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Figure 15–1 A simple intracellular 
signaling pathway activated by an 
extracellular signal molecule. 
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• Animal cells can signal to one another in various ways

   1. Contact-dependent
     : Cells that maintain an intimate membrane-to-membrane interface
     (ex, Nerve cell production in embryonic development)   
    
    2. Paracrine
     : Paracrine signals are released by cells into the extracellular fluid in their 

neighborhood and act locally
     (ex, Local mediator; inflammation that controls cell proliferation) 

   3. Synaptic
     : Neuronal signals are transmitted along axons to remote target cells
     (ex, neurotransmitters)
    
    4. Endocrine
     : Hormones produced in endocrine glands are secreted into the 

bloodstream and are often distributed widely throughout the body
     (ex, Insulin from pancreas, regulates glucose uptake in cells)

PRINCIPLES OF CELL SIGNALING

• Extracellular Signal Molecules Bind to Specific 
Receptors
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• Extracellular signal molecules

• Large Hydrophilic signal molecules
• largest class
• too large or too hydrophilic to cross the plasma 

membrane
• bind cell-surface receptors

• Small hydrophobic signal molecules
• small enough or hydrophobic
• activate intracellular enzymes

• bind intracellular receptors and regulate gene 
expression

• e.g., steroid hormones

PRINCIPLES OF CELL SIGNALING

• Each Cell Is Programmed to Respond to Specific 
Combinations of Extracellular Signals
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Each Cell Is Programmed to Respond to Specific Combinations of 
Extracellular Signals

• A signal molecule vs. A receptor protein (or receptor).

• Each receptor is activated by only one type of signal 
(without the receptor, a cell will be deaf to the signal).

• By producing only a limited set of receptors out of the 
thousands that are possible, the cell restricts the types of 
signals that can affect it.

• Intracellular relay system (effector proteins) vary from 
one type of specialized cell to another.

1. Same signal molecule – different response

• One signal, binding to one type of receptor protein, can 
cause a multitude of effects in the target cell.

• e.g., acetylcholin (Ach): binds to similar receptor on heart 
muscle cells, and salivary gland cells produce a different 
responses in each cells.

The extracellular signal molecule alone is not the 
message: 

the information conveyed by the signal depends 
on ‘how the target cell receives and interprets the 

signal’.

2. Multiple extracellular signal

• A typical cell possesses many sorts of receptors - each 
present in tens to hundreds of thousands of copies.

•Simultaneously sensitive to many different signals.

•Small number of signal molecules to exert subtle 
and complex control over cell behavior.

• Combinations of signals 
•Different responses due to interaction between 

intracellular relay systems.
• One signal can modify the responses to another.
• Enable a cell to survive, proliferate, differentiate, or 

die (apoptosis).
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Cell-surface receptors

1. Ion-channel-(coupled) receptors
2. G-protein-coupled receptors
3. Enzyme-(coupled) receptors

1. Receptors > Extracellular signals
• Many extracellular signal molecules have more than one 

type of receptor.
• Some signal molecules bind to receptors in more than 

one class (e.g.,  Ach on skeletal muscle cells / heart muscle cells)

2. Cell surface receptors - targets for many foreign 
substances
• From heroin, nicotine to tranquilizers, chili peppers.
• Either mimic the natural ligand, occupying the normal ligand-

binding site or bind to the receptor at some other site, either 
blocking or overstimulating the receptor’s natural activity.

• Many drugs and poisons.
• A large part of the pharmaceutical industry.

PRINCIPLES OF CELL SIGNALING

• Cell-Surface Receptors Relay Signals Via 
Intracellular Signaling Molecules
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Cell-Surface Receptors Relay Signals Via Intracellular Signaling 
Molecules

Figure 15–9 A sequence of two inhibitory signals produces a positive signal.

Some intracellular signalling proteins act as 

molecular switches

1. Phosphorylation 
2. GTP-binding

switches = ON / OFF



The importance of switching-off process (Activation and 
inactivation steps are both important for the signaling).

Molecular switch: receipt of a signal causes them to toggle from an inactive 
to an active state.

1. Protein kinase
• By far the largest class.
• Tacks a phosphate group onto the switch protein.
• Protein phosphatase: plucks the phosphate off again.

• The activity of any protein that is regulated by phosphorylation 
depends of the balance between the activities of kinases and the 
phosphatases.

• Phosphorylation cascades: many of the switch proteins 
controlled by P are themselves protein kinase.

•Serine / threonine kinases and Tyrosine kinases.

2. GTP-binding proteins
• Active / inactive state = GTP / GDP bound.
• GTPase activity: Once activated by GTP binding, they have intrinsic 

GTP-hydrolyzing activity, and shut themselves off.

• G proteins: 
• The large trimeric GTP-binding proteins
• Relay messages from G-protein-coupled receptors.
• cf. Ras protein

PRINCIPLES OF CELL SIGNALING

• Intracellular Signals Must Be Specific and Precise in 
a Noisy Cytoplasm

It is inevitable that an occasional signaling molecule will 
bind or modify the wrong partner, potentially creating 
unwanted cross-talk and interference between signaling 
systems. 

• High affinity and specificity of the interactions.

• The ability of many downstream target proteins to 
ignore such wrong signals.



PRINCIPLES OF CELL SIGNALING

• Intracellular Signaling Complexes Form at 
Activated Receptors

Intracellular signaling complexes enhance the 
speed, efficiency, and specificity of the response

•How does an individual cell manage to make specific 
responses to so many different combinations of 
extracellular signals?

•How is it possible to achieve specificity and avoid cross-
talk?

Intracellular Signaling Complexes Form at Activated Receptors Intracellular Signaling Complexes Form at Activated Receptors



Intracellular Signaling Complexes Form at Activated Receptors

PRINCIPLES OF CELL SIGNALING

• Modular Interaction Domains Mediate Interactions 
Between Intracellular Signaling Proteins

Modular Interaction Domains Mediate Interactions Between 
Intracellular Signaling Proteins

1. Interaction domain
1. Src homology 2 (SH2) domains, phosphotyrosine-

binding domains (PTB) domain: bind to 
phosphorylated tyrosines

2. Src homology 3 (SH3) domains: bind to short proline-
rich amino acid sequences.

3. pleckstrin homology (PH) domains (within PDK1, Akt): bind 

to the charged head groups of specific 
phosphoinositides.

2. Adaptors: link two other proteins together in a signalling 
pathway (e.g. Grb2)
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Figure 15–12 Signal integration. 

• Functions of Intracellular signaling proteins

•Relay (relay the signal onward and thereby help spread it through the cell)

•Transduce and amplify (transduce the signal into a different form and 
makes it stronger, so that a few extracellular signal molecules are enough to 
evoke a large response)

• Integrate (receive signals from more than one pathway and integrate them 
before relaying a signal)

•Distribute (create branches in the information flow diagram and evokes a 
complex response)

• Functions of Intracellular signaling proteins (continued)

•Scaffold (act as a scaffold to bring two or more signaling component in 
the chain)

•Anchor (anchor one or more signaling proteins in a pathway to a 
particular structure in the cell where the signaling proteins are needed)

•Modulate (modulate the activity of other signaling proteins and thereby 
regulate the strength of signaling along a pathway)
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Here^^
The Speed of a Response Depends on the Turnover of Signaling 
Molecules



The Speed of a Response Depends on the Turnover of Signaling 
Molecules

Figure 15–14 The importance of rapid turnover. The graphs show the predicted relative rates of change in the 
intracellular concentrations of molecules with differing turnover times when their synthesis rates are either 
(A) decreased or (B) increased suddenly by a factor of 10. In both cases, the concentrations of those molecules 
that are normally degraded rapidly in the cell (red lines) change quickly, whereas the concentrations of those 
that are normally degraded slowly (green lines) change proportionally more slowly. The numbers (in blue) on 
the right are the half-lives assumed for each of the different molecules. 

The length of time to response to a signal vary greatly 
depending on the needs.

• Fast response
• Ach - skeletal muscle contraction (milliseconds).
• Ach - salivary gland secretion (a minute).

• Affects the activity of proteins that are already 
present.

• Slow response

• Cell growth and cell division (hours)
• Requires changes in gene expression.

PRINCIPLES OF CELL SIGNALING

• Cells Can Respond Abruptly to a Gradually 
Increasing Signal
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Figure 15–15 Signal processing can produce smoothly graded or switchlike responses. Some cell responses 
increase gradually as the concentration of extracellular signal molecule increases, eventually reaching a 
plateau as the signaling pathway is saturated, resulting in a hyperbolic response curve (blue line). In other 
cases, the signaling system reduces the response at low signal concentrations and then produces a steeper 
response at some intermediate signal concentration—resulting in a sigmoidal response curve (red line). In still 
other cases, the response is more abrupt and switchlike; the cell switches completely between a low and high 
response, without any stable intermediate response (green line). 

hy·per·bol·ic, -i·cal | hàipərbɑ́lik┃-
bɔ́l-, -ikəl |


1.과장된; 과장법을 쓴.

2.〔수학〕 쌍곡선의, 포물선의




Cells Can Respond Abruptly to a Gradually Increasing Signal

Figure 15–16 Activation curves for an allosteric protein as a function of effector molecule concentration.  
The curves show how the sharpness of the activation response increases with an increase in the number of 
allosteric effector molecules that must be bound simultaneously to activate the target protein. The curves 
shown are those expected, under certain conditions, if the activation requires the simultaneous binding of 1, 2, 
8, or 16 effector molecules. 

PRINCIPLES OF CELL SIGNALING

• Positive Feedback Can Generate an All-or-None 
Response

• Positive feedback: the output stimulate its 

own production 

• Negative feedback: the output inhibits its own 

production

Positive Feedback Can Generate an All-or-None Response

Figure 15–17 Positive and negative feedback. In these simple examples, a stimulus activates protein A, which, 
in turn, activates protein B. Protein B then acts back to either increase or decrease the activity of A.



Positive Feedback Can Generate an All-or-None Response

Figure 15–18 Some effects of simple feedback. The graphs show the computed effects of simple positive and 
negative feedback loops (see Chapter 8). In each case, the input signal is an activated protein kinase (S) that 
phosphorylates and thereby activates another protein kinase (E); a protein phosphatase (I) dephosphorylates 
and inactivates the activated E kinase. In the graphs, the red line indicates the activity of the E kinase over 
time; the underlying blue bar indicates the time for which the input signal (activated S kinase) is present. (A) 
Diagram of the positive feedback loop, in which the activated E kinase acts back to promote its own 
phosphorylation and activation; the basal activity of the I phosphatase dephosphorylates activated E at a 
steady, low rate. 

Positive Feedback Can Generate an All-or-None Response

(B) The top graph shows that, without feedback, the activity of the E kinase is simply proportional (with a 
short lag) to the level of stimulation by the S kinase. The bottom graph shows that, with the positive feedback 
loop, the transient stimulation by S kinase switches the system from an “off” state to an “on” state, which then 
persists after the stimulus has been removed. 

Positive Feedback Can Generate an All-or-None Response

(C) Diagram of the negative feedback loop, in which the activated E kinase phosphorylates and activates the I 
phosphatase, thereby increasing the rate at which the phosphatase dephosphorylates and inactivates the 
phosphorylated E kinase. 

Positive Feedback Can Generate an All-or-None Response

(D) The top graph shows, again, the 
response in E kinase activity without 
feedback. The other graphs show the 
effects on E kinase activity of negative 
feedback operating after a short or long 
delay. With a short delay, the system 
shows a strong, brief response when 
the signal is abruptly changed, and the 
feedback then drives the response back 
down to a lower level. With a long 
delay, the feedback produces sustained 
oscillations for as long as the stimulus 
is present. 



