2.1 CHE

Guiding Questions
How do cells distinguish between the many different signals that they receive?

What interactions occur |n5|de anlmal ceIIs in response to chemlcal S|gnals? C - \) \
Theme : Interactions « Interdependence

Level of Organization.: Cells

Linking Questions
What patterns exist in communication in biological systems?
In what ways is negative feedback evident at all levels of biological organization?
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HL LEARNING

Receptors as proteins with binding sites for specific signalling

UTCOMES

Students should use the term “ligand” for the signalling chemical.

=

chemicals
Cell signalling by bacteria in quorum sensing Include the example of bioluminescence in the marine bacterium Vibrio fischeri.
Hormones, neurotransmitters, cytokines and calcium ions as
examples of functional categories of signalling chemicals in Students should appreciate the differences between these categories.
animals

Consider reasons for a wide range of chemical substances being used as signalling chemicals. Include amines,
Chemical diversity of hormones and neurotransmitters proteins and steroids as chemical groups of hormones. A range of substances can serve as neurotransmitters
including amino acids, peptides, amines and nitrous oxide.

. s : y Contrasts can be drawn between hormones transported by the blood system and neurotransmitters that
Localized and distant effects of signalling molecules . y
diffuse across a synaptic gap.
Differences between transmembrane receptors in a plasma
membrane and intracellular receptors in the cytoplasm or

nucleus

Include distribution of hydrophilic or hydrophobic amino acids in the receptor and whether the signalling
chemical penetrates the cell or remains outside.

Students should understand that the binding of a signalling chemical to a receptor sets off a sequence of
responses within the cell.

Use the acetylcholine receptor as an example. Binding to a receptor causes the opening of an ion channel in
the receptor that allows positively charged ions to diffuse into the cell. This changes the voltage across the
plasma membrane, which may cause other changes.

Students should understand how G protein-coupled receptors convey a signal into cells. They should
appreciate that there are many such receptors in humans.

Initiation of signal transduction pathways by receptors

Transmembrane receptors for neurotransmitters and changes to
membrane potential

Transmembrane receptors that activate G proteins

Include the roles of a G protein and cyclic AMP (cAMP) as the second messenger.

NOS: Students should be aware that naming conventions are an example of international cooperation in
science for mutual benefit. Both “adrenaline” and “epinephrine” were coined by researchers and are based
on production of the hormone by the adrenal gland; “adrenaline” comes from Latin ad = at and ren = kidney

and “epinephrine” comes from old Greek epi = above and nephros = kidney, respectively. Unusually, these
two terms persist in common use in different parts of the world.

Use the protein hormone insulin as an example. Limit this to binding of insulin to a receptor in the plasma
Transmembrane receptors with tyrosine kinase activity membrane, causing phosphorylation of tyrosine inside a cell. This leads to a sequence of reactions ending

with movement of vesicles containing glucose transporters to the plasma membrane.
Use the steroid hormones oestradiol, progesterone and testosterone as examples. Students should

Mechanism of action of epinephrine (adrenaline) receptors

Intracellular receptors that affect gene expression understand that the signalling chemical binds to a site on a receptor, activating it. The activated receptor
binds to specific DNA sequences to promote gene transcription.
Effects of the hormones oestradiol and progesterone on target For oestradiol, limit to cells in the hypothalamus that secrete gonadotropin-releasing hormone. For
cells progesterone, limit to cells in the endometrium.

Regulation of cell signalling pathways by positive and negative  Limit to an understanding of the difference between these two forms of regulation and a brief outline of one
feedback example of each.



