Gene regulatory networks

Lecture 4 of Introduction to Biological Modeling

Brent lab, Basic Sciences Division, FHCRC
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Reading
Milo, Shen-Orr, Itzkovitz, Kashtan, Chklovskii, and Alon “Network motifs:
simple building blocks of complex networks” Science 298:824, 2002.

Genetic regulation
Graphs

Boolean networks
Dynamics

Motifs

Summary

Transcription regulation
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BioTapest

“an interactive tool for building, visualizing, and simulating
genetic regulatory networks”
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Translation regulation: miRNA
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Transcription/translation regulation: siRNA

double-stranded RNA

siRNA - small interfering RNA
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Gene regulation modeling
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Nearly all modeling work is on “classic”
transcription regulation by proteins.

Abstraction as a directed graph

Directed graphs
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Graph basics

6 nodes
o 7 edges
o cyclic

‘o undirected

diameter = 3 (max pathlength)
degrees, from 1 to 3

e o c 8 nodes

9 edges
o o acyclic
directed

\ in-degree from 0 to 2

out-degree from 0 to 3

Credit: http://en.wikipedia.org/wiki/Graph_theory 18



Edge distributions for random graphs Edge distributions for random graphs

Exponential Scale-free

Erd6s-Rényi graph Erd6s-Rényi graph Scale-free graph
add links randomly
#edges ~<k>* o

P(k) is a Poisson

add links randomly
#edges ~<k>* o

power-law distribution of
node connectivity

P(k) is a Poisson P(k) ~ <k>7
distribution distribution
implications:
implications: b implications: b 4| . ots of “remote” nodes
« all nodes are roughly « all nodes are roughly « a few well-connected
equivalent equivalent < hubs
g 1 g 1 i‘é « mean path grows very
» mean path ~ log n +» mean path ~log n = slowly with n (small-world
network)
examples: <k> examples: <k>
« street maps ' « street maps ' examples:
k k logk o
« airline routes
« world wide web
« social networks
Credit: Jeong et al. Nature 407:651, 2000. 19 Credit: Jeong et al. Nature 407:651, 2000. 20

Gene regulation graph topolo
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lots of actors '\ . ~. interaction network exponential distribution power-law distribution
have worked 3 most genes have 1 or 2 TFs most TFs bind to few genes
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Modularity Yeast genetic regulation is modular

Al Factors DNA / RNA / protein biosynthesis

Modules are largely independent regions of networks
- arise from hierarchical networks
- clusters that are largely separate from each other

scale-free hierarchical

Cell cycle

Metabolism

Credit: Barabési and Oltvai, Nature Reviews Genetics 5:101, 2004, 23 Credit: Lee et al. Science 298:799, 2002.
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B. subtilis genetic regulation

« different module activities in different conditions
* gene network topologies differ between endogenous and exogenous

endogenous - internally initiated events (cell cycle, sporulation)
exogenous - externally initialted events (diauxic shift, DNA damage, stress response)
Endogenous Exogenous

- Complex transcription factor combinations - Simple transcription factor combinations
- Few targets per transcription factor - Many targets per transcription factor
- Long path lengths - Short path lengths

- Highly inter-connected - Few inter-connected transeription factors
transcription factors - Many single input motifs
- Many feed-forward loops

~#0

Cell cycle Sporulation Diauxic shift DNA damage Stress response
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Credit: Luscombe et al. Nature 431:308, 2004. 25

Boolean networks
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Transition table

state names are
“on” genes

before _after
0 —d

(= d —bd

8 /b c -0

! | cd —0

c—d b —d

bd —bd

5,

bit+1) = (not c(t)) and d(f) a —ad

c(t+1) = aft) and b(f) ad — abd

d(t+1) = not ¢(f) ac —a
acd —»a
ab — acd
abd — abcd
abc — ac
abcd — ac

Boolean network
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Boolean logic

AND OR NOT

V L : XVy X W
output is 1 if:
XxANDy are 1 xORyare 1 xis NOT 1
y y
0 1 0 1 X |output

X 0|0 0 X 010 1 ol1

110 1 111 1 110
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Discrete state space

state names are

“on” genes state space

before after ¢ cd bc bed ab abc
Boolean nelwork =
OC 1 r 0 —>a \}4 J/ i i
() 0
a / b g : gd b i acd ac
| . od -0 ey \/
¢ ——d b —d i a
bd —bd /
1) = alf bc =0 bd
alt) = () bed —0 ) ad abed
bit+1) = (not c(t)) and d(f) a —ad
c(t+1) = aft) and b(f) ad — abd /
at+1) = not e(f) ac —a abd
acd —»a
ab — acd
abd — abcd
abc — ac
abcd — ac
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Is gene regulation Boolean?

