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oy Three Types of Biological Switches
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g) Let's build a genetic switch

=

@ Gene regulators are often referred to as “biological switches”
o . .

o because of their almost discrete state changes.
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g. oromoter GFP

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

=

@ Instead, we want a switch that maintains its state.
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This 1s achieved by auto-inducing one's own activation.
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comK

%'D) Let's build a genetic switch
-

@ Auto-inducing switches

e o . . “7
@ e.g. genetic competence in B. subtilis
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adapted from M. Leisner (2008) PhD thesis
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%'D) Let's build a genetic switch
=
& ComK 1nvolves a second regulation loop,
: which 1s a double-repressing feedback:
O
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S, ComK
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rok P

rok

This also resolves to an auto-induction.

adapted from M. Leisner (2008) PhD thesis
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g) Let's build a genetic switch
=
@ So, instead of self-activation, we can repress a repressor:
50
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repressor 1 <€— P1
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g) Let's build a genetic switch

=

& and replace the activators by inducers:
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Construction of a genetic toggle o
_ _ gl _ A similar switch regulates
switch in Escherichia coli lysogenic and lytic state

In phage lambda.
Timothy S. Gardner* |, Charles R. Cantor* & James J. Collins*

* Department of Biomedical Engincering, T Center for BioDynamics and T Center
for Advanced Biotechnology, Boston University, 44 Cummington Street, Boston,
Massachusetts 02215, USA

[O1IMS 9[F50] dNQUX)

1F  IPTG alc m pIKE107
o pIKE105
D ’ 1 1 o 1 0 ! 0
afc PL_ _Ptrc-2
J RBS rbs E
< i lacl R1
Lacl pTrc2
«— ] I >— > T rbs B
pLsiconl_yp GFPmut3
T GFPmut3
| T1T?
IPTG Gardner et al. (2000) Nature
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A simple model

expression: pLslcon — pLslcon + Lacl
regulation: pLslcon + ¢l < pLslcon~cl
induction: cl +alc < cl~alc
degradation: cl —

pIrc2 — pTrc2 + cl + GFPmut3

OIS I[S50) ONAURY)

same for the pTrc2 + Lacl < pTrc2~Lacl
second unit Lacl + IPTG < Lacl~IPTG
Lacl —
GFPmut3 —
alc .
J 11 species
I 13 reactions
Lacl <] o 13 rate constants
pLsiconl_yp. g a GFPmutSH . .
T using a simple
I mass action kinetics approach
IPTG
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A simple model

Parametrization from literature, data fitting, guessing ...

GFP_degradation : GFPmut3 -> 0.0132 min-1 // from Gardner data
cI_degradation : cl -> 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 + LacIl <-> Ptrc2~LacI Kd = 1/170 // iGEM Pico Plumber

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

PLslcon_inhibition : PLslcon + cI <-> PLslcon-~cI

OIS I[S50) ONAURY)

Kd = 1/10 // blind guess...
cI_activation : aTc + cI <-> aTc~cI Kd = 1/1200 // copied from above...
transcription : Ptrc2 -> Ptrc2 + mrna
transcription : PLslcon -> PLslcon + mrna 1 min-1 // guess to obtain ~5
mRNAs
translation : mrna -> mrna + cI + GFPmut3
translation : mrna -> mrna + Lacl 5 min=1 // guess to obtain
~1000proteins
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A simple model
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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:
e Fit rate constants against measured data?

* Evolve rate constants using machine learning techniques?

* Define as a satisfiability problem and use some
sophisticated logic solver?

(O1IMS I[F50] dNAUN)
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Disecting the simple model

repressor
expression: Pree = Ppee+ X 1
regulation: Pree T R © Priocked 1
degradation: X —

assuming equilibrium

Kp
e, ™
P T R : Pblockcd

free

OIS I[S50) ONAURY)

[Pfrcc:] _ 1
[P]tota.l L KD [R]

promoter activity

repressor concentration
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Disecting the simple model

Rl
expression: Pree = Pree+ Ry 41
regulation: Pree + Ry © Priocked — 1L
degradation: R, - #
I:22

assuming constant [R ]

