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Let's build a genetic switch

GFPpromoter

activator

Gene regulators are often referred to as “biological switches” 
because of their almost discrete state changes.

These are good signal transducers, but not
the type of switch I am after.
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Let's build a genetic switch

GFPpromoter

activator

Instead, we want a switch that maintains its state.

This is achieved by auto-inducing one's own activation.
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Let's build a genetic switch

P
ComK

ComK

comK

Auto-inducing switches
e.g. genetic competence in B. subtilis

adapted from M. Leisner (2008) PhD thesis
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Let's build a genetic switch

P
ComK

ComK

comK

P
rok

rok

ComK involves a second regulation loop,

which is a double-repressing feedback:

This also resolves to an auto-induction.

adapted from M. Leisner (2008) PhD thesis
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Let's build a genetic switch

So, instead of self-activation, we can repress a repressor:

activator

repressor 2

repressor 1 P1

P2
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Let's build a genetic switch

and replace the activators by inducers:

inducer 1

repressor 2

repressor 1

inducer 2

P1

P2
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GFPmut3cI

LacI pTrc2

pLs1con

IPTG

aTc

A similar switch regulates
lysogenic and lytic state

in phage lambda.

Gardner et al. (2000) Nature
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GFPmut3cI

LacI pTrc2

pLs1con

IPTG

aTc

expression:                           pLs1con →  pLs1con + LacI
regulation:         pLs1con + cI ↔  pLs1con~cI
induction:                     cI + aTc ↔  cI~aTc
degradation:                      cI → 

                                                 pTrc2 →  pTrc2 + cI + GFPmut3
same for the                  pTrc2 + LacI ↔  pTrc2~LacI
second unit                    LacI + IPTG ↔  LacI~IPTG
                                                   LacI →

 GFPmut3 → 

G
en

etic  tog gle  sw
it ch

A simple model

11 species
13 reactions

13 rate constants

using a simple
mass action kinetics approach
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GFP_degradation    : GFPmut3 ->                 0.0132 min-1 // from Gardner data
cI_degradation     : cI ->                      0.1 min-1    // bionumbers
LacI_degradation   : LacI ->                    0.125 min-1  // from Purcell et al.
mRNA_degradation   : mrna - >                   0.263 min-1  // from Semsey et al.

Ptrc2_inhibition   : Ptrc2 + LacI <-> Ptrc2~LacI Kd = 1/170  // iGEM Pico Plumber
Lac_activation     : IPTG + LacI <-> IPTG~LacI   Kd = 1/1200 // iGEM Pico Plumber

PLs1con_inhibition : PLs1con + cI <-> PLs1con~cI
                                                 Kd = 1/10   // blind guess...
cI_activation  : aTc + cI <-> aTc~cI             Kd = 1/1200 // copied from above...

transcription : Ptrc2 -> Ptrc2 + mrna          
transcription : PLs1con -> PLs1con + mrna        1 min-1     // guess to obtain ~5 
mRNAs 

translation   : mrna -> mrna + cI + GFPmut3  
translation   : mrna -> mrna + LacI              5 min=1     // guess to obtain 
~1000proteins
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A simple model

Parametrization from literature, data fitting, guessing ...
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A simple model

no matter how I tweaked the parameters,
I could not get this model to work ...
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How to fix this ...?

Potential strategies to make our model work:

● Fit rate constants against measured data?

● Evolve rate constants using machine learning techniques?

● Define as a satisfiability problem and use some
sophisticated logic solver?
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expression:          Pfree →  Pfree + X
regulation:  Pfree + R ↔  Pblocked

degradation:              X → 
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Disecting the simple model
repressor

increasing K
D

assuming equilibrium
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expression:         Pfree →  Pfree + R2

regulation:  Pfree + R1 ↔  Pblocked

degradation:            R2 → 
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Disecting the simple model
R1

R2

assuming constant [R1]
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expression:         Qfree →  Qfree + R1

regulation: Qfree + R2 ↔  Qblocked

degradation:            R1 → 
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Disecting the simple model
R2

R1

Same for the second promoter
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expression:         Qfree →  Qfree + R1

regulation: Qfree + R2 ↔  Qblocked

degradation:            R1 → 
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Disecting the simple model
R2

R1

Same for the second promoter

R1

R2
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● For each (R1,R2) combination, we draw an arrow to
where the dynamics will lead in infinitesimal time.

● The crossing of the red lines (nullklines) defines the
steady state (here attractor).
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The simple model in phase space
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● It exhibits a single steady state.
● This is why the model is not bistable.
● One can proof that no parametrization can make this 

model bistable! 
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The simple model in phase space
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Repressors are usually cooperative;
they form multimers, e.g. dimers or tetramers
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So how to fix this then...?

