Module 10: Finite State Machines with

Gene Reqgulatory Networks

CSE 590: Molecular programming and neural
computation

Guest Lecture: Kevin Oishi



Living Systems Perform Discrete Computation

Lindenmeyer Systems
(1968)

Variables: A,B
Start: A
Rules: A>AB, B> A

Cellular Automata (1940s)
Conway's Game of Life
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Amorphous Computing (1996)
« Growing Point Language

+ Origami Shape Language
*  Morphogenesis Language




Motivation

Nondeterministic pushdown Cellular Automata Turing Machine
automata

Turing Machine

Nondeterministic
Pushdown
Automata




Finite State Machines

Example: Traffic Light Controller




Finite State Machines

Example: Traffic Light Controller

Objective:

> L, < §, Design traffic light controllers L
and L, that use sensors S, and S,
to give a green light to highway
oF traffic unless there are cars

D waiting to cross from the minor
il e — =T " road.




Finite State Machines

States: Lp X Ly
LRpLH S {R7 Ya G}
Inputs: {51, 52,517,952}

Example: Traffic Light Controller
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Finite State Machines

States: Lp X Ly
LRpLH S {R7 Ya G}
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Finite State Machines

States: Lp X Ly
LRpLH S {R7 Ya G}
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Finite State Machines

States: Lp X Ly
LRpLH S {R7 Ya G}
Inputs: {51, 52,517,952}

Example: Traffic Light Controller
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Finite State Machines

States: Lr X Ly
Lr, Ly € {R, Y, G}
Inputs: {Sl, SQ, gl, 52, 6}

Example: Traffic Light Controller

start
>l L, [«— S, |

—x _ Sl, So
S1,52 S1,52
<

What are the rest of the state
transitions?e



Finite State Machines

States: Lr X Ly
Lr, Ly € {;l%,jyc (;]'
Inputs: {Sl, SQ, gl, 52, 6}

Example: Traffic Light Controller

start
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What are the rest of the state
transitions?e




Finite State Machines

States: Lr X Ly
Lr, Ly € {;l%,jyz (;}>
Inputs: {Sl, SQ, gl, SQ, 6}

Example: Traffic Light Controller

start

— B 51,52
N Sl,SQ 51752
l<
)
I<
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s & | 192 —‘51’52 D
Ly, <

What are the rest of the state
transitions?e




Finite State Machines

Example: Yeast-based Ultrasensitive Detector

Objective: Use yeast to detect a very small number of a particular type
of molecule (eg. protein markers in the early stages of an infection).

.
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Analyte detected.

{ 4§> Analyte not detected.




Finite State Machines

Example: Yeast-based Ultrasensitive Detector

This is an engineered yeast strain USDOO1.

e .

mE USDOO1 can produce and sense a small diffusible
molecule, AHL.

+’/\

USDOO1 can also sense a single protein associated
with an infectious disease.

v
»

) USDOO1 can express a green fluorescent protein.



Finite State Machines

Example: Yeast-based Ultrasensitive Detector




Finite State Machines

Syntax

M = (Q72757 QO7F)

Symbol Meaning
Q set of states
)y set of input symbols
0:Q XX —Q state transition function
qo € Q inatial state
FCQ set of accepting states

start

l A

Semantics

Input: w = 0,0,..0,€%"
Output: Accept or Not Accept

The machine begins in state g,,.

At each step i an input symbol o; is
taken from the head of the input w.

The next state of the machine is
q;= 5(67,-_1,0'/)

The input w is accepted if and only if

qn € F.



Finite State Machines

Syntax

M = (Q72757 QO7F)

Symbol Meaning
Q set of states
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0:Q XX —Q state transition function
qo € Q inatial state
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start
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Finite State Machines

Syntax

M = (Q72757 QO7F)

Symbol Meaning
Q set of states
)y set of input symbols
0:Q XX —Q state transition function
qo € Q inatial state
FCQ set of accepting states

start

l A

Semantics

Input: w = 0,0,..0,€%"
Output: Accept or Not Accept

What strings does this
machine accept?

A

BBBB
BABABA
AAAABBBBA



Finite State Machines

Syntax

M = (Q72757 QO7F)

Symbol Meaning
Q set of states
)y set of input symbols
0:Q XX —Q state transition function
qo € Q inatial state
FCQ set of accepting states

start

l A

Semantics

Input: w = 0,0,..0,€%"
Output: Accept or Not Accept

What strings does this
machine accept?

A

BBBB
BABABA
AAAABBBBA

This machine accepts strings
that endin A", i.e. the
regular expression (A*B*)*A.



Biomolecular Parts

A.
Trans. regulated Constituitive
DNA binding Core promoter

sequences



Biomolecular Parts

A.

Trans. regulated Constituitive

—

DNA binding Core promoter
sequences

B.

[. Transriptional
repression
domain

Fluorscent
marker

[II. Programmable
DNA binding .

domain



Biomolecular Parts

A.
Trans. regulated Constituitive
DNA binding Core promoter
sequences

B.