OIS I[S50) ONAURY)

d [Pfrcc] o1/0,
— [Ra] = — &1 [Re]
dt [P]tmtal
aq 3/4 oy /6
— _ 6 R 1/01
1+ Kp [Ry] 1[Re) )
1 1 2
R = 8 1/2 ay/6;
| 2]‘3‘1 01 1+ Kp[Rq] 5

1/4 a41/61

repressor 1
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Disecting the simple model

RZ
expression: Qfee = Qpee + Ry - A
reg ulation: eree + R2 A leocked —
degradation: R, - #
Rl

Same for the second promoter

OIS I[S50) ONAURY)

[Izjrﬁz [I]_J'rﬁl

3/4 [Izjrﬁz 3/4 [I]_J'rﬁl
B ™~
A A

¢ 1/2 ay/b; e 1/2 ay/by
=1 =1
Z Z

1/4 o5/62 1/4 oy/6q

0 0

repressor 2 repressor 1
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Disecting the simple model

RZ Rl
expression: Qfee = Qpee + Ry - i - i
F egulation: eree + R2 < leocked «— 1] —
degradation: R, - ¢ #
Rl RZ
Same for the second promoter v v

[I]_jrﬁl

3/4 [I]_J'rﬁl

OIS I[S50) ONAURY)

1/2 oy/0q

repressor 2
repressor 2

1/4 oy/6q

0 1/4 a5/0; 1/2 w3/B; 3/4 05/0; 03/05 repressor 1

repressor 1
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The simple model in phase space

e For each (R;,R,) combination, we draw an arrow to
where the dynamics will lead 1n infinitesimal time.

* The crossing of the red lines (nullklines) defines the
steady state (here attractor).

x2/07 |

3/4 ay/B>

[O1IMS 9[F50] I

1/2 {Izj'rlﬁlz =

repressor 1

1/4 {121"52 -

U‘ ] |
0 1/4 [Il.llrﬁl 1/2 [Il.l'rﬁl 3/4 {Iljrﬁl [I]_J'rﬁl

repressor 2
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The simple model in phase space

It exhibits a single steady state.
* This 1s why the model 1s not bistable.

* One can proof that no parametrization can make this
model bistable!

[121"'!52 T

3/4 az/63

OIS I[S50) ONAURY)

1/2 {Izj'rlﬁlz =

repressor 1

1/4 a3/65 ]

U‘ ] |
0 1/4 [Il.llrﬁl 1/2 [Il.l'rﬁl 3/4 {Iljrﬁl [I]_J'rﬁl

repressor 2
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[O1IMS 9[F50] I

[C@ 2S Harold Fellermann, Newcastle University

So how to fix this then...?

Repressors are usually cooperative;

they form multimers, e.g. dimers or tetramers

LexA repressor — DNA interaction

| Linda Je"'-lﬂcobsm .
| and Lewis A, Jﬂcobs'on

| University of pj
h ttsb
| Pittsburgh, pe, Lrgh

| Summary

| Department of Biologicay Sciences

| NNnsylvania 15269

: Thermodynamic Strategies

Binding Proteins

LisaE, Engler,

In this 2
peatas PAPETWEexamine th

|  Backaraw
doi10.101 6 jmb.2007.12.022

JMB

! BioCentrum-DTU,
Technical University of

Denmark

Department of Chemistry,
Lniversity of Copenhagen,
DK-2100 Copenhagen @,

Demmark

Demmark, DK-2 800 L_iﬂrgb_r,r,

2B."np;'a_t,r.-;.fcm' Chemistry Group,

. Mol. Biol. (2

Available online at www._sciencedirect.com

ScienceDirect

Identification of Quaternary Structure and
Functional Domains of the Cl Repressor from

Bacteriophage TP901-1

Margit Pedersen'*, Leila Lo Leggio?, J. Giinter Grossmann?,
Sine Larsen®* and Karin Hammer'

The bacteriophage-encoded repressor protein plays a key rc
ing the life cycle of a temperate phage following infection of
The repressor protein CI, which is encoded by the tempe
phage TP901-1, represses transcription from both the lytic p
the lysogenic promoter Py by binding to multiple operai
DNA. In this study, we used a small bistable genetic switc
phage TP901-1 to study the effect of cI deletions in vivo ar
43 amino acids could be removed from the C-terminal enc
destroying the ability of CI to repress transcription from
bi ritc o) (4] rti Ji L ix [
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The corrected model

. . . . repressor
[ et's take the multimerization into account: |
Q0 090
«
expression: Piee — Pree+ Ry <

regulation:  Ppee + R Ry © Pyocked
degradation: R, —

This gives an inflection
in the promoter response curve.

