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1. Zakladni principy komunikace mezi
bunkami

Samostatne zijici bunka musi byt schopna vnimat

své okoli a reagovat na podnety z okoli (vypatrani
potravy, vyhnout se nebezpeCi — chemickému i zivoCiSnemu...)

V mnohobunécném organismu musi bunky nejen
reagovat na podnety z okoli, ale vzajemne mezi sebou
komunikovat.

Musi sladit své chovani tak, aby mezi nimi byla
souhra, ktera je Zivotné dulezita pro preziti organismu,
ale i pro jeho utvareni.




Komunikace mezi bunkami je dulezita pro rust,
kazdodenni fyziologii a chovani organismu.

Hovoiime o BUNECNE SIGNALIZACI.




Bunka ke svemu zivotu
potrebuje signaly od
okolnich bunéek. Nema-li
dostatecny pocet spravnych
signalu (pomoci nichz pozna, ze
je ve spravne chvili na spravném
miste) spacha sebevrazdu
(apoptoza).
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Signalni molekuly

Extracelularni signalni molekuly

Intracelularni signalni molekuly
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Extracelularni signalni molekuly

Organismus/bunky produkuji a prijimaji radu
signalu

> Komunikace mezi bunkami

> vetsinou operuji na velké vzdalenosti nebo Kk
nejblizSim sousedim

> prijem signalt zavisi na receptorovych proteinech
(obvykle na bunécném povrchu)

Vazba signalnich molekul na receptor jej
aktivuje, coz nasledneée aktivuje jednu nebo vice
intracelularnich signalnich drah




Intracelularni signalni molekuly

> |sou zakladnimi  jednotkami intracelularnich
signalnich drah

» zpracovavaji signal uvnitr prijimaci bunky a

> distribuuji jej do prislusnych intracelularnich cili —
efektorovych proteinu




Efektorove proteiny

Zavisi na signalu a povaze a stavu prijimacich
bunék

» proteiny regulujici genou expresi,
» iontové kanaly,

» komponenty metabolickych drah,
> Casti cytoskeletu,

»> etc.



Obecne schema

EXTRACELLULAR SIGNAL MOLECULE

RECEPTOR PROTEIN

— plasma membrane of
target cell

INTRACELLULAR SIGNALING PROTEINS

EFFECTOR PROTEINS

metabolic generegulatory cytoskeletal
enzyme protein protein

1 1 !

altered cell
shape or
movement

altered altered gene
metabolism expression




Komunikace jednobunécnych organismu

Prestoze bakterie a kvasinky vedou z velké
casti nezavisly zivot, komunikuji a ovliviuji
navzajem sveé chovani

» reaguji na chemickeé signaly,
které vylucuiji jejich sousedeé

» reguluji hustotu = Quorum
sensing

» koordinuji motilitu, produkci
antibiotik, tvorbu spoér a
sexualni konjugaci

https://sarahs-world.blog/bacteria-talk/



Parovaci faktor u kvasinek

Kdyz je jedinec Saccharomyces cerevisiae v haploidnim
stadiu pripraven k parovani, zacne vylucovat parovaci
peptid, ktery signalizuje bunce opacného parovaciho typu,
aby zastavila proliferaci a pripravila se k parovani.

Normainé kulovité bunky Bunky se zacinaji prodluzovat
smerem ke zdroji parovaciho
faktoru



Extracelularni signaly

Signalni molekuly zahrnuji proteiny, malé peptidy,
aminokyseliny, nukleotidy, steroidy, retinoidy, derivaty
mastnych kyselin a dokonce | rozpusténé plyny, jako
je oxid dusnaty a oxid uhliCity.

Bez ohledu na povahu signalu cilova bunka reaguje
prostrednictvim receptoru, ktery specificky vaze
signalni molekulu a poté iniciuje odpoved v cilové
bunce.

