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Final Exam Time & Location

Available final exam dates

- Dec. 9, 11 (morning)
- Dec. 14, 15, 16
- Dec. 10 may be possible

Location

- Mellon Institute 411 (in the former Lane Center)
- Other locations possible



Final Exam Presentation Format (I)

« Each presentation should include three sections

- Background
- Data presentation
- Critical review

e Time allocation

- Background section: approximately 15 minutes
- Data presentation: ~45-60 minutes
- Critical review section: approximately 10 minutes



Final Exam Presentation Format (l)

* QOrganization
- For each group, approximately one student — one section

- Background section should be brief;
Give details but be selective

- Data presentation should include a slide summarizing main
messages
All figures in the main text must be covered

- Critical review can accompany data presentation

- Review section may include
Whether the data and methods are sound
Whether the logic development is sound
Limitations, white space
Writing style



Final Exam Presentation Format (l1)

Each presentation will be graded based on

- Accuracy, clarity, logic, & completeness of presentation of all
sections

- Quality of slides (as the final report); Give proper citations

For each group, the presentation PPT file will serve as the final
group report.

Each student should turn in a two-page report following the
standard instructions of reading assignments.



Outline

Overview of cell signaling

Classification of signaling related proteins
Receptors

Signaling protein transducers

Second messengers



* QOverview of cell signaling



Overview of Cell Signaling

Sources of extracellular signal

- Non-cellular environment

- Cellular environment (cell-cell
communication)

- Hundreds of types of signals

Cells signaling
- Stimulus sensing; communication

- Information processing;
decision making

IReceptors
I Signal transducers
VEffector proteins

Signaling pathways regulate
nearly all cellular functions.

EXTRACELLULAR SIGNAL MOLECULE

RECEPTOR PROTEIN

— plasma membrane of
target cell

INTRACELLULAR SIGNALING PROTEINS

H A —

metabolic generegulatory cytoskeletal

EFFECTOR PROTEINS

enzyme protein protein
altered altered gene alt:red cell
metabolism  expression shape or

movement

Alberts MBoC 5e




Membrane & Intracellular Receptors

Receptors bind signaling
molecules (ligands)

Receptors are highly sensitive and

specific.
- Typical signal molecule
concentration <108 M
- More than 1500 human genes
encode receptors

Most receptors are at the cell
surface.

Some receptors are intracellular
(e.g. light, gas receptors).

CELL-SURFACE RECEPTORS

plasma membrane
cell-surface

receptor protein

-

hydrophilic signal
molecule target cell

INTRACELLULAR RECEPTORS

small hydrophobic
—— signal molecule
o0 <
74

carrier protein

target cell

nucleus
intracellular receptor protein

Alberts MBoC 5e
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General Principles of Signaling (1)

Four forms of
intercellular signaling

Paracrine signaling
acts locally over
different types of cells.

Autocrine signaling
acts locally over the
same types of cells
including themselves.

Endocrine signaling

acts over long distance.

(A) CONTACT-DEPENDENT

signaling cell

target cell

@xe

membrane-
bound signal
molecule

(B) PARACRINE
target

signaling
cell
.
cells
Iocal ""
mediator

(C} SYNAPTIC

synapse

neuron

cell neurotransmitter
body

target cell

(D) ENDOCRINE

endocrine cell receptor

target cell
@ hormone

,-f

bloodstream

target cel

Alberts MBoC 5e




General Principles of Signaling (Il)

Many signaling proteins act as

molecular switches s s
. . m protein Protem GTP GTP ?
« Two ways to activate/deactivate pnaes. - phosphatas m binding  hydrolysis
signaling proteins g
P ” SIGNAL \SIGNAL
ouT ouT
« Human genomes encodes ~520
kinases and ~150 phosphatases

(A) SIGNALING BY PHOSPHORYLATION (B)

SIGNALING BY GTP-BINDING
Alberts MBoC 5e
« Two main types of kinases MONOMERIC GTPase
- tyrosine kinase . n
- serine/threonine kinase G0

Two types of GTP-binding proteins
- Trimeric G proteins
- Monomeric GTPases

ACTIVE
MONOMERIC GTPase
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General Principles of Signaling (ll)

Different pathways
have different rates of
response.

