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~ Cell Signalling and Signal
-+ Transduction Pathways -

" Q.. What is signal transduction? What are the pathways
involved in signal transduction 4
Ans. It occurs when an extracellular signaling molecule activates a specific
receptor located on the cell surface or inside the cell. In turn, t_his
“receptor triggers a biochemical chain of events inside the cell, creating
a response. Depending on the cell, the response alters the f:ell's
me_taBolism, shape, gene expression, or ability to divide. The signal
can be amplified at any step. Thus, one signaling molecule can cause
many responses. r . - '
Signal transduction involves the binding of extracellular signaling
molecules also called ligands to receptors that trigger events inside the cell.
The combination of signaling molecule with a receptor causes a change in the -
conformation of the receptor, known as receptor activation. This activation is:
always the initial step (the cause) leading to the cell's ultimate responses -
(effect) to the messenger. Despite the myriad of these ultimate responses, they
are all directly due to changes in particular cell proteins. Intracellular -
signaling cascades can be started through cell-substratum interactions;
examples are the integrin that binds ligands in the extracellular matrix and
steroids. Most steroid hormones have receptors within the cytoplasm and act’
by stimulating the binding of their receptors to the promoter region of
steroid-respon‘sive’ genes. Examples of signaling molecules include the
%‘lomlone melatonin, th.e nel.Jrotransm.itter acetylcholine and the cytokine
_mte;fe;ox;1 ?. T;f\e c;lassnﬁ_ca_txons of signaling molecules do not take into
o Yol molecules st dopme, g sl Fene
endorphins. Some molecules may fit into rll)mre tfr o A " o
¢ e B ! 1an one class; for example,
epinephrine Is a neurotransmitter when secrete by the central nervous
system and a hormone when secreted by_ the adrenal medulla.

Environmental Stimuli j

In single-celled organisms, the var; ke
influence its reaction to its envi:;:il:gn(?fi;gn::utlrt?nsﬂuaion proc_e'sses
nUmErous processes are required for coordinating indivig . Organisws,,
the organism as a v'vhole; the complexity of thege proc ual cells to support
with the complexity of the organism, At the s esses tends to increase
‘enyironments relies on signal transduction; mod l'u]a.l' ‘levei, Sensing of -
g (152) émg signal transduction_ :
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systems s self-organ|z|ng allows “one " to explain how equilibria. are
maintained, many dnsease Processes, such as diabetes and héartidiseasé arise
from defects or dysregulations in these pathways, highlighting the
o oy H . . ? e '.

importance of thls.~ process in biology and medicine. Various environmental
stimul.l exist that initiate signal transmission processes in multicellular
organisms; examples include photons hitting cells in the retina of the eye, and
odorants binding to odorant ‘receptors in .the nasal epithelium. Certain
microbial molecules, such as viral nucleotides and protein antigens, can'elicit
an immune System response against invading pathogens mediated by signal

transduction processes. This may occur independent of signal transduction

stimulation by other molecules, as is the case for the toll-like receptor. It may

occur with help from stimulatory moleculés located at the cell surface of other

cells, as with T-cell receptor signaling. Unicellular organisms may respond to
environmental stimuli through the activation of signal transduction pathways.
For example, slime molds secrete cyclic adenosine monophosphate upon
starvation, stimulating individual. cells in the immediate environment to

aggregate, and yeast cells use mating factors to determine the mating types of

other cells and to participate in sexual reproduction.

Receptors
Receptors can be roughly divided into two major classes: intracellular
receptors and extracellular receptors.

Extracellular .

‘Extracellular receptors are integral transmembrane proteins and make
up most receptors. They span the plasma membrane of the cell, with one part
of the receptor on the outside of the cell and the other on the inside. Signal
transduction occurs as a result of a ligand binding to the outside region of the
receptor (the ligand does not pass through the membrane). Ligand-receptor
binding induces a change in the conformation of the inside part of the
receptor. This results in either the activation of an enzyme domain of the
receptor or.the exposure of a binding site for other intracellular signaling -
proteins within the cell, eventually propagating the signal through the
cytoplasm. . ; '