Bunééné receptory jsou MEMBRANOVE VAZANE a
INTRACELULARNI



Vazba extracelularnich signalu 1/2

» hydrofilni signalni molekuly nejsou schopny
prochazet primo plazmatickou membranou

» vazou se na receptory bunécného povrchu
» obratem je generovan signal uvnitr cilové bunky

CELL-SURFACE RECEPTORS

plasma membrane
cell-surface

receptor protein

-

hydrophilic signal
molecule target cell




Vazba extracelularnich signalu 2/2

» nékterée malé signalni molekuly difunduji pres
plazmatickou membranu a vazou se na receptor uvnitr
bunky

» molekuly jsou vetsinou hydrofobni a ve vodeée
nerozpustneé = potrebuji nosné proteiny

INTRACELLULAR RECEPTORS

small hydrophobic
/ signal molecule

o0
7

carrier protein

target cell

nucleus
intracellular receptor protein




Ctyfi formy intraceluldrni signalizace

(A) CONTACT-DEPENDENT

signaling cell

/

membrane-
bound signal
molecule

target cell

(B) PARACRINE

@ signaling
cell
N~
>

local
mediator

Ny

(C) SYNAPTIC

synapse
neuron

g target cell
neurotransmitter 9

(D) ENDOCRINE

receptor
target cell

endocrine cell

S
bloodstream @
target cell




Endokrinni signalizace

V endokrinnich zlazach (D)  ENDOKRINNI

se tvori hormony endokrinni buiika receptor
(signaly), které jsou
Krevnim obéhem
prenaseny do ruznych
casti téla. (U rostlin se
hormony uvolnuji do mizy).

cilova

krevni fecisteée

cilova bunka

Signalni molekuly : hormony
Prenos signalu: na velkou vzdalenost



Parakrinni sighalizace

Signal = lokalni mediator je
vyslan do extracelularnino |k PARAKRINNI
prostoru a prijiman

burikami v Blare s @
bezprostrednim okoli teto

signalizujici bunky
(pokud bunky ovliviuji

,.»@/

lokalni

sami sebe = autokrinni mediator
sighalizace)

Signalni molekuly : lokalni mediatory (cytokiny, derivaty kyseliny -
eikosanoidy)
Prenos signalu: na malou vzdalenost



Neuronova signalizace

NEURONOVA

Signal (elektricky vzruch) je
Siren na velkou vzdalenost

podel axonu a behem uron synapse
prenosu dochazi k »
transdukci signalu (‘}:::
(elektricky na chemicky a axon

cilova

v v X neuromediator -
Opacne) teI? bunka
bunky

Signalni molekuly : nervové mediatory (neuromediatory)
Prenos signalu: na velkou vzdalenost



Kontaktni signalizace

Dulezita v embryonalnim vyvoji a imunologii

(A) DOTYKOVA

Tento zpusob komunikace
funQUJe na nejkrat3|.vz_c%alenost. signalizujici @ ka
Bunky spolu komunikuji

prostrednictvim signalnich

molekul zanofenych do /
plazmaticke membrany. Y membrane
Nevyzaduje uvolnéni zadného vazana signaini
mediatoru.

Signalni molekuly : transmembranove proteiny (napr. Delta), r: Notch.
Prenos signalu: na velmi malou vzdalenost



Embryonalni vyvoj — priklad dotykové signalizace
membranoveé vazany Receptofovy
inhibi€éni signalni protein
protein (Delta) (Notch)
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. nervova bunka \

o ] vyvijejici se z
nespecializované epitelialni buiiky inhibovana epitelialni
epitelialni bunky bunka




Selekce T-lymfocytl — priklad dotykové signalizace

NEGLECT
e
Insufﬂcnent ».
TCR signaling \__ ¥

A=t
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Figure 13-7. Cellular Depiction of
Affinity/Avidity Model of Thymic
Selection

DP thymocytes encounter thymic DCs

(or cortical thymic epithelial cells; not

POSITIVE SELECTION s shown) presenting self-peptides on
MHC class | or Il. The intracellular

/)’ Tcggf;:a,mg signaling induced by this interaction
determines the thymocyte's fate. It is

/ 3 cw unclear precisely where in the thymus,
e Weak . .
TCR signaling either in the cortex or the medulla,

each stage of selection takes place.

A Insufficient \
TCR signaling hGe P

NEGATIVE SELECTION
DEATH

e
Strong

\;,4‘
TCR signaling \\ -
\%

Strong \

TCR signaling Yl & https://www.sciencedirect.com/topics/medicine

-and-dentistry/t-cell-development




Endokrinni versus neuronova
sighalizace

U slozitych zvirat endokrinni bunky a nervove
bunky spolupracuji na koordinaci €innosti

bunék v oddeéelenych castech tela.