Pathways involve
gene expression
regulation are usually
slow.

extracellular signal molecule

intracellular signaling l cell-surface
pathway (@ — receptor protein

P nucleus

ALTERED
FAST PROTEIN RNA SLOW
(< sec to mins) FUNCTION {(mins to hrs)

\ ALTERED PROTEIN SYNTHESIS

\ /

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR

Alberts MBoC 5e
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General Principles of Signaling (IV)

extracellular signal molecule
receptor protein

Cascade Of Signaling events plasma\membrane

IReceptors
!Signal transducers
VEffector proteins

TS CYTOSOL PRIMARY

TRANSDUCTION
(= RA CTIO

_"‘_ RELAY
T TRANSDUCE AND

SCAFFOLD

Relay, |ntegrat|0n, and d|Str|bUt|0n eo e oio oo e AMPLIFY
of signals require transducers. \”/
\6/ INTEGRATE

. | 7 | \:\ﬁjs—»—» SPREAD
Signaling pathways regulate nearly I

: l
all cellular functions. ‘ MODULATE
nuclear envelope ffff
/ \ NUCLEUS
activated effector protein - ’: actwated — EFF:%?:LQJEN
DNA
signal response l
element GENE TRANSCRIPTION Alberts MBoC 5e
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Specific Reponses of Cells to Signaling

A cell in a multicellular organism may be
exposed to hundreds of signals.

Different types of cells respond differently b < (@)
to the same type of signals. - CR—

yp signals ATK @
A major challenge is to understand how Bt‘@mmﬂmw
the cells process such information and & | %
make decisions. & =

@ E B * %’:f"optouc
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Feedback Loops in Signaling Networks

stimulus

~ A ~ B
« Two types of feedback loops j

. positive feedback
- Positive feedback

- Negative feedback stimuius —— (@ —— [l
T |

negative feedback

) POSItIV_e fe_e_d baCk IOO p POSITIVE FEEDBACK NEGATIVE FEEDBACK
- Bistability o gt [ S—

gj I l @, j E kinase

P i,.o
highly active /*- DELAY

e

* Negative feedback loop ori i

. (A) (@ feedback
- Robustness to noise
CONTROL: CONTROL:
I NO FEEDBACK ’ ‘ NO FEEDBACK , ‘
. 7 1 ' | |
§ Tee SIGNAL I e SIGNAL
3
. £ | NEGATIVE
£ | FeoBACK 4 Shomtoaay [
2 o
I . . v
-] :g time — S‘G"“L
z

i : ;
t
| M SIGNAL r::g;ma Aok
LONG DELAY

. | I— |
(py time—- SIGNAL



Adaptation of Sensitivity to Signaling

» Cells can adapt to external stimuli through sensitivity adjustment.

receptor signal intracellular
protein  molecule signaling protein

(o)

®
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 Classification of signaling related proteins
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Overview of Cell Signaling

Cascade of signaling events
IReceptors

!Signal transducers
VEffector proteins

Relay, integration, and distribution
of signals require transducers.

Signaling pathways regulate nearly
all cellular functions.

extracellular signal molecule
receptor protein
plasma\membrane

S CYTOSOL
d f‘\\\

p—
frl\\‘

-WN:
y

4o

SCAFFOLD

|||||
Sy / @ AT \:\ /7
= 1 A
——— = = ——
7 =

nuclear envelope ffff

actlvated effector proteln
actwated gene

DNA
signal response l
element GENE TRANSCRIPTION

PRIMARY
TRANSDUCTION

RELAY

TRANSDUCE AND
AMPLIFY

INTEGRATE

SPREAD

ANCHOR

MODULATE

EFFECTOR PROTEIN

ACTIVATION




Transducers in Signaling

« Signaling proteins
Kinases

Phosphatases
GTPases
Adapters

e Second messengers
cAMP, cGMP
Lipids
Calcium
NO (nitrogen monoxide)