LexA repressor – DNA interaction
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Let's take the multimerization into account:

This gives an inflection
in the promoter response curve.
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The corrected model

increasing n

Hill equation

repressor

expression:         Pfree →  Pfree + R2

regulation:    Pfree + n R1 ↔  Pblocked
degradation:            R2 → 
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Now, the phase space diagram can exhibit two separate stable 
states.
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The corrected model in phase space
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Adding inducers moves nullklines until one steady state
disappears:
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The corrected model in phase space

blocking 
repressor 2

blocking 
repressor 1
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The cell cycle and its check points

Phases are guarded by check points

time

st
at

e

event

switchG
2
 phase

M phase
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Conserved protein­protein interactions
mammals

Cdk6
Cdk4

Cdk2
Cdk1

Cdc25C
Cdc25B

Cdc25A

Myt1
Wee1

G2 / M
G1 / S

DNA repair

Mik1
Wee1

Cdk2

Cdc25

S. pombe

G2 / M
DNA repair

Dmyt1
Dwee1

Cdk4
Cdk2

Cdc2

Twine
String

D. melanogaster

G2 / M

S. cerevisiae

Swe1

Cdc2B

Mih1

morphogenesis
checkpoint,

cell size

adapted from Harashima et al. Trends in Cell Biology 23(7):345 2013
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Untangling the diagrams

s

t

*

*

*
active

active

activeinactive

inactive

inactive

Let's distinguish
“active” and “passive”
forms of the protein.
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Untangling the diagrams

s

t

active

state X

active inactive

state Y

inactive

… and replace
the double-negative by a

double-positive feedback loop.
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Untangling the diagrams

state X state Y

We are only really interested
in one of the molecules.

(the others are determined by the state of this one).

external
inputs

external
inputs
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A simple model

state X state Y

X + Y  →  2 X
Y + X  →  2 Y

For purpose of illustration no parameters.

Using a simple mass action kinetics approach.
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A simple model

state X state Y

time

all 
red

all 
blue

st
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all 
blue

all 
red

system size
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initial state
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100%

0%

T ~ N2

X + Y  →  2 X
Y + X  →  2 Y

x = y = xy – yx = 0
. .

This is very bad switch:
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How to fix this ...?

Turns out that the molecules involved in the cell cycle 
switches are dual-specific serine-tyrosine kinases.

They phosphorylate their
targets on two sites:

Wee1

Cdk2

Cdc25
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A better model

x = x (b-y)

y = y (b-x)

b = 2 xy - b(x+y)

.

.

.

X YB

We introduce an inactive intermediate state between the two others:

X + B → 2 X   
X + Y → X + B
Y + X → Y + B
Y + B → 2 Y    
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A better model

X YB

system size

re
qu
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d 

ru
nt
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e

time

all 
red

all 
blue

st
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all 
red

T ~ log N

initial state

pr
ob

. c
or
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t

100%

0%

This is an optimal switch:
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A better model

X + B → 2 X   
X + Y → X + B
Y + X → Y + B
Y + B → 2 Y   

x = x (b-y)

y = y (b-x)

b = 2 xy - b(x+y)

.

.

.

X YB
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A better model in phase space

x y

b

x = y  = b

b=N
x=y=0

y=N
x=b=0

x=N
y=b=0

x = x (b-y)

y = y (b-x)

b = 2 xy - b(x+y)

.

.

.
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A better model

x y

b

x y

b

x y

b

Variations of the model in phase space
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What have we learned?

These schematics are not sufficient specifications of the system:
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What have we learned?

These would be much more informative:

 but are used much less often...

indicating repressor cooperativity indicating (de)phosphorylations
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What have we learned?

Trajectories show how a system works

but not why it works...
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What have we learned?

State space diagrams show exactly how the system works and why:

x y

b

x = y  = b

b=N
x=y=0

y=N
x=b=0

x=N
y=b=0
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Using phase space diagrams in SB design

● Could we implement programs that calculate and show
the phase space while we design SB circuits?

● When given some system equations,
one can automatically construct the
phase space diagram

● Algorithms exist to interpret the
phase diagram

● Some efford is needed to extract meaningful
manifolds

1st example: 12 species → 2 dim. state space
2nd example:   9 species → 2 dim. state space
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Using phase space diagrams in SB design

● Could we use phase spaces to specify an SB circuit?

● Could we automatically infer circuits from phase space
specifications?

This might be more tricky... but interesting :-)

“I require
● a two-protein system
● with two separated stable nodes.
● when induced with IPTG, only one node

should remain stable,
● when induced with aTc, only the other

node should remain stable.”
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Thanks for your attention

Questions ?


