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Signal Transduction Is a Universal
Property of Living Cells

« signal transduction = the conversion of information
Into a chemical change

— signal represents information that is detected by
specific receptors

— conversion of the signal to a cellular response
always involves a chemical process
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AP Principle 1 o5

Cells respond to external signals through receptor-
mediated processes that amplify the signal,
integrate it with input from other receptors,
transmit the signal to the appropriate effectors, and
eventually end the response.
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22> Principle 2 o4

There is a high degree of evolutionary
conservation of signaling proteins and
transduction mechanisms across the animal phyla.
At least a billion years of evolution have passed since
the plant and animal branches of the eukaryotes
diverged, which is reflected in the differences in
signhaling mechanisms used in the two kingdoms. We
focus here on the animal kingdom.
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> Principle 3 (o3

In multicellular animals, GPCRs with seven
transmembrane helices are the largest group of
plasma membrane receptors. These G Protein—
Coupled Receptors act through G proteins, which

are turned on when they bind guanosine triphosphate
(GTP). Animals have hundreds of different GPCRs,
each able to respond to a specific signal.
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A2Y Principle 4 o5

Plasma membrane receptors with an intracellular
tyrosine kinase activity act through cascades of
protein kinases to transduce signals about the
metabolic state, including growth factors.
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A Principle 5 o)

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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A Principle 6 o5

lon channels gated by membrane potential or
ligands are central to signaling in all cells,
including bacteria, plants, and animals.
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&P Principle 7 (o2

Some hormone signals act inside the cell, not at
the plasma membrane, forming complexes with
specific receptor proteins that regulate gene
expression.
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m Principle 8(1 of 2)

Cells receive extracellular signals that determine
progress through the cell division cycle, or trigger
cell death—processes regulated by
phosphorylation and dephosphorylation of key
regulatory proteins.
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X Principle 9 o)

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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12.1 General Features of
Signal Transduction
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Signal Transductions Are
Remarkably Specific

specificity = achieved by precise molecular
complementarity between the signal and receptor
molecules

— mediated by weak (noncovalent) forces

Signaling ligand fits

(a) Specificity @ {@

binding site on its

complementary receptor;

other ligands do not fit. L\)
Receptor
Response

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman
and Company
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Signal-Transducing Systems Share
Common Features

« sensitivity = results from the high affinity of signal
receptors for their ligands

— dissociation constant, K, is commonly < 10" M

(b) Sensitivity @

Receptor has high

affinity (low K) for + —a ~ =

signaling ligand (L). L\) W
Receptor Receptor

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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AP Principle 1 ¢

Cells respond to external signals through receptor-
mediated processes that amplify the signal,
integrate it with input from other receptors,
transmit the signal to the appropriate effectors, and
eventually end the response.
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Amplification and Enzyme Cascades

« amplification =
reSUltS When an (c) Amplification Signal
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A Principle 5 o)

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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Interacting Signaling Proteins Are
Modular

modular = has multiple
domains that recognize
specific features

— allows cells to mix
and match a set of
signaling molecules

scaffold proteins =
nonenzymatic proteins
that bring together
enzymes that interact
In cascades

(d) Modularity Signal
Proteins with multivalent
affinities form diverse

signaling complexes from . .

interchangeable parts.

Phosphorylation provides .
reversible points of

interaction. o

(&)
l

Response

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman
and Company
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Desensitization and Integration of
Receptor Systems

desensitized = no
longer responsive to a
signal

— occurs when a
signal is present
continuously

integration = the ability
of the system to

receive multiple signals
and produce a unified
response

(e) Desensitization/Adaptation Signal

Receptor activation triggers ¢

a feedback circuit that shuts @

off the receptor or removes

it from the cell surface. ® Receptor
Response

(f) Integration Signal 1 Signal 2

When two signals have J, J,

opposite effects on a @

metabolic characteristic

such as the concentration Receptor Receptor

of a second messenger X, 1 2

or the membrane potential

V., the regulatory outcome l ,l,

results from the integrated

X V., VIX V
input from both receptors. 3[ Jor #V, ¥IXTor ¥ m

Y

Net A[X]or AV,

|

Response
Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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Signaling Pathways Are Often Divergent
and Provide A Localized Response

« divergent = branched () Divergence Signal

When a receptor is activated v

rather than Iinear by a signal, it activates two @

or more pathways with
different end effects. Receptor

— occurs when a signal is VRN
present continuously pathwayl  Pathway 2

l l

Response 1 Response 2

 response localization =
cells confine signaling Nriwsivonnd i e

destroys an intracellular @

system components to a message i clustered wih
emessgge proaucer, tne P Receptor remover

structure to regulate M el

processes locally i i e LMessage Meboge

Response (local)
Nelson & Cox; LehningerPrinciples of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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A Principle 5 ;o)

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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Cells Respond to Thousands of
Different Biological Signals

Table 12-1 Some Signals to Which Cells

Respond

Antigens Mechanical touch
Cell surface glycoproteins, Microbial, insect pathogens
oligosaccharides

Developmental signals Neurotransmitters
Extracellular matrix Nutrients
components

Growth factors Odorants
Hormones Pheromones
Hypoxia Tastants

Light
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The Basic Protein Components of
Signal Transduction Machinery

Table 12-2 Some Conserved Elements of Animal

Signaling Systems

Plasma membrane receptors with 7 transmembrane (7tm)
helices

G proteins that bind GTP or GDP and interface with membrane
receptors

Membrane enzymes with cyclic nucleotides as substrates or
products

Protein kinases that phosphorylate GPCR receptors

Membrane protein tyrosine kinases

Cyclic nucleotide-dependent protein kinases

Ca?*-binding proteins

Ca?*-dependent protein kinases

Protein kinases that are activated during cell division

Nonenzyinic.profein.scatiolds that bring medles tegether, .




AP Principle 1 o5

Cells respond to external signals through receptor-
mediated processes that amplify the signal,
integrate it with input from other receptors,
transmit the signal to the appropriate effectors, and
eventually end the response.
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The General Process of Signal
Transduction in Animals Is Universal

« general features of signal transduction:

a signal (ligand) interacts with a receptor

the activated receptor interacts with cellular machinery
to produce a second signal or a change in protein
activity

cellular metabolic activity changes

the transduction event ends
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Four General Types of Signal
Transducers

1. G protein-coupled receptor 2a. Receptor enzyme (tyrosine kinase) 3. Gated ion channel
External ligand (L) binding to receptor Ligand binding activates tyrosine Channel opens or closes in
(R) activates an intracellular GTP-binding kinase activity by autophosphorylation. response to concentration of
protein (G), which regulates an enzyme signal ligand or membrane
(Enz) that generates an intracellular % potential.
second messenger (X).

lon
Plasma © S o) ®
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\ —— R r = o — I
T_— Y - - —
~ & Lo = yr— ]
= TN !
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L ] 1
2b. Kinase activates  Kinase ,’
transcription cascade /
factor (T), altering /
gene expression. 1L /,
@© ’
/
/
/
Nuclear /
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envelope\ ,
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/
4. Nuclear receptor /

Hormone binding allows ,/ Protein

: mRNA the receptor to regulate w mRNA
the expression of :
\\Q :\\\\\ DNA specific genes. R\ ;\\\\\\ DNA
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12.2 G Protein-Coupled
Receptors and Secon
Messengers

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di-biochimica di Lehninger © 2022 Zanichelli editore S.p.A.
I documento non pud essere riprodotto con alcun mezzo o messo a disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.