A. Agonist binds to receptor

Agonist{%
Inactive receptor

B. Agonist activates the receptor

Bound

ligand =
Active receptor

C. Each receptor ag}ivates gany transducers

& o )
& Inactive transducers

= @ & &
((Amplification
9 09 @ 0Many active transducers
@ @
@ 0

@
D. Each transducer generates cellular responses

(] @
@ ]
_: [{ Active transducers modify
cellular behavior (i.e.,
growth, gene expression,
Negative feedback secretion, motility, @
inactivates receptor . metabolism) @ @
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« Receptors
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Membrane Receptors

Most extracellular signal
molecules bind to specific
membrane receptors.

Three largest classes of
receptors, defining three

transduction mechanisms.

Two common strategies
used to transfer signals

- conformation changes
- clustering

ION-CHANNEL-COUPLED RECEPTORS

IOI’\S

,-sagnal molecule
plasma
membrane

G-PROTEIN-COUPLED RECEPTORS

signal molecule

T ?ﬁT

inactive inactive inactive actwated
receptor G protein enzyme receptor and
G protein

activated
enzyme

activated G protein

ENZYME-COUPLED RECEPTORS

signal molecule v signal molecule

informofa dlmer l
ﬁ OR %

inactive catalytic active catalytic
domain domain

activated
associated
enzyme
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G-Protein Coupled Receptors ()

Signal molecules of GPCR  [<romwcovrie receerons

include
- photons
- molecules of taste and smell

- hormones, neurotransmitters, ... | —r——01 v activated

inactive activated enzyme
enzyme receptor and

inactive inactive

- proteins, small peptides, efc...  |receptor Gprotein

signal molecule

5 activated G protein
G protein

Function

- Nearly all human senses: sight, smell,
taste

- Behavior and mood regulation

- Regulation of immune system and
inflammation

- Nervous system regulation

Half of known drugs work
through GPCR directly or
iIndirectly

EXTRACELLULAR
SPACE

CYTOSOL

plasma
membrane

23




Different Trimeric G-Protein Families

Table 15-3 Four Major Families of Trimeric G Proteins*

1 Gg a activates adenylyl cyclase; activates Ca?* channels

Golf o activates adenylyl cyclase in olfactory sensory neurons
1l G; o inhibits adenylyl cyclase

By activates K* channels
G, By activates K* channels; inactivates Ca** channels
aand By activates phospholipase C-8
G¢ (transducin) o activates cyclic GMP phosphodiesterase in vertebrate rod
photoreceptors

][] G'-'I a activates phospholipase C-
v G12/13 o activates Rho family monomeric GTPases (via Rho-GEF) to

regulate the actin cytoskeleton

*Families are determined by amino acid sequence relatedness of the o subunits. Only selected examples are included. About 20 o
subunits and at least 6 B subunits and 11 y subunits have been described in humans.
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Example: Regulation of cAMP by G Proteins

activated adenylyl cyclase

activated a

subunit of

stimulatory G plasma
protein (Gs) membrane

Cyclic AMP is synthesized
from ATP by adenylyl
cyclase.

signal molecule

Cyclic AMP is degraded by
cAMP phosphodiesterases
through hydrolysis.