» ruzné endokrinni bunky musi pouzivat ruzné
hormony, aby specificky komunikovaly se
svymi cilovymi bunkami

» ruzné nervové bunky mohou pouzivat stejny
neurotransmiter a presto komunikovat
vysoce specifickym zpusobem




Endokrinni signalizace

ENDOCRINE SIGNALING

endocrine
cells

» bunky vylucuji hormony
do krve

> pusobi pouze naty
cilové bunky, ktere
nesou prislusné

hormones receptory
w \ bloodstream
L




Synapticka signalizace

BN TR » specificita vznika ze

neurons synaptickych kontaktu mezi
nervovou bunkou a
specifickymi cilovymi bunkami,
které signalizuje
"l - ohvykle pouze cilova buiika,
ktera je v synaptické
komunikaci s nervovymi
bunkami, je vystavena
neurotransmiteru uvolnénému z
nervového zakonceni

target cells

| Nékteré neurotransmitery pusobi v parakrinnim rezimu —
lokalni mediatory, které ovlivnuiji vice cilovych bunék v oblasti



Dalsi rozdily

Endokrinni signalizace
> je relativné pomala

» hormony jsou znaéné zredéné, musi byt schopny pusobit
ve velmi nizkych koncentracich (typicky < 108 M)

» vysoka afinita k cilovym bunkam

Neuronova signalizace
> |e rychlejsi a presnejsi
» neurotransmitery jsou zredéné mnohem meéné a mohou
dosahnout vysokych lokalnich koncentraci (5 x 10* M)

> nizka afinita k cilovym bunkam, muze rychle disociovat



Rychlost odpovedi

Zavisi nejen na mechanismu prenosu signalu, ale take
na povaze odpovedi cilové bunky

prOteI ny JSOU extracellular signal molecule je VyiadOVéna
pritomné v bunce . genova exprese

intracellular signaling l cell-surface
pathway @ — receptor protein

nucleus

ALTERED ¥
FAST PROTEIN /4 SLOW
(< sec to mins) FUNCTION l /. (mins to hrs)

\ ALTERED PROTEIN SYNTHESIS

\ /

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR



Rychlost odpoveéedi — priklad 1

Zmeny v pohybu nebo sekreci bunék nemusi zahrnovat
zmeny v genove expresi a probihaji mnohem rychleji
(sekundy nebo minuty)

prOteI ny JSOU extracellular signal molecule je VyiadOVéna
pritomné v bunce . genova exprese

intracellular signaling l cell-surface
pathway @ — receptor protein

nucleus

ALTERED ¥
FAST PROTEIN /4 SLOW
(< sec to mins) FUNCTION l 7 (mins to hrs)

\ ALTERED PROTEIN SYNTHESIS

\ /

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR



Rychlost odpovedi — priklad 2

Synaptické reakce zprostredkované zmeénami
membranového potencialu mohou nastat v milisekundach

prOteI ny JSOU extracellular signal molecule je VyiadOVéna
pritomné v bunce . genova exprese

intracellular signaling l cell-surface
pathway @ — receptor protein

nucleus

ALTERED ¥
FAST PROTEIN /4 SLOW
(< sec to mins) FUNCTION l 7 (mins to hrs)
\ ALTERED PROTEIN SYNTHESIS

\ /

ALTERED CYTOPLASMIC MACHINERY

ALTERED CELL BEHAVIOR



» umoznuji sousednim
bunkam sdilet
signalizacni informace

> |e uzky kanal
naplnéeny vodou

» primo spojuji
cytoplazmu
sousednich bunéek

small molecule

» umoznuji vymenu anorganickych i’ontl‘] a dalsich malych ve
vodeé rozpustnych molekul, ZADNE MAKROMOLEKULY

» umoznuji reagovat na extracelularni signaly koordinovanym
zpusobem



Priklad dutych spoju

» Pokles hladiny glukozy v krvi uvolnuje noradrenalin
ze sympatickych nervovych zakonceni

» Noradrenalin stimuluje hepatocyty v jatrech, aby
zvysily rozklad glykogenu a uvolnovaly glukézu do
Krve

» Ne vsechny hepatocyty jsSou inervovany nervy

» Inervovaneé hepatocyty prenaseji signal pres duté
spoje



Rozdilnost odpovedi

Odpoved’ bunky na extracelularni signaly zavisi nejen
na receptorovych proteinech, ale také na
intracelularnim aparatu, kterym signaly interpretuje.

