Overview of
biological networks



Outline

« Examples of biological networks

* Problems for Systems Biology

* Molecular basis (elements of networks)
* Experimental techniques

* Network representations
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Examples of biological
networks

* Molecular interactions

* Functional interactions and regulation
* Metabolism and chemical networks
 Genomic data as networks

* [neuronal, mechanical, physiological]

9/12/2003 HST.592



(ST Examples of biological

networks
 Molecular interactions
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Examples of biological

networks
* Protein-protein
interactions @
A+B<AB Kd — [4]1B]
[AB]

Homo KD=10'9- 10°"°M
Hetero Kp=10"°-10"M

9/12/2003 HST.592



Examples of biological
networks

* Protein-protein

Interactions

proteins ~5000
interactions ~7000

Databases: £ .

BindDB " _ iyt AN
d 5 't oA "":).’30‘%%7' gﬁﬁ?ﬁ#@\é' Mo o,

DIP '..__." < / -.:: '_ b : ‘-\- \! 5 e

A comprehensive analysis of protein-protein interactions in S.cerevisiae.
Nature. 2000, 623-7. Uetz P et al



Examples of biological
networks

 Protein-DNA interactions
(TF-upstream binding) @ g

—

pea N
\

All Factors

Lee TI et al. Transcriptional regulatory networks in S.cerevisiae
Science 2002 Oct 25; 298(5594):799-804

9/12/2003
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(ST Examples of biological
networks

* Functional interactions and regulation

9/12/2003 HST.592



(ST Examples of biological

networks
* Regulation

Drew Endy (MIT)

9/12/2003 HST.592



* Regulation

9/12/2003

Examples of biological

networks

Galactose

C2

Galactose -——» Gall-P = Glu1-P - Glucose-6-P
\

Other
Translation processes

™

Cytoplasm
mRNA

AN

RNA-processing
factors

Gal80]Gal3)

Gal4
Gal7 \ X Nucleus

/ Chromatin

RNA pol Il holoenzyme
General transcription factors

RENDS in Cell Bivlogy

HST.592
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Examples of biological
networks

 Metabolism and chemical networks

9/12/2003 HST.592
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Biochemical reactions

METABOLIC PATHWAYS

Bioche m ical, | M=
metabolic reactions
*“Chemical engine”

Determines cell physiology
Similar in all organisms.

« KEGG
* EcoCyc
 Metabolic Fluxes

9/12/2003 HST|




Biochemical Pathways
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Metabolic Pathways

METABOLIC PATHWAYS

4 rovernif
Metabolism of Biod egradation of
Complex Carbohydrates M Xenobiotics
" Nucleotide -
Metabolism of _ Metabolism I
Complex Lipids i
oseainsnnsoiff
BN S— gy
DONYIrd i

Metabolism of
Other Amino Acids

RITG AUCid

" Metabolism of
and Yitami

KEGG
databaggoos | e e

econdary Metabolites ;4




Metabolic Pathways

CARBOHYDRATE e i
METABOLISM -
_ S
Glycolysis f
Gluconeogenesis I
Galactose .Ptoseand
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r t ) ; . interconversions
F e anl
0se
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iyt
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Inositol metabolism
Pyruvate
:j—’—\ metabolism
Butanocate
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KEGG
databageoos

Metabolic Pathways

Arbutin
{extrace lular)

Salicin
{extrace Inlar)
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Frucioze and
mannose metabolizm

Hucleotide sugars
metabolism

. Pentose and glocuronate
interconversons
_ | ®wrchand sucmose
metabolizm

D-Clucoze
2.7.169 O(extra/:e Tular)

Pentose
phosphate
Tathway

icin-6F L
T

5.3.1.1
Clyce rone-F (‘

~———t= Lysine hiosynihesis
~

12151

|

_ o PheTyr s Tip |
L~ hingynthe sz |
|

— —{ Photosynthesiz |
|

|

|

| Ealathbieid |

2-Hidroxs-

ethyl-T}LPP 1241

g

i

Propanoate me tabolism

2 O 124
f- 8-Aetyl-
dilpd rolipoamide

Ethanol 1111
Td— 1112 p——m0 Acetaliehyle

4111

O
Dihgdrolipoamide

—%><Cs ~Eranched dibazic aeid me nabohsm)