C2.1.1—Receptors as proteins with binding sites for specific signalling chemicals
HL C.2.1.2—Cell signalling by bacteria in quorum sensing C2.1.3—Hormones, neurotransmitters, cytokines
and calcium ions as examples of functional categories of signalling chemicals in animals

Cells interact ancl commounicate with each other b] sending and rccicw'ng .s;;snals. The gencral pathway for cell-to-cell communication is as follows:

Te%e® @8 -4o-8 SR> M8 03=°3

@ releases ligand (.speci('n'c travels to target cell and binds to receptor ® Bindind of typically induces conformational ® Sequence of responses ® dissociates from
signalling chemical) into extracellolar Space (Prol:eins with binding sites for specifie h;gands) change in receptor, initiating signal fransduction occur in target cell binding site of receptor

X Similar o cnzyme—Subslfa\:e specificity, the Shape ofa receptor's binding site is speci fic (complemmhry) to that of & pacticular li&and, ensuring Selective binr)n‘n3 and ackivation (prevcnh’ng c)i(-’(’erenﬂy-skaped ligands £com bindils)

Cell-to-cell communication does not on\y occor in multicellvlar organisms; Unicellvlar ofganisms (Such as bac{'xria) can communicate and coordinate with each other within o populalzion. via. chemical s:bnalla'@

> Quorum sensing ° process of cell-to-cell communication in bacteria. which enables coordinated gtne expression fo changing population density as a means of synchronized. ackivity
X named ‘quorum’ ais the process operates on a theesholdd - basis whee & minimum. amount of a chemical signal (aul:oinc)ucer) is required to iniliate o Synchronized, grovp fesponse.

quorum - sensing
response

\S Quorum sensing is pecformed by Vibrio fisheri, o bioluminescent bacterivm species that lives mutvalistically within the light organ of the Hawaiian bobtail squid -
squid provides nutrients to V. fisheri and. as V. fisher popolation density is high within organ, they emit light, used by squid in counter-illumination. camouflage in moonlight
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V._fisheri release  signalling {reely diffuses between once concentration of
chemical - individvals in population., increasing reaches threshold, LuxR- complex binds to DNA at Lux Lucifecase catalyzes the
(liganel) into extracellvlor space its concentration within cyloplasm it binds to receptor LuxR operon and acts as transcription factor, upregulating of which releases energy
transcription of the genes for the enzyme luciferase in the form of light (bioluminescence)
Signalling chemicals (Iq’sant)s) in animals can be clussifiec into four functional categories:
Hormones Neurotransmitters CyfoKines Caleium ions (Ca")
'&pc of molecvle amines, proteins , Steroids amino acids, 'pcph'dcs, amines, nitrovs oxide small pro'!:cins, glycoproteins cation
(f.ypically 3‘MJS) secrete (nevron of sensory ce.ll) secrete Many di ffecent cell types (such as those in the immune|cells pump into extracellular space of within orgunelles
dicectly into the bloodstream which bind to into narrow synaptic cleft which systcm) Secrete into extracellvlar space | (ex: sarcoplasmic reticolum), maintaining a. low concentration
Mechanism of action | receptors on the surface or within taget cells then diffuse only a short distance and bind fo receptor |which diffuse and bind to receptors on cells (bypically | within : enters via focilitated
which may be nearby or far away in the body | on postsynaptic cell (ncuron, muscle, or 3lanal.) nearby) or the from which it was released | diffusion Hhwough gated ion channels, binding to ceceptors.
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® promoles oc inhibits gene expression and cell activities |® can promote or inhibit nerve impolses by generating | @ promoles o inhibits gene expression and olters cellular |® can act as second messeagers within cells, inducing:

RBSPonSC ® cffects long- lasting as hormenes persist for excitatory or inhibitory postsynaptic potentials activity (ex: immone and inflammatory response) contraction in muscle cells | nevrotransmitker release by
minvtes o hours ofter secretion @ effects shock- lasking due to_rapid removal from receptors| @ depending on the cytokine, effect can last hours pre-synaptic cells and cortical and acrosome reactions

Examples insulin, thyroxine, oestradiol, FSH, melatonin Ie,oinephrine | acetylcholine, GABA, dopamine, glutamate inteclevking, intecfecons, chemokines ® cffect typically short-lasting where Ca™ is pumped back