Positive Feedback Can Generate an All-or-None Response

Figure 15–19 The importance of examining individual cells to detect all-or-none responses to increasing 
concentrations of an extracellular signal. In these experiments, immature frog eggs (oocytes) were stimulated 
with increasing concentrations of the hormone progesterone. The response was assessed by analyzing the 
activation of MAP kinase (discussed later), which is one of the protein kinases activated by phosphorylation in 
the response. The amount of phosphorylated (activated) MAP kinase in extracts of the oocytes was assessed 
biochemically. In (A), extracts of populations of stimulated oocytes were analyzed, and the activation of MAP 
kinase appeared to increase progressively with increasing progesterone concentration. 

Positive Feedback Can Generate an All-or-None Response

There are two possible ways of explaining this result: (B) MAP kinase could have increased gradually in each 
individual cell with increasing progesterone concentration; or (C) individual cells could have responded in an 
all-or-none way, with the gradual increase in total MAP kinase activation reflecting the increasing number of 
cells responding with increasing progesterone concentration. When extracts of individual oocytes were 
analyzed, it was found that cells had either very low amounts or very high amounts, but not intermediate 
amounts, of the activated kinase, indicating that the response was essentially all-or-none at the level of 
individual cells, as diagrammed in (C). Subsequent studies revealed that this all- or-none response is due in 
part to strong positive feedback in the progesterone signaling system. (Adapted from J.E. Ferrell and E.M. 
Machleder, Science 280:895– 898, 1998. With permission from AAAS.) 

PRINCIPLES OF CELL SIGNALING

• Negative Feedback is a Common Motif in Signaling 
Systems • A delayed negative feedback with a long 

enough delay can produce responses that 
oscillate. 

• Many such oscillators also contain positive 
feedback loops that generate sharper 
oscillations.

• Most of them depend on negative feedback, 
generally accompanied by positive feedback.
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Figure 15–20 Some ways in which target cells can become adapted (desensitized) to an extracellular signal 
molecule. The mechanisms shown here that operate at the level of the receptor often involve phosphorylation 
or ubiquitylation of the receptor proteins. 

Summary

Each cell in a multicellular animal is programmed to respond to a 
specific set of extracellular signal molecules produced by other cells. 
The signal molecules act by binding to a complementary set of 
receptor proteins expressed by the target cells. Most extracellular 
signal molecules activate cell-surface receptor proteins, which act as 
signal transducers, converting the extracellular signal into 
intracellular ones that alter the behavior of the target cell. Activated 
receptors relay the signal into the cell interior by activating 
intracellular signaling proteins. Some of these signal- ing proteins 
transduce, amplify, or spread the signal as they relay it, while others 
integrate signals from different signaling pathways. Some function as 
switches that are transiently activated by phosphorylation or GTP 
binding. Large signaling complexes form by means of modular 
interaction domains in the signaling proteins, which allow the 
proteins to form functional signaling networks. 

Summary

Target cells use various mechanisms, including feedback loops, to 
adjust the ways in which they respond to extracellular signals. 
Positive feedback loops can help cells to respond in an all-or-none 
fashion to a gradually increasing concentration of an extracellular 
signal and to convert a short-lasting signal into a long- lasting, or 
even irreversible, response. Negative feedback allows cells to adapt 
to a signal molecule, which enables them to respond to small changes 
in the concentration of the signal molecule over a large concentration 
range. 
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Figure 15–21 A G-protein-coupled receptor (GPCR) 

Introduction

(B) The structure of the β2-adrenergic 
receptor, a receptor for the 
neurotransmitter adrenaline, illustrates 
the typical cylindrical arrangement of 
the seven transmembrane helices in a 
GPCR. The ligand (orange) binds in a 
pocket between the helices, resulting in 
conformational changes on the 
cytoplasmic surface of the receptor that 
promote G-protein activation (not 
shown). (PDB code: 3P0G.)



Introduction

https://www.rcsb.org/3d-view/3P0G

Introduction

https://bioinformatics.org/firstglance/fgij//fg.htm?mol=https://
storage.googleapis.com/opm-assets/pdb/4lde.pdb

G-protein-coupled receptors (GPCR)

• The largest family of cell-surface receptors.
• More than 700 GPCRs in humans (1,000 concerned w/ the sense of smell alone in mice)

• Signals for GPCRs: hormones, local mediators, and neurotransmitters.

• A large variety of cellular process.
• An attractive target for drugs.
• About half of all known drugs work through GPCRs.
• Diversity of signals but, a similarity of GPCRs in structure.

• A single polypeptide chain

•Seven-pass transmembrane 

•Rhodopsin (light –activated photoreceptor protein in the vertebrate eye), the olfactory 
(smell) receptors in the vertebrate nose, mating receptors in yeast.

•Ancient, bacteriorhodopsin in bacteria possess similar proteins (do not act through G proteins)

SIGNALING THROUGH G-PROTEIN-COUPLED 
RECEPTORS

• Trimeric G Proteins Relay Signals From GPCRs
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Figure 15–22 The structure of an inactive G protein. (A) Note that both the α and the γ subunits have 
covalently attached lipid molecules (red tails) that help bind them to the plasma membrane, and the α subunit 
has GDP bound.

Trimeric G Proteins Relay Signals From GPCRs

(B) The three-dimensional structure of the inactive, GDP-bound form of a G protein called Gs, which 
interacts with numerous GPCRs, including the β2-adrenergic receptor shown in Figures 15–21 and 15–23. The 
α subunit contains the GTPase domain and binds to one side of the β subunit. The γ subunit binds to the 
opposite side of the β subunit, and the β and γ subunits together form a single functional unit. The GTPase 
domain of the α subunit contains two major subdomains: the “Ras” domain, which is related to other 
GTPases and provides one face of the nucleotide-binding pocket; and the alpha-helical or “AH” domain, 
which clamps the nucleotide in place. (B, based on D.G. Lombright et al., Nature 379:311– 319, 1996. With 
permission from Macmillan Publishers Ltd.) 

Trimeric G Proteins Relay Signals From GPCRs



• Signal binding to GPCRs > conformational change
• Activates a G protein

• G proteins

• 3 subunits: α, β, and γ 

•α and γ tethered to membrane

• Unstimulated state: α subunit w/ GDP (idle)
• Ligand binding...

•Altered R activates a G protein (α subunit to decrease its affinity for GDP)

•Exchanging GDP to GTP.

•Breaking up the G protein subunits.

• α and βγ (two separate molecules)

Stimulation of GPCRs activates G-protein subunits

• G-protein α subunit

•Limit the amount of time that α and βγ subunits remain ‘switched 
on’

•Limit availability to relay signals
• An intrinsic GTPase activity (hydrolyzes its bound GTP back to GDP)

• Returns the whole G protein to its original, inactive conformation
• GTP hydrolysis + Inactivation > within seconds after the G protein has been activated.

• Inactive G protein is now ready to be reactivated.

Stimulation of GPCRs activates G-protein subunits

The longer these target proteins have an α or βγ subunit 
bound to them, the stronger and more prolonged the relayed 

signal will be. 

SIGNALING THROUGH G-PROTEIN-COUPLED 
RECEPTORS

• Some G Proteins Regulate the Production of Cyclic 
AMP

Some G Proteins Regulate the Production of Cyclic AMP

Figure 15–24 An increase in cyclic AMP in response to an extracellular signal. This nerve cell in culture is 
responding to the neurotransmitter serotonin, which acts through a GPCR to cause a rapid rise in the 
intracellular concentration of cyclic AMP. 



Some G Proteins Regulate the Production of Cyclic AMP

Figure 15–25 The synthesis and degradation 
of cyclic AMP. In a reaction catalyzed by the 
enzyme adenylyl cyclase, cyclic AMP 
(cAMP) is synthesized from ATP through a 
cyclization reaction that removes two 
phosphate groups as pyrophosphate (PPi ); a 
pyrophosphatase drives this synthesis by 
hydrolyzing the released pyrophosphate to 
phosphate (not shown). Cyclic AMP is short-
lived (unstable) in the cell because it is 
hydrolyzed by specific phosphodiesterases to 
form 5ʹ-AMP, as indicated. 

Some G Proteins Regulate the Production of Cyclic AMP

The most frequent target enzymes for G proteins

•Adenylyl cyclase (AC) produces cyclic AMP (cAMP)

•Phospholipase C (PLC) produces inositol triphosphate (IP3) + diacylglycerol (DAG)

*Second messengers

The small intracellular signaling molecules generated in these 
cascades. They are produced in large numbers.

cAMP 
• Activated G protein α subunits (Gs) activates adenynyl cyclase

• Synthesized by adenylyl cylcase, degraded by cAMP phosphodiesterase

• Caffeine: ⊣ phosphodiesterase in the nervous system > ⊣ cAMP 
degradation > Keep [cAMP] high 

• A dramatic and sudden increase in response to an extracellular signal

• cAMP phosphodiesterase is continuously active.
• It breaks cAMP down so quickly, rising or falling in a matter of 

seconds.

• Water-soluble (so it can carry its signal throughout the cell, traveling from the site on 
the membrane where it is synthesized to interact with proteins located in the cytosol, the 
nucleus, or other organelles)
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Cyclic-AMP-Dependent Protein Kinase (PKA) Mediates Most of the 
Effects of Cyclic AMP

Figure 15–26 The activation of cyclic- AMP-dependent protein kinase (PKA). The binding of cAMP to the 
regulatory subunits of the PKA tetramer induces a conformational change, causing these subunits to dissociate 
from the catalytic subunits, thereby activating the kinase activity of the catalytic subunits. The release of the 
catalytic subunits requires the binding of more than two cAMP molecules to the regulatory subunits in the 
tetramer. This requirement greatly sharpens the response of the kinase to changes in cAMP concentration, as 
discussed earlier (see Figure 15–16). Mammalian cells have at least two types of PKAs: type I is mainly in the 
cytosol, whereas type II is bound via its regulatory subunits and special anchoring proteins to the plasma 
membrane, nuclear membrane, mitochondrial outer membrane, and microtubules. In both types, once the 
catalytic subunits are freed and active, they can migrate into the nucleus (where they can phosphorylate 
transcription regulatory proteins), while the regulatory subunits remain in the cytoplasm. 

Cyclic-AMP-Dependent Protein Kinase (PKA) Mediates Most of the 
Effects of Cyclic AMP

Figure 15–27 How a rise in intracellular cyclic 
AMP concentration can alter gene 
transcription. The binding of an extracellular 
signal molecule to its GPCR activates adenylyl 
cyclase via Gs and thereby increases cAMP 
concentration in the cytosol. This rise activates 
PKA, and the released catalytic subunits of 
PKA can then enter the nucleus, where they 
phosphorylate the transcription regulatory 
protein CREB. Once phosphorylated, CREB 
recruits the coactivator CBP, which stimulates 
gene transcription. In some cases, at least, the 
inactive CREB protein is bound to the cyclic 
AMP response element (CRE) in DNA before 
it is phosphorylated (not shown). 



PKA (cAMP-dependent protein kinase)

• Normally held inactive in a complex with another protein.

• cAMP binding forces a conformational change that unleashes the 
active kinase.

•  Activated PKA then catalyze the phosphorylation of particular 
serines or threonines on certain intracellular proteins (enzymes 
involved in glycogen metabolism or CREB)  

•  A rise in intracellular cAMP can also activate gene transcription.