G Protein-Coupled Receptors
(GPCRs)

G protein-coupled

1. G protein-coupled receptor

receptors (GPCRS) — External ligand (L) binding to receptor
(R) activates an intracellular GTP-binding
receptors that act protein (G), which regulates an enzyme
through a member of (Enz) that generates an intracellular
] second messenger (X).

the guanosine
nucleotide-binding Plasma Ml

. . membrane -
protein (G protein) @ . -
family R N S
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2> Principle 3 o3

In multicellular animals, GPCRs with seven
transmembrane helices are the largest group of
plasma membrane receptors. These G Protein—
Coupled Receptors act through G proteins, which

are turned on when they bind guanosine triphosphate
(GTP). Animals have hundreds of different GPCRs,
each able to respond to a specific signal.
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Components of Signal Transduction
Through GPCRs

* three essential components:

— a plasma membrane receptor with seven
transmembrane helical segments

— a G protein that cycles between active (GTP-bound)
and inactive (GDP-bound) forms

— an effector enzyme (or ion channel) in the plasma
membrane that is regulated by the activated G protein
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First and Second Messengers

“first messenger” = extracellular signal that activates a
receptor from the outside of the cell

second messenger = low MW metabolite or inorganic
ion that changes in concentration due to the effector
enzyme

— functions to activate or inhibit downstream targets
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The B-Adrenergic Receptor System Acts
through the Second Messenger cAMP

« adrenergic receptors = protein receptors in the plasma
membrane that bind epinephrine

— four general types: a,, a,, B4, B,

- pB-adrenergic receptors = applies to both 8,and G,
subtypes



Agonists and Antagonists

agonist = molecule
that binds a receptor
and produces the
effects of the natural
ligand

antagonist = analog
that binds the
receptor and blocks
the effects of the
agonist, including the
natural ligand

CHs
Propranolol
(antagonist)

(|)H

HO CH—CH;—NH—CHs

HO Epinephrine
7 i
HOQCH—CHZ—NH—$H
Isoproterenol CH
HO (agonist) 3
OH CH;

| |
O—CHf—CH—CHf—NH—$H

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di-biochimica di Lehninger © 2022 Zanichelli editore S.p.A.

Il documento non pud essere riprodotto con alcun mezzo o

messo a

disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.

Kd (MM) gZ
5
5
>
=

rinciples of Biochemistry, 8e, © 2

0.4
0.0046 ~



2> Principle 3 ;o)

In multicellular animals, GPCRs with seven
transmembrane helices are the largest group of
plasma membrane receptors. These G Protein—
Coupled Receptors act through G proteins, which

are turned on when they bind guanosine triphosphate
(GTP). Animals have hundreds of different GPCRs,
each able to respond to a specific signal.
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The B-Adrenergic Receptor ls
a GPCR

« GPCRs (seven-transmembrane (7tm) or heptahelical
receptors) span the membrane seven times

— interact with heterotrimeric G proteins

* heterotrimeric G proteins = conserved family of
signaling proteins with three subunits: a, 8, and y

— a subunit is the binding site for GDP or GTP
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The B-Adrenergic Pathway

hormone-bound
GPCR acts as a
guanosine
nucleotide—
exchange factor
(GEF)

because the G
protein stimulates its
effector, it is referred
to as a stimulatory
G protein (G,)

(a)
o Epinephrine
binds to its @
specific B-Adrenergic
receptor. receptor
QOO (OO

e Allosteric change
in hormone-
receptor complex
causes the GDP
bound to Gsa to
be replaced by
GTP, activating
Gsa.

©

Activated G,
separates from
ngy, moves to
adenylyl cyclase,
and activates it.
Many G,
subunits may be
activated by one
occupied receptor,

Nelson &Cox, Lehninger Principlésof Biochemistry, 8e, © 2021 W. H. Freeman and Company
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The B-Adrenergic Pathway,

Continued

adenylyl cyclase =
integral protein in the
plasma membrane that
catalyzes the synthesis
of cAMP from ATP
when associated with
active G,
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Outside

Phosphorylation
of cellular
proteins by PKA
causes the
cellular response
to epinephrine.
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The Synthesis and Hydrolysis
of cAMP

cAMP activates PKA

degradation of cAMP reverses the activation of PKA

(b)

NH, NH, NH,
N7 N N)\//LN N/%LN
\> N\ N\
P00 <Nj:N i KN | N> 120 " KN | N>
5

5 I
’O—T—O—P—O—IT—O—CHZ /. O—CH, N

- “O0—P—0—CH,
| adenylyl cyclic | 0
ol ol ol cyclase nucleotide o
phosphodiesterase
3
OH OH
ATP Adenosine 5’-monophosphate (AMP)
Adenosine 3’,5"-cyclic
monophosphate
(cAMP)

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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The GTPase Switch

GSG haS |ntr|nS|C @ G, withGDP @ Contactof G, © G, withGTP

bound is with hormone- bound dissociates

L turned off; receptor into a and By
GTPase aCtIVIty that it cannot complex causes subunits.
activate displacement of G,,-GTP is turned

SWitCh es GSG tO itS adenylyl E?I'L;’nd GDP by on; it can activate

adenylyl cyclase.

cyclase.

inactive form by
converting its bound
GTP to GDP

0 GTP bound to G, is hydrolyzed by the protein’s intrinsic GTPase;
G, thereby turns itself off. The inactive a subunit diffuses in the
plane of the membrane and reassociates with the By subunit.
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Cyclic AMP Activates Protein

Kinase A

cAMP-dependent Lt Ltz o

protein kinase (protein /T

kinase A or PKA) = o

OCOOEOCENOREENOOOE0O0EE

activated by cyclic AMP =

\\\ Inside
— catalyzes the %

ATP

phosphorylation of ~
specific Ser or Thr
residues of target O Adenyly

cyclase

activates of cellular
prOtelnS catalyzes the _’ PKA. —> proteins by PKA

formation
of cAMP.

Nelson & Cox, Lehninger

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di biochimica di Lehninger

© AmP ©® Phosphorylation
causes the
cellular response
cyclic nucleotide to epinephrine.

phosphodiesterase

A
5-AMP @ cAMPis
Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

© 2022 Zanichelli editore S.p.A.

Il documento non pud essere riprodotto con alcun mezzo o messo a disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.



Activation of cAMP-Dependent
Protein Kinase (PKA)

R,C, complex is
catalytically inactive
because the
autoinhibitory domain of
each R subunit occupies
the substrate-binding cleft
of each C subunit

cyclic AMP is an allosteric
activator of PKA

— binding of cAMP yields
two active C subunits

(2) AKAP
Dimerization

Substrate- domain

binding cleft

Inhibitor
Catalytic sequence

subunit

Regulatory

subunit
4 cAMP 4 cAMP
>

Substrate-binding
cleft now available

2 cAMP 2 cAMP

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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X Principle 5o

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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Displacement of an Autoinhibitory Domain
Mediates Allosteric Activation of Many
Protein Kinases

* structure of the ® Substrate-
] . Inhibitor sequence binding cleft
substrate-binding cleft e :
In PKA is the prototype (ATP binding)
of all known protein
Kinases

Catalytic
(C) subunit

Large lobe
(protein
substrate

binding)
Regulatory &
(R) subunit
Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and

Company
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Consensus Sequences

consensus sequences = commonly contain the target for

phosphorylation (Ser or Thr) by protein kinases

Table 6-10 Consensus Recognition Sequences for a Few Protein Kinases

Protein Kkinase

Consensus sequence and phosphorylated residue

Protein kinase A

x-R-[RK]-x-[ST]-B-

Protein kinase G

x-R-[RK]-x-[ST]-X-

Protein kinase C

-[RK](2)-x-[ST]-B-[RK](2)-

Protein kinase B

R-x-x-R-x-[ST]-x-y-

Ca%"/calmodulin kinase I

-B-x-R-x(2)-[ST]-x(3)-B-

Ca%"/calmodulin kinase IT

B-x-[RK]-x(2)-[ST]-x(2)-

Myosin light chain kinase (smooth muscle)