In eukaryotic cells, most intracellular proteins activated by a
ligand/receptor interaction possess an enzymatic activity; examples include
tyrosine kinase and phosphatases. Some of them create second messengers
such as cyclic AMP and IP 3, the latter controlling the release of intracellular
calcium stores into the cytoplasm. Other activated proteins interact with
adaptor proteins that facilitate signalling protein interactions and
coordination of signalling complexes necessary to respond to a particular
Stimulus, Enzymes and adaptor protcins are both responsive to various

second messenger molecules.
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~ Many adaptor proteins and enzy!
transductjon possess specialized protein | |cium ions bind to the Rf
‘ secongary messenger molecules. For examp'e; €& bind .and activar
hand  domains of calmodulin ‘allowing it to Din¢ ides d thcmlme
a € ’ . )i ides do the same
calmodulin-dependent kinase. PIP 3 and other I;hOSPt}c‘;';‘(f‘:tch T k?::]e |
thing to the Pleckstrin homology domains of pro § , se

protein AKT.
G Protein-coupled

. e . (GPCRs) are a family “of -integra| -
n-coupled receptors (GP : : '
G protei p hat possess seven transmembrane domains and are

~ transmembrane proteins t _ i . ! :
linked to a heterotrimeric .G protetn. Many receptors are in this. famﬂy,

including adrenergic receptors and chemok.me }ff:-ceptors.. : s

Signal transduction by a GPCR begins with an Inactive G protein
coupled to the receptor; it exists as a heterotrimer consisting of Go, GB,,and. !
Gy. Once the GPCR recognizes a ligand, the conformation Of the receptor -
changes to activate the G protein, causing Gato bind a mf)lecu_;e pf -G’_I'P‘a‘gd
dissociate from the other two G-protein subunits. The dissociation exposes
sites on the subunits, that can interact with other molecules. The activated G
protein subunits detach from the receptor and initiate signaling from many
downstream effector proteins such as phospholipases and ion channels, the

. latter permitting ‘the release of second messenger molecules. The total

strength of signal amplification by a GPCR is determined by the lifetimes of
the ligand-receptor complex and receptor-effector protein complex and the
deactivation time of the activated receptor and effectors through intrinsic
enzymatic activity. ’ ' F

- Astudy was conducted where a point mutation was inserted into the
gene encoding the cll¢m0k111e receptor CXCR2; mutated cells underwent a
mal;gnant;transfonnanon due fo the expression of CXCR2 in an ‘active
conformatiol i sence of o . A

| on despite the absence of chemokine-binding. This meant that -

. NN evelopment. i

"lv'yrosmeﬂ and Histidine Kinase W
Receptor tyrosine kinases

; the dimer is stabi];
the g
. of ¢ S Withine (1 : stimulates -
confon-na_tlonal changes, Subseque l::htln til;e domains of the. RTKs, causi"® |
are activated, initiatin 10 this, the recentare kinace domains
cytoplasmic mOléculesg_ tﬁl;:) :‘gg?ry lation Sig;lalinge::sit:;:s x:?f:{”istream !
differentiation a"d'mEta'bblisml ltat‘f‘-?'al’i‘ous cellular ‘procevss'es such a8 cell
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. Asisithe case with GPCRs, proteins that bind GTP play a major "Oh]e ICT}]
S1gnal transduction from the activated RTK into the cell, lp.thls case, the
Proteing are melﬁberé of the Ras, Rho, and Raf f'anulles:, referred to

: collectiVely as small G proteins. They act as molecular _swntches usually
tethereq tq membranes by isoprenyl groups linked ‘to their carboxyl ¢nfls.

bon activation, they assign proteins to 'Speéiﬁc\111en1brane. subdomains
Where they participate in signaling. Activated RTKs in turn activate small G
Proteins that activate guanine nucleotide exchange factors such as SO'SI.
Once acti\;ated, these exchange factors can activate more small G proteins,

- thus amplifying the receptor's initial signal. The mutation of certain' RTK
genes, as.with that of GPCRs, can result in the expression of receptors that
exist in a constitutively activate state; such mutated genes may act as
oncogenes. . .

Histidine-specific protein kinases are structurally. distinct from other
protein kinases and are found in prokaryotes, {

fungi, and plants as part of a
two-component signal transduction mechanism: a phosphate'grou‘p_ from ATP
is first added to a histidine residue within the kinase, then transferred to an
aspartate residue on a receiver domain on a different protein or the kinase
- itself, thus activating the aspartate residue. :

Integrin .

