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— Goal

o The goal of this subject is to understand,
design and create large-scale
computational system centered on the

biology of

—individual cells,

- population of cells,
— intra-cellular processes, and

— realistic simulation, visualization and
reasoning a bout these processes at mu |’cip|e
spatio-tem pol*a| scales.
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= Why?

e

o Such 3 reasoning system, in the hands -.:n(a
working biologist, can then be used to
- dain Insig ht into the u ncler|y|'ng bio |og\/,
- design refutable biolog ical experiments, and

-u |‘c|ma’ce|y_, discover intervention schemes to
suita l'*|y mod I'Fy the l'vic:r|¢::gica| processes for
therapeu’cic purposes.
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e Interrupteq Genes:

> An open reading frame (containing a
gene) consists of

- INTRONS: Intervening sequences —

Noncoding regions

- EXONS: Protein coding regions

o |ntrons are abundant in eularyotes and
certain animal viruses.
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Interrupteq Genes:

Intron, Intron, Intron,

Zoil Exon, DNA

QWMIQF:& = :j:& ; g: LLWW RINA

. Frimary tignscript
Splicing

= =1AVAVAVA mRNA
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— Ihterrupted Genes:

o |ntrons can occur between individual

codons or within 3 single codon

MNucleus

hRMNA

RMNA)

Mixtore ﬂ{primar}f{:rﬂhscr
with varying numbets o
ihtrohs sp|iced.

(heterogeneous huclear

ig:ﬁ:s

o A
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Some Genes. ..

Gene Product Crganism Exon |#lIntrons | Intron
Length Length
Adenoshine deamingse Hurman 1500 11 30,000
Apolipoprotein B Humanh 14,000 28 29000
Erythropoietin Humah 582 4 1562
Thytoglobulin Heman 8500 | z40 | 100,000
a-interferon Harman 600 0 0
Fibroin Silk Wortn 18,000 T 970
Phaseolin French Bean 1263 5 515
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;;-_:_ Requlation of Gene Expns

s Motifs (short DNA sequences) that requlate
transcription
- Fromaoter
- Termingtor
> Motifs that modulate transcription
- Repressor
- Activator
- Antitermingtor

Fromaoter

/_‘ Termingtor

Tignscriptionsl
Initigtion

Termination

W Tianscriptional

Made by A-PDF PPT2PDF



— Promoters

> pol | (RNA polymerase I)

- Transcribes ribosomal RNA genes 100 ~
1000 bp in front of the gene

> pol I (RNA polymerase )
- Transcribes genes encoding po|ypep‘cides
- Complex and variable requlatory regions
> pol Il (RNA polymerase II1)

~ Transcribes transfer RNA 3 hd other small
RNASs

- Both up and down stream
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"o Motifs

Each motif is 3 binding site for 3 spec ific protein

* Transcription Factor:
— Transcription factors (specific to 3 cell/ ;
conditions) bind to requlatory regions and facilitate

@ —xﬁqﬁmHv of RINA pohmﬁlaﬁe It 3 tlarw_llptlf:m"-ﬂ
complex

1

« Activation DFH 113 hscl'l'ptl'ona| ce:nmp|-:;~:.
> Termination Factor:
~ Assembly of proteins for termination and
modification of the end of the RNA
< Epigenetic thar?gﬁs
- Methylation of the cytosine in the 3 region

P e s mneo | e e s L "'_"T'_"ﬁ'['.[r_'
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;;; Organization of Genetic Info

o Bacterial Genome:
— Genes are c:|ose|y spaced a |¢::vng the DNA.
— The sequences o{:genes may Dver|ap.

- Related genes (e n-::a:::cling enzymes whose
functions are part of the same pa’chway or
whose activities are related) are linked as 3
single transcription unit
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=2 | Organization of Genetic Info

o Eularyotic Genome:

- Genes are separated by lo ng stretc hes of
noncoding DNA sequences.

~ Mu|’c|p|e denes in 3 sing|e transcription unit is
extremely rare.

- Mu|’cip|& chromosomes — Linear
— Chloroplasts and mitochondria — Circular

— Genes appearing on the same chromosome
are iyn’tenlc.
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o Genhe Locations
G'EF"ES chmmﬂmme
5
ce—glo bin cluster T6 Genes chromosomes
f-globin cluster il lhsulin T
Immanoglobalin Galactokinase m
Viral oncoqdene hﬂmﬂ|ﬂgnes
« (light chain) k)
C—sis 22
A (light chaind 22 C—tnos 3
Hegwy Chain Tk C-Ha-E3s-1 1T
Pseudogenes 9321518 i 6
Interferons
Growth Hormene TE S R o
gehe cluster
¥ 12

-l
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—, Eukaryotic Genome

o Multiple copies of the same dene
- Solve “su pp|y pro blem”
— There are several hundred ribosomal RNA
denes | mammals
o Pseudogenes

- Nonfunctional copies a::n(ge nes...(Deletions
or alterations in the DNA sequence)

- Num ber onseudo dgenes for 3 particu lar gene
varies greatly. .. Different from one organism
to another.
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o Genes in Eukaryotes

> A gene may appear exactly once

* tmay be part a::ﬂfa Farnih( oFl*epea’ced sequence .
Mem bers of a fam ily may be clustered or
dispersed.