—t><E anoate melahu]ism)

—D(Pamothenate and Co biosynthe SIS)

—f==| Alanine and aspartate metaholism

D-2lanine metabolism

_____________\-____j(
(T 771 zf
§

16



Metabolic Pathways

.[

D-erythrose
&phosphate | (2212

D-fructose
6-phosphate

KEGG
databageoos

D-sedoheptulose

7-phosphate

D-glyceraldehyd?

phosphaté

|

5-phospho- )
alpha-D-ribose |
1-diphosphate

[

AMP

2.7.6.1

D-xylulose
5-phosphate

y

[

D-ribose
5-phosphate

)

[

ATP

HST.592
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Examples of biological
networks

« Genomic data as networks

9/12/2003 HST.592
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Functionally related genes

9/12/2003

COGOOEZ

Your Input:

B COGO51Z2 - pnthranilatespara-aminobenzoate sunthazes component II

Predicted Functional Associationsi

VR RURCRVR RURVRY

CcoGo1d?
COGOS47
CoGod 34
COGo135
CoGo159
COGO133
COGO1ES
coGo1as
COGo113
COGooE2

Anthranilatedpara—amninohenzoate sunthases component 1

Anthranilate phosphoribosylitansferase

Indole-3-glycerol phosphate synthase

Phosphoribosylanthranilate isomerase

Truptophan sunthaze alpha chain

Truptophan sunthaze beta chain

S-enolpuruvylshikimate-3-phosphate sunthasze

Shikimate S-dehudrogenase

Eranched-chain amino acid aminotransferases/d-amino-d-deoxychorismate 1 [...]
Chorizmate synthase

Score

Lo i e = = = e e = =)

L2935
el
LS50
L5603
543
a1
07
07
.535
454



CHST

Problems

1. Derive networks

- from experimental data, design of experiments.

2. Structure of the network:

- descriptive
- functional.

3. Dynamics:

- steady state
- response

- computation
- fluctuations

4. Evolution:

9/12/2003

cell’s point of view

HST.592
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THST . , .
Kitano’s milestones

 understanding of structure of the system, such as gene
regulatory and biochemical networks, as well as physical
structures,

 understanding of dynamics of the system, both
guantitative and qualitative analysis as well as
construction of theory/model with powerful prediction
capability,

 understanding of control methods of the system,

 understanding of design methods of the system,
References:

H. Kitano, Systems Biology: a brief overview, Science, 295:1662,2002
H. Kitano, Computational Systems Biology, Nature, 420:206-210, 2002

9/12/2003 HST.592 21



Molecular basis
(elements of networks)

» protein-protein interactions
* regulation
* enzymatic kinetics

9/12/2003 HST.592
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Molecular basis
(elements of networks)

» protein-protein interactions

9/12/2003 HST.592
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Protein-protein interactions

9/12/2003

24



9/12/200¢

rotein-protein interactions
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Molecular basis
(elements of networks)

 regulation (slides from by E.Domany)

9/12/2003 HST.592
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Central Dogma

Tr'ansla’rio[r>

mRNA Protein

\w” Transcrip’rio>
mah s

Gene (DNA)

Cells express different subset of the genes
In different tissues and under different conditions

9/12/2003 HST.592 27



Regulation

mRNA IS PROCESSED
(SPLICED)

Y . A

DNA —® MESSENGER RNA

TRANSCRIPTION:

PROTEIN SYNTHESIS:

TRANSCRIPTIONAL CONTROL
RNA PROCESSING CONTROL

RNA TRANSPORT CONTROL
RNA DEGRADATION
TRANSLATIONAL CONTROL

PROTEIN ACTIVITY




TRANSCRIPTION — CLOSER LOOK

RNA POLYMERASE A ATTACHES TO DNA, MOVES
ALONG IT, OPENS DOUBLE HELIX, SYNTHESIZES MRNA.