Neurotransmiter acetylcholin

ﬁ Cle 1) snizuje rychlost a silu
HyC —C — 0 —CH, —CH, —N*—CHj kontrakce v bunkach

| srdecniho svalu
CH,

2) stimuluje bunky
kosterniho svalstva ke
kontrakci

3) stimuluje sekreci v
bunkach slinnych zlaz



Ruzné receptory

skeletal muscle cell

heart muscle cell

receptor
protein

o —

\

acetylcholine

[V
DECREASED RATE AND
FORCE OF CONTRACTION

RUzné receptory = rlizné pusobeni podobnych
bunék

CONTRACTION



Ruzné typy bunek

heart muscle cell salivary gland cell

receptor
protein

a\cetylcholine : 1
i SECRETION
DECREASED RATE AND
Rozdilny efekt

LA UL > signaly jsou v ruznych

bunkach interpretovany
odlisné




Gradient morfogenu

Stejny signal pusobici na stejny typ bunky muze mit
kvantitativhé odlisné ucinky v zavislosti na koncentraci
signalu

source of morfogen = signalni molekula Exprese
morphogen béhem vyvoje

ruznych sad
l morphogen gradient genu

uncommitted
cells

committed
cells




Aktivace intracelularnich proteinu

EXTRACELLULAR SIGNAL MOLECULE

RECEPTOR PROTEIN

— plasma membrane of
target cell

INTRACELLULAR SIGNALING PROTEINS

x - *o—9 EFFECTOR PROTEINS

metabolic generegulatory cytoskeletal
enzyme protein protein

! ! !

altered cell
shape or
movement

altered altered gene
metabolism expression




Oxid dusnaty

Jedna z dualezitych signalnich molekul, které
aktivuji intracelularni receptory

» Je schopen snadno prochazet pres plazmatickou
membranu cilové bunky

> pusobi jako signalni molekula u zivoc€ichu i rostlin

» Jednou z mnoha jeho funkci je svalova relaxace



Role NO pri svalove relaxaci

dilatace cévy

smooth muscle cells basal lamina

relaxace hladkého svalstva ve
stene

endotel uvolinuje NO

acetylcholin pusobi na endotel

nerv uvolnuje acetylcholin

endothelial cell




Mechanismus pusobeni NO

activated ]
@i enhancing blood flow

L L7 acetylcholine through the blood vessel

NO bound to
activated NO synthase (NOS) || g anylyl cyclase \

—_ e
arginine 2. e®

NO RAPID RELAXATION OF
RAPID DIFFUSION OF : SMOOTH MUSCLE CELL
NO ACROSS MEMBRANES

endothelial cell smooth muscle cell

» uvolnény acetylcholin aktivuje NO syntazu (eNOS) v
endotelialnich bunkach

» NO difunduje do sousednich bunéek hladkého svalstva

» NO se vaze a aktivuje guanylylcyklazu za vzniku cGMP
» cGMP spousti reakci, ktera zpusobuje relaxaci



Hydrofobni signalni molekuly

» Steroidni hormony
» Thyroidni hormony
» Retinoidy
» Vitamin D



Pfiklady

CH,OH

| OH OH
c=0
OH
HO (o)

estradiol testosterone
R vitamin D3

I I
I-II HO
HO o CHz—(II—COO'

¥ CH CH; O

1 1 NH; CH; 3 3 T

C
" Na-
thyroxine RN o

H3c CHB . . .
retinoic acid

» ruzné struktury
> pusobi podobnym mechanismem

» vazi se na prislusne intracelularni receptorove proteiny
a méni schopnost téchto proteinu ridit transkripci
specifickych genu




Intracelularni receptory a efektory

Dané proteiny slouzi jak jako intracelularni
receptory, tak jako intracelularni efektory
signalu

Jsou strukturalne pribuzné a jsou soucasti
velmi velké rodiny jadernych receptort

Vsechny jaderné receptory se vazou na DNA
bud’ jako homodimery nebo jako heterodimery



Intracelularni receptory a efektory

Steroid Steroid
(GC or A) (E)

Cytoplasm

AR or GR—¢J!