OIS I[S50) ONAURY)

[Pfrec] _ 1

[P]tgt;—ll B ]‘ + KD [R]n

promoter activity
=
L

Hill equation

repressor concentration
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g The corrected model in phase space
=
L8 Now, the phase space diagram can exhibit two separate stable
eI states.
(—'.
O
o,
12, y
D o\

5 N
= \
0 S \
= S 1,/2 \8

5 X “

& N

A \\“‘"“L&:ﬁ_

0 L& |
0 ry/2 Iy

repressor 1 concentration
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g The corrected model in phase space
= . . .
L8 Adding inducers moves nullklines until one steady state
b o .
O disappears:
(—'.
o v
02, . X |
D blocking = \\\ blocking
0 repressor 2 E 2 \\ repressor 1
S 3 N
:‘ 0y/5, 0 & ! 0y/6
0 ry/2 a
repressor 1 concentration
E 1/2 a3/6; E 1/2 ay/8,
0 0 1/2 /6, /61 ° 0 1/2 ay/6, /6,
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Q The cell cycle and its check points
ek
ok
Beginnin
@) Cell of cycle ¢
'*< divides ;“"
@) (mitosis) —__
N Cell enlarges
@) / and makes
0 Cell prepares new proteins
g to divide S : ¢,
—
8. __
F I'f.

Cell ! B Restriction point: cell

replicates \“"" decides whether

its DMA to commit itself to

the complete cycle

Phases are guarded by check points

A
2

state

| > time
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Conserved protein-protein interactions

S. pombe mammals D. melanogaster S. cerevisiae
@

A
H l \J

Cdc2sA  sting_ Mih1
: 8

morphogenesis

L

UOIMS 9[04 [[9D

=1

G2/M _
DNA repair G2 /M G2 /M checkpoint,
G1/S cell size
DNA repair

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

o o<« = %

JI inactive active

*0 < > @

>
l T active inactive
_>

>©*

active

UOIMS 9[04 [[9D

Inactive

4>

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

w

IM@IINY Harold Fellermann, Newcastle University ICOS seminar, 23rd January 2016




Untangling the diagrams

_/ -
¢active ? Inactive
> @

0 <

state Xl T state Y

0 < l

Inactive ? active

7\

UOIMS 9[04 [[9D

... and replace
the double-negative by a
double-positive feedback loop.

S
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Untangling the diagrams

external
Inputs

UOIMS 9[04 [[9D

0 - >~ @

state X v state Y

external
iInputs

We are only really interested
in one of the molecules.
(the others are determined by the state of this one).
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A simple model

UOIMS 9[04 [[9D

X+Y — 22X
Y+X - 2Y

For purpose of illustration no parameters.

Using a simple mass action kinetics approach.
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A simple model

A X+Y — 2X

o - >~ O Y+X - 2Y

state X \/ state Y . ]
x=y=xy—yx=0

This 1s very bad switch:

UOIIMS 994D [[9D

100%
D) =
= O
e -
- —
o = 0
£ _
(@ O
o o
o

Blue time system size 0% initial state
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How to fix this

targets on two sites:

[OIMS 904 [9D

@

IM@INY Harold Fellermann, Newcastle University

They phosphorylate their

Turns out that the molecules involved 1n the cell cycle
switches are dual-specific serine-tyrosine kinases.

Ki ase P n
M\croﬂev‘e d\ated P X \nteg"‘w !
. c-m \lula
tel jntend ‘
he pto s 3 P Kinase®
jae  and the MA aap.
\nvo\Ved ereVis o SR 0 YO |
Sacch aro princlPieS 10 e b€ mq::\:mw 29000 ™% 4 v |
we 96 COF 2 0
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porg: snaromyces ess WM& now. T jate |
h Anl.l"‘" chd 1o pOOres e upo ich re g \
\ ! priul win W jms Inver is yeast sgum. |
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| genmnz &€ ° L ogle. H 26.12 u 10 igh % .
1 sttt 1T w”d;qmﬁf*” Uit ent of v g, e pment. SWIU\B“‘):‘W emwﬂ;
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Journal of Cell Scienoe, Supplement 18, 75-70 {1954)
Printed in Greal Breain & The Company of Bilogists Leniled 1834