E. coli Lac operon combines

CAMP and IPTG signals Boolean behavior

CAMP IPTG
cAMP IPTG
| |
GCRP Lacl
AND XORy * AND y
Lac expression
wild-type mutant 1 mutant 2
(a) (b) (©
iy
£ 1 g1 ER
b g b
& s & 3
B 505 3 05
g 8 g
g0 E o § o
100 10 a 100 a
10 ] 10 i 100 . 1e
P 1 001%hwe 1 1 03 0.1
PTG 0.01 Camp PTG 0.01" cAMP

« gene regulation is sort of Boolean, but not sharp
« gene regulation is plastic with respect to mutations

Credits: Klipp et al. Systems Biology, 2009; Mayo et al. PLoS Biology 4:e45, 2006. 31
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Credit: Kiipp et al. Systems Biology, 2009

Transcriptional activation by one factor

A p Actithor (A)

‘_I:>—: transcription —L . mRNA —» degradation
Y mRNA
G

synthesis — pP—p degradation

Y = fractional saturation of A binding to DNA
K = binding constant of A to DNA

Ko [A: DNA]
~ [a][Dna]

y—_ A:DNA]
[DNA]+[A: DNA]
__ K[Allpv]

" [DNA]+ K [A][DNA]

K

T 1+K[A]

Hill equation

__K[A]'_ . Hill equation with cooperativity n
1+ K[A]'
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ODE model of transcription and translation

mMRNA
TF
. ‘ TF) Protein
nuc::c)e’c\J‘theS, I _» mMRNA — degrade
anjinoL protein —» degrade
acids time

Y = fractional saturation of TF binding to DNA

d[mRNA]
dt
dP] _

=kY —k,, [mRNA] k, is the maximal rate of transcription

k [mRNA]-k,,[P] kg is the protein synthesis rate/mRNA concentration unit

At steady-state

k .k,
P =—s "t
[Pl K

dp"am

y «——— Steady-state [protein] ~ TF binding
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Transcriptional repression

R p Repressor (R)
h :
_I__:E'RNA transcription ‘>l MRNA ——> degradation
synthesis LP—» degradation
_ Ky [R ] . .
R = (fraction of DNA occupied by R)
1+K,[R]
1
1-Yy=
1+ K [R]
d[mRNA
A (1-7) -k, [mRNA
't
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Example system dynamics

d
Ty, ~ka
dt
db K,d" 1
Ve ek
dt 1+K,d" 1+K,.c"
dc K, (ab)"™
a@_ v, L)” —ke
dr 1+K, (ab)™

o dd 1

r© @ —=Vor ki
S e =y dr R

k.. ky, k., kg — degradation rate constants

v, — rate of gene a expression

Vp, V., V4 — maximal rates of b, ¢, d expression

Ky, K. Ki; — binding constants

Ny, Ngy, N, — Hill coefficients

Credit: Klipp et al. Systems Biology, 2009. 37
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Transcriptional motifs

Motifs in E. coli transcriptional network

feedforward loop single input module (SIM) dense overlapping regulons (DOR)
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Credit: Shen-Orr et al., Nat. Genetics 31:64, 2002. 41

Example system dynamics

Differential equation result

25 |

3 =
< B
= (@ 2 15
B
8
Boolean result 505
c_ cd bc bed ab abc 0
N

Time, a.u

With these parameters,
Boolean result is a poor approximation

0

b.

\.% a/\
bd /

Credit: Klipp et al. Systems Biology, 2009. 38

Motifs are highly represented sub-graphs

randomized networks
real network

Credit: Milo et al., Science 298:824, 2002, 40

Feed-forward loop motif

filters out brief inputs — noise reduction

Credit: Shen-Orr et al., Nat. Genetics 31:64, 2002. 42



Single-input module motif

enables one TF to control a cascade of processes
(e.g. flagellar assembly)

0B 23 threahal
06
04

X 0.2

" 21 threshal
,_'_' I T R I T S St S B R
T ) JE— \
08 ; A,
21 72 23 o "/// \\
047 23 / / 1
n.; 7/ ‘H.k,______
73 B 10

¢ 1 2 & 4 & &
time

22 threshald

Credit: Shen-Orr et al., Nat. Genetics 31:64, 2002. 43

Genetic regulation
Graphs

Boolean networks
Dynamics

Motifs

Summary

45

AN INTRODUCTION TO

SysTEmMs BioLoGY
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Dense overlapping regulon motif

artificial neural network

dense overlapping regulons (DOR) Input Hidden Layer Output
Layer Layer
X1 Xp X X
NobhT 22 S
g Qy — X
2y Zy 23 Z4..Zy °© Input #2 — % 4 Y
1 Output
Input #3 —»f o

Shen-Orr et al. speculate that DORs
perform core computational tasks
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genetic regulation

« transcription factors

* miRNA, siRNA
graphs

 random, scale-free

* modular
Boolean networks

* simple

« discrete state space
dynamics

« Hill functions for TF binding
motifs

« feed-forward loop

« single-input

« dense overlapping regulon

46

Homework

Next week’s class is on stochasticity and robustness
(Back in Pelton)

Read
Rao, Wolf, Arkin, “Control, exploitation and tolerance of
intracellular noise” Nature 420:231, 2002.

(Arkin, Ross, and McAdams, “Stochastic kinetic analysis of
developmental pathway bifurcation in phage l-infected Escherichia coli
cells” Genetics 149:1633-1648, 1998.)
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