2. Fat cells (not gene transcription involved; rapid response)

Adrenaline > GPCR ↑ > Gs ↑ > [cAMP] ↑ > triglyceride 
breakdown > an immediately usage form of cell fuel

3. Endocrine cells or brain cells (gene transcription involved; slow 
response)

Adrenaline > GPCR ↑ > Gs ↑ > [cAMP] ↑ > PKA ↑ > 
transcription regulator-P ↑  > activate gene transcription : 
hormone synthesis in endocrine cells or proteins involved in long 
term memory in the brain

SIGNALING THROUGH G-PROTEIN-COUPLED 
RECEPTORS

• Some G Proteins Signal Via Phospholipids



Some G Proteins Signal Via Phospholipids Some G Proteins Signal Via Phospholipids

Figure 15–28 The hydrolysis of PI(4,5) P2 by phospholipase C- ︎. Two second messengers are produced 
directly from the hydrolysis of PI(4,5)P2: inositol 1,4,5-trisphosphate (IP3), which diffuses through the 
cytosol and releases Ca2+ from the endoplasmic reticulum, and diacylglycerol, which remains in the 
membrane and helps to activate protein kinase C (PKC; see Figure 15–29). There are several classes of 
phospholipase C: these include the β class, which is activated by GPCRs; as we see later, the γ class is 
activated by a class of enzyme- coupled receptors called receptor tyrosine kinases (RTKs). 

Some G Proteins Signal Via Phospholipids

Figure 15–29 How GPCRs increase cytosolic Ca2+ and activate protein kinase C. The activated GPCR 
stimulates the plasma-membrane-bound phospholipase C-β (PLCβ) via a G protein called Gq. The α subunit 
and βγ complex of Gq are both involved in this activation. Two second messengers are produced when 
PI(4,5)P2 is hydrolyzed by activated PLCβ. Inositol 1,4,5-trisphosphate (IP3) diffuses through the cytosol and 

releases Ca2+ from the ER by binding to and opening IP3-gated Ca2+-release channels (IP3 receptors) in the 
ER membrane. The large electrochemical gradient for Ca2+ across this membrane causes Ca2+ to escape into 
the cytosol when the release channels are opened. Diacylglycerol remains in the plasma membrane and, 
together with phosphatidylserine (not shown) and Ca2+, helps to activate protein kinase C (PKC), which is 
recruited from the cytosol to the cytosolic face of the plasma membrane. Of the 10 or more distinct isoforms 
of PKC in humans, at least 4 are activated by diacylglycerol (Movie 15.3). 

Some G Proteins Signal Via Phospholipids



• Once activated, PLC propagates the signal by cleaving a lipid 
molecule.

• Inositol phospholipid (a phospholipid with the sugar inositol attached to 
its head)

• Small quantities in the cytosolic half.
• Inositol phospholipid pathway.
• Operates in almost all eucaryotic cells
• Regulates a host of different effector proteins.
• Localized differently from all other glycolipids.

inositol phospholipid pathway

IP3 
• Water-soluble sugar phosphate that diffuses into the cytosol

•Relay the signal
• Binds to and opens special Ca2+ channels in the ER membrane. 
• Triggers the release of Ca2+ from the ER

• Ca2+ to rush out into the cytosol.

DAG 
•Remains embedded in the plasma membrane

•Relay the signal
• Helps recruit and activate protein kinase C (PKC)

• Recruited to the cytosolic face of the plasma membrane.

• Need Ca2+ to become active.
• Phosphorylates its own set of intracellular target proteins, further 

propagating the signal.

SIGNALING THROUGH G-PROTEIN-COUPLED 
RECEPTORS

• Ca2+ Functions as a Ubiquitous Intracellular 
Mediator
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Feedback Generates Ca2+ Waves and Oscillations

Figure 15–30 The fertilization of an egg by a sperm triggers a wave of cytosolic Ca2+. This starfish egg was 
injected with a Ca2+-sensitive fluorescent dye before it was fertilized. A wave of cytosolic Ca2+ (red), 
released from the ER, sweeps across the egg from the site of sperm entry (arrow). This Ca2+ wave changes 
the egg cell surface, preventing the entry of other sperm, and it also initiates embryonic development (Movie 
15.5). The initial increase in Ca2+ is thought to be caused by a sperm-specific form of PLC (PLC ︎) that the 
sperm brings into the egg cytoplasm when it fuses with the egg; the PLC ︎ cleaves PI(4,5)P2 to produce IP3, 
which releases Ca2+ from the egg ER. The released Ca2+ stimulates further Ca2+ release from the ER, 
producing the spreading wave, as we explain in Figure 15–31. (Courtesy of Stephen A. Stricker.) 



Feedback Generates Ca2+ Waves and Oscillations

Figure 15–31 Positive and 
negative feedback produce 
Ca2+ waves and oscillations. 
This diagram shows IP3 
receptors and ryanodine 
receptors on a portion of the ER 
membrane: active receptors are 
in green; inactive receptors are 
in red. 

Feedback Generates Ca2+ Waves and Oscillations

Figure 15–32 Vasopressin-induced Ca2+ oscillations in a liver cell. The cell was loaded with the Ca2+-
sensitive protein aequorin and then exposed to increasing concentrations of the peptide signal molecule 
vasopressin, which activates a GPCR and thereby PLCβ (see Table 15–2). 

• An very important and widespread role as a 
messenger.

• [Ca2+]↑ in cytosol

• GPCRs
• Fertilized egg cells (When a sperm fertilizes an egg cell, Ca2+ channels 

open and the resulting rise in Ca2+ triggers the start of embryonic development)

• Skeletal muscle cells (a signal from a nerve triggers a rise in cytosolic 
Ca2+ that initiates muscle contraction)

• Secretory cells (Ca2+ triggers secretion)

• [Ca2+] maintenance in the cytosol

• [Ca2+] of an unstimulated cell : extremely low (10-7 M) compared with that 
in extracellular fluid and ER.

• Maintained by membrane-embedded pumps (actively pump Ca2+ out 
of the cytosol-either into the ER or across the plasma membrane and out of the cell).

• A steep electrochemical gradient of Ca2+ exists

• A signal transiently opens Ca2+ channels (Ca2+ 
rushes into cytosol).

Ca2+ signal
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Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

Figure 15–33 The structure of Ca2+/calmodulin. (A) 
The molecule has a dumbbell shape, with two globular 
ends, which can bind to many target proteins. The 
globular ends are connected by a long, exposed α helix, 
which allows the protein to adopt a number of different 
conformations, depending on the target protein it 
interacts with. Each globular head has two Ca2+- 
binding sites (Movie 15.6).

Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

(B) Shown is the major structural change that occurs in Ca2+/calmodulin when it binds to a target protein (in 
this example, a peptide that consists of the Ca2+/calmodulin-binding domain of a Ca2+/calmodulin-dependent 
protein kinase). Note that the Ca2+/calmodulin has “jack-knifed” to surround the peptide. When it binds to 
other targets, it can adopt different conformations. (A, based on x-ray crystallographic data from Y.S. Babu et 
al., Nature 315:37–40, 1985. With permission from Macmillan Publishers Ltd; B, based on x-ray 
crystallographic data from W.E. Meador, A.R. Means, and F.A. Quiocho, Science 257:1251–1255, 1992, and 
on nuclear magnetic resonance (NMR) spectroscopy data from M. Ikura et al., Science 256:632–638, 1992.) 



Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

Figure 15–34 The stepwise activation of CaM-kinase II. (A) Each CaM-kinase II protein has two major 
domains: an amino- terminal kinase domain (green) and a carboxyl-terminal hub domain (blue), linked by a 
regulatory segment. Six CaM-kinase II proteins are assembled into a giant ring in which the hub domains 
interact tightly to produce a central structure that is surrounded by kinase domains. The complete enzyme 
contains two stacked rings, for a total of 12 kinase proteins, but only one ring is shown here for clarity. 
When the enzyme is inactive, the ring exists in a dynamic equilibrium between two states. The first (upper 
left) is a compact state, in which the kinase domains interact with the hub, so that the regulatory segment is 
buried in the kinase active site and thereby blocks catalytic activity. In the second inactive state (upper 
middle), a kinase domain has popped out and is linked to the central hub by its regulatory segment, which 
continues to inhibit the kinase but is now accessible to Ca2+/calmodulin. If present, Ca2+/calmodulin will bind 
the regulatory segment and prevent it from inhibiting the kinase, thereby locking the kinase in an active state 
(upper right). If the adjacent kinase subunit also pops out from the hub, it will also be activated by Ca2+/
calmodulin, and the two kinases will then phosphorylate each other on their regulatory segments (lower 
right). This autophosphorylation further activates the enzyme. It also prolongs the activity of the enzyme in 
two ways. First, it traps the bound Ca2+/calmodulin so that it does not dissociate from the enzyme until 
cytosolic Ca2+ levels return to basal values for at least 10 seconds (not shown). Second, it converts the 
enzyme to a Ca2+-independent form, so that the kinase remains active even after the Ca2+/calmodulin 
dissociates from it (lower left). This activity continues until the action of a protein phosphatase overrides the 
autophosphorylation activity of CaM-kinase II. 

Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

(B) This structural model of the enzyme is based on x-ray crystallographic analysis. 

Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

https://www.rcsb.org/structure/3SOA



Ca2+/Calmodulin-Dependent Protein Kinases Mediate Many Responses 
to Ca2+ Signals

Figure 15–35 CaM-kinase II as a frequency decoder of Ca2+ oscillations. 

The effects of Ca2+ in the cytosol are largely indirect (mediated by Ca2+-
responsive proteins)

•Ca2+-binding proteins (calmodulin, CaM)

• Present in the cytosol of all eucaryotic cells (mammals, plants, fungi, and 
protozoa)

• Binds to Ca2+ (undergoes a conformational change that enables it to wrap 
around a wide range of target proteins, altering their activities).

• A target for CaM : Ca2+/calmodulin-dependent protein 
kinase (CaM-kinase)

• A neuron-specific CaM-kinase at synapses: learning and memory

Ca2+ signal
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Smell and Vision Depend on GPCRs That Regulate Ion Channels

Figure 15–36 Olfactory receptor neurons. (A) A section of olfactory epithelium in the nose. Olfactory 
receptor neurons possess modified cilia, which project from the surface of the epithelium and contain the 
olfactory receptors, as well as the signal transduction machinery. The axon, which extends from the opposite  
end of the receptor neuron, conveys electrical signals to the brain when an odorant activates the cell to 
produce an action potential. In rodents, at least, the basal cells act as stem cells, producing new receptor 
neurons throughout life, to replace the neurons that die.

Smell and Vision Depend on GPCRs That Regulate Ion Channels

(B) A scanning electron micrograph of the cilia on the surface of an olfactory neuron. (B, from E.E. Morrison 
and R.M. Costanzo, J. Comp. Neurol. 297:1–13, 1990. With permission from Wiley-Liss.)

 • Human can distinguish more than 10,000 
district smells. 

 • Specialized olfactory receptor neurons in 
the linking of the nose. 

 • GPCR (olfactory receptors) is displayed on 
the surface of the cilia. 

 • Golf acts through cAMP. 
 • Odorant binding > Golf activation > Adenylyl 

cyclase activation > cAMP open cAMP-gated 
cation channels > influx of Na+ > 
depolarization of the olfactory receptor 
neuron > a nerve impulse that travels along 
its axon to the brain 

 • 1000 Golf in a mouse, 350 Golf in a human.

Smell and Vision Depend on GPCRs That Regulate Ion Channels

Figure 15–37 Cyclic GMP. 



Smell and Vision Depend on GPCRs That Regulate Ion Channels

Figure 15–38 A rod photoreceptor cell. There are 
about 1000 discs in the outer segment. The disc 
membranes are not connected to the plasma 
membrane. The inner and outer segments are 
specialized parts of a primary cilium (discussed in 
Chapter 16). A primary cilium extends from the 
surface of most vertebrate cells, where it serves as a 
signaling organelle. 

