts as asecond messenger
Ca*? concentrationkeptlow (107 M), rising locally due to transientsignaling
Effects of intracellular Ca*? are mediated by the Ca*? binding protein calmodulin.

Ca+2/calmodulin bindsto target proteins,including protein kinases (Ca*?calmodulin-dependent
kinases; CaM-kinases),adenylylcyclases,and phosphodiesterases, causing change in
conformation and activation of these proteins.

Sedtain Pi inhibitory domain
rotei

phosphatasef

, Ca?* INDEPENDENT NH
(50-80% ACTIVE)

COOH
INACTIVE

catalytic
domain

calmodulin Ca2+/calmodulin

Cal+

auto-
phosphorylation

"~ FULLY ACTIVATED

~ ACTIVE

Figure 15-41. Molecular Biology of the Cell, 4th Edition.




Epinephrine Can Act Through Two 214
Messenger Systems

Copyright ® The MaGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Cas*- Calmodulin (continued)

Copyright & The MaGraw-Hill Companies, Inc. Permission required for reproduction or display.

» Ca?* diffuses into the
cytoplasm.
» Ca?* binds to
calmodulin.

+ Calmodulin activates
specific protein Kinase \
enzymes.

« Alters the
metabolism of the
cell, producing the
hormone’s eftects.

\G-protems
Ca2+ ca2+

Endoplasmic

cytoplasm _‘ ?~~
b reticulum



Ca’*- Calmodulin (continued)
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sity

Univer:

Calmodulin Ca?*/Calmodulin Caz"/CalmoduIin-dependent
protein kinase

Copyright © 2002, Elsevier Science (USA). All rights reserved.




Guanylate cyclase (GC) receptor

Membrane receptor —ANP
Soluble receptor — NO, CO




NO signaling

Lumen of Acetylcholine
hlood vessel l

Acetylcholine ni | Phospholipase n

GPCR
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ells
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Slgnhaling Overview

4. Second Messengers, cont.:
B PIP3:
PIP2 phosphorylated by PI 3-kinase, resulting in PIP3, which is also a 2nd messenger.
Pl 3-kinase can be activated by GPRs or TKRs.
One target of PIP3 is a protein-serine/threonine kinase called Akt, or protein kinase B,
which becomes activated by a kinase called PDKI.

PIP3 binds to Akt at the pleckstrin homology domain.
Activation of Akt leads to regulation of target molecules, including BAD, which is pro-apoptotic and
becomes inactivated by phosphorylation.
survival signal

3 i
.

- d_? B CYTOSOL  —
Ol ;:uPI(3,4,5)P3( PH ( Y -
domains D o \

activated Y
Pl 3-kinase phosphorylation “@~ ...l ciation
: and activation "
activated receptor of PKB by PDK1
tyrosine kinase PDK1

PKB

inactivated BAD

active PKB 14-3-3
BAD o G ﬂ protein
\‘ o
PHOSPHORYLATION™ ~ | INHIBITION OF

inactive death- OF BAD 2 APOPTOSIS

inhibitory protein active death-
inhibitory protein

Figure 15-60. Molecular Biology of the Cell, 4th Edition.




Slgnhaling Overview

5. Signaling Cascades, cont.:
5 downstream kinases activated by different signaling cascades

signal molecule

NN G-protein- receptor

linked receptor L7\ 4 T tyrosine
/\ | | > kinase

G protein G protein —phospholipase C  Grb2 Pl 3-kinase

|
| _ Ras-GEF |
adenylyl cyclase  'P3 diacylglycerol . z}s PI(3,4,5)P3
y Cal MAP-kinase-kif'lase-kinase i
cyclic AMP } N PDK1
calmodulin MAP-kinase-kinase
A J
PKA CaM-kinase PKC MAP-kinase PKB

N/

gene regulatory proteins  many target proteins

Figure 15-61. Molecular Biology of the Cell, 4th Edition.




Hormones That Bind to Nuclear Recepto
Proteins

Copyright ® The MoGraw-Hill Co mpnmol Parmu roqum:dfo roptodubo d-phy

» Lipophilic steroid and
thyroid hormones are
attached to plasma
carrier proteins.

Hormones dissociate from
carrier proteinsto pass
through lipid component of
the target plasma membrane.
* Receptors for the
Ipophilic hormones are
Known as nuclear

normone receptors.

rotein Protein
5 synthesis

Steroid
hormone
response

Blood Target cell



Nuclear Hormone Receptors

- Steroid receptors are located in cytoplasm and in the
nucleus.

