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Gleevec (Glivec)

출처: https://namu.wiki/w/글리벡

Gleevec (Imatinib Mesilate)



Imatinib is a drug used to treat certain types of cancer. It 
is currently marketed by Novartis as Gleevec (USA) or 
Glivec (Europe/Australia) as its mesylate salt, imatinib 
mesilate (INN). It was originally coded during 
development as CGP57148B or STI-571 (these terms are 
used in early preclinical publications). It is used in treating 
chronic myelogenous leukemia (CML), gastrointestinal 
stromal tumors (GISTs) and a number of other cancers.

Imatinib mesilate
Marketed by Novartis
Gleevec (USA) or Glivec (Europe/Australia/Latin America)

FDA approval in May 2001
Chronic myelogenous leukemia (CML), 
gastrointestinal stromal tumors (GISTs)
Expensive (Over 3,000,000 ~ 4,500,000 KRW / month)

Inhibits tyrosine kinase enzyme

http://en.wikipedia.org/wiki

Imatinib blocks Tyrosine Kinase (BCR-Abl)

• General Principles of Cell Signaling

• G-protein-Coupled Receptors

• Enzyme-Coupled Receptors
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Figure 15-1  Molecular Biology of the Cell (© Garland Science 2008)

A simple intracellular signaling pathway activated by 
extracellular signal molecule



Yeast cells respond to mating factor

See Legend 16-1

Signal transduction is the process whereby one type 
of signal is converted to another

 General Principles of Cell Signaling

1. Signals can act over long or short range

2. Each cell responds to a limited set of signals, depending 
on its history and its current state

3. A cell’s response to a signal can be fast or slow

4. Some hormones cross the plasma membrane and bind 
to intracellular receptors

5. Some dissolved gasses cross the plasma membrane and 
activate intracellular enzyme directly

6. Cell-surface receptors relay extracellular signals via 
intracellular signaling pathways

7. Some intracellular signaling proteins act as molecular switches

8. Cell-surface receptors fall into three main classes

9. Ion-channel-coupled receptors convert chemical signals into 
electrical ones

10. Modular interaction domains mediate interactions between 
intracellular signalling proteins



11. Cells can use multiple mechanism to respond abruptly to a 
gradually increasing concentration of an extracellular signal

12. Intracellular signaling networks usually make use of 
feedback loops

13. Cells can adjust their sensitivity to a signal

• Animal cells can signal to one another in various ways

1. Contact-dependent
2. Paracrine
3. Synaptic
4. Endocrine

1. Signals can act over long or short range

Figure 15-4  Molecular Biology of the Cell (© Garland Science 2008)

• 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)



Figure 15-4a  Molecular Biology of the Cell (© Garland Science 2008)

Contact-dependent signaling controls nerve-cell production

Figure 15-4b  Molecular Biology of the Cell (© Garland Science 2008) Figure 15-4c  Molecular Biology of the Cell (© Garland Science 2008)



Figure 15-4d  Molecular Biology of the Cell (© Garland Science 2008)

Endocrine system

adapted fromhttp://catalog.flatworldknowledge.com/bookhub/reader/22209?e=stangor-ch03_s04
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Figure 15-5a  Molecular Biology of the Cell (© Garland Science 2008)

The contrast between endocrine and 
neuronal strategies for long-range signalling

Figure 15-5b  Molecular Biology of the Cell (© Garland Science 2008)
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Cancer cells often this strategy to stimulate their own survival and proliferation.
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질문: Epinephrine과 Norepinephrine은 동일한 물질인가?

http://www.wisegeek.com/what-is-the-difference-between-epinephrine-and-norepinephrine.htm



질문: Adrenaline은 Hormone임과 동시에 Neurotransmitter 인가?
질문: Glucagon은 왜 단백질이 아닌가?

• 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.

2. Each cell responds to a limited set of signals, 
depending on its history and its current state

Figure 15-9a  Molecular Biology of the Cell (© Garland Science 2008)



Figure 15-9  Molecular Biology of the Cell (© Garland Science 2008)

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’.

Figure 15-8  Molecular Biology of the Cell (© Garland Science 2008)

Multiple Extracellular Signals



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).

Figure 15-6  Molecular Biology of the Cell (© Garland Science 2008)

3.  A cell’s response to a signal can be fast or slow

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.