 Eye to bright light (photoreceptor): only 20 msec 
 • A rod photoreceptor cells in the retina 
 • cGMP-gated ion channels 
 • cGMP instead of cAMP 
 • Guanylyl cyclase and cGMP phosphodiesterase controls 

cGMP concentration. 
 • Rod receptor 
 • Light is sensed by rhodopsin (GPCR)

Smell and Vision Depend on GPCRs That Regulate Ion Channels

Figure 15–39 The response of a rod 
photoreceptor cell to light. Rhodopsin 
molecules in the outer-segment discs 
absorb photons. Photon absorption 
closes cation channels in the plasma 
membrane, which hyperpolarizes the 
membrane and reduces the rate of 
neurotransmitter release from the 
synaptic region. Because the 
neurotransmitter inhibits many of the 
postsynaptic retinal neurons, 
illumination serves to free the neurons 
from inhibition and thus, in effect, 
excites them. The neural connections 
of the retina lie between the light 
source and the outer segment, and so 
the light must pass through the 
synapses and rod cell nucleus to reach 
the light sensors. 

 Rhodopsin (GPCR)  
 • [dark] Gα > cGMP production > cation channel open > 

depolarisation > neurotransmitter release.  

• [Light]Rhodopsin absorb photons > G > cGMP 
phosphodiesterase > cation channel closed > 
hyperpolarization > neurotransmitter reduced. 
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Nitric Oxide Is a Gaseous Signaling Mediator That Passes Between 
Cells

Figure 15–40 The role of nitric oxide (NO) in smooth muscle relaxation in a blood vessel wall. (A) 
Simplified cross section of a blood vessel, showing the endothelial cells lining the lumen and the smooth 
muscle cells around them.

Nitric Oxide Is a Gaseous Signaling Mediator That Passes Between 
Cells

(B) The neurotransmitter acetylcholine stimulates blood vessel dilation by activating a GPCR—the 
muscarinic acetylcholine receptor—on the surface of endothelial cells. This receptor activates a G protein, 
Gq, thereby stimulating IP3 synthesis and Ca2+ release by the mechanisms illustrated in Figure 15–29. Ca2+ 
activates nitric oxide synthase, causing the endothelial cells to produce NO from arginine. The NO diffuses 
out of the endothelial cells and into the neighboring smooth muscle cells, where it activates guanylyl cyclase 
to produce cyclic GMP. The cyclic GMP triggers a response that causes the smooth muscle cells to relax, 
increasing blood flow through the vessel. 



Nitric Oxide (NO), a local mediator

• Characteristics
• Dissolved gas (diffuses readily out of the cell)

• Quickly converted to nitrate and nitrite (half life of 5-10s).
• NO synthase (NOS): Arginine (substrate) → NO + Citrulline (products).

• Action mechanism
• Smooth muscle cells relaxation (blood-vessel dilation (팽창))

• ‘Nitroglycerin’ (협심증 치료제)

     (In the body, it is converted to NO, which rapidly relaxes coronary blood vessels and increases 
blood flow to the heart)

• Binds to ‘Guanylyl cyclase (GC)’ to produce cGMP, a second messenger.

• Viagra: a impotence drug that enhances penile erection by blocking the 
degradation of cGMP, prolonging the NO signal.
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Second Messengers and Enzymatic Cascades Amplify Signals

Figure 15–41 Amplification in the light- 
induced catalytic cascade in vertebrate rods. The 
red arrows indicate the steps where amplification 
occurs, with the thickness of the arrow roughly 
indicating the magnitude of the amplification. 

•Adaptability

• In bright sunlight (photons flood through each photoreceptor cell at a 
rate of billions per second)

• The signaling cascade adapts (stepping down the amplification 
more than 10,000-fold)

• Photoreceptor cells are not overwhelmed (still register + / 
- in the strong light)

•Negative feedback (an intense response generates an intracellular 
signal that inhibits the enzymes responsible for signal amplification)

• Frequently occurs in response to chemical signals

• Allow cells to remain sensitive to changes of signal 
intensity (allow a cell to respond to both messages, whispered and 
shouted).

SIGNALING THROUGH G-PROTEIN-COUPLED 
RECEPTORS

• GPCR Desensitization Depends on Receptor 
Phosphorylation



GPCR Desensitization Depends on Receptor Phosphorylation

Figure 15–42 The roles of GPCR kinases (GRKs) and arrestins in GPCR desensitization. A GRK 
phosphorylates only activated receptors because it is the activated GPCR that activates the GRK. The binding 
of an arrestin to the phosphorylated receptor prevents the receptor from binding to its G protein and also 
directs its endocytosis (not shown). Mice that are deficient in one form of arrestin fail to desensitize in 
response to morphine, for example, attesting to the importance of arrestins for desensitization. 

• When target cells are exposed to a high 
concentration of a stimulating ligand for a prolonged 
period, they can become desensitized, or adapted.

For GPCRs, 

(1) Sequestration

(2) Down-regulation in lysosomes

(3) Inactivation

• In each case, the desensitization of the GPCRs 
depends on their phosphorylation by PKA, PKC, or a 
member of the family of GPCR kinases (GRKs).

• The GRKs phosphorylate multiple serines and 
threonines on a GPCR, but they do so only after 
ligand binding has activated the receptor.

• Once a receptor has been phosphorylated by a 
GRK, it binds with high affinity to a member of the 
arrestin family of proteins.

Arrestin

1. prevents the activated receptor from 
interacting with G protein.

2. serves as an adaptor protein to help couple 
the receptor to the clathrin-dependent 
endocytosis machinery 

*clathrin (vesicle coat protein complexes)



Summary

GPCRs can indirectly activate or inactivate either plasma-membrane-bound 
enzymes or ion channels via G proteins. When an activated receptor 
stimulates a G protein, the G protein undergoes a conformational change that 
activates its α sub- unit, thereby triggering release of a ︎︎ complex. Either 
component can then directly regulate the activity of target proteins in the 
plasma membrane. Some GPCRs either activate or inactivate adenylyl 
cyclase, thereby altering the intracellular concentration of the second 
messenger cyclic AMP. Others activate a phosphoinositide-specific 
phospholipase C (PLC ︎), which generates two second messengers. One is 
inositol 1,4,5-trisphosphate (IP3), which releases Ca2+ from the ER and 
thereby increases the concentration of Ca2+ in the cytosol. The other is 
diacylglycerol, which remains in the plasma membrane and helps activate 
protein kinase C (PKC). An increase in cytosolic cyclic AMP or Ca2+ levels 
affects cells mainly by stimulating cAMP-dependent protein kinase (PKA) 
and Ca2+/calmodulin-dependent protein kinases (CaM- kinases), 
respectively. 

Summary

PKC, PKA, and CaM-kinases phosphorylate specific target proteins and 
thereby alter the activity of the proteins. Each type of cell has its own 
characteristic set of target proteins that is regulated in these ways, 
enabling the cell to make its own distinctive response to the second 
messengers. The intracellular signaling cascades activated by GPCRs 
greatly amplify the responses, so that many thousands of target protein 
molecules are changed for each molecule of extracellular signaling 
ligand bound to its receptor. The responses mediated by GPCRs are 
rapidly turned off when the extracellular signal is removed, and activated 
GPCRs are inactivated by phosphorylation and association with arrestins. 

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Activated Receptor Tyrosine Kinases (RTKs) 
Phosphorylate Themselves

•Transmembrane proteins
• Ligand-binding domain on the outer surface
• Cytoplasmic domain acts as an enzyme itself or forms a complex with enzyme

• Discovered through ‘growth factors’ that regulate the growth, proliferation, 
differentiation, and survival of cells

• Response slowly (hours) and require many intracellular transduction steps that 
eventually lead to changes in gene expression

•Direct, rapid responses (rapid reconfigulation of the cytoskeleton, controlling 
the way a cell changes its shape and moves)

• Fields of cancer biology and development (cell growth, proliferation, 
differentiation, survival, migration)

• ‘Receptor tyrosine kinases (RTK)’, largest class of enzyme-linked receptors.

Enzyme-coupled receptors



• An enzyme-linked receptor has to switch on the enzyme activity of its 
intracellular domain. 

•  Only one transmembrane segment (vs. GPCRs)

•  It seems, no way to transmit a conformational change 
through a single α helix. 

• A different strategy for transducing the extracellular signal.

Central problem
Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate 
Themselves

Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate 
Themselves

Figure 15–43 Some subfamilies of RTKs. Only one or two members of each subfamily are indicated. Note 
that in some cases, the tyrosine kinase domain is interrupted by a “kinase insert region” that is an extra 
segment emerging from the folded kinase domain. The functions of most of the cysteine-rich, 
immunoglobulin- like, and fibronectin-type-III-like domains are not known. Some of the ligands for the 
receptors shown are listed in Table 15–4, along with some representative responses that they mediate. 

Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate 
Themselves

Figure 15–44 Activation of RTKs by dimerization.



Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate 
Themselves

Figure 15–44 Activation of RTKs by dimerization.

In the absence of extracellular signals, most RTKs exist as monomers in which the internal kinase domain is 
inactive. Binding of ligand brings two monomers together to form a dimer. In most cases, the close proximity 
in the dimer leads the two kinase domains to phosphorylate each other, which has two effects. First, 
phosphorylation at some tyrosines in the kinase domains promotes the complete activation of the domains. 
Second, phosphorylation at tyrosines in other parts of the receptors generates docking sites for intracellular 
signaling proteins, resulting in the formation of large signaling complexes that can then broadcast signals 
along multiple signaling pathways. Mechanisms of dimerization vary widely among different RTK family 
members. In some cases, as shown here, the ligand itself is a dimer and brings two receptors together by 
binding them simultaneously. In other cases, a monomeric ligand can interact with two receptors 
imultaneously to bring them together, or two ligands can bind independently on two receptors to promote 
dimerization. In some RTKs—notably those in the insulin receptor family—the receptor is always a dimer 
(see Figure 15–43), and ligand binding causes a conformational change that brings the two internal kinase 
domains closer together. Although many RTKs are activated by transautophosphorylation as shown here, there 
are some important exceptions, including he EGF receptor illustrated in Figure 15–45. 

Activated Receptor Tyrosine Kinases (RTKs) Phosphorylate 
Themselves

Figure 15–45 Activation of the EGF receptor kinase. In the absence of ligand, the EGF receptor exists 
primarily as an inactive monomer. EGF binding results in a conformational change that promotes 
dimerization of the external domains. The receptor kinase domain, unlike that of many RTKs, is not activated 
by transautophosphorylation. Instead, dimerization orients the internal kinase domains into an asymmetric 
dimer, in which one kinase domain (the “activator”) pushes against the other kinase domain (the “receiver”), 
thereby causing an activating conformational change in the receiver. The active receiver domain then 
phosphorylates multiple tyrosines in the C-terminal tails of both receptors, generating docking sites for 
intracellular signaling proteins (see Figure 15–44). 

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Phosphorylated Tyrosines on RTKs Serve as 
Docking Sites for Intracellular Signaling Proteins

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Proteins with SH2 Domains Bind to Phosphorylated 
Tyrosines



Proteins with SH2 Domains Bind to Phosphorylated Tyrosines

Figure 15–46 The binding of SH2- containing intracellular signaling proteins to an activated RTK.

Proteins with SH2 Domains Bind to Phosphorylated Tyrosines

(B) The three-dimensional structure of an SH2 domain, as determined by x-ray crystallography. The binding 
pocket for phosphotyrosine is shaded in orange on the right, and a pocket for binding a specific amino acid 
side chain (isoleucine, in this case) is shaded in yellow on the left. The RTK polypeptide segment that binds 
the SH2 domain is shown in yellow (see also Figure 3–40). 