T Extraeotune F5ae

.ln'tegrln-médiat_ed signaj tran’squgti"m

v,
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Integrins are produced by a wide variety of cells; they play a tole i cel]
attachment to other cells and the extracellular matrix and-in the transductigy,
of signals from extracellular matrix. components such as ﬁbronectin and
collagen. Ligand binding to the extracellular domain of integrins changes g
protein's. conformation, clustering it at the cell membrane to im.tiate signal
transduction. Integrins lack kinase activity: hence, integrin—medlateq signal
transduction is achieved through a variety of intracellular protcin kinases and
adaptor molecules, the main coordinator being integrin-linked kinase, g
shown in the- picture to the right, cooperative integrin-RTK signalling
determines the timing of cellular survival, apoptosis, proliferation, ang
differentiation. N . %
Important differences exist between integrin-signalling in circulating |
blood cells and non-circulating cells such as epithelial cells; integrins.of
circulating cells are normally inactive. For example, cell membrane integring
on circulating leukoéytes are maintained "in an inactive state to avoid
epithelial cell attachment; they are activated only in response to stimulj suck
as-those received at the site of an inflammatory response. In a similar manner,
integrins at the cell membrane of circulating platelets are normally kept
inactive to avoid thrombosis. Epithelial cells (which are non-circulating) -
normally have active integrins at their cell membrane, helping maintain their
stable adhesion to underlying stromal cells that provide signals to maintain
normal functioning. - . . 7 : B

Toll Gate

When activated, toll-like receptors (TLRs) take adapter molécules
within the cytoplasm of cells in order to propagate a signal. Four adapbr

molecules are known to be involved in signaling, which are Myd88, TIRAP,
TRIF, and TRAM. These adapters activate other intra

as IRAKI, IRAK4, TBKI, and IKKi that amplify the signal, eventually

ppression of genes that cause certain responses.
Thousands of genes are. activated by TLR signaling, implying that this
method constitutes an important gat 5

, €way for gene modulation. |
Ligand-gated lon Channel ' —— '

travel along nerves, by depolariz;

resulting in the opening of voltage-gateq ion ch

aYowed into the cell

annels, . =
during a ﬁgand-,gat.edwl
messenger initiating Sig"?

. nr ’
channel opening is Ca?*

cellular molecules such
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tm"Sd‘fc‘no'rf cz}scad'es and altering thie physiology of the responding cell. This® -
result in amplification of the synapse response between synaptic cells by
remodelling the dendritic spines involved in the synapse. '
Intracellular ' :

- Intracellular receptors, such as nuclear receptors and cytoplasinic
receptors, are soluble proteins localized within their respective areas. Tl}e
~ typical ligands for nuclear receptors are non-polar hormones like the steroid

hormones testosterone and progesterone and derivatives of vitamins A and D.
To initiate signal transduction, the ligand must pass through the glasma
‘membrane by passive diffusion. On binding with the receptor, the ligands
pass through the nuclear membrane into the nucleus, -altering gene
expression. . . ~ . ;
 Activated nuclear receptors attach to the DNA at:rec
- hormone-responsive element (HRE) sequences, located in the promoter
region of the genes activated by the hormone-receptor complex. Due to-therr
" enabling gene transcription, they are alternatively called inductors of gene
expression. All hormones that act by regulation of gene expression have two
consequences in their mechanism of action; their effects are produced after a
characteristically long period of time and their effects persist for another long
period of time, even after their concentration has been reduced to zero, due to.
4 relatively slow turnover of most enzymes and proteins that would either
deactivate or terminate ligand binding onto the receptor. '
~ Nucleic receptors have DNA-binding domains containing zinc ﬁngers '
and a ligand-binding domain; the zinc fingers stabilize DNA binding by
holding its phosphate backbone. DNA sequences that match the receptor are
usually hexameric repeats of any kind; the sequences are similar but their
orientation and distance differentiate them. The ligand-binding domain is
addition_ally responsible for dimcrizat’ion_ of nucleic receptors prior to binding
and providing structures for transactivation used for communication with the

translational apparatus. : y :

