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Typical Signals:
• hormones, pheromones
• heat, cold
• osmotic pressure
• concentration changes

(K, Ca, cAMP,..)
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Signaling Pathways in Baker‘s Yeast
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Aim
All models are wrong,
some are useful.
George B.P. Box

Signaling pathways are composed of different modules:
- Receptors
- G proteins
- Ras protein
- MAP kinase cascades
....

These modules are ubiquitous.

They contribute in different ways to 
signal transmission, 
signal processing, and 
regulation.
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Overview

Comparison of signaling and metabolic pathways
• On the level of individual reaction kinetics
• On the network level

Modeling of signaling pathway modules
• Receptor kinetics
• G protein cycle
• Phospho-relay system
• MAP kinase cascade

Model of the pheromone pathway
• Integration of moduls
• Effect of regulatory interactions
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• Complex units

• Interaction of different types of components (proteins, ions, small metabolites,...)

• Involvement of various compartments and places in the cell

• Regulatory interactions: feedback and feedforward loops

• Uncomplete knowledge about components and their interactions

• Interpretation of data is dependent on background knowledge and context

• The action of the signal changes the state of the cell.

Difficulties in determination of system limits

Characteristics of Signaling Pathways
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Common properties of metabolic and 
signaling pathways

Cellular network has a high degree of connectivity.

The processes are reactions, molecular interactions.
binding
intramolecular transformations
release

Differences in modeling of different parts
are due to appropriate approximations.
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Network characteristics

Signaling

Reactions can be 
- catalyzed by enzymes
- autocatalytic.

The network is given by 
the existing protein
and their interactions.

The network forms dynamically.

Metabolism

All reactions are catalyzed by 
enzymes.

The network is determined by the 
existing enzymes
(which not necessarily interact).

Metabolites need not to be there 
initially.

Stress Response Modeling 9

Network characteristics

Signaling

MAP K MAP K-P

ATP      ADP

MAP K-PP

ATP      ADP

P P

State changes: 
change in phosporylation states
Coding of information

But:  Conservation
(MAPK + MAPK-P + MAPK-PP)
in the considered time window

Metabolism

Glucose Gluc 6-P

ATP      ADP

Fruc 1,6-PP

ATP      ADP

P

Fruc 6-P

Important feature:
Flux through the pathway,
(final) transformation of metabolites

Phosphorylation          energy transfer
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Concentrations

Signaling Metabolism

Proteins low

~ 100-300 nmol/L
(~ 103-104 molecules per cell)

(catalysts and substrates)

ATP  ~ 2 mmol/L

Enzymes low

Metabolites higher

Theobald U et al., 1996, Biotechnol Bioeng 55, 305
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Rate equations: Modelers choice

Metabolism

Glucose Gluc 6-P
ATP        ADP

Typical choice:
Michaelis-Menten-Kinetics

E+S     ES        E+P

Requirement: E << S

Hexokinase

Mg2+

fast slow
tot

M
EkV

SK
SVv ⋅=
+

= 2max
max ,

Signaling

MAP K MAP K-P

ATP      ADP

Catalyst and Substrate have about
the same concentration (E S)

Binding slow compared to intramolecular
rearrangements. 

First order kinetics

MAP KK-PP

( )ATPkkSEkv =⋅⋅= ,

Mass action kinetics
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Balance equations, Stoichiometry
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Many conservation relations
Many independent fluxes

Modules
Flow of information
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Application of Control Analysis

MAP K MAP K-P

ATP      ADP

MAP K-PP

ATP      ADP

P P

Glucose Gluc 6-P

ATP      ADP

Fruc 1,6-PP

ATP      ADP

P

Fruc 6-P v1
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v3v4

v1v2

v3 v4

Steady state as useful approximation

As used in MCA or FBA

11 v
PC P

v ln
ln

∂
∂

=

Steady state
Small perturbations

Steady state as useful approximation
Interesting: 
temporal changes during signalling

SignalingMetabolism
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Spatial effects

„well stirred“

Molecules are considered to meet 
with probability 
according to their concentration 
(mass action).

Spatial effects usually neglected.

„well stirred“   ???

Low number of molecules,
Highly organised complexes,
Often membrane-bound.