?
cyclic AMP -

$es &
‘@

y 4 . -
.
3
f{"\;

el

CYTOSOL

NECEEUS nuclear pore

activated, phosphorylated CREB o

inactive PKA = activated
’ 2 eka

== C

J activated PKA

CREB-binding _ﬁ " inactive CREB
protein (CBP)
e

~ activated ta rget gene

cyclic AMP response l

element (CRE) GENE TRANSCRIPTION
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Enzyme Coupled Receptors

Enzyme coupled receptors:
receptor serine/threonine kinases

receptor tyrosine kinase
cytokine receptors
guanylyl cyclase receptors

Latent gene regulatory pathway receptors
Notch receptors
Hedgehog receptors

TNF receptors
Toll-like receptors

26



Protein Kinase & Phosphatase (I)

Kinase
. >
Protein «
P h osphatase
SIGNAL SIGNAL
GDP
P! GTP GTP
£ ase phusph y m binding  hydrolysis
SIGNAL SIGNAL

ouT ouT
(A) SIGNALING BY PHOSPHORYLATION (B) SIGNALING BY GTP-BINDING

Presence/absence of a single phosphate group turns

on/off a signaling protein

27



Protein Kinase & Phosphatase (ll)

Normally part of a signaling cascade
Often serve as signal amplifiers
Human genomes encodes ~520 kinases and ~150 phosphatases

Two main types of kinases
- serine/threonine kinase (>99%)

- tyrosine kinase

Phosphoserine 0 Phosphothreonine 0O Phosphotyrosine -0-P-O- Phosphohistidine
] ]
~0-P-0-

I
HgC-C\—H

W-o-clg
. H

Common Common Rare Very rare
Abundance in eukaryotes

28



Receptor Serine/Threonine Kinases

Binds to about 40 human proteins, e.g. rorp
TGF- and bone morphogenetic
protein.

type-l CYTOSOL
TGFB _ Smad2or
receptor > . Smad3
serine/ Z]
threonine type-l PHOSPHORYLATED
kinase TGFB ; TYPE-I RECEPTOR
domain receptor RECRUITS AND
TGF-B acts through receptor Tespomoms causes v Fr
serine/threonine kinase and Smads. —— ) smaca
PHOSPHORYLATED
SMAD2 OR SMAD3
THE RECEPTOR AND
OLIGOMERIZES WITH
TGF-B e 51 o
. . . 5 RECRUITS OTHER GENE REGULATORY P
- Embryonic development signaling. | ESCIE KT
TARGET GENES
- Inhibits proliferation of most adult cells. ‘ i e
- Stimulate extracellular matrix production “rpedeme ;
. elementin TARGET GENE TRANSCRIPTION
- Regulate cell death in development. target gone

- Regulate tissue repair and immune
response in adults. Smad: Sma in C. elegans & Mad in Drosophila



Receptor Tyrosine Kinase (I)

* Phosphorylate tyrosines on themselves and a small set of
intracellular signaling proteins.

ENZYME-COUPLED RECEPTORS

oo dme TS .
» Receptor tyrosine kinase L 1 ¢ 1 o
- extracellular ligand-binding domain &0 )
- cytoplasmic tyrosine kinase domain domain T Gomain e

enzyme

- single transmembrane helix

EphB2R Eph PDGFR FGFR VEGFR Met TrkA RET Axl EGFR Insulin R
globular
domain

Ig-domains

CAD
[ domains

Kinase domains Kinase inserts C-terminal extensions T Eg@




Receptor Tyrosine Kinase (l)

Table 15-4 Some Signal Proteins That Act Via RTKs

Epidermal growth factor (EGF) EGF receptors

Insulin insulin receptor

Insulin-like growth factors (IGF1 IGF receptor-1
and IGF2)

Nerve growth factor (NGF) Trk A

Platelet-derived growth factors PDGF receptors (o and B)
(PDGF AA, BB, AB)

Macrophage-colony-stimulating MCSF receptor
factor (MCSF)

Fibroblast growth factors (FGF1to FGF receptors (FGFR1-FGFR4,
FGF24) plus multiple isoforms
of each)

Vascular endothelial growth factor VEGF receptors
(VEGF)

Ephrins (A and B types) Eph receptors (A and B types)

stimulates cell survival, growth, proliferation, or
differentiation of various cell types; acts as inductive
signal in development

stimulates carbohydrate utilization and protein synthesis
stimulate cell growth and survival in many cell types

stimulates survival and growth of some neurons

stimulate survival, growth, proliferation, and migration of
various cell types

stimulates monocyte/macrophage proliferation and
differentiation

stimulate proliferation of various cell types; inhibit
differentiation of some precursor cells; act as inductive
signals in development

stimulates angiogenesis

stimulate angiogenesis; guide cell and axon migration

Alberts MBoC 5e
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Cytokine Receptors

Cytokines are polypeptide hormones
or growth factors that act as a local
mediator in cell-cell communication.