& Mem bers of 3 gene Far'ni|y may be related and
functional (expressed at different times in
deveh::rpmen’c, or in different cells) or may be
pseudo genes.

Chlomosc:mal Morphalagy

Nucleolgr organizers (genes for ribosomal RNA)

~ Telomeric and Centromeric regions (Tandemly
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o Genhome Rearrangement

e

> Reshuming o(ge nes between
|’mmc::r|c::-gaus chromosomes via recipmca|
crossing-over clurl'nc_:] both meiosis and
mitosis.

> Gene synteny and linkages are usually
preserved.

> Most rearrangements are random.

> Some rearrandements are hormal
processes altering gene expressions in an

orderly and programmed manner.
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g Repeat Structure

o Copy Number: 2 ~10°
> Direct Repeats "head-to-tail”

- Tandem repeats or separated by other
sequences

¢ Inverted Repeats "head-to-head”
- Stem -3 nd-|c:rc:rp structure
- Hairpin structure

o Reverse Palindrome

¢ True Palindrome
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Repeat Structure

> Tandem Direct Repeats
o Inverted Repeats i i e

5'-AALAL AAWAL AAULAGL-S

S -GTCCAGM - MCTGOAL-S"
CAGGTCN o NOACCTG

i

i

o Reverse Palindrome:

“me—t “term-a nd—|-;:-c:'p stractate
Associated with inverted tepeats

A I A

o True Palindrome PRI

i ——

S-OTCAATOA AGTAACTG-S
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4 Repeats within the Genome

e

> Gene Family
- Genes and its cognate pseudogenes
o Satellite: Repeats made of noncoding units

- Minisatellites: Tandem repeats.. . Mostly in
centromeric regions

— Satellite repeat units vary in length from 2
base pairs to several thousands.
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= Interspersed Repeats

o SINES: Short Interspersed Repeats
— Each repeat unit is of length 100 - 500 bps

- Processed pseudogenes derived from class Il
genes

- E.:u:am]::-|e: Alu repeats. . dimeric head-to-tail
repeats of 130 bp

o LINES: Long Interspersed Repeats
- Each unit is of length > 6 Kb.
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=, The Cell

e

o A cell is 3 small coalition of 3 set a(genes
held together in a set of chromosomes
(and even perhaps unrelated
extrachromosomal elements).

> They also have set of machinery made of
proteins, enzymes, lipids and organelles
taking part in a dynamic process of
information processing.
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The Cell Cycle
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R

= The dynamics of cell.

o The cell cyc|e ) the set of events that occur
within a cell between its birth by mitosis and its
division into daughter cells again by mitosis

— interphase period when DNA is synthesized and
- mitotic phaﬁe
o The cell division by mitosis (into 2 daughter cells) and
melosls (nto 4 dametes from qﬁl'm—||'rn= cells),
« War lflrﬁq of the machiner Y wl’rhlh the cell-—-mainl: f+hﬁ
ohes ihv '1| ‘Ing |r'-p|lu_‘-]‘cl on ’:-1' A, frignscription of DMA
into RINA 3nd translation of RINA Ihto protein.
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= The Cell Cycle:

*In growing cells, the four |J'l']-?|5r"_5 F-I'Dcee-_f
S-'.ICCL"'_SSI'«.-'r"_l-_?-’. 3 Hr?q from 10-20 hrs.

*|hterg hase: complises the Gy 5.3h h];._
|,|T-“|'-r"’-'~ DA is synthesized in Sand other
cell: yacromolecules are synthesized
Jr.hh.ugha.uf interphase, roughly doubling

cell’s mass.

>During G, the cell is prepared for mitotic _
(M) F.-haSﬁ_ when the genetic mate i3l is '

evenly propottioned and the cell divides. @ \*
“MNondividing cells exit the norm:
ertering the qulesecent G state,

cycle,
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fr_—:jn Differentiation & Suicide

¢ Cellular dy namics controls how a cell changes
(or differentiates) to carry out 3 speciahzed
functions
- Structurg

neulkg

=T,
-_._.lll.

oF morphological changes (musc
o |(_* ”-1 |
PR o o

~ Immune systems: Many cell types come together in
organized tissues designed to let the body distinguish
self from non-self

> Program med Cell DE&‘H‘}/APDP‘EDSE:

- Condensation of the nucleus.

- Fragmentation of the DNA.