K(2)-R-x(2)-S-x-B(2)-

Phosphorylase b kinase

K-R-K-Q-I-S-V-R-

Extracellular signal-regulated kinase (ERK)

P-x-[ST]-P(2)

Cyclin-dependent protein kinase (cdc2)

-x-[ST]-P-x-[KR]-

Casein kinase [

-[SpTp]-x(2)-[ST]-B

Casein kinase 11

x-[ST]-x(2)-[ED]-x-

S-Adrenergic receptor kinase

-[DE](n)-[ST]-x(3)

Rhodopsin kinase

-x(2)-[ST]-E(n)-vABL-[YLV]-Y-X, ,-[PF]-

Epldemlal grOWtBugg'tg (lserva]jc) T cg;g g;gc}i}g‘\%q\lelson, Cox -1
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Fluorescence Resonance Energy
Transfer (FRET)

« fluorescence resonance
energy transfer (FRET) =

33 0 433 >27 21

measures the nonradiative ..~ am | FRET | nm §°
transfer of energy  f wVE
between fluorescent Y A
probes attached to each 5
protein protein-

protein
—_ used to determlne If e L interaction
two proteins interact engineered hybrid

and where in the cell
they interact
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Measuring [cAMP] with FRET

cAMP-dependent protein kinase (PKA)

when [cCAMP] is low, R
and C subunits of

PKA are associated
and FRET is exhibited

BFP 380 nm

cAMP cAMP & P

when [cAMP] rises, R % o
and C subunits of

. . 380 nm
PKA dissociate and o
FRET ceases 60
380 nm
3 ‘ (active) . C oep
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Measuring PKA Activity with FRET

when PKA is inactive,
the Ser residue is not

phosphorylated, 14-3-3  ..; 4 433

nm

haS no afﬂnlty for the nrgli f PKA consensus ALHL < \
Ser residue, and FRET sequence !
is not observed u Sy
I Ser—+

PKA 4@

when PKA is active in éghj?;;hdm:
the cell, the Ser residue
Is phosphorylated, 14-3-
3 binds the Ser residue,

and FRET is observed

YFP
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AP Principle 1«5

Cells respond to external signals through receptor-
mediated processes that amplify the signal,
integrate it with input from other receptors,
transmit the signal to the appropriate effectors, and
eventually end the response.
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Epinephrine Cascade

the cascade amplifies the
hormonal signal by orders of
magnitude

— accounts for the low
concentration of epinephrine
required for activity

the signal leads to intracellular
changes within fractions of a
second

@ Epinephrine

Epinephrine-
receptor complex

Hepatocyte ‘ ——=s ': 10 molecules
< //': -
7
7
4

ATP

Inactive PKA

Inactive
phosphorylase b
kinase

Inactive glycogen
phosphorylase b

Glycogen

————> Cyclic AMP

adenylyl
cyclase 200 molecules

. Active PKA
/// 100 molecules
\/,/
Active
—> phosphorylase b
e kinase

7

7
i 1,000 molecules
v

@ Active glycogen
_ phosphorylase a

/7
r 10,000 molecules
v

———> Glucose 1-phosphate
‘ 100,000 molecules |

l

Glucose

Blood glucose
’ 100,000 molecules |
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AP Principle 1 o5

Cells respond to external signals through receptor-
mediated processes that amplify the signal,
integrate it with input from other receptors,
transmit the signal to the appropriate effectors, and
eventually end the response.
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Several Mechanisms Cause Termination of
the B-Adrenergic Response

« methods of termination:

— epinephrine concentration drops below the K| for its
receptor

— the GTPase activity of the G protein hydrolyzes the
GTP bound to the G, subunit

— CcAMP is hydrolyzed to 5' AMP by cyclic nucleotide
phosphodiesterase



GTPase Activator Proteins (GAPs)

- GTPase activator STP-GOP exchange
proteins (GAPS) — factors (GEFs)
strongly stimulate
GTPase activity

G protein ' — [ G protein] —
(inactive) —| (active) | =

N
cGMP PDE,
AC, Raf, etc.

Downstream
effector
enzymes

RGS, etc.

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

Modulators of
GTPase activity
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Phosphoprotein Phosphatases

phosphoprotein phosphatase = enzyme that

hydrolyzes phosphorylated Tyr, Ser, or Thr residues,

releasing inorganic phosphate (P))

— reverses the metabolic effects that result from
PKA activity
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The B-Adrenergic Receptor is Desensitized
by Phosphorylation and by Association
with Arrestin

» desensitization decreases the response while the signal
persists

« B-adrenergic receptor kinase (BARK) = phosphorylates
several Ser residues near the receptor’s carboxyl
terminus when epinephrine is bound to the receptor

« B-arrestin (Barr or arrestin 2) = protein that binds to the
receptor following receptor phosphorylation and blocks
receptor sites that interact with the G protein



Desensitization of the B-Adrenergic

Receptor in the Presence of Epinephrine

@ Binding of epinephrine (E) e Gsm recruits BARK to the
to B-adrenergic receptor membrane, where it
triggers dissociation of GS‘B}, phosphorylates Ser
from G, (not shown). residues at the carboxyl © B-Arrestin (Bam) binds
terminus of the receptor.
Plasma to the phosphorylated
membrane carboxyl-terminal

domain of the receptor.

00RRRRPARP000
xﬁﬂmﬂ
AP i)

NS

o Receptor-arrestin complex
enters the cell by
endocytosis.

© Inendocytic vesicle, arrestin
dissociates; receptor is
dephosphorylated and
returned to cell surface.
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Mutual Exclusion of Trimeric G Protein and
Arrestin in Their Interaction with a GPCR

. . (a) [-Adrenergic (b) Rhodopsin
¢ blndlng of recepto\r

arrestin blocks
binding and COO0ORe
further |
activation of the
G protein and
ends the
response to the
initial signal

(b) PDB ID 4ZWJ, Y. Kang et al., Nature 523:561, 2015.

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

Trimeric Y 5 Phosphorylation here
G protein = favors arrestin binding
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G Protein-Coupled Receptor
Kinases (GRKs)

G protein-coupled receptor kinases (GRKs) = protein
family that phosphorylates GPCRs on their carboxyl-
terminal cytoplasmic domains and plays a role similar to
that of BARK in receptor desensitization and
resensitization

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di-biochimica di Lehninger © 2022 Zanichelli editore S.p.A.
Il documento non pud essere riprodotto con alcun -mezzo o messo a disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.