CONTROL OF EXPRESSION BY ASSISTING OR BLOCKING
ATTACHMENT OF RNA POLYMERASE TO DNA.

RNA POLYMERASE BINDS AT A SPECIFIC REGION, THE i
PROMOTER, AT THE START OF THE GENE, IF AN
ACTIVATOR ‘ [S ATTACHED AT AN ADJACENT SPECIFIC
REGULATORKBINDING SEQUENCE (OPERATOR) AND A

REPRESSOR IS NOT ATTACHED TO ITS OWN OPERATOR

i TRANSCRIPTION START

9/12/2003



RMA polymerase
i,

ri stop signal for
pramoter RMNA polymerase
r 1
NIV RVETRTXG[G[IRL
DMNA doubile healix s
DA HELEX \ srart site for transcription
OPEMNING

e N .

IMITIATION OF RNA CHAIM
BY JOIMING OF FIRST TWO
RIBOMUCLEQSIDE
TRIPHOSPHATES

RiA CHAIN ELONGATION
IN 5%o-3" DIRECTION

BY ADDITION OF
RIBONUCLEQSIDE
TRIPHOSPHATES

COnNtinuous
RMNA strand
displacemeant
and DMNA halix
re-formation

AN AN AN AN AN AN AN St

TERMINATION AMND
RELEASE OF POLYMERASE AMND
COMPLETED RMA CHAIN
3
5.44(‘«%

[A)START SIGNAL g5 -10 +1

| | I
B TAGTGTAT T R TG ATAGAAGCACTCTACHATATTCTCAATAGGTCCACG— 3"
F— AT CACATAACTGTACTATC T TCGTGAGATGATATAAGAGTTATCCAGGTGL —F§

st sim‘ l TRAMSCRIFTION

12/2
9/12/2003 |- I}thmpéstmnd 5 ees——- 0 FNA

AGGUCCACG

short region of
DMNARMA helix

[



HST
| TRANSCRIPTION — CLOSER LOOK

RNA POLYMERASE A ATTACHES TO DNA, MOVES
ALONG IT, OPENS DOUBLE HELIX, SYNTHESIZES MRNA.

CONTROL OF EXPRESSION BY ASSISTING OR BLOCKING
ATTACHMENT OF RNA POLYMERASE TO DNA.

RNA POLYMERASE BINDS AT A SPECIFIC REGION, THE
PROMOTER, AT THE START OF THE GENE, IF AN
ACTIVATOR ‘ [S ATTACHED AT AN ADJACENT SPECIFIC
REGULATORKBINDING SEQUENCE (OPERATOR) AND A

REPRESSOR IS NOT ATTACHED TO ITS OWN OPERATOR

GENE START

9/12/2003



TRANSCRIPTION — CLOSER LOOK

RNA POLYMERASE A ATTACHES TO DNA, MOVES
ALONG IT, OPENS DOUBLE HELIX, SYNTHESIZES MRNA.

CONTROL OF EXPRESSION BY ASSISTING OR BLOCKING
ATTACHMENT OF RNA POLYMERASE TO DNA.

RNA POLYMERASE DOES NOT BIND AT THE
PROMOTER, AT, THE START OF THE GENE, IF A
REPRESSOR IS ATTACHED TO ITS OWN OPERATOR

TRANSCRIPTION
FACTORS

9/12/2003
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RECOGNITION OF BINDING MOTIFS IN DNA