Proteins with SH2 Domains Bind to Phosphorylated Tyrosines

(C) The SH2 domain is a compact, “plug-in” module, which can be inserted almost anywhere in a protein 
without disturbing the protein’s folding or function (discussed in Chapter 3). Because each domain has distinct 
sites for recognizing phosphotyrosine and for recognizing a particular amino acid side chain, different SH2 
domains recognize phosphotyrosine in the context of different flanking amino acid sequences. (B, based on 
data from G. Waksman et al., Cell 72:779–790, 1993. With permission from Elsevier. PDB code: 2SRC.) 

1. Binding of signal molecules

2. Receptor dimerization (Contact b/w the two receptor tails activate kinase function)

3. Cross-phosphorylation

4. Triggers the assembly of Intracellular signaling complex (The newly 
phosphorylated tyrosines serve as binding sites for a whole zoo of intracellular signaling 
proteins - 10 or 20 molecules)

•Proteins that become phosphorylated / activated.

•Adaptor - solely couples the receptor to other proteins

5. Assembled protein complex - trigger a complex response such as cell proliferation

Activation of an RTK



•Different RTK recruits different intracellular proteins

• Common components

1.Phospholipase C (function in the same way as phospholipase C to 
activate the IP3 signaling pathway)

2.PI-3-kinase (Phosphatidyl-inositol 3-kinase): phosphorylates inositol 
phospholipids in the plasma membrane, which become docking sites for 
protein kinase B (PKB or Akt)

3. GAP  GTPase-activating proteins

Termination of the activation of RTKs

1. Protein tyrosine phosphatase (removes the phosphates)

2. Endocytosis of the receptors and then destroyed by digestion in lysosomes

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• The GTPase Ras Mediates Signaling by Most RTKs

The GTPase Ras Mediates Signaling by Most RTKs



The GTPase Ras Mediates Signaling by Most RTKs

Figure 15–47 How an RTK activates Ras. Grb2 recognizes a specific phosphorylated tyrosine on the activated 
receptor by means of an SH2 domain and recruits Sos by means of two SH3 domains. Sos stimulates the 
inactive Ras protein to replace its bound GDP by GTP, which activates Ras to relay the signal downstream. 

•Bound by a lipid tail to the cytoplasmic face of the plasma membrane

•All RTKs activate Ras (from PDGF to NGF)

• Small, monomeric GTP-binding protein (cf., trimeric G protein)

• Resembles the α subunits of a G protein

• Functions as a molecular switch
• Ras-GTP (active); Ras-GDP (inactive)

• Ras-activating protein (GEF or Sos); GTPase-activating protein (GAP)

• Activates a MAP kinase cascades

• GTPase-activating proteins (GAPs) inactivates Ras by stimulating it to hydrolyze its bound GTP; the 
inactivated Ras remains tightly bound to GDP. 

• Guanine nucleotide exchange factors (GEFs) activate Ras by stimulating it to give up its GDP; the 
concentration of GTP in the cytosol is 10 times greater than the concentration of GDP, and Ras rapidly 
binds GTP once GDP has been ejected. 

• The Ras GAPs maintain most of the Ras protein (~95%) in unstimulated cells in an inactive GDP-
bound state.

Ras protein ≈ Gα

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Ras Activates a MAP Kinase Signaling Module

Ras Activates a MAP Kinase Signaling Module

Figure 15–48 Transient activation of Ras revealed by single-molecule fluorescence resonance energy 
transfer (FRET). 



(A) Schematic drawing of the experimental strategy. Cells of a human cancer cell line are genetically 
engineered to express a Ras protein that is covalently linked to yellow fluorescent protein (YFP). GTP that is 
labeled with a red fluorescent dye is microinjected into some of the cells. The cells are then stimulated with 
the extracellular signal protein EGF, and single fluorescent molecules of Ras-YFP at the inner surface of the 
plasma membrane are followed by video fluorescence microscopy in individual cells. When a fluorescent Ras-
YFP molecule becomes activated, it exchanges unlabeled GDP for fluorescently labeled GTP; the energy 
emitted by the YFP now activates the fluorescent GTP to emit red light (called fluorescence resonance energy 
transfer, or FRET; see Figure 9–26). Thus, the activation of single Ras molecules can be followed by the 
emission of red fluorescence from a previously yellow-green fluorescent spot at the plasma membrane. 

Protein Dynamics Can Be Followed in Living Cells

Ras Activates a MAP Kinase Signaling Module

As shown in (B), activated Ras molecules can be detected after about 30 seconds of EGF stimulation. The red 
signal peaks at about 3 minutes and then decreases to baseline by 6 minutes. As Ras-GAP is found to be 
recruited to the same spots at the plasma membrane as Ras, it presumably plays a major part in rapidly 
shutting off the Ras signal. (Modified from H. Murakoshi et al., Proc. Natl Acad. Sci. USA 101:7317–7322, 
2004. With permission from National Academy of Sciences.) 

Ras Activates a MAP Kinase Signaling Module

Figure 15–49 The MAP kinase module activated by Ras.



   : Ras > Raf > Mek-P > Erk-P > Gene regulatory 
proteins-P > control of gene expression

Raf (MAP-kinse-kinse-kinase)
MEK (MAP-kinase-kinase)
Erk (MAP-kinase; mitogen-activated protein kinase)

*mitogens: extracellular signal molecules that stimulate cell proliferation

MAP kinase signaling module
• If the Ras is inhibited by an intracellular injection of Ras-

inactivating antibodies, a cell may no longer respond to some of the 
extracellular signals.

• If Ras activity is permanently switched on, the cell may act as if it is 
being bombarded continuously by proliferation-stimulating extracellular signals 
(mitogens).

• Ras in cancer cells (30% of human cancer) : a mutation in the 
gene for Ras causes the production of a hyperactive form of Ras. This mutant Ras 
helps stimulate the cells to divide even in the absence of mitogenes (‘uncontrolled cell 
proliferation’).

• Oncogene (any abnormally activated gene) and Proto-oncogene (normal 
gene)

The importance of Ras

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Scaffold Proteins Help Prevent Cross-talk Between 
Parallel MAP Kinase Modules

Scaffold Proteins Help Prevent Cross-talk Between Parallel MAP 
Kinase Modules

Figure 15–50 The organization of two MAP kinase modules by scaffold proteins in budding yeast.
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Rho Family GTPases Functionally Couple Cell-Surface Receptors to the 
Cytoskeleton

Figure 15–51 Growth cone collapse mediated by Rho family GTPases.

Rho Family GTPases Functionally Couple Cell-Surface Receptors to the 
Cytoskeleton

Figure 15–51 Growth cone collapse mediated by Rho family GTPases. The binding of ephrin A1 proteins on 
an adjacent cell activates EphA4 RTKs on the growth cone. Phosphotyrosines on the activated Eph receptors 
recruit and activate a cytoplasmic tyrosine kinase to phosphorylate the receptor-associated Rho-GEF ephexin 
on a tyrosine. This enhances the ability of the ephexin to activate RhoA. RhoA then induces the growth cone 
to collapse by stimulating the myosin-dependent contraction of the actin cytoskeleton.

One member of the Eph family is found on the surface of motor neurons and helps guide the migrating tip of 
the axon (called a growth cone) to its muscle target.

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• PI 3-Kinase Produces Lipid Docking Sites in the 
Plasma Membrane



PI 3-Kinase Produces Lipid Docking Sites in the Plasma Membrane

Figure 15–52 The generation of phosphoinositide docking sites by PI 3-kinase. 

SIGNALING THROUGH ENZYME-COUPLED 
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The PI-3-Kinase–Akt Signaling Pathway Stimulates Animal Cells to 
Survive and Grow

Figure 15–53 One way in which signaling through PI 3-kinase promotes cell survival.

The PI-3-Kinase–Akt Signaling Pathway Stimulates Animal Cells to 
Survive and Grow

An extracellular survival signal activates an RTK, which recruits and activates PI 3-kinase. The PI 3-kinase 
produces PI(3,4,5)P3, which serves as a docking site for two serine/threonine kinases with PH domains—Akt 
and the phosphoinositide-dependent kinase PDK1—and brings them into proximity at the plasma membrane. 
The Akt is phosphorylated on a serine by a third kinase (usually mTOR in complex 2), which alters the 
conformation of the Akt so that it can be phosphorylated on a threonine by PDK1, which activates the Akt. 
The activated Akt now dissociates from the plasma membrane and phosphorylates various target proteins, 
including the Bad protein. When unphosphorylated, Bad holds one or more apoptosis-inhibitory proteins (of 
the Bcl2 family—discussed in Chapter 18) in an inactive state. Once phosphorylated, Bad releases the 
inhibitory proteins, which now can block apoptosis and thereby promote cell survival. As shown, the 
phosphorylated Bad binds to a ubiquitous cytosolic protein called 14-3-3, which keeps Bad out of action. 



• Phosphorylates the inositol ring on carbon atom 3 to 
generate the inositol phospholipid.

• The two phosphorylated lipids serve as docking sites for signalling 
proteins with PH domains (Pleckstrin homology domain).

PI 3-kinase (Phosphatidylinositol 3-kinase)

• One of the relocated signalling proteins.
•Serine/threonine protein kinase
• Promotes the survival and growth of many cell types

• Inactivates the signalling proteins by phosphorylation

• Phosphorylate and inactivates a cytosolic protein, Bad
• Phosphorylation by Akt promotes cell survival by inactivating a protein that 

otherwise promotes cell death (apoptosis)

Akt (protein kinase B or PKB)

• The PI 3-kinase-Akt Signaling Pathway Can Stimulate Cells to Survive

• Survival Signal > RTK-P > PI 3-kinase↑ > 2x Inositol 
phospholipid-P > PDK1 (+ mTOR) > Akt-P↑ > BAD-P > 
Inhibition of  Apoptosis
*BAD: a protein that normally encourages cells to undergo programmed cell death, or 
apoptosis

PI 3-kinase-Akt Signaling Pathway

The PI-3-Kinase–Akt Signaling Pathway Stimulates Animal Cells to 
Survive and Grow

Figure 15–54 Activation of mTOR by the PI-3-kinase–Akt signaling pathway. 

The PI-3-Kinase–Akt Signaling Pathway Stimulates Animal Cells to 
Survive and Grow

Figure 15–54 Activation of mTOR by the PI-3-kinase–Akt signaling pathway. (A) In the absence of 
extracellular growth factors, Tsc2 (a Rheb-GAP) keeps Rheb inactive; mTOR in complex 1 is inactive, and 
there is no cell growth. (B) In the presence of growth factors, activated Akt phosphorylates and inhibits Tsc2, 
thereby promoting the activation of Rheb. Activated Rheb (Rheb-GTP) helps activate mTOR in complex 1, 
which in turn stimulates cell growth. Figure 15–53 shows how growth factors (or survival signals) activate 
Akt. The Erk MAP kinase (see Figure 15–49) can also phosphorylate and inhibit Tsc2 and thereby activate 
mTOR. Thus, both the PI-3-kinase–Akt and Ras–MAP-kinase signaling pathways converge on mTOR in 
complex 1 to stimulate cell growth. Tsc2 is short for tuberous sclerosis protein 2, and it is one component of 
a heterodimer composed of Tsc1 and Tsc2 (not shown); these proteins are so called because mutations in 
either gene encoding them cause the genetic disease tuberous sclerosis,〔의학〕 결절 경화(結節硬化), which is 
associated with benign tumors that contain abnormally large cells. 



• The PI 3-kinase-Akt Signaling Pathway Also Can Stimulate Cells to Grow

• mTOR

• mTOR in complex 2: insensitive to rapamycin; it helps to 
activate Akt (cell survival).

• mTOR in complex 1: sensitive to rapamycin; stimulates cell 
growth by promoting ribosome production and protein synthesis and by 
inhibiting protein degradation (cell growth).

PI 3-kinase-Akt Signaling Pathway SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• RTKs and GPCRs Activate Overlapping Signaling 
Pathways

RTKs and GPCRs Activate Overlapping Signaling Pathways

•  Complexity of cell signaling is much greater than we have described.  