AZ» Principle 2 o4

There is a high degree of evolutionary
conservation of signaling proteins and
transduction mechanisms across the animal phyla.
At least a billion years of evolution have passed since
the plant and animal branches of the eukaryotes
diverged, which is reflected in the differences in
signhaling mechanisms used in the two kingdoms. We
focus here on the animal kingdom.
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Cyclic AMP Acts as a Second Messenger
for Many Regulatory Molecules

_ Table 12-3 Some Signals That Use cAMP as Second
* acts by changing Messenger

intracellular [cAMP] Corticotropin (ACTH)

. . Corticotropin-releasing hormone (CRH)
and thus the activity L
Of P KA Epinephrine (f-adrenergic)

Follicle-stimulating hormone (FSH)

Glucagon

Histamine [H,]

Luteinizing hormone (LH)

Melanocyte-stimulating hormone (MSH)

Odorants (many)

Parathyroid hormone
Prostaglandins E,, E, (PGE,, PGE,)
Serotonin [5-HT,, 5-HT ]

Somatostatin

Tastants (sweet, bitter)
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cAMP Response Element Binding
Protein (CREB)

in some cells, the catalytic subunit of PKA can also move
Into the nucleus, where it phosphorylates cAMP response
element binding protein (CREB)

cAMP response element binding protein (CREB) =
alters the expression of specific genes regulated by cAMP
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Some Hormones Inhibit
Adenylyl Cyclase

inhibitory G protein (G;) = inhibits adenylyl cyclase and
lowers [CAMP]
— activated by the binding of somatostatin to its receptor

— structurally homologous to G,

extracellular signals have different effects on different
tissues or cell types, depending on:

— the type of receptor in the tissue
— the type of G protein (G, or G; ) coupled to the receptor
— the set of PKA target enzymes in the cell

anichelli editore S.p.A.
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Adaptor Proteins Confine Signaling
to a Specific Region of the Cell

« adaptor proteins =
noncatalytic proteins
that hold together other coocooco TN
protein molecules that
function in concert

B-Adrenergic
receptor

Adenylyl
cyclase

nger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

« AKAPs (A kinase <
anchoring proteins) = P
have multiple, distinct

protein-binding W@

domains ATP

o
-
o
—
o,
5)
I
=
Nelson & Cox, Lehning
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cGMP Activates a cGMP-Dependent
Protein Kinase (PKG)

« qguanylyl cyclase = converts
GTP to cGMP when e
aCtlvated Extracellular

ligand-binding
(receptor)
domains

Ligand-binding
site

 guanosine 3',5'-cyclic
monophosphate (cGMP) =
second messenger e I =

(cGMP-forming) |
domains GTP cGMP

Soluble
Membrane-spanning NO-activated =
guanylyl cyclases guanylyl cyclase

« cGMP-dependent protein @ ®
kinase = protein kinase G
(PKG) = mediates many of
the actions of cGMP
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The Synthesis and Hydrolysis
of cGMP

cGMP activates PKG

degradation of cGMP reverses the activation of PKG

O @] O
N
HN ' \>
N N
PPi NH, N H;0
o
# O—CH, #,
guanylyl cyclic
cyclase nucleotide
phosphodiesterase
H H
O=F|’—O OH
GTP O~ Guanosine 5'-monophosphate
Guanosine 3',5’-cyclic (GMP)
monophosphate
(cGMP)
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Atrial Natriuretic Factor (ANF)

atrial natriuretic factor (ANF) = peptide hormone that
activates guanylyl cyclase in the kidney

— released by cardiac atrium cells when blood volume
Increases

rise in [cGMP] triggers increased renal excretion of Na*
and consequently of water

— reduces blood volume
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Guanylin and Nitric Oxide

guanylin = peptide that activates guanylyl cyclase in the
plasma membrane of intestine epithelial cells

— regulates Cl-secretion
NO synthase = produces nitric oxide from arginine

nitric oxide = activates a soluble cytosolic guanylyl cyclase
with an associated heme group

— relieves angina pectoris (pain caused by constriction
of a heart deprived of O,)
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Erectile Dysfunction Drugs Inhibit
cGMP PDE

« the erectile dysfunction drugs Ny 7
Viagra and Cialis inhibit the /
cGMP phosphodiesterase ( )
(cGMP PDE) in the blood /N
vessels of the penis

— cause [cGMP] to remain
elevated

Tadalafil (Cialis)
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G Proteins Act as Self-Limiting
Switches in Many Processes

« play roles in cellular processes, including:

sensory perception
signaling for cell division
growth and differentiation

intracellular movements of proteins and membrane
vesicles

protein synthesis
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Ras, the G-Protein Prototype

Ras = a ~20 kDa
minimal signaling GTP analog
unit

Switch |

In the nucleotide-
binding site,
Ala'4% hydrogen
bonds to the
guanine oxygen,
allowing GTP, but
not ATP, to bind

/ |
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Regions of Ras

switch | and switch Il =
regions that are exposed
when GTP is bound

— Thr3 and Gly®° hydrogen
bond with the oxygens of
the y phosphate of GTP

Switch |

P loop (phosphate-binding) =
contains a Lys residue that
binds the y phosphate of GTP
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GTP Hydrolysis Flips the Switches
in Ras

« when GTP is
hydrolyzed, the loss of
hydrogen bonds
allows the switch | and
switch |l regions to

relax into a buried
conformation
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GTPase Activator Proteins (GAPs) and
Regulators of G-Protein Signaling (RGSs)

 GTPase activator proteins (GAPs) = increase the
GTPase activity of G proteins

— called regulators of G-protein signaling (RGSs) in
the case of heterotrimeric G proteins
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Guanosine Nucleotide-Exchange
Factors (GEFs)

« guanosine nucleotide-exchange factors (GEFs) =
catalyze the exchange of bound GDP with GTP

— example: the B-adrenergic receptor
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X Principle 9 .o

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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Defects in G Proteins Are Implicated
in Human Cancers

« a mutation in Ras eliminates its GTPase activity, causing
the protein to remain constantly active

— occurs in ~25% of human cancers

« mutations in the tumor suppressor gene NF1 (which
encodes a GAP) cause Ras to stay active for an
extended period
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“Activating” and “Inactivating”
Mutations in G,

“activating” mutations = lead to a continuously elevated
[CAMP]

— found in ~40% of adenomas

“inactivating” mutations = cause individuals to be
unresponsive to hormones that act through cAMP
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Cholera Toxin Blocks the GTPase
Activity of G,

cholera toxin = enzyme

that catalyzes transfer of -
the ADP-ribose moiety of . Cr CHy—0—4 040 [dnasie]

I
+ i 0~ 0O
NAD* to an Arg residue N j
f G Normal Gg,: GTPase activity HO  OH
O terminates the signal from NAD*
sa receptor to adenylyl cyclase.

— secreted by Vibrio i
cholerae

. s 0 o)
— causes massive 5 R S S e
water loss due to K ﬂ oY
chronically active e L

constantly activates adenylyl

PKA causing an
efflux of NaCl
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Diacylglycerol, Inositol Triphosphate, and
Ca?* Have Related Roles as Second
Messengers

 phospholipase C (PLC) = catalyzes cleavage of the
membrane phospholipid phosphatidylinositol 4,5-
bisphosphate, or PIP,

Table 12-4 Some Signals that Act through Phospholipase C, IP;, and Ca**

Acetylcholine [muscarinic M']  Gastrin-releasing peptide Platelet-derived growth factor (PDGF)
a,-Adrenergic agonists Glutamate Serotonin [5-HT,]

Angiogenin Gonadotropin-releasing hormone (GRH)  Thyrotropin-releasing hormone (TRH)
Angiotensin II Histamine [H, ] Vasopressin

ATP [Py, P,,] Light (Drosophila)

Auxin Oxytocin
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The Production of Diacylglycerol
and Inositol 1,4,5-Triphosphate (IP)

* G, = associated
trimeric G protein that
activates the PIP,-
specific PLC when an
agonist binds its
specific receptor

- diacylglycerol and
inositol 1,4,5-
triphosphate (IP;) =
potent second
messengers
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.. (). € Hormone (H) binds to a

Q specifi
pecific receptor.
Q

Receptor

Extracellular space

Plasma membrane

<& (PLO)
© The occupied
receptor causes
GDP-GTP exchange on Ggq. Q PIP,

© G, with bound GTP,
moves to PLC and

activates it. )
Endoplasmic O Active PLC ..
reticulum cleaves PIP, ()
to IP3 and

diacylglycerol. O

© P binds to a specific
receptor-gated Ca?* Diacylglycerol
channel, releasing
sequestered Ca2™*.