Spatial effects should be considered.
(problem with ODEs)
At least as „compartmentalisation“

Signaling Metabolism
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Overview

Comparison of signaling and metabolic pathways
• On the level of individual reaction kinetics
• On the network level

Modeling of signaling pathway modules
• Receptor kinetics
• G protein cycle
• Phospho relay system
• MAP kinase cascade

Model of the pheromone pathway
• Integration of moduls
• Effect of regulatory interactions
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Receptor kinetics

ligand
extracellular 
space

intracellular 
space

membrane

receptor,
binding site

receptor,
cytosolic domain

inactive active

• membrane bound
• receive and transmit signal
• conformation change
• active or inactive forms

Simplest approach:

L +  R             LR

KD = L R
LR
.

L – ligand
R – receptor
LR – ligand-receptor-complex

typical values:
KD = 10-12 M ….10-6 M
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Receptor kinetics
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Differential equations
Rate expressions ??

Mass action

Hill kinetics
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Yi et al., PNAS 2003 (Ri=0)
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G protein cycle
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Small monomeric G-Protein

GDPRas GTPRas

GDPGTP

GEF

GAP
Pi

GEF – guanine nucleotide exchange factor

Small monomeric G-proteins 

Belong to 5 families: Ras, Rho, Rab, Ran, and Arf

Ras protein cycles between active and inactive state

GAP – GTPase activating protein

ia
GDP vvRas

dt
d

+−=. RasRasRas GTPGDP
total +=

Differential equations Conservation relations

va

vi
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Phospho relay system

output 
signal
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relations
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Phospho relay system
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Phospho relay system

total

total

total

CCPC
BBPB
AAPA

CPkBPCkC
dt
d

CBPkAPBkB
dt
d

BAPkATPAkA
dt
d

=+

=+

=+

⋅+⋅⋅−=

⋅⋅+⋅⋅−=

⋅⋅+⋅⋅−=

43

32

21

0 1 2 3 4 5

k1

0.2

0.4

0.6

0.8

1

A,
 B

, 
C

A-P A

ADP    ATP

B B-P

C-P C
P

k1

k2

k3

k4

Three component system

Two components
One component

0 50 100

0.02

0.04

0.06

0.08

0.1

Time

Dependence of
steady state values
On stimulus strength

Temporal behavior
upon stress and
relieve of stress A,

 B
, 
C

Stress Response Modeling 23

MAP kinase cascades

MAPKKKK
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MAP kinase cascades

....
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- Signal amplification
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Why so complicated?

S0 S1 S2 S3 S4 S5 S0
S1 S2 S3 S4 S5

Si
1 Si
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5
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Mass action kinetics, 
all rate constants equal to 1.

Mass action kinetics, 
k = 1,l p = 0.2.

Metabolic pathway Signaling cascade

Robust against parameter changes
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Signal Amplification in Numbers

Ste5     
1900

Ste11   736

Ste7     672

Fus3   8480

Ste11   736

Ste7     672

Kss1   5480

Pbs2      2160

Hog1     6780

http://yeastgfp.ucsf.edu/

Sln1      656
Ypd1   6330
Ssk1   1200     

Gα (Gpa1)  9920
Gβ (Ste4)   2050
Gγ (Ste18) 5550

Ssk2/22     274

Sho1    2330
Ste11   736
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Overview

Comparison of signaling and metabolic pathways
• On the level of individual reaction kinetics
• On the network level

Modeling of signaling pathways
• Receptor kinetics
• G protein cycle
• Phospho relay system
• MAP kinase cascade

Model of the pheromone pathway
• Integration of moduls
• Effect of regulatory interactions
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MATa-cells MATα-cells

Putting all together: the Pheromone pathway

a

a

a

α

α

ααa
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Pheromone pathway: structural parts

Ste2

α

Gβγ

Fus3 Sst2

Ste12Bar1

MAPK
scaffold

Far1Cdc28

Plasma 
membrane

Gene expression Complex formation

Signaling
cascade

G protein
cycle

Receptor 
activation

Pheromone

Stress Response Modeling 30

Pheromone pathway: time courses
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Comparison of modeling approaches
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A Model for Osmostress Response
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With S. Hohmann, B. Nordlander
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The Standard Experiment
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Test case: gpd1∆ gpd2∆ mutant
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Test cases: Fps1 open / Ptp2 up
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Test case: Double shock
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Conclusions

Models for Metabolism and Signaling can use the same design principles.

Metabolism and Signaling may take place in 
various areas of the cells
various regions of the concentration space
various time scales

Signaling models have to account for the hierarchy in the system

Regulatory couplings (feedback) distribute the control in both cases.
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