NND!NGOF CYTOKINE ACTIVATED JAKs

Immune cells secrete cytokines when — gmesen:, oo mmm““u@
EACH OTHER ON TYROSINES ON THE RECEPTOR, THE JAKs
pathogens are encountered.

STATs DISSOCIATE

, FROM RECEPTOR
AND DIMERIZE VIA

Cytokines recruit immune cells in K e pouA
response to pathogens. ) | (:

STATs TRANSLOCATE TO NUCLEUS,
BIND TO DNA AND OTHER GENE
REGULATORY PROTEINS, AND

U

Cytokine receptors activate the JAK- i e
STAT signaling pathway. e e AP

JAK-STAT pathway provides a fast JAK: Janus kinases
track to the nucleus. STAT: signal transducer and

activators of transcription
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Intracellular Receptor: Guanylyl Cyclase Receptors

smooth muscle cells basal lamina

« Soluble guanylyl cyclase is a

S
mammalian NO/CO sensor. //\
* NO signaling is critical to many & bloodvessel @}
physiological processes | | V//
involving cardiovascular and Z4 4

neuronal systems.

* Related drugs work by blocking
the breakdown of cGMP.

¥
¥
- ‘YC“ RAPID RELAXATION OF @
RAPID DIFFUSION oF SMOOTH MUSCLE CELL
NO ACROSS MEMBRANES

endothelial cell smooth muscle cell
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Notch Receptors (I)

Latent gene regulatory proteins are activated
by protein degradation.

Protein ligand: Delta (fly), LAG-2 (worm);
Receptors: Notch, Lin-12 (worm)

Most widely used in
- cell fate regulation (development)
- pattern formation (development)
- tissue renewal (post-development)

Main function: lateral inhibition

- Amplify and consolidate molecular
differences between adjacent cells during
embryonic development

SN .

wild-type

oo Bl i
I0Ss N 5i1G.

Lai, Development, 131:965, 2004

unspecified developing from  inhibited
epithelial cells epithelial cell epithelial cell
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Notch Receptors (ll)

Binding of Delta triggers 1 crrosor
cleavage of Notch. osl |

36 EGF-like
domains

9 EGF-like
domains

Released Notch tail migrates
into the nucleus to convert )
Rbpsuh protein from a evrosor

Golgi
membrane

transcriptional repressor into eonmcenr  maansronr gy SNBNGTODELTA, j.,

ENDOCYTOSIS OF DELTA- CLEAVAGE AT

a transcriptional activator. Wools  memsRane  "Anscieaaetaones ST rowpaes

Activation of Notch is faz::n%
irreversible.

The simplest known pathway

from cell surface to nucleus.
Lai, Development, 131:965, 2004

A o il et

Default repression Notch™=.mediated
by CSL target activation



Hedgehog Receptors

Protein ligand: Hh; Receptors: Ptc & Smo

Hh binds and inactivate Ptc, which activates
Smo and gene transcription.

Main functions
- Regulates cellular differentiation in
embryonic development

- Maintaining stem cells in postembryonic
tissues (tissue renewal)

target gene
transcription

Mutation of Hh causes developmental Lum & Beachy, Science, 304:1755, 2004
defects.

Mutation of Ptc and Smo causes skin
cancer.
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Toll-like Receptors (TLRs)

Mammals have TLRs
that recognize specific
foreign molecules.