• We have not discussed every intracellular signaling pathway available 
to cells.

• ‘cross-talk’ (the kinases often phosphorylate components in other 
signaling pathways)

• About 2% (400 genes) of our ~20,000 protein coding genes in our 
genome code for protein kinases.

• Hundreds of distinct types of protein kinase in a single 
cell.
• A tangled web

Complex Signaling Pathways



• Integrating protein (protein kinases) 

• Usually have several potential phosphorylation sites, each of which 
can be phosphorylated by a different protein kinases.

• Information received from different sources can converge on such proteins

• In turn, can deliver a signal to many downstream targets.

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Some Enzyme-Coupled Receptors Associate with 
Cytoplasmic Tyrosine Kinases

SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Cytokine Receptors Activate the JAK–STAT 
Signaling Pathway

The large family of cytokine receptors includes receptors for 
many kinds of local mediators (collectively called cytokines), 
as well as receptors for some hormones, such as growth 
hormone and prolactin (Movie 15.8). 



Cytokine Receptors Activate the JAK–STAT Signaling Pathway

Figure 15–56 The JAK–STAT signaling 
pathway activated by cytokines. 

Cytokine Receptors Activate the JAK–STAT Signaling Pathway

• Not all enzyme-coupled receptors trigger complex signaling cascades that 
require a complex of intracellular kinases.

• Some enzyme-coupled receptors use a more direct route to control gene 
expression.

• A few hormones and cytokines (local mediators)

• ex., interferons (cytokines produced by infected cells that instruct other 
cells to produce proteins that make them more resistant to viral infection)

• STAT (for signal transducers and activators of transcription) - 
head straight for the nucleus, where they stimulate the transcription of specific 
genes.

• Jak-STAT signaling pathway



In ancient Roman religion and myth, Janus (Latin: Ianus, pronounced [ˈiaː.nus]) is the god 
of beginnings and transitions

http://en.wikipedia.org/wiki/Janus

로마 신화에서 야누스(Ianus, Janus)는 문
(gates)과 대문(doors), 문간(doorways), 
처음과 끝(beginnings and endings)의 신
이다. 현대 문화에서 야누스가 가장 두드러
지게 나타나는 것은 그의 이름을 딴 한 해를 

• No intrinsic enzyme activity

• Instead, associated with cytoplasmic tyrosine kinase, JAK (Janus kinase) 
and STAT (Signal transducers and activators of 
transcription; Gene regulatory protein)

• JAKs → STATs-℗ (phosphorylate and activate)

• Migrate to the nucleus and stimulate transcription

• e.g., hormone prolactin, which stimulates breast cells to make 
milk, acts by binding to a receptor that is associated with JAKs. These 
JAKs activate STAT that turn on the transcription of genes encoding milk 
protein.

Jak-STAT signaling pathway

• Cytokine/hormone binding 
• Cross-links adjacent receptors
• Activates JAKs.

• Activated JAKs cross-phosphorylate one another and phosphorylate the receptor on 
tyrosine.

• STAT attaches to the phosphotyrosine on the receptor.

• JAK phosphorylates and activates STAT.
• STATs then dissociate from the receptor, dimerize, migrate to the 

nucleus.
• STATs activate the transcription of specific target genes.

Hormone receptor > JAK-℗ > STAT-℗ (x2) > Tx

Jak-STAT signaling pathway SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Protein Tyrosine Phosphatases Reverse Tyrosine 
Phosphorylations



SIGNALING THROUGH ENZYME-COUPLED 
RECEPTORS

• Signal Proteins of the TGFβ Superfamily Act 
Through Receptor Serine/Threonine Kinases and 
Smads

Signal Proteins of the TGFβ Superfamily Act Through Receptor 
Serine/Threonine Kinases and Smads

Signal Proteins of the TGFβ Superfamily Act Through Receptor 
Serine/Threonine Kinases and Smads

Figure 15–57 The Smad-dependent signaling pathway activated by TGF ︎. The TGFβ dimer promotes the 
assembly of a tetrameric receptor complex containing two copies each of the type-I and type-II receptors. 
The type-II receptors phosphorylate specific sites on the type-I receptors, thereby activating their kinase 
domains and leading to phosphorylation of R-Smads such as Smad2 and Smad3. Smads open up to expose a 
dimerization surface when they are phosphorylated, leading to the formation of a trimeric Smad complex 
containing two R-Smads and the co-Smad, Smad4. The phosphorylated Smad complex enters the nucleus and 
collaborates with other transcription regulators to control the transcription of specific target genes. 

• Direct signaling pathway by Enzyme-linked Receptor

• Receptor serine/threonine kinase (RSK) directly phosphorylate and 
activate cytoplasmic gene regulatory protein (SMADs)

• SMAD (Sma in nematodes [worm선충]  and Mad in flies)

• The hormons and local mediators that activate RSK : TGFβ superfamily

• Important role in Animal development

TGFβ signaling pathway



•  TGFβ binding to a type-II receptor > recruit and phosphorylate a type-I receptor.

•  Phosphorylated type-I receptor > recruits and phosphorylates Smad2/Smad3.

•  Phosphoryalted Smad2/Smad3 > dissociates from the receptor and oligomerizes with Smad4.

•  The Smad2/3-Smad4 Oligomer migrates to nucleus, recruits other gene regulatory 

proteins and activates transcription of specific target genes.

TGFβ signaling pathway

TGFβ signaling

TGFβ > RSK-P > Smad2/3-P > Smad2/3::Smad4 > Control of Tx

Summary

There are various classes of enzyme-coupled receptors, the most common of which 
are receptor tyrosine kinases (RTKs), tyrosine-kinase-associated receptors, and 
receptor serine/threonine kinases. 
Ligand binding to RTKs causes their dimerization, which leads to activation of 
their kinase domains. These activated kinase domains phosphorylate multiple 
tyrosines on the receptors, producing a set of phosphotyrosines that serve as dock- 
ing sites for a set of intracellular signaling proteins, which bind via their SH2 (or 
PTB) domains. One such signaling protein serves as an adaptor to couple some 
activated receptors to a Ras-GEF (Sos), which activates the monomeric GTPase 
Ras; Ras, in turn, activates a three-component MAP kinase signaling module, 
which relays the signal to the nucleus by phosphorylating transcription regulatory 
proteins. Another important signaling protein that can dock on activated RTKs is PI 
3-kinase, which phosphorylates specific phosphoinositides to produce lipid 
docking sites in the plasma membrane for signaling proteins with 
phosphoinositide-binding PH domains, including the serine/threonine protein 
kinase Akt (PKB), which plays a key part in the control of cell survival and cell 
growth. Many receptor classes, including some RTKs, activate Rho family 
monomeric GTPases, which functionally couple the receptors to the cytoskeleton. 

Summary

Tyrosine-kinase-associated receptors depend on various cytoplasmic 
tyrosine kinases for their action. These kinases include members of 
the Src family, which associate with many kinds of receptors, and the 
focal adhesion kinase (FAK), which associates with integrins at focal 
adhesions. The cytoplasmic tyrosine kinases then phosphorylate a 
variety of signaling proteins to relay the signal onward. The largest 
family of receptors in this class is the cytokine receptor family. When 
stimulated by ligand binding, these receptors activate JAK 
cytoplasmic tyrosine kinases, which phosphorylate STATs. The 
STATs then dimerize, translocate to the nucleus, and activate the 
transcription of specific genes. Receptor serine/threonine kinases, 
which are activated by signal proteins of the TGF ︎ superfamily, act 
similarly: they directly phosphorylate and activate Smads, which then 
oligomerize with another Smad, translocate to the nucleus, and 
regulate gene transcription. 

ALTERNATIVE SIGNALING ROUTES IN GENE 
REGULATION

• The Receptor Notch Is a Latent Transcription 
Regulatory Protein



The Receptor Notch Is a Latent Transcription Regulatory Protein

Figure 15–58 Lateral inhibition mediated by Notch and Delta during neural cell development in Drosophila. 

The Receptor Notch Is a Latent Transcription Regulatory Protein

The Receptor Notch Is a Latent Transcription Regulatory Protein

Figure 15–59 The processing and activation of Notch by proteolytic cleavage. The numbered red arrowheads 
indicate the sites of proteolytic cleavage. The first proteolytic processing step occurs within the trans Golgi 
network to generate the mature heterodimeric Notch receptor that is then displayed on the cell surface. The 
binding to Delta on a neighboring cell triggers the next two proteolytic steps: the complex of Delta and the 
Notch fragment to which it is bound is endocytosed by the Delta- expressing cell exposing the extracellular 
cleavage site in the transmembrane Notch subunit. Note that notch and Delta interact through their repeated 
EGF-like domains. The released Notch tail migrates into the nucleus, where it binds to the Rbpsuh* protein, 
which it converts from a transcriptional repressor to a transcriptional activator.

*Rbpsuh, recombining binding protein suppressor of hairless (Drosophila)

Notch Signaling Pathway

• An even more direct signaling pathway
• Notch

• Controls the development of neural cells (remember 
‘Contact-dependent’)

• The receptor itself acts as a transcription regulator
• Binding of Delta

• Notch receptor is cleaved
• Releases the cytosolic tail of the receptor

• Heads to the nucleus and activate transcription
• The simplest and most direct way

Delta binding > Notch cleavage > Tx



ALTERNATIVE SIGNALING ROUTES IN GENE 
REGULATION

• Wnt Proteins Bind to Frizzled Receptors and Inhibit 
the Degradation of β-Catenin

Wnt Proteins Bind to Frizzled Receptors and Inhibit the Degradation 
of β-Catenin

Wnt Proteins Bind to Frizzled Receptors and Inhibit the Degradation 
of β-Catenin

Figure 15–60 The Wnt/︎-catenin signaling pathway. (A) In the absence of a Wnt signal, β-catenin that is not 
bound to cell–cell adherens junctions (not shown) interacts with a degradation complex containing APC, 
axin, GSK3, and CK1. In this complex, β-catenin is phosphorylated by CK1 and then by GSK3, triggering its 
ubiquitylation and degradation in proteasomes. Wnt-responsive genes are kept inactive by the Groucho co-
repressor protein bound to the transcription regulator LEF1/TCF. (B) Wnt binding to Frizzled and LRP 
clusters the two co-receptors together, and the cytosolic tail of LRP is phosphorylated by GSK3 and then by 
CK1. Axin binds to the phosphorylated LRP and is inactivated and/or degraded, resulting in disassembly of 
the degradation complex. The phosphorylation of β-catenin is thereby prevented, and unphosphorylated β-
catenin accumulates and translocates to the nucleus, where it binds to LEF1/ TCF, displaces the co-repressor 
Groucho, and acts as a coactivator to stimulate the transcription of Wnt target genes. The scaffold protein 
Dishevelled is required for the signaling pathway to operate; it binds to Frizzled and becomes phosphorylated 
(not shown), but its precise role is unknown. 

Wnt Proteins Bind to Frizzled Receptors and Inhibit the Degradation 
of β-Catenin



Wnt proteins: local mediators that control many 
aspects of development in all animals. 
 • Discovered in flies (Wg gene) and mice (Int1 gene): 

Both genes encode Wnt proteins. 
 • 19 Wnts in humans. 
Wnt signaling pathways 
 • Wnt/β-catenin pathway 
 • Planar polarity pathway (the polarization of cells 

in the plane of a developing epithelium 
dependently of Rho GTPases) 

 • Wnt/Ca2+ pathway 

Frizzled 
 • Seven-pass transmembrane protein receptor 
 • Resembles GPCRs in structure

Intracellular components (β-catenin pathway) 
 • Dishevelled: a scaffold protein 
 • β-catenin: a protein that functions in cell-cell 

adhesion/gene regulation 
 • LRP (LDL-receptor-related protein): co-receptor 

protein that is related to LDL receptor protein. 
 • A large degradation complex: CK1 (casein kinase 1, 

serine/threonine kinase that phosphorylates the β-
catenin on a serine), GSK3 (a serine/threonine 
kinase), axin/APC (scaffold proteins) 

β-catenin Signalling  
Wnt binding to both a Frizzled and LRP > LRP-P by 
GSK3 and CK1 > recruitment of axin > disruption of 
the degradation complex > unphosphorylated β-catenin 
translocates to the nucleus > alters patterns of 
gene transcription.