Wit Steroid receptors are a §11bclass of _nuclear_}feceptors 1located‘primarny
within the cyto.so.l. In the absence of steroids, they associate in an aporeceptor
complex contau.u_ng chaperone or heatshock proteins (HSPs). The HSPs ag-e
necessary to activate the receptor b).' assisting the protein to fold in a way such
that t!xe signal sequence enablmg 1ts-passage into the nucleus is -zzcc:e::c;s,.bl :
Steroid receptors, on the other hand, may be repressive on gene ex 1 le.
when their transactivation domain is hidden, Receptor actj Expression

- enhanced by phosphorylation of serine residues at thejr N-termi vity can be B
of another signal transduction pathway, a process calleg cr inal as aresult

: Retinoic acid receptors are another subset of nucl g
can be activated by an endocrine-synthesized ligand Sar receptorg, They

. ’ ; ‘ iat Pnﬁ;;‘.,.ed the

. cell by

eptor-specific

)
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cursor like retinol brought to the ¢elj -
y iqtracellularly synthesised ligand .
ocated in the nucleus and are not

dlﬁu;‘iOn, a ligand synthesised from a p‘ré
through the bloodstream or a completel
like prostaglandin. These receptors are I
~ accompanied by HSPs. They repress their gene by binding to their specific .
DNA sequence when no ligand binds to them, and vice versa.. - i

Certain intracellular. receptors of the immune system are cytoplasmic

receptors; recently identified NOD-like receptors. (NLRs) reside i,!l'the
cytoplasm of some eukaryotic cells and interact with ligands using a :
' TLRs. Some of these molecules

leucine-rich répeat (LRR) motif similar to b.tr1es ‘
like NOD2 interact with RIP2 kinase that activafes NF-xB signaling, whereas

others like NALP3 interact with inflammatory = caspases and _initiate
~ processing of particular cytokines like interleukin-1B. :

Second Messengers o
First messengers. are the - signaling -molecules "(hormb'ne;, !
neurotransmitters, and paracrine/autocrine agents) that reach the cell from the
extracellular fluid and bind to their specific reccptors;-'Second messengers are
the substances that enter the cytoplasm and act within the cell to trigger a

response. In essence, second messengers serve as chemical relays from the:

plasma membrane to the cytoplasm, thus carrying out intracellular signal :

transduction.

Calcium B Y N , ; i
The reicase of calcium ions from the endoplasmic re’ticul‘um‘ into the

cytosol results in its binding to signaling proteins that are then activated; itis

then sequestered in the smooth endoplasmic reticulum and the mitbchondrfa;'

Two combined receptor/ion channel proteins control the transport of calcium:”
the InsP;-receptor that transports calcium upon interaction with inositol
triphosphate on its cytosolic side; and the ryanodine receptor named-afier the
alkaloid ryanodine, similar to the InsP; receptor but having a feedback
mechanism that releases more calcium upon binding with it. The nature of
calc-iu;m in the cytosol means that it is active for gniy a very short time,
meaning its free state concentration is very low and is mostly bound to
organelle molecules like calreticulin when inactive. O e
neumﬁi:;;‘}‘ﬁ e’: r:;:i e"; many processes including muscle contractions
e rom nerve endings, and cell migration.: The threé
main pathways that lead to its activation are GPCR p B i 3
and gated ion channels; it regulates proteins eithe pathways, RTK pathways:
enzyme. . , Ither directly or by binding toa® =
Lipophilics | ]
~ Lipophilic second messe ' e
in cellular membranes; enzylﬁ:f setrl:::lj ?tc ules are derived from lipids residi®®
' . e X °d_b)' activated receptors activate the .

-
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lipids by modljfy"ing;them. Exam les'
fonner'required for the activatjo,
Nitric Oxide ' ,

h Nlt‘;c °’“d¢ (NO) acts as a second meés'énger because it is a free radi'ce.ll" |
that can diffuse through the plasma membrane and affect nearby cells. It 1s .

syn.the§ised from arginine and oxygen by the NO synthase and works through
activation of soluble guanylyl cyclase, which when activated produces
. another second messenger, cGMP. NO can also act through covalent

modification of proteins or their metal co-factors; some have a redox

mechanism and are reversible. It is toxic in high concentrations and- causes
damage during stroke, but is the cause of many other functions like relaxation
of blood vessels, apoptosis, and penile erections. P :
Redox Signaling.