HL

C2.1.4—Chemical diversity of hormones and neurotransmitters C2.1.5—Localized and distant effects of

signalling molecules C2.1.6 —Differences between transmembrane receptors in a plasma membrane and

intracellular receptors in the cytoplasm or nucleus C2.1.7 —Initiation of signal transduction pathways by receptors

Both hormones and nevrotransitters act as ligands in signalling pathways, yet display large diversity in their chemical composition. This may be dve to signalling systems evolving repeatedly in many differeat organisms,
resulting in o wide array of signalling chemicals, with diffecent signalling mechanisms based on their structure andl properties.  Any chemical can act as a signalling chemical provided *

® their Shapes and. chemical properties are distinctive enough that receptors can bind with them selectively and distinguish them from other chemicals

® small enovgh to be eosily transported into and out of cells and around organism

Types 0€ Newrotransmitters Types of Hormones
amines amino acid protc:'ns /_,,_puc)es ester gases amines peptides proteins /glycopro&efns steroids
Struckure | amino acid derivative unallered polypeptide - chain of organic E very small gaseous amino acidl derivative | short polypeptide chain | long polypeptide chain cholesterol derivative
(modified 310_09) amino acid Several amino acids molecvle R~ “oR' molecules (modified gfoup) (2-50 amino acids) 50+ amino acids) (four fused rings)
dopamine ~ W [ GABA — opioids such acetylcholine nitric oxide W=g) | epinephrine H‘SL oxytocin — insulin oestradiol ¥
Examples | Serotonin \,\o\@\/ Slu!;amal:e ) N4 | as endorphins % j\ 2 |carbon manox.’de/o_. thyroxine () GnRH g LH testosterone — 4@52‘7‘—\'
epinephrine o glycine 7 ~ WS . melatonin7 - ADH FSH — progesterone ©

Dcpcnr).‘nj on how {ar sianallina molecules are transported fom soucce fo tacget in organisms, theic effects can be [ocalizecl (ew. synaplcic 533““""‘3 by ncuro{'ransmittC(S) or distant (ex: endocrine signalling by hormones)

> Synaptic signalling mode of signalling across the junction (Synqpse)
between. two cells in the nervous system
are secreted via exocylosis from the

the postsynaptic cell membrane
® cffects are very localizeel as nevrotransmitters only need fo diffuse o
very small distance (20-40nm) an only signal the postsynaptic cell

c)i(’(’vsu‘ng acfoss the gap (synapbic cleft), and bindin3 Yo receptors on O

O
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o
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\S €ndocrine sisnallins * mode of .sidnalh'nj where hormones
tcavel in bloodstream o reath +ar3ct

o

@ nevral signaling C2.2

are secretecl by

into the

am,, ‘rraveling until -Ihcy reach and bind

to receptors on or in +orad- cells
® cflects may be distant and widespread as hormones

can travel €ac from Source to signal many di€ferent cells
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Due to the hydrophobic core of plasma membranes, hydrophilic (Pola(, chafgcd) ligands cannot penctrate whereas hydrophabic (nor\-polar) ligands can simply diffuse throygh readily @ membranes + transport B!
.- the chemical properties of ligands and their receptor (namely their hydrophobicity/ hydrophiliciby) will dictote the type of signalling mechanism and transduction pathway - sequences of responses and intecactions within the cell

H)(drggl_mgbic ligand_signal transduction pathway oF”

—
Hydﬂzphilic ligand signal transduction pathway & H
R R R R AR ATRARRAARA
T LR VRN fRATRATY ARG
©) hyr)rophobnc ligands such as steroids freely @(X D @ hydophilic liganc such as amines, peptides /proteins bind L LN
passes ino target cells via simple di€fusion

to extacellvlac binding site on integral transmembrone receptor <«

@ bindin\g causes conformational chonge in receptor structure:

® |igand-gated ion channels —> pore opens, allowing diffusion
® G protein- covpled. receptors —> G prokein becomes activated
® receptor tyrosine Kinase —> tyrosine on tails phosphorylated

