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Systems biology:
Biology of cellular networks

Proteins and genes are organized in networks:
How can we understand the operation of networks?
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Properties of cellular networks

Network analysis:

* Network connectivity
 Real-time dynamics and signal processing

« Spatial organization and assembly

 Robustness to perturbations

 Regulation and micorevolution

Model systems:

« Chemotaxis and motility
« Two-component sensors
* Sugar transport network
* Chaperone network

* Min system

E. coli

S. cerevisiae « Mating pathway



E. coli chemotaxis as

a model for stmple

behaviour
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Adjustment of tumbling angle
Vladimirov et al., PLoS Comp Biol, 2010

é : );9 Saragosti et al., PNAS, 2011

Cells in a gradient

Biased random walk

Direction-dependent adjustment of tumbling probability
Temporal comparison as optimal strategy for bacteria
Berg & Purcell, Biophys J, 1977



E. coli chemotaxis as a model for signalling

Sourjik & Wingreen, Curr Opin Cell Biol, 2012

Turner & Berg, 2000
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E. coli chemotaxis as a model for signalling

CW motor bias
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E. coli chemotaxis as a model for signalling

CheA: Kinase

CheY: Response regulator

CheZ: Phosphatase ¢
CheW: Scaffold PN
CheR/B: Adaptation
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Mapping network interactions by FRET
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Studying network dynamics by FRET
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Dose-response relationship in chemotaxis

~20-30 fold signal amplification by the cluster

FRET-based readout of
intracellular pathway activity B
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Sourjik & Berg, PNAS, 2002



Signal amplification in receptor clusters

Monod-Wyman-Changeaux (MWC) model
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Integration of chemotactic stimuli

Amino acids

Sugars
34~

*4
Dipeptides, Al y
pH, O,, redox potey
Temperature Osmolarity

Signal integration:
Net response is determined by the net

Multiple gradients energy ch angez%”;z ft()) ligand binding

Neumann et al., EMBO J, 2010; Kalinin et al., J Bacteriol, 2010;
Neumann et al., PNAS, 2012; Yang & Sourjik, Mol Microbiol, 2012



Mapping complex stability and
protein mobility by FRAP

Adaptation enzymes
(t~155%)

*Protein exchange rates
Diffusion coefficients
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Schulmeister et al., PNAS, 2008
Schulmeister et al., BMC Microbiol, 2011



Application of FRET and FRAP to study other
cellular networks 1n bacteria

*Assembly, dynamics and requlation of flagellar motor ] =
Li & Sourjik., Mol Microbiol, 2011; B6hm et al., Cell, 2010; Zarbiv et al., J Mol Biol, 2012 | "

Press et al., PLoS Pathog, 2013 ] ' e T
*Assembly and dynamics of receptor clusters ‘
Thiem et al., EMBO J, 2007; Schulmeister et al., PNAS, 2008; s....:::::E-.::"...f"'
Schulmeister et al., BMC Microbiol, 2011 =21
Sev;rfhie:rittiriiﬁon Aggregation Unfolding by .
"~y ,%, > cx  *Substrate processing by the chaperone
ﬁecruitment of sHsp N ’ i

/ Q network
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*Network of two-component sensors (TCS)
Sommer et al., PLoS One, 2013; Sommer et al., in preparation

*Network of sugar transporters
Grosse et al., in preparation




Robustness as a fundamental property
of both designed and evolved systems
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Stochastic variations in protein levels (gene
expression noise)
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Robustness against gene expression noise
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Robustness against gene expression noise
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CheY-YFP concentration (AU)

Noise compensation mechanisms
== Correlated variation
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Steady-state output 1s robust against
co-variation in protein levels

Kollmann et al., Nature, 2005
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Endogenous protein levels as a trade-off
between robustness and growth
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CheY-YFP concentration (AU)

Robustness against uncorrelated variation

28 . .
P @ S~ Uncorrelated expression noise

Mot MotB A Y Tar Ta R B YN Z
CheY < ' ' >  CheY-P
Lavdok et al., PLoS Biol., 2009
1A - mmimmm
B 2 || 2
3 o8} € o E
° e hd
. 3 s i [
2 o.6f a |4
= S ||
©oal 8 o
U L
"
0.2} ¥
05 1 15 2 25 3 35 0 . . .
0 2 4 6 8 10

CheA-CFP concentration (AU)

CheY-P concentration [uM]

«Translational coupling of opposing activities
*Evolutionary selected gene order
= Robustness against translational noise



Conserved gene order in chemotaxis
operons

Mot MotB

Coupling of counteracting
proteins
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Lavdok et al., PLoS Biol., 2009
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Co-expression of counteracting proteins
enhances robustness
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Optimization for noise reduction can
explain gene order

Mot MotB A Y

Lovdok et al., PLoS Biol., 2009
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Thermal robustness of chemotaxis network

Compensation of temperature effects on signalling?

Oleksiuk et al., Cell, 2011



Thermal robustness of steady-state output

Opposing temperature effects on activities of individual receptors
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Thermal robustness of steady-state output

Similar temperature effects on kinetics of opposing enzymes
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Thermal robustness of adaptation kinetics

Effects on kinetics are compensated by growth-temperature dependent
rate adjustment
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Temperature-dependent translational
regulation of CheR
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Temperature-dependent enhancement
of CheR proteolysis
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Thermal robustness in biological and
man-made systems

Steady state output
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Can chemotaxis be improved by experimental
microevolution?
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Relative chemotaxis

Evolution for better chemotaxis
1s reversible

Mutations:
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E. coli chemotaxis as a biosensor

Utilizing bacterial chemotaxis to locate sources of

« Environmental pollutants
» Bacterial biofilms

e Tumors

Biofilm-secreted
metabolites

Tumor-secreted

Equip bacteria with tools metabolites
for bioremediation A

L 4
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* Pollutant-degrading enzymes
* Anticancer peptides
« Biofilm-dispersing enzymes

Pollutants



Moditying specificity of E. coli chemotaxis

Yang et al,
unpublished
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