In addition to nitric oxide, other electronically activated species are also
signal-transducing agents in a process called redox signaling. Examples
include superoxide, hydrogen peroxide, carbon monoxide, and hydrogen
sulfide. Redox signaling also includes active modulation of electronic flows
in semiconductive biological macromolecules.

Cellular Responses
' Gene activations and -metabolism alterations are examples of cellular
responses to extracellular stimulation that require signal transduction. Gene
activation leads to further ceilular effects, since the producis of responding
genes include instigators of activation; transcription factors produced as a
result of a signal transduction cascade can activate even more genes. Hence,
- an initial stimulus can triggel' the expression of a largehumber of genes,
leading to physiological events like the increased uptake of glucose from the
“blood stream and the migration of neutrophils to sites of infection. The setof
genes and their activation order to certain stimuli is referred to as a genetic
program.' Mammalian cells require stimulation for cell division and survival;
in the absence of growth factor, apoptosis ensues. Such requirements for
extracellular stimulation are necessary for _cohtrolling cell behavior in
unicellular and multicellular organisms; signal transduction pathways are
perceived to be so central to biological processes that a large number of
diseases are attributed to their disregulation. Three basic signals determine
cellular growth: ' , £

1. Stimulatory (growth factors)

(a) Transcription dependent response

For example steroids act directly as- transcription factor

response, as transcription factor must bind DNA, which n(glves slow

eeds to be
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transcribed. Produced mRNA needs. to b ity .
protein/peptide can undergo Posttranslational_modification (PMT))
(b) Transcription independent response for example ?p l»g:g?;l fowth.
factor (EGF) binds the epidermal growth factor receptor (i i ])? Which
causes dimerization and autophosphorylation of the EGFR, which'in .m"_“j;
" activates the intracellular signaling pathway. : e
2. Inhibitory (cell-cell contact)

< 3. Permissive (cell-matrix interactions) . : <l
The combination of these signals is integrated in altered-cytoplasmic
machinery which leads to altered cell behavior. e 3

aling pathways, ‘demonstrating how |

Fo’li‘owing*are ‘some major sign p o
. ; . . . N p ) s s ol
ligands binding to their receptors can affect second messeng _anq.n‘

- eventually result in altered cellular responses. , . el
_(a) MAPK/ERK pathway: A pathway that couples m_trace]lulz}r q
" responses to the binding of growth factors to cell surface receptors. 'Thls "\
 pathway is very complex and includes many protein components. In many
cell types:, activation of this pathway promotes cell division, and many forms' |
of cancer are associated, with aberrations in it. ' . s
" (b) cAMP-dependent pathway: In humans, cAMP works by activating
protein kinase A (PKA, cAMP-dependent protein kinase) (see picture), and, -
thus, further effects depend mainly on cAMP-dependent protein kinase, -
which vary based on the type of cell. .. o
i < (9 IP;/DAG. pathway: PLC cleaves the phospholipid
o s tm ,pho?fphagx‘dylinosito;l 4.5-bisphosphate (PIP2) yielding diacyl glycerol (DAG)
, aann: ‘I‘l‘)os,‘it:'r ellﬁi;“l)hospf;ate (IP3). DAG rémains bound to the membrane, -
E 'througﬁg the cytosdl2?>islfdutblen§trucmre o ¢ e "cytos_ol._ 1 the"‘diffus?s f
the SR (E(;{ 3]‘ receptors, pamcular calcium channels in
allow the A ) hese channels are specific to calcium all.d :
258 Y calcium to move through. Thi oli¢ -
concentration of Calcium to jncr . 8 causes the Y108
changes and activity, In additionea:z;c";::usmg‘ a‘casca,deu of "intracelh_rl‘clr
activate PKC, which 205 on 1o piloé : m and DAG together wol:.k‘s 0.1
phorylate other molecules, leading ¥ ‘

: ziltered cellular activity E tu
Bt - End-effects i ani
o “-tl . o mc}ude taste, manic del‘ESSiOﬂ, mor

]
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