@ once inside the cell, they bind to an “infracellular \(
Lf.cqal'&c (ci%hc( in the Cyl'opla.f»m or nucleus) /—@ Intracellular rccepkor is
@ormind an ackivated receptor-ligand complex %) J % solvble in

due to

Teansmembrane rcceptor has

Proi'ruda'ns
into
(liaamd binding) and
¢l protein interactions) andl
hydro{hobic amino acids in the
core \intecacting with

® receptor- ligand complex typically acts as a
requlator of gene expression by binding to the
DNA at o specific site cavsing Hanscription
of a particular gene to be of
inhibited thus a\’rcrinﬂ cellvlar activity

DODOTO its

facing its periphery and
hydrophobic amino acids
foldedd into ils core
(hydrophobic intcrach'ons)

(=

o
RNA polymerase

® second messenger within cell Synthesized /released. which
triggers signal transduction cascade ultimately resulting in
a cellular response, such as chanscs in gene expression,
enzyme activity ( metabolic rake), and/or cell movement

)adlom'ns membrane spanning



C2.1.8—Transmembrane receptors for neurotransmitters and changes to membrane potential
HL C2.1.9—Transmembrane receptors that activate G proteins C2.1.10—Mechanism of action of epinephrine
(adrenaline) receptors C2.1.11 —Transmembrane receptors with tyrosine kinase activity

Transmembrane ligandl- gated ion chamnels are receptors located fhe membrane of post-synaptic cells in o nevral transmission pathway, recieving nevrotransmitters rom the presynagtic cell at a synapse € nevrl signating c2.2

membranes + transport B2.1

> Acety\choline receptors cholinegic receptors which bind the ncvrotronsmiltter Acetylcholine (ACh). Allows the influx of positively charged ions resutting in depolarization and the propagation of an action potential in postsynagtic cell