Main function
- To sense and
respond to infection

At the core of our
Inherited resistance to
disease

UCM, other ————3 Adaptive immunity
IFNAR ——> Antiviral immunity
A
w
IFN-§

IRF3 > @

Imd pathway

AT

“TRIF) (TRIF 2 FADD  poppp~~ ™ Apoptosis
D T @ > @ j i
> RIP_ dFADD
- 7—" e e N )tmrm
anﬁ IHAK4."1 APTAKT KK BB L S IRPR
®. o e — \Tk
LPS

J
\»PGHP LC’? ,.*% N l
TNFR\2 > el TAK’}KK
TRAF2  MEKK3

> o KKy i ﬁ—\

KK$~ ¥ Relish

g

@/‘

IkB:NF«xB
Tube ?
I T A O j )
o
Proteases/ 3
serpins Pyrp-SAY Cytokines Diptericin, etc.
K.. Gnbpl €— Toll pathway

— Apoptosis
LS @
- LTA, LP /% Caspase-8

Beutler, Nature, 430:257, 2004
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Tumor Necrosis Factor (TNF) Receptors

« Binding of TNF with its receptors
triggers mutiple signaling
pathways.

 Function

-Triggering apoptosis of tumor cells
-Mediate inflammatory response
-Regulate immune system function

* |Inappropriate TNF signaling has
been implicated in many human
diseases.

Chen et al, Science, 296:1634, 2002.
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NF-kB Pathway

Activation of Toll-like receptors or TNF receptors triggers
a signaling cascade that releases NFkB.

NFkB proteins regulate transcriptions of hundreds of
genes participate in Iimmune responses.

Excessive or inappropriate inflammation response can
cause tissue damage and severe pain.

Chronic inflammation can lead to cancer.

39



Challenges in Analyzing Signaling Pathways

Hundreds of signaling pathways.
Pathways frequently branch and converge.

Positive and negative feedback loops are
common.

Outcomes of signaling pathways can be
spatial and temporal dependent.

Analysis typically uses graph models.

Human cancer pathways

40
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« Signaling protein transducers
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GTP-Binding Proteins

* Trimeric G-protein & Monomeric small

SIGNAL
GTPase iN

P
« Large family of related proteins ' GDP GTP GTP

m binding  hydrolysis
« Evolved from a common ancestor by
gene duplication and divergence

» Use GTP binding and hydrolysis to
switch between two states of activity

(B) SIGNALING BY GTP-BINDING

43
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Monomeric GTPases

Participate in many cellular activities:

* Membrane traffic Arf, Rab, Sar
* Nuclear transport Ran
» Signal transduction Ras

* Regulation of the cytoskeleton
 Protein synthesis
* Protein translocation into ER




Actin Regulation

. b o> LYY
« GTPase: Molecule switch; 4« ’f, T
. . _)_, O

Family of proteins that are Gﬂa slow FAST
activated by GTP binding

and inactivated by GTP
hydrolysis and phosphate actin staining actinstaining
dissociation.

ACTIVE INACTIVE INACTIVE ACTIVE

e Rho GTPase:

cdc42: its activation triggers
actin polymerization and
bundling at filopodia.

Rho: its activation promotes
actin bundling.

Rac: its activation promotes (€) Rac ACTIVATION (D) Cdcd2 ACTIVATION
polymerization at the cell o

periphery.



Adaptor Domains (l)

Adaptor domains mediate - N c

. . . . SH3 SH2 Kinase

interactions of proteins with each STPLC e -

. SH2 SH2 Phosphatase
Other and Wlth membrane PLCW' I I I IT [ I |
FLC SH2 SH2 SH3 PLC

Ras-GAP —oH2 SH3 sH2 | PH GAP

These domains are compactly folded " ©EH =5 S s

and incorporated into a variety of I TSR S

proteins. ke S shiz 53
IRS1  Cerm—— ]

Cdc42 Actin Arp2/3 100 res

WASP —

EVH1 poly-P

Adaptors facilitate the formation of
protein complexes and make signal
transduction more reliable.