Cytosol

Protein
o kinase C ~ >

N~ =

G Diacylglycerol and Ca2*activate /
protein kinase C at the surface

(#) of the plasma membrane. o
@)
Opo :
) 0 Phosphorylation of cellular Q
(%] proteins by protein kinase C ..
produces some of the cellular
O &q._ responses to the hormone. ...
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IP, Opens the IP;-Gated
Ca?* Channel

* IP;-gated |
Ca?* channel = - O0—P=0
receptor-gated
channel in the
endoplasmic
reticulum that opens
to release
sequestered Ca?*
into the cytosol

Inositol 1,4,5-trisphosphate (1P3)
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Elevated [Ca?*] and Diacylglycerol
Activate Protein Kinase C (PKC)

« protein kinase C (PKC) = binds and phosphorylates
proteins that contain a PKC consensus sequence

— several known isozymes exist



Proposed Mechanism of Action of
the IP,-Gated Ca?* Channel

IP3R
activation

ER Lumen |
©o00 © ¢
©Ca2t0-g 0 © 060 o0 ¢ ©07¢

(a) (b) (o)
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A Principle 6 o5

lon channels gated by membrane potential or
ligands are central to signaling in all cells,
including bacteria, plants, and animals.
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Calcium Is a Second Messenger
That Is Limited in Space and Time

« in unstimulated cells, cytosolic [Ca?*] is kept very low by
Ca2* pumps

* hormonal, neural, or other stimuli cause either:
— an influx of Ca%*into the cell through Ca?* channel
— the release of sequestered Ca?* into the cytosol
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Calmodulin (CaM)

. (a)
calmodulin |

(CaM) = acidic
protein that
undergoes a
conformational
changes when
Ca?* binds

— associates
with a variety
of proteins
and
modulates
their activities " aiteal Aot

calmodulin-regulated protein

_ Long central
helix

(c)
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Many Enzymes Are Modulated by
Ca?* Through Calmodulin

Ca?*/calmodulin-
dependent protein
kinases (CaM kinases) =
phosphorylates target
enzymes following
activation by Ca?*-bound
calmodulin

calmodulin is a regulatory
subunit of phosphorylase
b kinase of muscle, which
is activated by Ca?*

Questo file

Il documento non pud essere riprodotto con alcun mezzo o messo a di

& riservato ai docenti-che adottano Nelson, Cox

.|p

isposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.

Table 12-5 Some Proteins Regulated

by Ca’* and Calmodulin

Adenylyl cyclase (brain)

Ca?*/calmodulin-dependent protein kinases (CaM kinases I to IV)

Ca?"-dependent Na* channel (Paramecium)

Ca?"-release channel of sarcoplasmic reticulum

Calcineurin (phosphoprotein phosphatase 2B)

cAMP phosphodiesterase

cAMP-gated olfactory channel

cGMP-gated Na*, Ca?* channels (rod and cone cells)

Glutamate decarboxylase

Myosin light-chain kinases

NAD" kinase

Nitric oxide synthase

Phosphatidylinositol 2-kinase

Plasma membrane Ca?" ATPase (Ca?" pump)
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Extracellular Signals Trigger
Oscillating Intracellular [Ca?*] Levels

ology and Biophysics.

 mechanism underlying
oscillations likely entails
feedback regulation by Ca2*

ine, Department of Physi

ia, Irvi

inciples of Biochemistry, 8e, © 2021

ersity of Californi
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12.3 GPCRs in Vision,
Olfaction, and Gustation
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The Vertebrate Eye Uses Classic
GPCR Mechanisms

* rhodopsin = a GPCR in the disk membranes of rod
cells of the vertebrate eye

e opsin = the protein component of rhodopsin

— covalently attached to the light-absorbing pigment
(chromosphore) 11-cis-retinal



oton Absorption by Rhodopsin

o Light absorption e Activated rhodopsin e T,-GTP activates cGMP o Active PDE reduces
converts 11-cis- catalyzes replacement phosphodiesterase [cGMP] to below the
retinal to all-trans- of GDP by GTP (PDE) by binding and level needed to keep
retinal, activating on transducin (T), removing its inhibitory cation channels open. Rod
rhodopsin (Rh). which then dissociates subunit (1).

into T,-GTP and Tg,.

5'-GMP

9, RN
N /, __cGMP,
y, B m EEul %—Na*. Ca?*

membrane © Cation channels
Ca2* close, preventing

influx of Na* and
(%E@ Ca?*; membrane is
Excitation hyperpolarized.
This signal passes

to the brain.

Recovery/Adaptation

G Continued efflux of
Ca?"* through the
Na*-CaZ* exchanger

0:,"? 0»\ N Wi/ »"// reduces cytosolic
AN N ' ~ [Ca®"].
®| “—— - *
(P = \ N Cz2+
Arr HP) ee® Gre N 2+
RK cGMP l[Ca] 4 Na*

1
\
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e Slowly, arrestin dissociates, 0 Rhodopsin kinase (RK) 0 Reduction of [CaZ*] Cg)
rhodopsin is dephos- phosphorylates “bleached” activates guanylyl
phorylated, and all-trans- rhodopsin; low [Ca®*] cyclase (GC) and
retinal is replaced with stimulates this reaction. inhibits PDE; [cGMP] T~ Plasma
11-cis-retinal. Rhodopsin is Arrestin (Arr) binds rises toward “dark” membrane
ready for another phosphorylated carboxyl level, reopening cation
phototransduction cycle. terminus, inactivating channels and returning
rhodopsin. Vi, to prestimulus level.
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Rhodopsin Kinase and Arrestin 1

* rhodopsin kinase = phosphorylates Thr and Ser
residues in the carboxyl-terminal domain of rhodopsin

— functionally and structurally homologous to the SARK
that desensitizes the 3-adrenergic receptor

« arrestin 1 = binds the phosphorylated carboxyl-terminal
domain of rhodopsin to prevent further interaction
between activated rhodopsin and transducin
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A Principle 5 ;o)

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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Vertebrate Olfaction and Gustation Use
Mechanisms Similar to the Visual System

G, = G protein analogous to transducing and to G,

receptor potential = small depolarization produced by
the influx of Na* and Ca?* following the opening of
cAMP-gated Na* and Ca?* channels in the plasma
membrane

— neuron fires an action potential when the receptor
potential is strong enough



Gustducin

gustducin = heterotrimeric G protein coupled to GPCRs
In taste sensory neurons

— stimulates cAMP production by adenylyl cyclase

the closing of K* channels in the plasma membrane
following phosphorylation by PKA sends an electrical
signal to the brain
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All GPCR Systems Share
Universal Features (1 of 2)

GPCRs are encoded in vertebrates, Drosophila,
Caenorhabditis elegans, Saccharomyces

of the ~20,000 genes in the human genome, as many as
800 are encoded as GPCRs



All GPCR Systems Share
Universal Features .2

Amines

Acetylcholine
(muscarinic)

Dopamine

Epinephrine

Histamine

Serotonin

Peptides

Angiotensin

Bombesin

Bradykinin

Chemokine

Colecystokinin (CCK)
Endothelin

Gonadotropin-releasing hormone
Interleukin-8

Melanocortin

Neuropeptide Y

Neurotensin

Orexin

Somatostatin

Tachykinin

Thyrotropin-releasing hormone

Protein hormones
Follicle-stimulating
hormone

Gonadotropin

Lutropin-
choriogonadotropic
hormone

Thyrotropin
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Prostanoids

Prostacyclin

Prostaglandin

Thromboxane

di Lehninger © 2022 Zani

Others
Cannabinoids
Lysosphingolipids

Melatonin

Olfactory stimuli
Opioids
Rhodopsin

helli editore S.p.A.
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Table 12-6
Some
Signals

That Act
through
GPCRs




A» Principle 2 ;ors

There is a high degree of evolutionary
conservation of signaling proteins and
transduction mechanisms across the animal phyla.
At least a billion years of evolution have passed since
the plant and animal branches of the eukaryotes
diverged, which is reflected in the differences in
signhaling mechanisms used in the two kingdoms. We
focus here on the animal kingdom.
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Common Features of Signaling Systems
Detecting Hormones, Light, Smells, and
Tastes

 GPCRs with seven transmembrane helices, G proteins
with intrinsic GTPase activities, cyclic nucleotides, and
protein kinases are central to signaling

Sweet
Vasopressin Epinephrine Light Odorant tastant

| | v | |
B B B G 6
e g % 8

! ! l ! !