a—3q =3 == e £3 =
ex: at nevromouscular junckions, ACh receptors on ﬁ S gated dosed 7 Q) gated open N:}'ﬁ‘ NAN:'.“ ! QD > local
the sarcolemma. bind ACh released. from —_ 0 i O\_)q —= @ N‘*N“* Na* @ T VT depolarization,
. . [ €0 EX top view == top view No™ Na* ot == time (ms)
» Cavsing muscle fibres to ¥ sarcalemma. L E3 ¢ . E5
depolarize andl iniEiale skeletal moscle St | Acetylcholine binds at two binding Bindins cavses conf{ormational Shage change 2 cations (Na*) dittuse through chaanel into cell,
contractions muscle B3.3 sites on in A °P°":"3 the 8"‘{"" (Pm) for ions ~ chanainﬂ Voll:age across plasma membrane
G prokein-coupled receptors (GPCR): transmemborane receptor that conveys Signals into cells using assaciated ligand. Receptor 'I;rosine Kinase (RTK)* transmemrane receptor that conveys signals into
G protein (Guanine nucleotide-binding prokin) which acts as a molecwlar switch for signal {ransduction cells through enzymatic activiby (Kinase), specifically by phosphorylating tyrosine from ATP
® GPCR is a polypeptide with  Membrane-spanning ot helices Fo(mins b loops fin ﬂé{%ﬂé@ﬁﬁﬂﬁéﬁ’éﬁﬂﬁﬂﬁ X typically, adding phosphate (Phosphorylah'ng) a protein activates it (and vice-versa)
extracellvlar loops for binding and for G protein interaction DSISLsLSLs I S ISII
® G protein composed of 3 svbunits: G, Cg, Gy (inactive when Gy bound to ) = > Insulin receptor © RTK which binds protein hormone insulin in order to signal
ED VAU cellolar glucose vptake from blood plasma. for metabolic use and storage @ 2
\> GPCR are the largest and most diverse group of membrone receptors in evKaryotes and are involved in light, toste, and @ | 3
smell detection , mood regulation, immune cesponse , nervous fransmission, endocrine pathways and more! Below is the gencral mechanism: releasecl into bloo v by pancreatic Hgmﬁﬁ HHH}H} EH}E}!{ %
B cells when blood is detected 1o be hyperglycemic %@ T/ 2
G protein inactive as G bound to RARGTAII RIRRATA TREAAR TRATTRT
" binds to GPCR cavsing conformational change in GPCR, A “6 -;—'!%mmm ﬂl!unu!{ﬂ')l . ADDR binds fo insvlin RTK , cavsing conformational change,
displacing from G, , allowing . to bind in its place o) B o J bringing the receptoc’s intracellolar domains together into a dimer Rﬁﬁmﬂmﬁﬁm
activates 6 pratein cavsing dissociation into G- SUOULAIG NN
, ond G2y dimer and felease {rom receptor HEHE i il EHHEH HHHHH? eoch tycosine Kinase catalyzes the phosphorylation of tyrosine ' .
7 G d Gy dimer activate effector proteins Which rela y esidues on the neighbouring receptor ‘tail usin activating it
o on Y ac pr y TR | 3 g recep \| > 3
signal via second messengers in transduction cascade <~ > J o ™ @
’ / { each activated phosphorylated tyrosine activates o signalling
> Epinephrine (Adrenaline) receptors © GPCR which bind to epinephrine ( adrenaline) to stimolate a sympathetic N protein, initiating an intracellular sj thwa
nervous fesponse , ie. “ Fi3hl: or § |i3hl-“ where body mobilizes energy (glucose) for skeletal muscle contractions ;@A/r‘\ @L/ '
R RS EMRIIIE | © strelieg pthoes iy st v T
@ binds to epinephrine receptor inducing conformational R —> vesicles containing glucose transporter (eLuT4) moving © i SO0
Change which displaces from G_, in G protein cAMP O W\‘\-« ook and {'usins with membrane , embedding GLUTY into \ unmwum)!u l RS
binds to G, inducing dissociation into G- ©TF and Gfy dimer PN into the membrane, thus increasing glucase optake & i
6o activates membrane-bound enzyme adenylyl cyclase Protein Kinase A v promotion of glycogenesis (slucosc —> slycoscn) %3 §§ e
@ adenylyl cyclase catolyzes conversion of —> cyclic AMP (CAMP) . X inhibition of glycogenolysis ( glycogen —>3|ucose) DO Y %% <« S
® cAMP as second messenger initiates signalling cascade ) @~ D
ultimately resvlting in activation of enzyme glycogen phosphorylase B NOS : Naming conventions ace an example of international coopecation in science for mutval
@ slycogcn phosphorylase catalyzes 3cho3eno|ysl's (5|yc03m —>3|W°$€) L 3chogen phosphorylase benefit. While vnusval, two terms for same molecule can persist. For example:
X effect of epinephrine can be amplified at each stage of the signalling cascade e i Adrenaline = ‘ad’(at) + ‘ren’ (k.‘dney) Epinephrine = ‘epi’ (above) + ‘nephros’ (k.‘dney)

as each enzyme can catalyze many reactions, ths generating multiple signals each glycogen 7

both names based on production location - (found above Kidney)



C2.1.12—Intracellular recepto
C2.1.13—Effects of the hormones oest

HL

rs that affect gene expression
radiol and progesterone on target cells

C2.1.14—Regulation of cell signalling pathways by positive and negative feedback

Inteacellvlar receptors bind to hydrophobic ligands ( such as steroid hormones : testasterone, oestradiol prosestcrone) in the

> genecal signal transdoction pathway for intracellvlar receptors:

Cytoplasm or nucleus where They affect gene expression by binding 1o specific DNA sequences

oH

%g %:32 w‘)_\, ® @ protein synthesis DI.2
=2 (g;? d gene
sz cytoplasm R Nvdevs
extracellvlar space EZ cytoplasm I N (r\_f
5.'2::55 } [ — OH > & /-\ DMA ‘ fé‘s\\
Qﬁ?ﬁ %.Ei%% Q:gj —/-) — mﬁ - mRNA \
s == S Rk RARATR v,
== §wumwmxum%%