9/12/2003

Trer

B groove

T car
Qroacve

Aj0r Erooe ealal Brodwn

OlH-N M-H IS
/
G N+ AN T
= y . — .
LR ¥ D
H
iy .arnu'-ﬂ- FThingr g-em\'ﬂ'

ealaf Iroove

Miar geaoy® Minar grood®

major groowve MinGr groowe

C
KEY:
m_(:;\_ T A T ‘ = H-bond acceptor
: : i ‘ ‘ . - “ 0 = H-band danor

l’:_jl = hydragen atam

A O = mithyl group




HST

RECOGNITION OF BINDING MOTIFS IN DNA 2

HOMEODOMAIN

asparaging

OIIH-N|

ﬁ
AWN HIIIIIIINKA\

N . )—m
L

outer limit of
sugar phosphate
backbone on
autside of
double helix
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TRYPTOPHAN REPRESSOR-SWITCH

promater
I E D c B A

B . £ coli chromosome

|

I, RNA malecle

A
®@ & e A @

l
OPERON enzymes for tryptophan biosynthesis

REGULATORY e
“NETWORK” ===

aperator start of transcription

tryptophan

y inactive repressor ’/
. RNA polymerase
/_\“\ actwe repressor

R - EEEEEE -
mRMA “*-

9/12/2003 GENES ARE ON GENES ARE OFF




lac OPERON — E-COLI (PROCARYOTIC)

OPERON — SET OF GENES PLACED ONE AFTER THE OTHER
ON DNA, TAKING PART IN ONE PROCESS (BREAKDOWN OF
lactose). E-COLI PREFERS glucose — WILL PROCESS lactose
ONLY UNDER ( —glucose/+ lactose ) CONDITIONS. 4-SWITCH!

Cyclic AMP @ CONCENTRATION [| WHEN +glucose

allolactose CONCENTRATION IWHEN +lactose

activaTor: Y + = —»; (ACTIVE IF COMPLEX)

REPRESSOR: A + . ‘ (ACTIVE IF FREE)
e —————————————

--glucose/+lactose

9/1212003



+ GLUCOSE
+ LACTOSE

+ GLUCOSE
- LACTOSE

- GLUCOSE
- LACTOSE

- GLUCOSE
+ LACTOSE

9/12/2003

RMA-

CAP- polymerase-  start site for RNA synthesis
binding binding site
site {promaoter)
| Il |
| I 777
| I | L
- pperator lacZ gene
-80 —40 1 40 8O . .
[ . 1 . l . 1 \ 1 nucleotide pairs
OPEROM OFF
| I T pecause CAP not bound
- FEPressor
OFERON OFF both because
| . | e | lac repressor bound and

because CAP not hound

CAP

OPERON OFF because
lac repressor bound

. TEPressorn
T

CAP RMA polymerase
i/ QPERON ON
'
ANA D)
HST.592 37



EUCARYOTIC - MUCH MORE COMPLEX

* RNA POLYMERASE CANNOT INITIATE TRANSCRIPTION
GENERAL TRANSCRIPTION FACTORS ASSEMBLE, FORM
COMPLEX ON OPERATOR NEAR PROMOTER - ABUNDANT

rrrrrrrrrrrrrr iption H'l_'l_ma]l TEP.I'I TL'ELTA CDIH]]IEI _ mi_“ur gru[ﬁre

TFID

38

TBPSLSUBUNIT OF TFIID



. SPECIFIC REGULATORS OF TRANSCRIPTION (ENHANCERS)
CAN ATTACH TO DNA MANY 1000 OF BP UPSTREAM,

CAN EVEN BE PLACED DOWNSTREAM FROM START SITE
VERY MINUTE AMOUNT PRESENT

* MAY NEED MORE THAN ONE TRANSCRIPTION FACTOR TO
ACTIVATE GENE

gena control regions

i RMA start paly-A addition site

|
|
|
| |
DM A-Binding [ EROHE 1 I
site for GAL4 S AR ' :

4 W o

: !— GaLd '/ o nuclen:?c;jna':raﬁi’/,—"J \\'

e ® 0 )

wﬁ_ﬁ GATA-1
} CF“\ /EICTA\
proximity of GAL4 e O—L)—0-0-
npy GATAL cpy GATA hee, CF1 GATA1 GATA1 GATA-T  GATA-

enhances 1000 fold SpUTE o am 2400
the attachment of

06ht#ol of human beta-globin 39
TFIIB to TFIID



THST
REGULATORY NETWORKS

* TRANSCRIPTION FACTORS ARE PROTEINS THAT
ACTIVATE OR REPRESS GENES’ TRANSCRIPTION INTO
PROTEINS
* PROTEINS FORM COMPLEXES THAT INDUCE /TURN OFF
/REGULATE A GENE’S TRANSCRIPTIONAL CAPACITY