} [cAMP] A[cAMP] { [cGMP] 4 [cAMP] A[cAMP]

R

¢PC62',N6; TPCaE*,Na' ¢PK»
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12.4 Receptor Tyrosine
Kinases
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22> Principle 4 o5

Plasma membrane receptors with an intracellular
tyrosine kinase activity act through cascades of
protein kinases to transduce signals about the
metabolic state, including growth factors.
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Receptor Tyrosine Kinases (RTKSs)

« receptor tyrosine kinases (RTKs) = family of plasma
membrane receptors with protein kinase activity

— have an extracellular ligand binding domain and a
cytoplasmic Tyr kinase domain
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Stimulation of the Insulin Receptor Initiates
a Cascade of Protein Phosphorylation
Reactions

 active insulin receptor protein (INSR) = a dimer of af3
monomers

— a subunits contain the insulin-binding domain

— intracellular domains of the 8 subunits contain the
protein kinase activity



Activation of Tyrosine Kinase by
Autophosphorylation

autophosphorylation =
each B subunit
phosphorylates three
essential Tyr residues
near the C-terminus of
the other B subunit

— opens the active site

Active (triply phosphorylated)
tyrosine kinase domain

Inactive (unphosphorylated)
tyrosine kinase domain

Tyr'ﬂSE F4. 0 , ’ - Target
Tyr62 ] . protein

Tyrie3 | /,.
o

<y

Activation loop blocks substrate-binding site.

Triply phosphorylated activation loop moves
dramatically, making room for the target protein
in the substrate-binding site.
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Regulation of Gene Expression

by Insulin

insulin receptor
substrate 1 (IRS1) =
becomes the point of
nucleation for a complex
of proteins that carry the
message from the
receptor to end targets

SH2 domain = binds
phosphorylated Tyr
residues in a protein
partner

Cytosol

VANRNANNNAN DNA
mRNA
\-»Protein

o Phosphorylated Elk1

joins SRF to stimulate
the transcription and
translation of a set of
genes needed for cell
division.

@ Insulin receptor binds insulin
and undergoes autophosphor-
ylation on its carboxyl-terminal

Tyr residues.

©® Insulin receptor

phosphorylates IRS1

on its Tyr residues.

© SH2 domain of Grb2 binds
to(®)-Tyr of IRS1. Sos
binds to Grb2, then to Ras,
causing GDP release and
GTP binding to Ras.

@ Activated Ras binds
and activates Raf-1.

© ERK moves into the
nucleus and
phosphorylates

nuclear transcription
factors such as Elk1,

activating them.
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Raf-1 phosphorylates
MEK on two Ser
residues, activating it.
MEK phosphorylates
ERK on a Thr and a Tyr
residue, activating it.
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Raf-1, MEK, and ERK Are Members
of Larger Families

 ERKs in the MAPK family (mitogen-activated protein
kinases)

— specific for Ser or Thr residues

« MEK s in the MAP kinase kinase (MAPKK) family
— activates the MAP kinase
— phosphorylates both Ser and Try residues

« Raf-1is in the MAP kinase kinase kinase (MAPKKK) family
— activates the MAP kinase kinase
— specific for Ser or Thr residues
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22> Principle 4 ;o5

Plasma membrane receptors with an intracellular
tyrosine kinase activity act through cascades of
protein kinases to transduce signals about the
metabolic state, including growth factors.
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MAPK Cascades

« MAPK cascades = mediate signaling initiated by a variety
of growth factors

— amplify the initial signal by many orders of magnitude
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The Membrane Phospholipid PIP,
Functions at a Branch in Insulin Signaling

@ IRS1, phosphorylated
by the insulin receptor,
activates PI3K by
binding to its SH2
domain. PI3K converts
PIP; to PIPs.

« activation of
P I 3 K by (3 ) GPS\K3,I'|']nac|ti\;_ated by t
phosphorylated o e

1 - B by phosphorylation, so GS
I RS 1 In Itlates rgrr?aizzpacc;irgeé y

movement of

N EE y
GLUTA4 to the o > :
plasma ;j,/
membrane and ’/,,lm\
aCtivation Of o GlyCOg.en ptr'oteiln?RAGand Ratb,f

Glucose lucose transporter
n lycogen from g p
g IyCOg e glicoie A GLUT4 from internal
vesicles to the plasma

© PKBbound to PIP; is
phosphorylated by PDK1
(not shown). Thus acti-
vated, PKB phosphory-
lates GSK3 on a Ser
residue, inactivating it.

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

© PKB, acting through G

accelerated. : :
membrane, Increasing
the uptake of glucose.
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Regulation of PIP; Formation
and Breakdown

once activated, PI3K converts the membrane lipid PIP, to
PIP; by the transfer of a phosphoryl group from ATP

Rz RW R] RZ
| | | |
C C C C
@] 0] 0] 0]
| | ATP ADP | |
HiC—CH — CH; HC—CH — CHy
C‘) \\\ f/// Cl)
“0—P=0 = - ~0—P=0
\ s ~ |
HO O AN HO O
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Phosphatidylinositol 4,5-bisphosphate (PIP,) Phosphatidylinositol 3,4,5-trisphosphate (PIP3)
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Time Course of Phosphorylations

Fold change

Triggered by Insulin

20 INSR Y1179 15 IRS2 Y628 u PKCB 5660
()] |
&2 10 —
m
< 101 -
S /. B
1 L 1 L L L
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Time (s) Time (s) Time (s)
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22> Principle 4 o5

Plasma membrane receptors with an intracellular
tyrosine kinase activity act through cascades of
protein kinases to transduce signals about the
metabolic state, including growth factors.
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The Insulin Receptor Is A Prototype
for Receptor Tyrosine Kinases

Ligand-binding domain ~

nd Company

X

Outside

ciples of Biochemistry, 8e, © 2021 W. H. Freeman a

Inside

Nelson & Cox, Lehninger Prini

I I

INSR VEGFR PDGFR EGFR  TrkA FGFR

T.yrosme Cys-rich Leu-rich lg-like Asp/Glu-rich
kinase . . . @ "

. domain domain domain region
domain

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di-biochimica di Lehninger © 2022 Zanichelli editore S.p.A.
Il documento non pud essere riprodotto con alcun mezzo o messo a disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.