¥

S
L receptor- hormone comp

steroid hormone binds #o site on
} skerid hormone (ex: l:csl:oswonc)di(’(’uses

('orm.‘ng an
though the plasma membrane into cytoplasm

active feceptor-hormone complex

enters nuclevs via nuclear pore

receptor- hormone complex (RHC) binds
to hormone- response element (sequmce
within promoter region of gene

»o RHC «3ulakes RNA polymerase adivity such as
gene transcription, ultima&cly synthesizing
mare of a particular protein, al{cr.'ns cellvlac activity

lex

Oestradiol and Progesterane are stecoid female sex hormones respensible for a wide-range of effects including regulation of menstrual cycle, triggerin development of female Secondary sex characteristics , maintenance of feproductive tissves and

@ (cproduction D3.|

P(an ancy-

\> Oestradiol plays Key role in the meastrual cycle including (egula{ion of Gonadotropin - releasing hormone (6nRH) release

o+
5

Qestcadiol’s role at the end of follicvlar phase of menstrual cycle
Hypothalamus

@ of developing follicle in ovary secretes Oestradiol 5
J/ GnRH

@Ocs-fra.dio' diffuses into of hypofhalamus and 5
o -d)

‘ D Oestradiol

ovanan

follicle
binds to , forming o complex .
® feceptor - Oestradiol complex binds to oestradiol- response element
in DNA and promotes gene expression of signalling probcn'ns -
inducing a Surge in GnRH secretion by
GnRH binds to receptors on cells in
expression and celease of Luteinizing Hormone (LH)
LH promotes follicle development and. Oestradiol release ( positive feedback)
LH surge vitimately results in owvlation

in hypoﬂ\a\amus
and signals the

7 owlation

0
Yo

o@g\ Sccandary oocyl-e

X note: oestradiol and progesterone are also naturally found in males (althovgh in lower conceatrations) and ace invelvtd in many aspecks such as maod, spermatogenesis, and more.

S Progesterone plays key (ole in the menstrual cycle inclvding the development ond maintanance of endometrium

Progeslc(ane's fole [)un'ns luteal phase of menstrual cycle

@ Proses{crane secrebed by in ovaries

@Proges{crane diffuses into cells of endometrivm (uterine I.'nivg)

® Progestecone binds to within
the cytoplasm , forming a feceptor- progesterane complex
feceptor- progesterone complex moves into nvclevs via nudear pore and
binds to progesterone response element in promoter of target gene
Complex acts as transcription Luckor, transcription of
genes for cell growth and proli@emh'on (such as growth factors)
endometrial cells grow and divide, cavsing it to thicken

K if progestecone levels all, endometrivm breaks down and is shed (menstruation)

Cell Sigmllin\tj pathways can be requlated by both negative and positive feedback where the amount of a product in a pathway can impact how moch more is produced..

> negative feedback - end- product inhibits more of its own production — reverses change ancl leads

to stabilization of system
A stimulus

v

Examples: © thermoregulation via thyroxin
bloocl glucose level requlation via. insulin and glucagon
osmorggulation. via. ADH

heart rate and blood. pressure
blood pH regulation via ventilation
oestradiol and progesterone levels in menstrual cycle @ reproduction D3

€D homeostasis D33

H

]Q integration of body systems C3.)

s positive feedback : end- product stimulates more of its own production —> amplifies change in system

~ skimulvs

ﬂ’r) $

“— response

Examples: @ owlation via LH surge during menstrual cycle € (eproduction D3 |
childbirth via oxytocin 3
fruit ripening via ethylene @ intearation of body systems 3|
lactation via prolac(:in, and oxytocin

Yy

3

==

h

Fa

é

X ’cypically reinforces stimulus in order to drive a procrss/cvcnt to completion
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