» Function within cell to activate genetic transcription.

Messenger RNA directs synthesis of specific enzyme proteinsthat
change metabolism.

» Each nuclear hormone receptor has 2 regions:
A ligand (hormone)-binding domain.
DNA-binding domain.

* Receptor must be activated by binding to hormone
before binding to specific region of DNA called HRE
(hormone responsive element).

Located adjacent to gene that will be transcribed.
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Mechanisms of Steroid Hormone Action

Copyright @ The MoGraw-Hill Comp

» Cytoplasmic receptor Steroid
binds to steroid hormone.  hormone
Ligand- blndm Receptor protein
» Translocates to nucleus. domain for steroid hormone
.. i DNA-binding Half-sites
* DNA-binding domain domain }-
binds to specific HRE of
Hormone Target gene
the DNA. response g
_ o element
* Dimerization occurs. Dimerization of receptor
Process of 2 receptor Steroid—e »—Steroid
units coming together at nonmone nAmans

the 2 half-sites. DNA

- Stimulates transcription of
particular genes.

Genetic transcription
“~mRNA



Mechanism of Thyroid Hormone Action

+ T, passes into cytoplasm and is
converted to Ts.

* Receptor proteins located in
nucleus.

T3 binds to ligand-binding
domain.
Other half-site is vitamin A
derivative (9-cis-retinoic)
acid.
DNA-binding domain
can then bind to the half-
site of the HRE.

Two partners can bind to the
DNA to activate HRE.

Stimulate transcription
of genes.

duction or display.

RXR iwrigh!b?h.“ Hill Companies, Inc, Permission requi ‘for_,
receptor TR
(for 9-cis- ——receptor
retinoic ) - (for
acid) L_ | _|triiodothyronine)
Dimerization
9-cis-
Retlr_lglc—. B Triiodothyronine
aci
| | I}
Hormone- Géngtic
response transcription
element -~ mRNA




Lipophilic hormone
V Lipop Extracellular fluid

Diffusion

o Nucleus Target cell

Y _/'\
\ 4 Vv Proteins
( Nuclear PN \ J
CQ receptor
N—r

\4
@ — @ * Ribosome

Cytoplasmic ~ \e—>

receptor Hormone\
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ol

Ts Cell melmbrane

lodinase —j
17 n Cytoplasm

7 Thyroid Nuclear
Retinoid X —
feceptof hormone membrane
receptor

Gene

H_J

Thyroid

hormone
response

Nucleus
Gene
transcription
mRNA

Synthesis of

new proteins
|
| | | | |
Many other CNS - s
systems Growth development Cardiovascular Metabolism

tCardiac output TMitochondria
TTissue blood flow TNa*-K*-ATPase

THeart rate 10, consumption
THeart strength T Glucose absorption
TRespiration T Gluconeogenesis
T Glycogenolysis
TLipolysis

TProtein synthesis
TBMR

98

g
<
2
o
=
(7
o
>~
=
n
O
A=
a
D)




Carrier-bound
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N
(@)

Hormone
degradation

S
Hormone E
receptor %
—
Biological
effects




Correlation of Plasma Half-Life & Metabolic Clearance of Hormones with Degree of Protein
Binding

Protein Plasma half-life Metabolic clearancg

Hormone
binding (%) (ml/minute)

Thyroid
Thyroxine 99.97 6 days 0.7
Triiodothyronine 99.7 1 day 18 S
Steroids =
Cortisol 94 100 min 140 =
Testosterone 89 85 min 860 =
Aldosterone 15 25 min 1100 S
>
Proteins %
Thyrf)tropin little 50 min 50 E
Insulin little 8 min 800 —

Antidiuretic hormone |jttle 8 min 600




Circulating Transport Proteins

Principle Hormone

Transport Protein

Transported
Specific =
Corticosteroid binding globulin Cortisol, aldosterone -
(CBG, transcortin) E
Thyroxine binding globulin (TBG) Thyroxine, triiodothyronine ;
Sex hormone-binding globulin Testosterone, estrogen s
(SHBG) 2
Nonspecific
Albumin Most steroids, thyroxine,
triiodothyronine

Transthyretin (prealbumin) Thyroxine, some steroids



: o 5 Extracellular side
Aminergic interneuron GnRH hormone

Gonadotrope GnRH receptor

Signal cell membrane
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Fenestration IP receptor Phosptioiiated Exocytosis o
o  protein performs o
Gonadotrope specific function ©
o o i © o
Secondary plexus le] FSH
e Anterior o S
pituitary Endoplasmic

reticulum Ca®* storage

Regulation of secretion of LH and FSH by protein Kinase C.