A Principle 2 o4

There is a high degree of evolutionary
conservation of signaling proteins and
transduction mechanisms across the animal phyla.
At least a billion years of evolution have passed since
the plant and animal branches of the eukaryotes
diverged, which is reflected in the differences in
signhaling mechanisms used in the two kingdoms. We
focus here on the animal kingdom.
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Evolution of Insulin Receptor
Signaling Machinery

* the regulatory machinery:
— allows for amplification of the insulin signal

— provides for the integration of signals from different
receptors

— can trigger two or more signaling pathways

— involves closely related IRS proteins, each with its own
characteristic tissue distribution and function
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Cross Talk among Signaling
Systems Is Common and Complex

« extensive
iInterconnections
among signaling g See
pathways allow  —17 ® ©O—
integration and @ \
fine-tuning of ‘#‘ )
multiple
hormonal effects

B-Adrenergic

GPCR receptor

GPCR internalization,
reduced GPCR
responsiveness

Cytosol

\ Nucleus

Altered gene
expression
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12.5 Multivalent Adaptor
roteins and Membrane Rafts
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22> Principle 4 ;o5

Plasma membrane receptors with an intracellular
tyrosine kinase activity act through cascades of
protein kinases to transduce signals about the
metabolic state, including growth factors.
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Phosphorylation-Dependent Protein
Interactions

« protein-protein interactions brought about by reversible
phosphorylation create docking sites for other proteins

* many signaling proteins are multivalent
— due to flexible intrinsically disordered regions (IDRs)
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Protein Modules Bind Phosphorylated Tyr,
Ser, or Thr Residues in Partner Proteins

« SH2 domains bind to proteins containing phosphorylated
Tyr residues

« other domains bind phosphorylated Ser and
phosphorylated Thr residues in various contexts

 SH3 and PH domains bind the membrane phospholipid
PIP,



Phosphotyrosine-Binding Domains
(PTB Domains)

Interacting
tyrosine g

« phosphotyrosine-
binding domains
(PTB domains) =
another binding
partner for
phosphorylated
Tyr
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Mechanism of Autoinhibition of Src
and GSK3

(b)
e removal of a

phosphorylated Tyr
residue turns on the Tyr
Kinase activity of Src

Active; substrate Ser—p)
positioned for ~ Ac s
phosphorylation Ser—OH — site §

Gchogen
synthase

SelLr)-@
N

Autoinhibited J

« dephosphorylation of a
Ser residue in the
autoinhibitory domain of
GSKa3 frees the enzyme

®
7
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Some Binding Modules of
Signaling Proteins

Binding targets

Proline-rich protein

Adaptor Grb2 @ or membrane lipid PIPy

€D v-®

O v-®
Adapt

O Phospholipids (CaZ*-dependent)
Kinase ﬂ m Tyr kinase Src 0 oNA

[] Transcriptional activation

O Carboxyl-terminal domain marking
Phosphatase ﬂ ﬂ Tyr phosphatase Shp2 protein for ubiquitin attachment

Ras signaling m m m o @ GTPase-activating ]~ RasGAP

Transcription DNA ﬂ STAT
Signal regulation ﬂ SOCS SOCS

i {roAr e G Gy r ) e
messenger signaling
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A Principle 5 o)

Phosphorylation of intrinsically disordered regions
of signaling proteins acts as a switch, toggling
enzyme activity or creating binding sites for other
molecules. Signal responses are integrated by
multiprotein signaling complexes with modular domains

that bind phosphorylated Tyr, Ser, or Thr residues.
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Scaffolds with Multivalent Binding
Capacities Assemble Large Multiprotein
Complexes

Input Input _
KSR mutant lacking

ERK phosphorylation sites

Wild type

Time

(b)

Strong output Weak output
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-— — \\
= - & =
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z \ I
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_ ~
-
~ !
—\ d
/" | \""N.
MEK phosphorylation
Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company
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Membrane Rafts and Caveolae
Segregate Signaling Proteins

membrane rafts = regions of the membrane bilayer
enriched in sphingolipids, sterols, and proteins attached
to the bilayer by GPI anchors

caveolae = specialized membrane rafts
segregating signaling proteins in rafts and caveolae:

— raises their local concentrations
— makes signaling more efficient
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12.6 Gated lon Channels
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A Principle 6 ¢ors

lon channels gated by membrane potential or
ligands are central to signaling in all cells,
including bacteria, plants, and animals.
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lon Channels Underlie Rapid Electrical
Signaling in Excitable Cells

* jon channels open when a specific ligand binds to its
associated receptor or there is change in the
transmembrane electrical potential (voltage-gated ion

channels)



The Na*K* ATPase Is Electrogenic

(€)]

« electrochemical potential The elctrogenic N&™K*

ATPase establishes the

determines Spontaneous membrane potential. C3)N8+

Membrane potential =

ion flow across a polarized g 5010 70mV
membrane +
membrane

ind Company

ciples of Biochemistry, 8e, © 2021 W. H. Freeman al

Nelson & Cox, Lehninger Prin

* when their respective
channel opens,

— Na* and Ca?* flow
inward

— K* and CI- flow outward

lons tend to move [Na®1 [Ca?*] [K*] [CI7]
down their electro- High High Low High
chemical gradient

across the polarized

membrane.
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A Principle 6 «ors

lon channels gated by membrane potential or
ligands are central to signaling in all cells,
including bacteria, plants, and animals.
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The Opening and Closing of lon Channels
Underlies Electrical Signaling

« Na*, K*, and CI~ ion fluxes have essentially no effect on the
concentrations of these ions

« membrane potential at a given time depends on the types
and numbers of ion channels open at that instant

— transient changes in membrane potential underlie
electric signaling
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Voltage-Gated lon Channels Produce

Neuronal Action Potentials

Voltage-

action potential = wave of
depolarization (Na* influx)
followed by repolarization (K*
efflux)

— travels the length of a
neuron from the cell body to
the end of an axon

— carried by the voltage-gated
Na* and K* channels of
neuronal membranes

— arrival at the distal end of a A
presynaptic neuron triggers ’%‘ it
neurotransmitter release -
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A Principle 6 sors

lon channels gated by membrane potential or
ligands are central to signaling in all cells,
including bacteria, plants, and animals.
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Neurons Have Receptor Channels That
Respond to Different Neurotransmitters

* [onotropic receptors = receptors that are ion channels

 metabotropic receptors = receptors that generate a
second messenger

 ligands (neurotransmitters) each binds to their specific
receptors and triggers a change in V,

— the target cell's V, is the sum of the effects of all ion-
channel contributions



Toxin Target lon Channels

* neurotoxins attack neuronal ion channels

fast-acting and deadly

« examples:

dendrotoxin (from the black mamba snake) affects
voltage-gated K* channels

tetrodotoxin (produced by puffer fish) affects voltage-
gated Na* channels

cobrotoxin (from cobras) affects acetylcholine
receptor ion channels
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12.7 Regulation of
Transcription by Nuclear
Hormone Receptors
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&P Principle 7 ¢or2)

Some hormone signals act inside the cell, not at
the plasma membrane, forming complexes with
specific receptor proteins that regulate gene
expression.
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Steroid Hormones Diffuse Into The
Cell and Regulate Gene Expression

with bound hormone

response Hormane 4
Cytosol @ Hormone, carried to the target tissue on

/.
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RNA - .
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interact with
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Tamoxifen and Mifepristone

« tamoxifen = estrogen antagonist T
used in the treatment of breast CgBN\/\o
cancer O
— has little or no effect on gene O
expression ‘ N
« mifepristone (RU486) = i,
contraceptive Tamoxifen

— binds to the progesterone
receptor and blocks hormone
actions essential to
implantation of the fertilized
ovum

Mifepristone
(RU486)
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12.8 Regulation of the Cell
Cycle by Protein Kinases
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X Principle 9 ;o)

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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Cancer

cancer occurs when:

— the regulatory mechanisms that limit cell division are
defective

— cells undergo unregulated division
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The Cell Cycle Has Four Stages

after passing
through the M phase
and into G1, a cell
either continues
through another
division or enters GO

differentiated cells
remain in the GO
phase

G2 Phase
No DNA
synthesis.
RNA and
protein
synthesis
continue.