Y
Q
|

ER-H]

Co-requlators ‘lCo requlators

Y C)

= Sl .
| +/- _]mnsr ription ‘ +/— Transcription
YN/, NI NN
SRE SRE

Nucleus

Transcription factors :
(for example, AP1 or SP1) Tldllb(.l iption
YN I NN /

https://doi.org/10.1038/nrm.2016.122

Figure 1. Nuclear steroid signalling

a | Classic steroid sinalling pathway. Steroids enter cells through mechanisms that are still
not understood. Some steroid receptors, such as glucocorticoid (GC) and androgen (A)
receptors (GR and AR, respectively), are primarily in the cytoplasm as monomers bound to
heat shock proteins (HSPs). Others, such as the oestrogen (E) receptor (ER), are located as
monomers primarily in the nucleus, although a small percentage may also be bound to HSPs
in the cytoplasm (not shown). In the case of GC and A, steroid binding to cytoplasmic
receptors triggers release from the HSPs, receptor dimerization, alterations in receptor
conformation and nuclear localization. In the case of E, the sex steroid binds to nuclear
receptors to promote dimerization and changes in receptor conformation. In all cases,
nuclear dimerized receptors then bind to specific steroid-response elements (SREs) and
interact with various co-regulators to modulate gene transcription through either repression
or activation. b | Tethered steroid signalling. Nuclear steroid receptors can also modulate
gene expression without direct DNA binding. In this case, they bind to other transcription
factors, such as AP1 or SP1, to either repress or activate transcription.




DNA-vazebne domeny

Vsechny maji podobnou strukturu

DNA-binding
domain

4 C

cortisol receptor

N———+7———"—C
estrogen receptor

C
progesterone receptor

Ndll—C
vitamin D receptor

N—ll———-cC
thyroid hormone receptor

N——C
retinoic acid receptor




Inaktivni receptor

Neaktivni receptorovy protein je vazan na
inhibicni proteiny
ligand-binding
domain

transcription-activating
domain

DNA-binding domain
COOH

inhibitory
INACTIVE RECEPTOR proteins




Aktivni receptor

Vazba ligandu na receptor zpusobuje:

» ligand-vazebna doména receptoru se sevre kolem
ligandu

> inhibicni proteiny disociuji a

> koaktivatorove proteiny se vazi na domenu aktivujici
transkripci receptoru = genova exprese

coactivator

_~— proteins

receptor-binding
element

ACTIVE RECEPTOR

transcription of target genes




The three-dimensional structure ...

.. domeény vazajici ligand s a bez navazaného ligandu

Modra alfa sroubovice funguje jako viko, ktereé se
zaklapne, kdyz se ligand (Cerveny) navaze, a zachyti
ligand na miste




Odpovedi na steroidni hormony

» Transkrip¢ni odpoved obvykle probiha ve vice
krocich

> V pripadech, kdy vazba ligandu aktivuje transkripci,
dochazi k primeé stimulaci malého poctu specifickych
genu béhem asi 30 minut = primarni odpovéd’

> Proteinové produkty téchto genu aktivuji dalsi geny,
aby vyvolaly opozdénou sekundarni odpovéed’

» Navic nékteré z proteinu produkovanych v primarni
odpovédi mohou pusobit zpétné a inhibovat
transkripci genu primarni odpovédi = neqgativni
zpétna vazba




Primarni a sekundarni odpoved’

(A) PRIMARY (EARLY) RESPONSE TO STEROID HORMONE (B) SECONDARY (DELAYED) RESPONSE TO STEROID HORMONE

steroid steroid hormone
hormone receptor

— e
A
'

A

secondary-response proteins

receptor-steroid-hormone ..‘ ‘. ? (€]

complexes activate primary- @

response genes
-

v

|

T =9
o ELW
induced synthesis of ‘

-

a primary-response || a primary-response
protein shuts off protein turns on
primary-response secondary-respons
genes genes

primary-response proteins




LPS

{ Point of inhibition by natural compounds}

TNF-a
q IFN-y

Cell Membrane

Nucleus

Transcription
of early genes

Transcription
of delayed genes




Tri nejvetsi tridy membranovych

receptorovych proteinu

 Receptory spojené s
iontovymi kanaly

 Receptory spojené s
G-proteiny

 Receptory spojené s
enzymy




Receptory spojené s iontovymi kanaly

Umoznuje rychlou synaptickou signalizaci mezi nervovymi
bunkami a jinymi elektricky excitovatelnymi cilovymi
bunkami (nervy, svaly)