75

The role of cdc25 in checkpoints and feedback controls in the eukaryotic cell

cycle

Ingrid Hoffmann and Eric Karsenti

Cell Biology Programme, Eurcpean Molecular Biology Laboratory, Meyerhofstr. 1, D-68117 Heidelbarg, Germany

SUMMARY

Major checkpoints that gate progression through the cell
cycle function at the G1/S transition, entry into mitosis and
exit from mitosis. Cells use feedback mechanisms to inhibit
passage lhruugh lhuse checkpoints in response to growth
control sig ncomplete DNA replication or spindl

assembly. In m.my organisms, transition points seem to
involve regulation of the activity of cyclin-dependent
kinases (cdks) not only :hrm.lgh thﬂr mnerarlmn'i with
various cyclins, but also by phosphoryl.

phosphory-

lation cycles acting on the kinase activity of the edks. These
phosphorylation cycles are lulated by the regulation of
the opposing kinases and phosphatases that act on edks and
form feedback loops. In this article, we discuss the role of
positive and negative feedback loops in cell cyele timing
and checkpoints, focusing more specifically on the regula-
tion of the dual specificity cde25 phosphatase.

Key words: cdi, cde23, cell eycle, phospherylation, feedback control
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A better model

We introduce an inactive intermediate state between the two others:

0. 0O < ~@®
X w Y
X+B—-2X
X+Y—-X+B

Y+ X—>Y+B
Y+B—-2Y

[OIMS I[AD [0

x =x (b-y)

y=y (b-x)
h="2 xy - b(x+y)
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A better model

(O1IMS IIAD [[9D

O
A

\J
O
A

\J
O

This 1s an optimal switch:

100%

=

. - \
E )
-IE —
> ~ O
o E T~logN 3
G & 3
y E ©
(@x ®)
o o
o

system size 0% initial state
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A better model

0. >0 < ~®
X w Y

X+B—-2X
X+Y—>X+B
Y+X—->Y+B
Y+B—-2Y

[OIMS I[AD [0

x=x (b-y)

y=y (b-x)
b =2 xy- b(x+y)
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A better model in phase space

x=x (b-y)

y =y (b-x)
b =2 xy-b(x+y)

UOIMS 9[04 [[9D
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A better model

Variations of the model in phase space

UOIMS 9[04 [[9D

I

i
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What have we learned?

These schematics are not sufficient specifications of the system:

UgISo(q gS JI0J SONQUIagAD
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What have we learned?

These would be much more informative:

U

R
@0

|
@

—
0

xX
—

O

UgISo(q gS JI0J SONQUIagAD
o0
 ——

indicating repressor cooperativity indicating (de)phosphorylations

but are used much less often...
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What have we learned?

Trajectories show how a system works

2000

IPTG : S aTs

1000

but not why 1t works...

UgISo(q gS JI0J SONQUIagAD
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What have we learned?

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

UgISo(q gS JI0J SONQUIagAD
Y

=
S N
\
I7/) 4
S /2 s
o \\h‘
E"q 1\""»&
0L |
0 ry/2

repressor 1 concentration
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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?

32f52

* When given some system equations,
one can automatically construct the
phase space diagram 2 e,

* Algorithms exist to interpret the
phase diagram

0

0 1/2 C(]_ff]l C(lj'rﬁl
repressor 2

* Some efford 1s needed to extract meaningtul
manifolds

UgISo(q gS JI0J SONQUIagAD

1* example: 12 species — 2 dim. state space
2" 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?

AN
g 1 “l require
E \\\\ * a two-protein system
S N * with two separated stable nodes.
3 ry/2 N * when induced with IPTG, only one node
5 >X( should remain stable,
2 N« « when induced with aTc, only the other
: — node should remain stable.”
’ 0 Iy/2 Iy

repressor 1 concentration

* Could we automatically infer circuits from phase space
specifications?

UgISo(q gS JI0J SONQUIagAD

This might be more tricky... but interesting :-)
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Thanks for your attention

Questions ?

Sy University 1(C®)S
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