S Phase
DNA synthesis
doubles the
amount of DNA
in the cell. RNA
and protein are
also synthesized.

M Phase

Mitosis (nuclear

division) and GO Phase
cytokinesis Terminally
(cell division) differentiated
yield two cells withdraw
daughter cells. from cell cycle

indefinitely.

Reentry point
A cell returning
from GO

enters at early
G1 phase.

G1Phase

RNA and protein
synthesis. No DNA
synthesis.

Restriction point

A cell that passes this
point is committed

to pass into S phase.
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m Principle 3 (2 of 2)

Cells receive extracellular signals that determine
progress through the cell division cycle, or trigger
cell death—processes regulated by
phosphorylation and dephosphorylation of key
regulatory proteins.
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Levels of Cyclin-Dependent Protein
Kinases Oscillate

« a family of kinases
controls the timing of the

Ce” CyC|e G1 S G2 M Gl :%

_ _ | cyclin D-cpka-6

* cyclin-dependent £ 7\ SyclinE-cokz - GyelinACDK2 | £
protein kinase (CDK) = *© /

. . © / g

catalytic subunit of the & :

kinases Lol

Time
« cyclin = regulatory
subunit of the kinases
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Oscillations Are the Result of
Regulating CDK Activity

« oscillations are the result of:
— phosphorylation or dephosphorylation of the CDK
— controlled degradation of the cyclin subunit
— periodic synthesis of CDKs and cyclins
— the action of specific CDK-inhibiting proteins



CDKs Are Regulated by Phosphorylation,
Cyclin Degradation, Growth Factors, and
Specific Inhibitors

« phosphorylation of Thr'® of CDK2 opens the substrate-
binding cleft in the kinase

« dephosphorylation of phosphorylated Tyr'> of CDK2
unblocks the ATP-binding site



Activation of Cyclin-Dependent
Protein Kinases (CDKs)

(a) Amino-terminal helix

51
)J/Glu

7o

ATP

CDK2 (inactive)

(b) ‘ ()

. Phosphorylated
Cychq — Thr60 Argls0
subunit ‘ :

>

Nelson & Cox, Lehninger Principles of Biochemistry, 8e, © 2021 W. H. Freeman and Company

(b) PDB ID 1FIN, P. D. Jeffrey et al.,, Nature 376:313, 1995; (c) PDB ID 1JST, A. A. Russo et al., Nature Struct. Biol. 3:696, 1996,

“~ Gl §
Tyrs @ TVF15>,
yr - T loop )

CDK2 (inactive) ' CDK2 (active)

Questo file & riservato ai docenti che adottano Nelson, Cox -1 principi di biochimica di Lehninger © 2022 Zanichelli editore S.p.A.
Il documento non pud essere riprodotto con alcun mezzo o messo a disposizione del pubblico, se non temporaneamente a fini esclusivi di attivita didattica.



Regulation of CDK by

Phosphorylation and Proteolysis

ubiquitin =
regulatory
protein that
targets proteins
for destruction

proteasomes =
proteolytic
enzyme
complexes

(@

(b)

2]

Cyclin
synthesis
leads to its
accumulation.

Cyc—IFI\ -1

No cyclin
present;
CDKis
inactive.

o

Cyclinis
degraded

by proteasome,
leaving CDK
inactive.

Cyclin-CDK complex forms, but phosphorylated
Tyr'® blocks ATP-binding site; still inactive.

; o
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o PHTyr
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phosphatase, which
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sl by,
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Regulation of Cell Division by
Growth Factors and Inhibitors

Growth factors,

growth factors = cytokines
extracellular signals that l MAPK
phosphorylate and activate l cascade

nuclear transcription factors |
Phosphorylation of

Jun and Fos in nucleus

specific protein inhibitors bind :

Transcription factor E2F

to and inactivate specific
CDKS Acrpt‘\
— example: p21 regulatior

Cyclins, Enzymes for
CDKs DNA synthesis

!

Passage from G1to S phase
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CDKs Regulate Cell Division by
Phosphorylating Critical Proteins

lamin = protein that makes up the intermediate filaments
of the nuclear envelope

— phosphorylation by a CDK causes depolymerization
of the filaments

actin and myosin = pinch a dividing cell into two parts

during cytokinesis

— phosphorylation of myosin by a CDK causes
dissociation of myosin from actin filaments



Phosphorylation of pRb

retinoblastoma protein

(pRb) = binds the

transcription factor E2F to

arrest cell division in G1
when DNA damage is
detected

— phosphorylation by a
CDK relieves the pRb-

E2F blocking
mechanism

Double-strand

break in DNA Intact DNA
R\YZ\/\"SR/\/,\Y/ SR/ \/N\YNI\Y))
MRN
ATM, ATR
N
z Z Active
~ ~
7’ / | \\
_
transcriptional
regulation p21
leads to T[p21] Active
N ) W / s
CDK2 1 = CDK2 —
& p " ~
| CyclinE CyclinE
~—~——
Inactive | /®
pRb ! > pRb
Rb transcriptional
p B \ |/ / regulation
E2F EOF - Enzymes
g b N for DNA
Inactive I synthesis
Active i
Passage
from
GltoS
Cell division Cell division
blocked by p53 occurs normally
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12.9 Oncogenes, Tumor
Suppressor Genes, and
Programmed Cell Death
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X Principle 9 o)

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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Cell Division Is Regulated by
Extracellular Growth Factors

 cell division is regulated by extracellular growth factors

— causes a balance between the formation and
destruction of cells

« defects in regulatory proteins disrupt this balance
— can result in the formation of a tumor and cancer
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X Principle 9 ;o)

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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Oncogenes Are Mutant Forms of the Genes
for Proteins That Regulate the Cell Cycle

« oncogenes = mutated versions of genes encoding
signaling proteins involved in cell cycle regulation

— lead to tumor formations
— genetically dominant

— may encode defective growth factors, receptors, G
proteins, protein kinases, or nuclear regulators of
transcription

« proto-oncogenes = genes in animal host cells that
encode growth-regulating proteins



Defects in Certain Genes Remove
Normal Restraints on Cell Division

« tumor suppressor genes = encode regulatory proteins
that normally inhibit cell division

— mutations in these genes are genetically recessive

« mutations in both copies of the genes for pRb, p53, or
p21 cause tumor formation
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Stability Genes

 stability genes (caretaker genes) = encode proteins
necessary for the repair of genetic damage

— mutations cause other mutations to go unrepaired

— can cause cancer when the unrepaired mutations are
In proto-oncogenes and tumor suppressor genes
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Multistep Transition from Normal
Epithelial Cell to Colorectal Cancer

* in some (and perhaps all) cancers, the progression from a
normal cell to a malignant tumor requires an accumulation
of mutations
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Driver and “Passenger” Mutations

 driver mutations = mutations that are the cause of
unregulated cell division

« “passenger mutations” = mutations that occur randomly
and do not confer a selective growth advantage
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Apoptosis Is Programmed
Cell Suicide

« programmed cell death = apoptosis = mechanism by
which cells precisely control the time of their own death

— triggered by irreparable DNA damage and severe
stresses

— occurs during normal embryo development
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X Principle 9 o)

Defective signaling proteins or defective regulation
of their synthesis and breakdown can disrupt cell
cycle regulation and lead to tumor formation
(cancer).
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Tumor Necrosis Factor (TNF) Can
Trigger Apoptosis

tumor necrosis factor (TNF) =
produced by cells of the
Immune system

— Interacts with cells through
specific TNF receptors

“death domain” = carries the
self-destruct signal through
the membrane to cytosolic
proteins
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