ALTERNATIVE SIGNALING ROUTES IN GENE 
REGULATION

• Hedgehog Proteins Bind to Patched, Relieving Its 
Inhibition of Smoothened

Hedgehog Proteins Bind to Patched, Relieving Its Inhibition of 
Smoothened

Figure 15–61 Hedgehog signaling in 
Drosophila. (A) In the absence of 
Hedgehog, most Patched is in intracellular 
vesicles (not shown), where it keeps 
Smoothened inactive and sequestered. The 
Ci protein is bound in a cytosolic protein 
degradation complex, which includes the 
protein kinase Fused and the scaffold 
protein Costal2. Costal2 recruits three  
other protein kinases (PKA, GSK3, and 
CK1; not shown), which phosphorylate 
Ci. Phosphorylated Ci is ubiquitylated and 
then cleaved in proteasomes (not shown) 
to form a transcriptional repressor, which 
accumulates in the nucleus to help keep 
Hedgehog target genes inactive.



Hedgehog Proteins Bind to Patched, Relieving Its Inhibition of 
Smoothened

(B) Hedgehog binding to iHog and 
Patched removes the inhibition of 
Smoothened by Patched. Smoothened 
is phosphorylated by PKA and CK1 
and translocates to the plasma 
membrane, where it recruits the 
complex containing Fused, Costal2, 
and Ci. Costal2 releases unprocessed 
Ci, which accumulates in the nucleus 
and activates the transcription of 
Hedgehog target genes. Many details 
in the pathway are poorly understood, 
including the role of Fused. 

Hedgehog proteins

• Hedgehog (고슴도치) proteins and Wnt proteins act in similar ways.

• Both are secreted signal molecules, which act as local mediators 
and morphogens in many developing invertebrate and vertebrate 
tissues.

• Discovered in Drosophila.

• Mutation of the Hedgehog gene produces a larva covered with 
spiky processes (denticles), like a hedgehog.

• At least three genes in vertebrates-Sonic, Desert, and Indian 
hedgehog.

• The active forms of all Hedgehog proteins are covalently 
coupled to cholesterol, as well as to a fatty acid chain. 

Cubitus interruptus (Ci)

• A latent transcription regulator (vs. β-catenin by Wnts).

• In the absence of a Hedgehog signal, Ci is ubiquitylated and 
proteolytically cleaved in proteasomes.

• Ci is processed to form a smaller fragment, which accumulates 
in the nucleus, where it acts as a transcriptional repressor, helping 
to keep Hedgehog-responsive genes silent. 

• Hedgehog functions by blocking the proteolytic processing of Ci, 
thereby changing it into a transcriptional activator.

Hedgehog signaling

• Hedgehog signaling can promote cell proliferation, and excessive 
Hedgehog signaling can lead to cancer.

• Inactivating mutations in one of the two human Patched genes, 
for example, which lead to excessive Hedgehog signaling, occur 
frequently in basal cell carcinoma of the skin, the most common 
form of cancer in Caucasians.

• A small molecule called cyclopamine, made by a meadow lily, is 
being used to treat cancers associated with excessive Hedgehog 
signaling.
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Many Stressful and Inflammatory Stimuli Act Through an NFκB-
Dependent Signaling Pathway

Figure 15–62 The activation of the NF ︎B pathway by TNF ︎.

Many Stressful and Inflammatory Stimuli Act Through an NFκB-
Dependent Signaling Pathway

Figure 15–62 The activation of the NF ︎B pathway by TNF ︎. Both TNFα and its receptors are trimers. The 
binding of TNFα causes a rearrangement of the clustered cytosolic tails of the receptors, which now recruit 
various signaling proteins, resulting in the activation of a protein kinase that phosphorylates and activates IκB 
kinase kinase (IKK). IKK is a heterotrimer composed of two kinase subunits (IKKα and IKKβ) and a 
regulatory subunit called NEMO. IKKβ then phosphorylates IκB on two serines, which marks the protein for 
ubiquitylation and degradation in proteasomes. The released NFκB translocates into the nucleus, where, in 
collaboration with coactivator proteins, it stimulates the transcription of its target genes. 

Many Stressful and Inflammatory Stimuli Act Through an NFκB-
Dependent Signaling Pathway

Figure 15–63 Negative feedback in the NF ︎B signaling pathway induces oscillations in NF ︎B activation. (A) 
Drawing showing how activated NFκB stimulates the transcription of the IκBα gene, the protein product of 
which acts back in the cytoplasm to sequester and inhibit NFκB there; if the stimulus is persistent, the newly 
made IκBα protein will then be ubiquitylated and degraded, liberating active NFκB again so that it can return 
to the nucleus and activate transcription (see Figure 15–62). 



Many Stressful and Inflammatory Stimuli Act Through an NFκB-
Dependent Signaling Pathway

(B) A short exposure to TNFα produces a single, short pulse of NFκB activation, beginning within minutes 
and ending by 1 hour. This response turns on the transcription of gene A but not gene B. (C) A sustained 
exposure to TNFα for the entire 6 hours of the experiment produces oscillations in NFκB activation that 
damp down over time. This response turns on the transcription of both genes; gene B turns on only after 
several hours, indicating that gene B transcription requires prolonged activation of NFκB, for reasons that are 
not understood. 

Many Stressful and Inflammatory Stimuli Act Through an NFκB-
Dependent Signaling Pathway

(D) These time-lapse confocal fluorescence micrographs from a different study of TNFα stimulation show the 
oscillations of NFκB in a cultured cell, as indicated by its periodic movement into the nucleus (N) of a fusion 
protein composed of NFκB fused to a red fluorescent protein. In the cell at the center of the micrographs, 
NFκB is active and in the nucleus at 6, 60, 210, 380, and 480 minutes, but it is exclusively in the cytoplasm at 
0, 120, 300, 410, and 510 minutes. (A–C, based on data from A. Hoffmann et al., Science 298:1241–1245, 
2002, and adapted from A.Y. Ting and D. Endy, Science 298:1189–1190, 2002; D, from D.E. Nelson et al., 
Science 306:704–708, 2004. All with permission from AAAS.)

• NF-κB are latent gene regulatory proteins in most inflammatory responses 
(Infection or Injury).

• NF-κB help protect the animal from the stress.

• However, excessive inflammatory responses can also damage tissue and 
cause sever pain as in rheumatoid arthritis.

• Two vertebrate cytokines (TNF-α and IL-1).

• Once activated, NF-κB turns on the transcription of more than known 
genes that participate in inflammatory responses.

 ‘Why NF-κB is so important?’

60

• Adaptor proteins: TRADD (TNF-receptor-associated death-domain protein) and 

TRAF2 (TNF-receptor-associated factor 2)

• RIP (receptor-interacting protein kinase)

•Five NF-κB proteins in mammals (RelA, RelB, c-Rel, NF-κB1 and 
NF-κB2)

• Inhibitory proteins, IκB

• IκB kinase, IKK

• IκB kinase kinase, IKKK

NF-κB signaling pathway
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Nuclear Receptors Are Ligand-Modulated Transcription Regulators

Figure 15–64 Some signal molecules that bind to intracellular receptors. Note that all of them are small and 
hydrophobic. The active, hydroxylated form of vitamin D3 is shown. Estradiol and testosterone are steroid 
sex hormones. 

Nuclear Receptors Are Ligand-Modulated Transcription Regulators

Figure 15–65 The activation of nuclear receptors. All nuclear receptors bind to DNA as either homodimers or 
heterodimers, but for simplicity we show them as monomers. (A) The receptors all have a related structure, 
which includes three major domains, as shown. An inactive receptor is bound to inhibitory proteins. 

Nuclear Receptors Are Ligand-Modulated Transcription Regulators

(B) Typically, the binding of ligand to the receptor causes the ligand-binding domain of the receptor to clamp 
shut around the ligand, the inhibitory proteins to dissociate, and coactivator proteins to bind to the receptor’s 
transcription-activating domain, thereby increasing gene transcription. In other cases, ligand binding has the 
opposite effect, causing co-repressor proteins to bind to the receptor, thereby decreasing transcription (not 
shown).



Nuclear Receptors Are Ligand-Modulated Transcription Regulators

(C) The structure of the ligand-binding domain of the retinoic acid receptor is shown in the absence (left) and 
presence (middle) of ligand (shown in red). When ligand binds, the blue α helix acts as a lid that snaps shut, 
trapping the ligand in place. The shift in the conformation of the receptor upon ligand binding also creates a 
binding site for a small α helix (orange) on the surface of coactivator proteins. (PDB codes: 1LBD, 2ZYO, 
and 2ZXZ.) 

Nuclear receptors
• Both cytosolic and nuclear receptors bound by hydrophobic 

molecules.

• Proteins capable of regulating gene transcription.

• Transcription regulator

• When hormone binds, the inactive receptor undergoes a large 
conformational change that activates the protein, allowing it 
to promote or inhibit the transcription of a selected set of 
genes.

Nuclear receptors and hormones in human physiology (p.538)

1.Testosterone receptor in sexual development.
2.Testosterone receptor is required not only in one cell type but 

also in many cell type to produce the whole range of 
features that distinguish men from women.

ALTERNATIVE SIGNALING ROUTES IN GENE 
REGULATION

• Circadian Clocks Contain Negative Feedback Loops 
That Control Gene Expression



Circadian Clocks Contain Negative Feedback Loops That Control Gene 
Expression

Figure 15–66 Simplified outline of the mechanism of the circadian clock in Drosophila cells. 

Figure 15–66 Simplified outline of the mechanism of the circadian clock in Drosophila cells. A central feature 
of the clock is the periodic accumulation and decay of two transcription regulatory proteins, Tim (short 
for timeless, based on the phenotype of a gene mutation) and Per (short for period). The mRNAs encoding 
these proteins rise gradually during the day and are translated in the cytosol, where the two proteins associate 
to form a heterodimer. After a time delay, the heterodimer dissociates and Tim and Per are transported into the 
nucleus, where Per represses the Tim and Per genes, resulting in negative feedback that causes the levels of 
Tim and Per to fall. In addition to this transcriptional feedback, the clock depends on numerous other proteins. 
For example, the controlled degradation of Per indicated in the diagram imposes delays in the accumulation of 
Tim and Per, which are crucial to the functioning of the clock. Steps at which specific delays are imposed are 
shown in red. Entrainment (or resetting) of the clock occurs in response to new light–dark cycles. Although 
most Drosophila cells do not have true photoreceptors, light is sensed by intracellular flavoproteins, also 
called cryptochromes. In the presence of light, these proteins associate with the Tim protein and cause its 
degradation, thereby resetting the clock. (Adapted from J.C. Dunlap, Science 311:184–186, 2006.) 

Circadian Clocks Contain Negative Feedback Loops That Control Gene 
Expression
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Three Proteins in a Test Tube Can Reconstitute a Cyanobacterial 
Circadian Clock

Figure 15–67 The core circadian oscillator of cyanobacteria.