• 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

4. Some hormones cross the plasma membrane and bind 
to intracellular receptors



Figure 15-3b  Molecular Biology of the Cell (© Garland Science 2008)

Extracellular signal molecules bind either to cell-surface 
receptors or to intracellular enzymes or receptors

Figure 15-13  Molecular Biology of the Cell (© Garland Science 2008)

Some small hydrophobic steroid hormones (cortisol, 
estradiol, testosterone) and thyroid hormone 

(thyroxine) bind to intracellular receptors that act as 
transcription regulators.

Figure 15-14a  Molecular Biology of the Cell (© Garland Science 2008)

The nuclear receptor 
superfamily



Figure 15-14b  Molecular Biology of the Cell (© Garland Science 2008)

Figure 15-14c  Molecular Biology of the Cell (© Garland Science 2008) Figure 15-14d  Molecular Biology of the Cell (© Garland Science 2008)

3-D structure of a ligand-binding 
domain with and without ligand bound



Figure 15-15  Molecular Biology of the Cell (© Garland Science 2008)

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.
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Nitroglycerin (Glyceryl trinitrate)
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Nitric oxide (NO) triggers 
smooth muscle relaxation in a 

blood vessel wall

5. Some dissolved gases cross the plasma membrane and 
activate intracellular enzymes directly



Figure 15-12b  Molecular Biology of the Cell (© Garland Science 2008)

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.



6. Cell-surface receptors relay 
extracellular signals via intracellular 
signaling pathways

•Cell surface Receptor : the vast majority of signal molecules are 
too large or hydrophilic (proteins, peptides, and small, highly water-
soluble molecules) and bind to cell surface receptors.

• Primary signal transduction step (Binds to extracellular signal)

• Generates new intracellular signals
• A molecular relay race (the message is passed downstream from 

one intracellular signaling molecule to another).

• Response of the cell (a metabolic enzyme is kicked into action; 
the cytoskeleton is tweaked into a new configuration, or a gene is 
switched on or off).

• 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)



7. Some intracellular signalling proteins act as 

molecular switches

Protein kinase (+ phospatase) 

GTP-binding proteins

switches = ON / OFF

Figure 15-18  Molecular Biology of the Cell (© Garland Science 2008)

Gα protein

Figure 15-19  Molecular Biology of the Cell (© Garland Science 2008)

Ras protein

 GTPase-activating proteins (GAPs)

 Guanine nucleotide exchange factors (GEFs)

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

8. Cell surface receptors fall into three main classes

Cell-surface receptors

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

Figure 15-16a  Molecular Biology of the Cell (© Garland Science 2008)

allow a flow of ions across the plasma membrane, which changes 
the membrane potential and produces an electrical current.

Figure 15-16b  Molecular Biology of the Cell (© Garland Science 2008)

activate membrane-bound, trimeric GTP-binding proteins (G proteins, 
which then activate either an enzyme or an ion channel in the plasma 
membrane, initiating a cascade of other effects.



Figure 15-16c  Molecular Biology of the Cell (© Garland Science 2008)

either act as enzymes or associate with enzymes inside the cell; 
when stimulated the enzymes activate a variety of intracellular 
signaling pathways.

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.



•Used for induction of anesthesia
•Also used for sedation
•Michael Jackson
•Potentiation of GABAA receptor 

activity (slowing the channel-closing time)

•Acting as a sodium channel blocker

9. Ion-channel-couple receptors convert chemical signals 
into electrical ones

•Transmitter-gated ion channels
•Simplest and most direct way

• Rapid transmission of signals across synapses in the nervous 
system

•Transduce a chemical signal into an electrical signal

•Neurotransmitter binding > Conformation change (open or 

close a channel for the flow of specific types of ions (Na+, K+, Ca2+, or Cl-)

• A change in the membrane potential within a millisecond

•  Trigger a nerve impulse, or alter the ability of other signals.

Ion-channel-linked receptors



10. 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?

Figure 15-21a  Molecular Biology of the Cell (© Garland Science 2008)

Figure 15-21b  Molecular Biology of the Cell (© Garland Science 2008) Figure 15-21c  Molecular Biology of the Cell (© Garland Science 2008)

PH domain



Figure 15-22  Molecular Biology of the Cell (© Garland Science 2008)

11. Modular interaction domains mediate interactions between 
intracellular signalling proteins

PDK1, Akt

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: bind to the 

charged head groups of specific phosphoinositides.