COMPLEX NETWORKS OF REGULATION OF GENE
EXPRESSION EMERGE

9/12/2003 HST.592 40
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(e.q. TGFR)
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CHST

Experimental techniques

* Two-hybrid

« AffiChips

* Micoarrays
 ChIP
 Mass.spec/TAP
 Literature mining
« Genomics

9/12/2003 HST.592
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Experimental techniques
* Two-hybrid

9/12/2003 HST.592
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"HST
Protein-protein interactions

Yeast two-hybrid assay:
Does a protein A interact with B ?

BAIT PREY

U ~

Doesn't active Doesn't bind
transcription DNA Activate transcription

and grow on -his media

9/12/2003 HST.592 44



'l'r
Protein-protein interactions

Large scale yeast two-hybrid assay:
Find pairs of interacting proteins

Bait

[B2

Frey 1 { Frey N {
O
U Pre’y2 ! EEnR U

l Mate, plate diploid cells
ol lecti

Test tube

selective media

-
Pick colonies,
. = — isclate DNA,
sequence

—His plate
N A comprehensive two-hybrid analysis to explore
i i the yeast protein interactome.

- Tto T et al, PNAS 2001

A comprehensive analysis of protein-protein
interactions in S. cerevisiae.
Pdetaget al, Nature 2000 45

1 Bait + 334 AD-ORF Two-hybric selective
diploids plate




Protein-protein interactions

46

HST.592
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Experimental techniques

« AffiChips
* Micoarrays

9/12/2003 HST.592
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Central Dogma

Tr'ansla’rio[r>

mRNA Protein

\w” Transcrip’rio>
mah s

Gene (DNA)

Cells express different subset of the genes
In different tissues and under different conditions

9/12/2003 HST.592 48



Regulation

mRNA IS PROCESSED
(SPLICED)

Y . A

DNA —® MESSENGER RNA

TRANSCRIPTION:

PROTEIN SYNTHESIS:

TRANSCRIPTIONAL CONTROL
RNA PROCESSING CONTROL

RNA TRANSPORT CONTROL
RNA DEGRADATION
TRANSLATIONAL CONTROL

PROTEIN ACTIVITY
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FOUR BASES AS BASE PAIRS OF DNA

£ &
H H
1 i
Cop CH c H
il Nl
B | | thymine i é oytosine
c c c
oF S -‘a';,i E# ‘m"«# HI_“
'
L N N
H
R T

sugar-phosphate backbans

Specific hydragen bonding between G and € and between
A pnd T4A and U in RNA} generstes complamantary

basa-pairing.

9/12/2003
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DA & denatured

by heating Eenatuqatiun
on cooling

(b} Lﬂl 3
100 bz 002 st URES

RNA strand DMA 2trand

Nucleic Acid Hybridization

1101 .9J4 JL



THST

FREE ENERGY “LANDSCAPE”

single-stranded B
DMA probes ki S
f A A -
or geng c mixture of
single-stranded
+ H.LEV"*\ DMA molecules
r“'::‘:ﬂﬁ
F
hybridization in hybridization in
50% formamice 50% formamide
at A5°C

at 42°C

| |
/ % j'?g—i‘w\i) IMPERFECT

A, C, and E all form

anly A farms stable
stable double helices

double helix

STRINGENT REDUCED-STRINGENCY

HYBRIDIZATION HYBRIDIZATION PERFECT M ATCH

/1212003 1-17 HST.592 53



I\nkll\ m:r\rnf\rrn\l f\\lh‘l‘

Prepare cDNA target Prepare Microarray

9/12/2003 HST.592




Two color hybridization on a yeast array with two differing samples
of genomic DNA.
o 00 °*o 0 900

o 9 00
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Experimental techniques