Textbook of Biochemistry With Clinical Correlations, Sixth Edition. Edited by Thomas M. Devlin. Copyright © 2006 John Wiley & Sons, Inc.



Signaling molecule
(hormones) A

l

Receptor of target cell

l

Intracellular molecule
(second messengers)

biological effect




Third messengers are the molecules which transmit message
from outside to inside of nucleous or from inside to outside of
nucleous, also called DNA binding protein.
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r Proteins and peptides:

Effect by Hormones, cytokines
~membrane < Amino acid derivatives:
receptors Catecholamines
Extracellular \ Fatty acid derivatives:
molecules 4 Prostaglandins
_ Effect by .
Signal < Cintracellular Stermd_hormones,
Thyroxine, VD
molecules receptors 3
Intracellular cAMP, cGMP, IP,, DG, Ca2*

molecules




	Slide 1: Signal Transduction
	Slide 2
	Slide 3: Objectives:
	Slide 4: Signaling Overview
	Slide 5: Signaling Overview 1.  Introduction
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10: Responses can be fast or slow
	Slide 11
	Slide 12: Signaling Overview 1.  Introduction
	Slide 13: Local vs. Circulating hormones
	Slide 14: Chemical classes of hormones
	Slide 15: Chemical classes of hormones
	Slide 16: Chemical Classification of Hormones
	Slide 17: Prohormones and Prehormones
	Slide 18: Synthesis and secretion of peptide hormones
	Slide 19: Chemical classification of hormones
	Slide 20: Peptide & Protein Hormones
	Slide 21
	Slide 22
	Slide 23
	Slide 24: Hormone Activity
	Slide 25: Effects of [Hormone] on Tissue Response
	Slide 26: Effects of hormone concentration on Tissue Response
	Slide 27
	Slide 28
	Slide 29: Mechanisms of Hormone Action
	Slide 30: Mechanisms of Hormone Action
	Slide 31: Receptor 
	Slide 32: Receptors
	Slide 33
	Slide 34:    
	Slide 35: 1. membrane receptors
	Slide 36
	Slide 37:  
	Slide 38:  
	Slide 39: Signaling Overview
	Slide 40
	Slide 41: Signaling Overview
	Slide 42
	Slide 43
	Slide 44: G Protein Signal Cascade 
	Slide 45: G Protein Signal Cascade
	Slide 46
	Slide 47: G Protein Signal Cascade
	Slide 48:   
	Slide 49: Summary of Hormones signaling pathways
	Slide 50: G Protein Signal Cascade
	Slide 51: Adenylate Cyclase
	Slide 52: G Protein Signal Cascade
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63: Signaling Overview
	Slide 64: Signaling Overview
	Slide 65: Tyrosine Kinase
	Slide 66: Tyrosine Kinase 
	Slide 67
	Slide 68
	Slide 69: Signaling Overview
	Slide 70: Signaling Overview 3.  Three major classes of  surface receptors for signaling, cont.:
	Slide 71
	Slide 72: Enzyme-linked receptor  (the leptin receptor)
	Slide 73
	Slide 74
	Slide 75: Signaling Overview 
	Slide 76: Signaling Overview 
	Slide 77: Signaling Overview 
	Slide 78: Adenylate Cyclase-cAMP
	Slide 79
	Slide 80: G-Protein-coupled Receptors
	Slide 81: Signaling Overview 
	Slide 82
	Slide 83: Signaling Overview 
	Slide 84
	Slide 85: Signaling Overview 
	Slide 86: Epinephrine Can Act Through Two 2nd Messenger Systems
	Slide 87: Ca2+- Calmodulin  (continued)
	Slide 88
	Slide 89: Guanylate cyclase (GC) receptor
	Slide 90: NO signaling
	Slide 91: Signaling Overview 
	Slide 92: Signaling Overview 
	Slide 93: Hormones That Bind to Nuclear Receptor Proteins
	Slide 94: Nuclear Hormone Receptors
	Slide 95: Mechanisms of Steroid Hormone Action
	Slide 96: Mechanism of Thyroid Hormone Action
	Slide 97
	Slide 98
	Slide 99
	Slide 100: Correlation of Plasma Half-Life & Metabolic Clearance of Hormones with Degree of Protein Binding
	Slide 101:       Circulating Transport Proteins 
	Slide 102
	Slide 103
	Slide 104: Third messengers:
	Slide 105