2. Adaptors: link two other proteins together in a signalling 

pathway (e.g. Grb2)

12. Intracellular signaling networks usually 
make use of feedback loops

• Postive feedback: the output stimulate its own production 

• Negative feedback: the output inhibits its own production

Figure 15-27  Molecular Biology of the Cell (© Garland Science 2008)

A positive feedback mechanism 
giving switch-like behaviour:  

The rate increases slowly with 
the concentration of ligand 
until enough of the product 
has been synthesised to 
activate the enzyme in a self-
accelerating. The 
concentration of the product 
then rapidly increases to a 
much higher level.



Figure 15-28  Molecular Biology of the Cell (© Garland Science 2008) Figure 15-29  Molecular Biology of the Cell (© Garland Science 2008)

13. Cells can adjust their sensitivity to a signal

격리 분해 불활성화 신호차단 억제단백질

휴보강 일정

9월 29일 (화): 휴강 (추석연휴)

10월 6일 (화): 보강 (4:30~ @2-309)

세미나 참석: Summary 제출 (10/8,목)
세미나 불참: 발표 교수님 논문 Summary 제출(10/8,목)

• General Principles of Cell Signaling

• G-protein-Coupled Receptors

• Enzyme-Coupled Receptors



G-protein-Coupled 
Receptors

GPCR

Figure 15-30  Molecular Biology of the Cell (© Garland Science 2008)

G-protein-coupled receptors



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)

1. Stimulation of GPCRs activates G-protein subunits

• 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. 

Cholera (콜레라)

• Caused by a bacterium in the intestine

• Produces a cholera toxin
• Modifies α subunit
• Gα no longer hydrolyzes its bound GTP

• Gs (because it stimulates adenylyl cyclase > [cAMP]↑)

• Remains in the active state indefinitely

•Continuously transmitting a signal to its target proteins
•A prolonged and excessive outflow of Cl- and water into the 

gut (resulting in catastrophic diarrhea and dehydration)

•Often lead to death.

Pertussis (백일해)

•Whooping cough
• Infants now routinely vaccinated.
• A common respiratory infection
• The disease-causing bacterium colonizes the lung
• Produces a pertussis toxin
• Alters the α subunit 
• Gi (because it inhibits adenylyl cyclase)

• Locking it into its inactive GDP-bound state 
• Knocking out Gi > [cAMP↑]

• Results in a prolonged signal (stimulates coughing)



“the mechanisms that shut a signal off are 

as important as the mechanisms that turn it on”

A general principle of cell signaling

Stimulation of GPCRs activates G-protein subunits 2. Some G proteins directly regulate ion channels

The target proteins for G protein subunits 

•Membrane-bound enzymes
• Ion channels

G-protein response

•20 types of mammalian G protein
• Activated by a particular set of cell-surface receptors and 

a particular set of target proteins.
•Appropriate for that signal and that type of cell.



• The heartbeat is controlled by two sets of nerves
• heart up
• slows it down

•A slowdown signal in heartbeat. 
•Acetylcholine (Ach) release
•Ach binds to a GPCR on the surface of the heart muscle cells

•GPCR activates G protein (Gi)
•βγ (active component) binds to the intracellular face of a K+ channel
• Forces the ion channel into an open conformation
•Allows K+ to flow out of the cells

• Inhibiting the cell’s electrical excitability

• This signal is shut off - α subunit inactivates itself

Example for direct G-protein 
regulation of ion channels

Ach  > Gβγ↑ > K+ channel ↑ > 
Heartbeat ↓

Example for direct G-protein 
regulation of ion channels

3. Some G proteins regulates 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.



In the resting nerve cells
[cAMP] = 5 x 10-8 M [cAMP] = 10-6 M

ACTH 『生化』 부신 피질 자극 호르몬. [어원] ☞ adrenocorticotropic hormone
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[전국]27분 간의 사투 끝 심장마비 남성 회생 '감동'

추석 연휴 아침 갑자기 심장마비가 온 30대 남성을 119구급대원들이 침착한 대응으로 살려냈습니다.