SH1 : tyrosine kinase domain
SH2: Src homology 2, binds phosphotyrosine peptides

SH3: Src homology 3 binds polyproline type Il helices
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Adaptor Domains (ll)

Table 25-4
ADAPTER DOMAINS
 Domain Nar

EH (Eps15 homology)

S/T-N-P-E-@

Clathrin adapter proteins, synaptojanin [

EVHI1 (Ena-VASP homology) 110 D/E-®-P-P-P-P WASp, VASP, Ena

PH (Pleckstrin homolo 100 PIP,, PIP, Kinases, scaffolds, GEFs, GAPs, PLCS, dynamin

PDZ 100 xx-5/T=x-V-COOH Scaffolds for channels and transduction enzymes
XX-D-x-P-COOH

PTB (phosphotyrosine binding) 125 -®-x-N-Px-pY- IRS1, Shc scaffold proteins

SH2 (Src homology 2) 100 -pY-x-x-O- Transduction enzymes and scaffold proteins

SH3 (Src homology 3) 60 () -R/Kxx-P-xx-P- Tyrosine kinases, phosphatases, Grb2, PLCY, spectrin,
(—) X-Pxx-P-x-R/K- myosin [

Ww 38-40 -P-P-x-Y- Peptidyl prolyl isomerase, ubiquitin ligase

14-3-3 250 -R-§-X-pS-x-P- 14-3-3 isoforms
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« Second messengers
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Overview of Second Messengers ()

Types of second messengers

- Cyclic nucleotides: cAMP, cGMP
- Calcium

- Lipids
- Nitric oxide

Small molecules.

Information encoded by local
concentrations.

Advantages

- Range (e.g. broadcasting)
- Response speed (up to ms)

Second messengers are interrelated.

extracellular signal molecule

ALTERED
PROTEIN
FUNCTION

\ ALTERED PROTEIN SYNTHESIS

\ /

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR
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Overview of Second Messengers (ll)

Production (source)

 Localization

Target

Degradation (sink)

50



Cyclic Nucleotide ()

Producer:

cAMP — adenylyl cyclase
cGMP — guanylyl cyclase

Degrader:

cAMP phosphodiesterase
cGMP phospoodiesterase

A. Precursor B. Second messenger C. Inactive product
0\;,0-
7
9o o H‘[’N NH H}/“ NH H}/N NH
o Nf b Nf T2 ca-calmodulin N'I Eette
O o- = = (% Ao =
O pech Nt CH N/ cAMP o o-cH Ny
2 \( 2 \( Phosphodiesterase 2 \/
o H H
H H = H H H
P
H OH o © H ~ OH OH
o i Targets: 3
ATP 3'5 -cycllc AMP cAMF’-protein kinase 5'-AMP
= o= cAMP- gated ion channels
= ePAC GEF
o”F'\O ~ HN HoN HaN
%0 T T N0 G O
(B N N N
O o — C‘;a W% O\};,O* W.&
Oy M N cGMP o N
St N\g gu dGH2 N\'_/' Phosphodiesterase G ha N\g
e e
H H Cytoplasmic Osp_ H H H
OH OH guanylyl cyclase o~ o OH Al OH OH
GTP 3'5-cyclic GMP Ti;g,f:,*;ipmin e 5'-GMP
cGMP- gated ion channels
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cAMP (1)
Diffuse rapidly through cytoplasm as in free solution

May be modulated locally (through upstream G-
proteins)

Concentration in resting cell ~10-8M
Can amplify signal by 100-fold on time scale of ms.

Targets:

- kinase
- cyclic nucleotide-gated ion channels
- Exchange factors for small GTPases (Rap1, Rap2)
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cAMP (11)

 CcAMP regulates PKA

« PKA targets metabolic
enzymes, transcription
factors and ion
channels

A. Resting cell

D. Resting cell

B.1gsec

_ C. 49 sec

ALStimulate with serotonin

S e

LStimulate with serotonin, forskolin, IBMX
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Questions ?
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