- Morphologica
macrophages.

changes followed by consumption by
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Cell Talk
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Cell Tall

o Cell Surface Receptors
~ Extrzeellular domain for

binding ligands (e.q.,
gl'o'ﬁth factors, adhesion

Barfing molecules, etc.)
e - Tignsmembrane domain
donaih - Intizcellalar cytoplasmic
tiapsmembrane -_iDITT'El I
donmin : :
> Receptor driven cellulal
cytoplasmic behavior are extremely

A |

Cogplang with  Traffacking Sicgna g
Membvahe

amigted
makacake

mpoltant
— B Growth, Secretion,
Contraction, -*'f“.o’r.l'|l"tj.f“ and

Adhesion
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Receptors and Gene Requlation

o

O

Short term
response

- Long term

respnnse
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Ligands bind to receptors
at the cell surface.
Bound receptors activate
various intracellular
enzymes 3nd initigte
entire cascades of
intracellular reactions
— Some of these reglons
trigger short term (of the
order of milliseconds to
minutes) responses.

L

- Some cx-*-:r?tua”:; trigger
|Dr7g—tﬁ|'m lesponses..e.q.,
I'chll'l'l'ﬂ_g protein Sj_ffﬂ,thesl's
and additional molecular
Intergctions



B A Complex Picture
0 o Eurfa’.-:f
binding » i
I coupling binding
\5\ \l.J ./ | events
:
pud 1 | ~+"

"? signaling
|'ecyc|ing
internalization

{ \% ] sy nthesis
I \ It f!§
d |ada-[:|' n urgcelicigr

4 i L ° frai@:fkﬁ:—'g
signaling events
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— A Complex Picture

> Traffic <Ing
- Receptor population undergoes many

complex events c:n(c:c:uphng with other cell
SLII“FaCE molecules

— Internalization (RME. recep’cor-media’ced
endocytosis)

- Recycling
— Degradation
— Synthesis
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Mode“ng
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Modeling Biomolecular Networks

> Adents and Modes:

~ Species and Processes: There are two kinds of
agents:

> S-agents (representing species such as proteins,

ce||J and DNAJ: S—3qents are described by
oncentration (i.e., their numbers) and its

Hll’qh i due to gccamalation or Tfiql'adaﬂer?. Qe

agent’s description involves di ial equations

ol update equations

+ P-agents (repr P5Frﬁtim processes such 3s

'tl’i["'b ription, translation, protein binding,
otein-protein interactions, and cell grov vth.)

Irﬁpu‘rg ot P-agents are concentrations (or

numbers) of species and outputs are rates.
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P-agents and S-agents

E{ Process P1 ‘

Process P2
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B Adents & Modes

o Each agentis characterized l'wy astate x € R"and
o A collection of discrete modes denoted by Q
o Each mode is characterized by a set of
diFFere htial equations (¢ € Q& zc RPis
control)
dx/dt = f,_l.('ﬂ,zl
— and a set of invariants that describe the conditions
under which the above ODE isvalid .

— these invariants describe algebraic constraints on the

continuous state. ..
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S Mode Definition

e

s Modes are defined by the transitions
amond its submodes.

> Atransition: speciﬁes source and
destination modes, the enabling
condition, and the associated discrete
update of variables.

> Modes and submodes are organized
hierarchically.
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S Example of 3 Hybrid System

* gyand g, = two discrete modes

o x = continuous variable evolving
as

- dx/dt = (0 In mode g;
— dx/dt = i:;._f:ﬂ' I mode g,

s |nvariants: Associated with

locations g, and g, are
- g(x) = 0and g;,(x) = O, resp.

o The hybrid system evolves
continuously in disc. mode g;
according to dx/dt = f,(x) as

ohg as ¢(x) = O holds.

- H_ -F"-.":'| x enters '[f.h":' : Ll:HL]l set”
Gp(x) = O, then ITT'"}d-_
transition from dyto g, occurs,

(el 20
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o Generic Equ ation

> Generic formula for any molecular species
(mRNA, protein, protein complex, or small
molecule):

dX./dt = synthesis — decay 4 transformation 4 transport

> Synthesis:

- replication for DNA,

- transcription of mRNA,

- translation for protein
> Decay: A first order degradation process
o Transformation:

- cleavage reaction

- ligand binding reaction

» et bl ootk 50k 3 membrane.
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Model of transcri ption

", = coneantration of a TF transcription P = woncertrtion of an mRNA

|| {X, % vl q

> = Coopetativity coefficient
¢ g, = Conhcentration of X 3t which transc tiptioh of i is “half-
rmaximally* activated.

o DX, Ky Vi) = X/ 1Y + X¥]
o WX, Ky Vi) = KY/IKY + XV] =1 - DX, Ky, Vi)

> A graph of function @ = Sigmoid Function
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o Transcription Activation Function
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_q:;_ Quorum Ser}sing n V. fischeri

& Ce”-densi{:y dependent gene expression in
prokaryotes
- Quorum = A minimum population unit
> A sing|e cell of V. fischeri can sense when 3
quorum of bacteria is achiev&d—hading to
bioluminescence. ..
o Vibrio fiscehri is a marine bacterium found as
- 3 free-living organism, and
- 3 symbiont of some marine fish and squid.
s As a free-living organism, it exists in low density is non-
luminescent..