다급한 상황에서도 놀란 가족을 다독이는 배려까지, 뭉클한 감동을 주고 있습니다.

추석 연휴 첫날 새벽 6시 50분쯤. 방 안에 30대 남성이 쓰러져 있습니다.

신고를 받고 출동한 119구급대원들은 즉각 심폐소생술과 동시에, 원격으로 응급실 의사를 연결합니다.

[119구급대원]
"중간에 한번 맥박이 돌아왔었는데 다시 심방세동 리듬이 있어서 세 번째 시약은 그때 들어갔고요."

[의사]
"네, 에피(에피네프린 앰플) 주세요." (네)
모든 대응은 신속하고 침착하게 이뤄집니다.

[119구급대원]
"25, 26, 27, 28, 29, 30."
맥박은 좀처럼 돌아오지 않지만, 구급대원들은 포기하지 않습니다.

[119구급대원]
"잠깐, 10개만 더 하고, 4번째 시약 들어가겠습니다. 하나, 둘, 셋, 넷..." 그리고 한 구급대원의 시선이 옆에서 울고 있는 여성에게 향합니다. 쓰러진 남성의 아내입니다.

[119구급대원]
"지금 바로 출발하면 살아 나갈 가능성이 전혀 없어요. 저희가 현장에서 심장을 뛰게 한 다음에 이송해야 남편분이 살아날 확률이 높아져요."

그러면서 최선을 다하겠다고, 믿어달라 말합니다.

[119구급대원]
"저희가 최선을 다하겠습니다. 조금만 믿어주세요."
(저희 오늘 시골 가야 해요.)
"저희가 노력하겠습니다."

잠시 뒤 드디어 남성이 큰 숨을 한번 몰아쉬며 급한 순간을 넘기자, 곧바로 병원 이송이 시작됩니다.

[119구급대원]
"(맥박) 돌아왔다! 오케이, 정상."

한 생명을 살리려는 사투는 27분 동안 이어졌습니다.

구급대원들의 침착한 대응이 빛나는 순간이었습니다.

YTN 박조은입니다.
Copyrights ⓒ YTN & YTN PLUS, 무단 전재 및 재배포 금지

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) The binding of cAMP to the regulatory subunits induces a conformational 

change, causing these subunits to dissociate from the catalytic subunits, 
thereby activating the kinase activity of the catalytic subunits

4. The cyclic AMP-dependent protein kinase (PKA) mediates 
most of the effects of cAMP



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.

1. Skeletal muscle cells (Glycogen 
breakdown; not gene transcription involved; 
rapid response)

Adrenaline > GPCR ↑> Gs ↑ > AC ↑ 
> [cAMP] ↑ > PKA ↑ > 
Phosphorylase kinase-P ↑ > 
Glycogen phosphorylase-P ↑  > 
glycogen breakdown ↑ or glycogen 
synthesis ↓ > more glucose 
available for muscular activity

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



5. Some G proteins activate an inositol phospholipid 
signalling pathway by activating phospholipase C-β Phospholipids and Glycolipids in the plasma membrane

phosphatidylcholin (red), sphingomyelin (brown), phosphatidylserine (light green), 
phosphatidylinositol (dark green), and phosphatidylethanolamine (yellow); 
Glycolipids (blue hexagonal); cholesterol (gray).



• Phospholipase C chops the sugar-phosphate head off the inositol 
phospholipid (generates two small signaling molecules).

• Inositol 1,4,5-triphosphate (IP3) + Diacylglycerol (DAG)

• Some GPCRs : G protein → phospholipase C (PLC)

• 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.

The Ca2+ wave provokes a change in the egg surface, 
preventing entry of other sperm, and initiates 
embryonic development

6. Ca2+ functions as a ubiquitous intracellular mediator

• 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



7. Ca2+ calmodulin-dependent protein kinases (CaM-Kinases) 
mediates many of the responses to Ca2+ signals in animal cells The stepwise activation of 

CaM-kinase II

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



8. Smell and vision depend on GPCRs that 
regulate cyclic nucleotide-gated ion channels

 • 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

 • 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 cyclic GMP 

phosphodiesterase controls cGMP 
concentraion. 

 • Rod receptor 
 • Light is sensed by rhodopsin (GPCR)



 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. 