Three Proteins in a Test Tube Can Reconstitute a Cyanobacterial 
Circadian Clock

Figure 15–67 The core circadian oscillator of cyanobacteria. (A) KaiC is a combined kinase and 
phosphatase that phosphorylates and dephosphorylates itself on two adjacent sites. In the absence of other 
proteins, the phosphatase activity is dominant, and the protein is mostly unphosphorylated. The binding of 
KaiA to KaiC suppresses the phosphatase activity and promotes the kinase activity, leading to KaiC 
phosphorylation, first at site 1 and then at site 2, resulting in diphosphorylated KaiC. KaiC then 
dephosphorylates itself slowly at site 1, even in the presence of KaiA, so that KaiC is phosphorylated only at 
site 2. This form of KaiC interacts with KaiB, which blocks the stimulatory effects of KaiA, thereby reducing 
the rate of KaiC phosphorylation and allowing dephosphorylation to occur. Diphosphorylated KaiC increases 
in abundance during the day and peaks around dusk. It activates other proteins that phosphorylate a 
transcription regulator (RpaA), which then stimulates expression of some genes (the dusk genes that peak in 
early evening) and inhibits expression of other genes (the dawn genes that peak in the morning). When KaiC 
dephosphorylation gradually occurs during the night, these effects are reversed: dusk genes are turned off and 
dawn genes are turned on. 

Three Proteins in a Test Tube Can Reconstitute a Cyanobacterial 
Circadian Clock

B) In this experiment, the three Kai proteins were purified and mixed in a test tube with ATP (which is 
required for KaiC kinase activity). Every two hours over the next 3 days, the KaiC protein was analyzed by 
polyacrylamide gel electrophoresis, in which the phosphorylated form of KaiC migrates more slowly 
(upper band, P-KaiC) than the nonphosphorylated form (lower band, NP-KaiC). The three different 
phosphorylated forms of KaiC are not distinguished by this method. The phosphorylation of KaiC oscillates 
with a roughly 24-hour period. 

Three Proteins in a Test Tube Can Reconstitute a Cyanobacterial 
Circadian Clock

(C) The amount of phosphorylated and unphosphorylated KaiC in the experiment in B is plotted on this graph, 
along with the amount of total protein. (B and C, from M. Nakajima et al., Science 308:414–415, 2005. With 
permission from AAAS.) 

Summary

Some signaling pathways that are especially important in animal 
development depend on proteolysis to control the activity and location of 
latent transcription regulatory proteins. Notch receptors are themselves 
such proteins, which are activated by cleavage when Delta on another 
cell binds to them; the cleaved cytosolic tail of Notch migrates into the 
nucleus, where it stimulates the transcription of Notch- responsive genes. 
In the Wnt/ ︎-catenin signaling pathway, by contrast, the proteolysis of the 
latent transcription regulatory protein -catenin is inhibited when a 
secreted Wnt protein binds to both a Frizzled and LRP receptor protein; 
as a result, ︎-catenin accumulates in the nucleus and activates the 
transcription of Wnt target genes. 



Summary
Hedgehog signaling in flies works much like Wnt signaling. In the absence of a signal, a 
bifunctional, cytoplasmic transcription regulator, Ci, is proteolytically cleaved to form a 
transcriptional repressor that keeps Hedgehog target genes silenced. The binding of Hedgehog 
to its receptors (Patched and iHog) inhibits the proteolytic processing of Ci; as a result, the 
intact Ci protein accumulates in the nucleus and activates the transcription of Hedgehog-
responsive genes. In Notch, Wnt, and Hedgehog signaling, the extracellular signal triggers a 
switch from transcriptional repression to transcriptional activation. 

Signaling through the latent transcription regulator NF ︎B also depends on proteolysis. NF ︎B 
proteins are normally held in an inactive state by inhibitory I ︎B proteins in the cytoplasm. A 
variety of extracellular stimuli, including proinflammatory cytokines, trigger the 
phosphorylation and ubiquitylation of I ︎B, marking it for degradation; this enables the NF ︎B to 
translocate to the nucleus and activate the transcription of its target genes. NF ︎B also activates 
the transcription of the gene that encodes I ︎Bα, creating a negative feedback loop, which can 
produce prolonged oscillations in NF ︎B activity with sustained extracellular signaling. 

Some small, hydrophobic signal molecules, including steroid and thyroid hormones, diffuse 
across the plasma membrane of the target cell and activate intracellular receptor proteins that 
directly regulate the transcription of specific genes. 

In many cell types, gene expression is governed by circadian clocks, in which delayed 
negative feedback produces 24-hour oscillations in the activities of trancription regulators, 
anticipating the cell's changing needs during the day and night. 

SIGNALING IN PLANTS

• Multicellularity and Cell Communication Evolved 
Independently in Plants and Animals

Multicellularity and Cell Communication Evolved Independently in 
Plants and Animals

Figure 15–68 The proposed divergence of plant and animal lineages from a common unicellular eukaryotic 
ancestor. The plant lineage acquired chloroplasts after the two lineages diverged. Both lineages 
independently gave rise to multicellular organisms—plants and animals. (Paintings courtesy of John Innes 
Foundation.) 

• Multicellularity in Plants and Animals

• Evolved independently (‘every cell for itself ’; evolved its own molecular 
solution to the complex problem of becoming multicellular; evolved separately)

• Some similarities

• Transmembrane cell-surface receptors (e.g., Arabidopsis 
thaliana (애기장대) has genes for receptor serine/threonine kinases)

• However, they seem not to use RTKs, steroid-
hormone-type nuclear receptors, or cAMP.

• They seem to use few GPCRs.



SIGNALING IN PLANTS

• Receptor Serine/Threonine Kinases Are the Largest 
Class of Cell-Surface Receptors in Plants
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Ethylene Blocks the Degradation of Specific Transcription Regulatory 
Proteins in the Nucleus

Figure 15–69 The ethylene-mediated triple response that occurs when the growing shoot of a germinating 
seedling encounters an obstacle underground. (A) The structure of ethylene. 

에틸렌 https://ko.wikipedia.org/wiki/에
틸렌


Ethylene Blocks the Degradation of Specific Transcription Regulatory 
Proteins in the Nucleus

(B) In the absence of obstacles, the shoot grows 
upward and is long and thin. (C) If the shoot 
encounters an obstacle, such as a piece of 
gravel (자갈) in the soil, the seedling responds to 
the encounter in three ways. First, it thickens its 
stem, which can then exert more force on the 
obstacle. Second, it shields the tip of the shoot 
(at top) by increasing the curvature of a 
specialized hook structure. Third, it reduces the 
shoot’s tendency to grow away from the 
direction of gravity, so as to avoid the obstacle. 
(Courtesy of Melanie Webb.) 



Ethylene Blocks the Degradation of Specific Transcription Regulatory 
Proteins in the Nucleus

Figure 15–70 The ethylene signaling pathway. 

• Ethylene signaling pathway in plants

• One of the best-studied signaling systems in plants.

• Ethylene, a gaseous hormone that regulates a diverse array of developmental 
processes.

• Ethylene receptor

• Not belong to any of the classes

• Dimeric transmembrane proteins. 

• Ethylene (-)

• Empty receptor activates a protein kinase → Transcription 
regulator degraded and the ethylene responsive genes shut off.

• Ethylene (+)

• Receptor and kinase are inactive → ethylene-responsive genes 
are transcribed.

• This strategy (signals to relieve transcriptional inhibition) is common in 
plants.

SIGNALING IN PLANTS

• Regulated Positioning of Auxin Transporters 
Patterns Plant Growth

Regulated Positioning of Auxin Transporters Patterns Plant Growth

Figure 15–71 The auxin signaling pathway. (A) The structure of the auxin indole-3-acetic acid (IAA). 



Regulated Positioning of Auxin Transporters Patterns Plant Growth

(B) In the absence of auxin, a transcriptional repressor protein (called Aux/IAA) binds and suppresses a 
transcription regulatory protein (called auxin-response factor, ARF), which is required for the transcription of 
auxin- responsive genes.

Regulated Positioning of Auxin Transporters Patterns Plant Growth

(C) The auxin receptor proteins are mainly located in the nucleus and form part of ubiquitin ligase 
complexes (not shown). When activated by auxin binding, the receptor–auxin complexes recruit the ubiquitin 
ligase complexes, which ubiquitylate the Aux/IAA proteins, marking them for degradation in proteasomes. 
ARF is now free to activate the transcription of auxin-responsive genes. There are many ARFs, Aux/IAA 
proteins, and auxin receptors that work as illustrated.

Regulated Positioning of Auxin Transporters Patterns Plant Growth

Nishimura,	K.,	Fukagawa,	T.,	Takisawa,	H.,	Kakimoto,	T.,	&	Kanemaki,	M.	(2009).	An	auxin-based	degron	
system	for	the	rapid	depletion	of	proteins	in	nonplant	cells.	Nature	Methods,	6(12),	917–922.

Regulated Positioning of Auxin Transporters Patterns Plant Growth

Figure 1 | Schematic illustration of the AID system. (a) Structure of indole-3-acetic acid (IAA) and 1-
naphthaleneacetic acid (NAA). (b) Auxin binding to TIR1 promotes the interaction between TIR1 and the 
aid degron (aid) of the target protein. SCF-TIR1 acts as an E3 ubiquitin ligase to recruit an E2 ligase 
resulting in polyubiquitylation of the aid degron. Finally, the target is degraded by the proteasome. 



Regulated Positioning of Auxin Transporters Patterns Plant Growth

Figure 15–72 Auxin transport and root gravitropism. (A–C) Roots respond to a 90° change in the gravity 
vector and adjust their direction of growth so that they grow downward again. The cells that respond to 
gravity are in the center of the root cap, while it is the epidermal cells further back (on the lower side) that 
decrease their rate of elongation to restore downward growth. 

Regulated Positioning of Auxin Transporters Patterns Plant Growth

SIGNALING IN PLANTS

• Phytochromes Detect Red Light, and 
Cryptochromes Detect Blue Light

• The most important environmental influence on 
plants is light, which is their energy source and has 
a major role throughout their entire life cycle.

• Plants have thus evolved a large set of light-
sensitive proteins to monitor the quantity, quality, 
direction, and duration of light; photoreceptors or 
photoproteins.



Phytochromes Detect Red Light, and Cryptochromes Detect Blue Light

Figure 15–73 One way in which phytochromes mediate a light response in plant cells. When activated by red 
light, the phytochrome, which is a dimeric protein kinase, phosphorylates itself and then moves into the 
nucleus, where it activates transcription regulatory proteins to stimulate the transcription of red-light- 
responsive genes.

Summary

Plants and animals are thought to have evolved multicellularity and cell com- 
munication mechanisms independently, each starting from a different unicellular 
eukaryote, which in turn evolved from a common unicellular eukaryotic ancestor. 
Not surprisingly, therefore, the mechanisms used to signal between cells in animals 
and in plants have both similarities and differences. Whereas animals rely heavily 
on GPCRs and RTKs, plants rely mainly on enzyme-coupled receptors of the 
receptor serine/threonine kinase type, especially ones with extracellular leucine- 
rich repeats. Various plant hormones, or growth regulators, including ethylene and 
auxin, help coordinate plant development. Ethylene acts through intracellular 
receptors to stop the degradation of specific nuclear transcription regulators, which 
can then activate the transcription of ethylene-responsive genes. The receptors for 
some other plant hormones, including auxin, also regulate the degradation of spe- 
cific transcription regulators, although the details vary. Auxin signaling is unusual 
in that it has its own highly regulated transport system, in which the dynamic posi- 
tioning of plasma-membrane-bound auxin transporters controls the direction of 
auxin flow and thereby the direction of plant growth. Light has an important role in 
regulating plant development. These light responses are mediated by a variety of 
light-sensitive photoproteins, including phytochromes, which are responsive to red 
light, and cryptochromes and phototropin, which are sensitive to blue light. 