= As 3 symbiont, it lives in high density and is luminescent..
> The transcription ofthe lux genes In this ordganism controls

¥ ] R [ Y
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Jux gene
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B Quorum 5Sensing

o The fux region is c:-l*ganized in two
tr3 nscrip’ciona| units:

.-_| s

- O containing /uxRk gene (encodes protein LuxR = 3
transcriptional requ )

— Op: containing 7 genes /ux/COABEC.
> Transcription of fux/ produces the protein Luxl, reqaired fol
er'_lﬂrc:-ger'_lous pl'odclctl'or? of the utoinducer A/ (3 small
membrane permeable signal molecule (Goyl-homoserine
lactone).
¢ The denes leixA & JaxB code for the |c|c:H:¢|'E|5r'-_ subanits
o The genes fuxC luxD & luxE code for E'o’celr?s_oiithc fatty
P =1 i f 5
acid reductase, needed for aldehyde substiate for lucifergse,
¢ The gene fuxG encodes 3 Havin reductzse.
o Along with LuxR and Luxl, cAMP receptor protein (CRP)

controls luminescence.
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RBiochemical Networl

o The autoimmune inducer A/ binds to protein

LuxR to form a complex C,; which binds to the
Jux box.

o The Jux box region ( between the 13 nscrip’ciona|

units) contains 3 bincling site for CRP.

o The tra hscription from the /JuxR promoter is

activated by the binding of CRP.

o The tr3 hscription from the lux/ICDABEG is

activated by the binding of Co comp|e;{ to the

lux Pox.

o Growth in the levels D‘FCQEIﬁd cAMP/CRP

inhibit /uxR and fux/ICDABEG transcription,
. ' e I
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— RBiochemical Networl

LaxA, LuxB

Lol |

— LaxE | i
laxfCDABEG

‘ feixR
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B Notation

 Xq = scaled population
o x; = MRNA transcribed from O,
¢ x, = mRNA transcribed from O,

o x- = protein LuxRk

]
—

o x. = protein Luxl

2E

o x- = protein LuxA/B

3

> x, = protein LuxC/D/E

L

¢ x- = qutoinducer A/

o xo = complex C
Made by A-PDF PPT2PDF



—, Evolution Equations...

“ d.:":o,/dt = kG ;':.ﬂ
> dxy/dt = T [W(xg Ko, Vo) Plcepp, Kcpp Verp) 0]
— X¢/Hpna —k6 X4

o dxy/dt = T_[@(xg, kKcg, Vo) P (Cepp. Kcrps Verp) bl
— X/ Hpna —kg X5

Xs/dqt = Ty x4 _‘:‘ZS/Hsp_I_AiRX?’ X3 —FcoXg —kg X3

g/ dt = Ty x5 —x¢/H ke x4

xg/dt = Ty %5 —x5/H kg X5

t=Tx _&/Hsp—kﬂxs

X/ dt = Xg(r gl Xg —F aipX7 X3*TXg) —X7/ H 4

Xg/dt = I pip X7 X3 _"‘"':W/Hsp —FcoXg-keXg

-
e S = S = W = W < WY .
k\\{‘ﬁ‘\
[
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Parameters

Max. transcription rate

e, N ] 5
Cooperativity coer tor CRF

dissocigtes

]
C v CRFP _ _
Tl Max. translation rate Kenp Half-rmax conc for CRP
[ 1] A |13-||1f—|H£E ; Coopelgtivity coeffor i
RINA Vep r ) o
_| Stable F-l'otel'r? hC"||F—|IFﬁ_ KCD H-.-"IlF—ITT'EI.m ConC ﬁ:«l' '*-:::-
5P
- U hstable protein half=life [-} Basal transcription rate
up
_I,-ﬁ.i Af |13||1i—||11e Vl:: Volume DFH bacteriom
If,ﬂ.ll Fate constant: Luxl — 47 \/ Volume oifsohﬁ.lor_-
. Fate constant: A/ binds to Growth 1ate
A
) Rate constant: Maximum Population
| (:I:' (i o ‘:{C'ma}{ A [ |.. i
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&5 Remaining Questions

s Simulation:

- Nonhneari’cy

- Hybrid Model (Piece-wise linear)
o Stability Analysis
s Reachs bi|i’cy Ana|y5|’5

o Robustness
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To be continued...
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