Intracellular mediators and 
enzymatic cascades amplify 
extracellular signals



9. GPCR desensitization depends on 
receptor phosphorylation •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).

• General Principles of Cell Signaling

• G-protein-Coupled Receptors

• Enzyme-Coupled Receptors

•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



Some subfamilies of Receptor tyrosine kinases (RTKs)

1.  Activated receptor tyrosine kinases (RTKs) 
phosphorylates themselves

• 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



2.  Proteins with SH2 domains bind to phosphorylated 
tyrosines



1. 3-D structure of SH2 domain. The binding pocket for phosphotyrosine is shown in yellow on the 
right, and a pocket for binding a specific amino acid side chain is shown in yellow on the left.
2.  The SH2 doamin is a compact, “plug-in” module, which can be inserted almost anywhere in a 
protein without disturbing the protein’s folding or function.

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

3.  Ras belongs to a large superfamily of monomeric GTPases

Ras-GEF (Sos)Drk (SH2 + SH3)



•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

Ras Protein 4.  RTKs activates Ras via adaptors and GEFs: evidence 
from the developing Drosophila eye



5.  Ras activates a MAP kinase siganling module

   : 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



6.  Scaffold proteins help prevent cross-talk 
between parallel MAP kinase modules

The organization of two MAP kinase modules by scaffold proteins in budding yeast

7.  Rho family GTPases functionally couple 
cell-surface receptors to the cytoskeleton

8.  PI 3-kinase produces lipid docking sites in the 
plasma membrane

9.  PI 3-kinase-Akt signaling pathway stimulates 
animal cells to survive or grow



• 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 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 PI 3-kinase-Akt Signaling Pathway



10. The recruitment of PH 
domain proteins during B cell 
activation

• When Ag receptor on B lymphocytes (B cells);
Ag receptor-P > PI 3-kinase ↑ > 2x Inositol phospholipid-P > 
BTK + PLC-γ recruitment

• BTK and PLC-γ interact: 
BTK > PLC-γ-P > IP3 + DAG > Ca2+ ↑ > PKC ↑

• Mutant BTK cannot bind to the lipid docking sites, the receptors 
cannot signal the B cells to proliferate or survive, resulting in a 
severe deficiency in Ab production.

• The importance of PH domains is illustrated by certain genetic 

immunodeficiency disease, where the PH domain in BTK is 
inactivated by mutation.

• Survival signal
RTK-P > PI 3-kinase ↑ > 2x Inositol phospholipid-P > 
PDK1 + PKB > PKB-P > BAD-P > Inhibition of  Apoptosis 
(cell survival)

Summary
PI 3-kinase pathway

• Ab production (B cells)
Ag receptor-P > PI 3-kinase ↑ > 2x Inositol phospholipid-P > 
BTK + PLC-γ > PLC-γ-P > IP3 + DAG > Ca2+ ↑ > PKC ↑ 
> antibody production

JAK-STAT signaling

11.  Some receptors activate a fast track to the nucleus

TGFβ signaling

NF-κB signaling

Notch signaling



• 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

Jak-STAT signaling pathway

• 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 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



• 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 Jak-STAT signaling pathway

Notch Signaling Pathway



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

TGFβ signaling 
pathway

• 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 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



NF-κB signaling pathway

• 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



JAK-STAT signaling
   α-interferon receptor > JAK-P > STAT-P (x2) > Control of Tx

11.  Some receptors activate a fast track to the nucleus

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

NF-κB signaling
TNF receptor > TRADD-TRAF2-RIP > IKKK > IKKβ-P > NF-
κB > Control of Tx

Notch signaling
Delta binding > Notch cleavage > Tx

12.  Wnt protein bind to Frizzled receptors 
and inhibit the degradation of β-catenin

c-Myc

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 axis 
> disruption of the degradation complex > unphosphorylated β-catenin translocates to 
the nucleus > alters patterns of gene transcription.

• 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.

13. Multicellularity and cell communication 
evolved independently in plants and animals



• 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.

14. Protein kinase networks integrate information to 
control complex cell behaviors SnapShot: Ras Signaling

Megan Cully and Julian Downward
Cancer Research UK London Research Institute, London WC2A 3PX, UK 
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• 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.



But, our understanding of these intricate 
networks is still evolving: we are still discovering 

new links in the chains, new signaling partners, 
new connections, and even new pathways.