« ChlIP

9/12/2003 HST.592
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(HST . . .
protein-DNA interactions

Chromatin Immunoprecipitation (ChIP)

Q:D =
@D — % % . >_';’ ,
D — é

Formaldehyde Harvest cells and Enrich for regulator- Differentislly label Hybridize to amay
crosslinkliving calls fragment DINA, bound DMA fregments ennched & unennched DA

9/12/2003 HST.592 57



(HST . . .
protein-DNA interactions

Chromatin Immunoprecipitation (ChIP)

P-value 0.05
35,365 interactions

P-value 0.01
12,040 interactions

106 strains, each Chromatin IP to enrich Microarray to identify

with a tagged promoters bound promoters bound
regulator by regulator in vivo by regulator in vivo

:LZI:Z

Regulator Tag

P-value 0.005
8,190 interactions

P-value 0.001
3,985 interactions

9/12/2003 HST.592 58
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Experimental techniques

« Genomics

9/12/2003 HST.592
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| | —l:.Str‘eptl:u:Dccus mutans
Streptococcus puogenes (3 species)

Mollicutes (4 species)

_I: Clostridium acetobutul icum
Clostridium perfringens

— Thermoanaetrobacter tengcongenzsis

— Trophetruma whipplei TWOSZY
— Streptomyces coelicaolor
Mycobacteria ¢35 species)

_E Corunehacterium glutamicum
Corunehacterium efficiens

— Eifidohacterium longum
rLeptospira interrogans

Spirochastacess (2 species)

[{ chlamydiales ©5 species)
- Mostoo sp. PCC 7120

Chroococcales 2 species)

Thermotoga maritima

Oeinococcus radiodurans

Fuzobacterium nucleatum

Aquifex aealicus

Chlorobium tepidum
Purabaculum aeraphi lum

LE Sulfolobus (2 species)
Aerapurum pernix

Purococcus abussi
_E Purococcus harikoshii
Purococcus furiosus

Methanosarcina (2 species)

Archasoglobus Fulgidus
Methanooooous jannazchii
Methanopuruz kandleri

Methanothermobacter thermautote.
Thermoplasma (2 species)

Halobacterium zp. MRC-1

[f Eukaryotes (8 species)

Expand all

Archaea

Eu

Other= Cuarcbact . .Spirochetes Hiah GC +

Crenarcheota

Eurgarcheota



Rickettzia (2 species)
Rhizobiales subgroup OF species)
Caulabacter crescentus
Betaprotecbacteria (2 species)
Ezcherichia coli 06
Ezcherichia coli K12
Ezcherichia coli 0157 H? (2 speciesz)
thigella flexneri
Salmonella (2 species)
Yerzinia (2 species)
Yibrio (2 species)

Shewanella oneidenzis

Buchnera aphidicola (2 speciesz)
Wigglezworthia brevipalpis
Pazteurellaceas (2 species)

- Pzeudomnonas putida

L pzeudamonas aeruginoza
Ralstonia solanaceatrum
Gammaprotechacteria subgroup (3 species)

I:I Helicobacter pulori o2 species)
Campylobacter jejuni

Bacillus =ubtilis
-EEan::illus halodurans

Oceanohacillus iheyhensis
Listeria €2 species)
Staphylococci ©d species)
— Lactococcus lactis
Streptococcus agalactiae

Streptococcus pneumoniae (2 species)

Streptococcus mutans

Streptococcus pyogenes (3 species)
Mollicutes ©d species)
Clostridia €3 species)
I:Tr‘cupher‘yma whipplel TWOS27

Streptomyces coelicolor
I+

H Corunebacterium (2 species)

i+ Muycobacteria (3 speciesz)
e
Bifidobacterium longum

[ spirochactales (3 species)

—_—

UV U0 § U Juueevng o

iuue i

[

Vo

JO00

J

i

Bacteria

Proteobacteria

Proteobacteria B & G

Proteobacteria E
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b Thermoanaerobacter tengcongensis
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Network representations

* Graphs
» Bipartite graphs
* Hyper-graphs
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