ION-CHANNEL-COUPLED RECEPTORS

o 7 ions

4/ —signal molecule

:l plasma
membrane

> zprostredkovano malym poétem neurotransmiteru,
které prechodné oteviraji nebo uzaviraji iontovy kanal

tvoreny proteinem, na ktery se vazou, a kratkodobe
meéni propustnost iontu



Receptory spojené s G-proteiny

Pusobi neprimou regulaci aktivity samostatného cilového
proteinu vazaného na plazmatickou membranu (enzymu
nebo kanalu)

G-PROTEIN-COUPLED RECEPTORS

signal molecule

. . - . . : activated
inactive inactive Inactive activated enzyme

receptor G protein enzyme receptor and

v activated G protein
G protein

» trimerni GTP-vazajici protein (G protein) zprostredkovava
Interakci mezi aktivovanym receptorem a timto cilovym
proteinem

» aktivace méni koncentraci intracelularnich mediatoru
nebo iontovou permeabilitu




Receptory spojene s enzymy

Bud’' funguji primo jako enzymy, nebo se spojuji s
enzymy, které aktivuji

ENZYME-COUPLED RECEPTORS

signal molecule\M o signal molecule

in form of a dimer

H OR
N ’

inactive catalytic active catalytic activated
domain domain associated
enzyme

» obvykle jednopruchodové transmembranové proteiny,
které maji své vazebné misto pro ligand vné bunky a sveé
katalytické nebo enzymoveé vazebné misto uvnitr

» |sou to bud’ proteinkinazy, nebo s nimi spojeneé




Intracelularni signalni drahy

extracellular signal molecule
receptor protein e
plasma\membrane

i - -al > Fada signalnich proteinu a
(=] ” = ” ”

scarroL (M malych intracelularnich
& mediatoru prenasi

extracelularni signal do

jadra
a Signal je:

; 4
INTEGRATE

> zménén (pfeveden)
SPREAD > ampllflkOVén

ANCHOR

— MODULATE
nuclear envelope - ‘

g Ny

> Siren

> modulovan

I NUCLEUS

activated effector protein

3 actlvate enell EFFECTOR PROTEIN - , . . »
D et 7 Konecény efekt jednoho signalu

signal response 1

element GENE TRANSCRIPTION zavisi na vice faktorech




3. Vnitrobunéecna signalni kaskada,
signalni molekuly

Bunécna signalizace zahrnuje cely fetézec déju:

¢ prijem signalu

¢ Jeho zpracovani (transformace, transdukce,
amplifikace)

¢ prenos do nitra bunky (modulace, vétveni, event.
integrace signalu z ruznych receptoru)

s odpoved bunky na signal

L X 2

L X 2

L X 2

4

To se nazyva SIGNALNI KASKADA.




3. Vnitrobunéecna signalni kaskada,
signhalni molekuly

Vyznam signalni kaskady:
» Fyzicky prenos z mista prijeti do mista odpovédi
» [ransformace signalu do potfebné molekularni podoby

» Transdukce signalu - preména signalu z jedné formy
na druhou (napfr. z elektrické na chemickou, apod.) /

» Vetveni signalu — ovlivnéni vice déju soucasné
» Integrace signalu — déj vyzaduje aktivaci vice receptord
» Modulace prenosu signalu dle aktualnich podminek /

vne a uvnitr bunky
»> Amplifikace signalu — zesileni signalu




Dva typy intracelularnich signalnich
proteinu

SIGNAL SIGNAL
IN IN

m protein protein spp GTP GTP
kinase phosphatase m binding  hydrolysis

SIGNAL SIGNAL
ouT ouT

(A) SIGNALING BY PHOSPHORYLATION SIGNALING BY GTP-BINDING




Intracelularni
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Zpetna vazba bunecnéeé signalizace

Bistable Switches
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Fig. 2. PPIs generate hidden
feedback/feed-forward loops and
complex behaviours. (a) A single
PPI linking unmodified
components belonging to
different layers of a cascade could
induce bistable switches
(modified moieties are denoted
with a star, hereafter), caused by a
hidden double-negative feedback
illustrated in the right panel. (b) A
PPI linking unmodified/modified
cascade components could induce
sustained oscillation, triggered by
a hidden negative feedback
depicted in the right panel. (c)
Coupled PPIs motif linking
unmodified forms of the cascade
components could generate
oscillation and biphasic dose-
response, brought about by a
hidden negative feedback or a
incoherent feed-forward (IFF) loop
(right panel).
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