[. Transriptional

repression © o
domain L-A» )
II. Small molecule

recognition site/

degron Fluorscent
III. Programmable marker

DNA binding .

domain




Biomolecular Parts

Component Biomolecular Gene Regulatory
Type Realization Network

Transcriptionally > @
Unregulated Gene Y




Biomolecular Parts

Component Biomolecular Gene Regulatory
Type Realization Network

Transcriptionally > @
Unregulated Gene Y

Singly U .
Regulated — . @
Gene _l_ U——Y




Biomolecular Parts

Component
Type

Transcriptionally
Unregulated Gene

Singly
Regulated
Gene

Doubly
Regulated
Gene

Biomolecular
Realization

— >®
U .-

1

— ,@
—

U2

@

Gene Regulatory
Network

Y

U——Y

Uu—iyY



Biomolecular Parts

Component
Type

Transcriptionally
Unregulated Gene

Singly
Regulated
Gene

Doubly
Regulated
Gene

Small
Molecule
Sensor

Biomolecular
Realization

- ®
.._.

-

NG

5§

Gene Regulatory
Network

Y

U——Y



Gene Regulatory Networks

Syntax
G = (V,U,E,, H,)
Symbol Meaning
% Set of gene products
U Set of inducers START
E.CV xV  repression relation J_
H, CcU x E,. nducible repression relation z @
[ T ,_,{I_TT?

|_93

—o
_l
_l




Gene Regulatory Networks

Syntax
G = (Va U7 Era Hr)
Symbol Meaning
V Set of gene products
U Set of inducers
E.CV xV  repression relation
H, CU x E, inducible repression relation

START

I

y

Q—

P N +
I ]
L—

Semantics

Boolean Network Dynamics
(Kauffman, 1969)

Yt = f(Yt_la Ut)

Let Y be a time-varying state
vector and U’ be a time-varying
input vector, i.e.,

C R




Boolean Network Dynamics

Component Gene Regulatory  Boolean Network
Type Network Equations
Transcriptionally "
Unregulated Gene Y Y = 0N
Singly
Regulated t+1 t
Gene U—4-1Y Y T _IU
Doubly U,
Regulated J_ t41 t t
Gene Y — ﬁ((]1 \/UQ)
U—Y
Small a t t
Molecule J_ S a —aQ
Sensor S —Y
a Yt—|—1 — St



Boolean Network Dynamics

Component Gene Regulatory ~ Boolean Network
Type Network Equations
Transcriptionally "
Unregulated Gene Y Y = 0N
Singly U' ‘ yt
Regulated | t+1 t 0
Gene U Y Y — _'U 1 ‘
Doubly U,
Regulated J_ t41 t t
Gene Y — ﬁ((]1 \/UQ)

U—Y
Small a t t
Molecule J_ S a —aQ
Sensor S —Y

a Yt—l—l — St



Boolean Network Dynamics

Component Gene Regulatory ~ Boolean Network
Type Network Equations
Transcriptionally "
Unregulated Gene Y Y = 0N
Singly v ‘ y
Regulated | t+1 t 0 1
Gene u Y Y T _IU 1 ‘ 0
Doubly U,
Regulated J_ t41 t t
Gene Y — ﬁ((]1 \/UQ)

U—Y
Small a t t
Molecule J_ S a —aQ
Sensor S —Y

a Yt—l—l — St



Boolean Network Dynamics

Component
Type

Transcriptionally
Unregulated Gene

Singly
Regulated
Gene

Doubly
Regulated
Gene

Small
Molecule
Sensor

Gene Regulatory
Network

Y

U——Y

Boolean Network What is the truth table
Equations for the Double
Regulated Gene and

Small Molecular

Yt — on Sensor?
Ut ‘ Yt—l—l
Yt—l—l _ _lUt 0 |1
1 0
vl Uy |yt
0 0 1
Yi = (U7 v U3)
Sé —a’ a' | Yt
yitl = -8t ‘



Boolean Network Dynamics

Component Gene Regulatory  Boolean Network What is the fruth table
Type Network Equations for the Double
Regulated Gene and

Small Molecular

Transcriptionally

Unregulated Gene Y Yt = ON Sensore
Singly Ut ‘ yitl
Regulated | t+1 t 0 1
Gene u Y Y = U 1 ‘ 0
t t t+1

Doubly U, (()] 1 (()]2 if
Regulated
Gene J— Yt+1 — ﬁ((]f V U;) 0 1 0

Y, Y 1 0 |0

1 1 1

Small a t !
Molecule J_ SCL —1Q at ‘ yt+1
= de 2T



GRN General Construction Method

M = (Q72757 QO7F)

Symbol Meaning

Q set of states

)D set of input symbols
0:Q x X —=Q state transition function
qo € Q inatial state

FCQ set of accepting states

Objective:

Given a FSM M as a specification,
construct a GRN g(M) that encodes
the behavior the FSM.



GRN General Construction Method

Specification: For each g in Q, let Rq be a singly
start regulated state gene, and “wire"” START fo
l A RQy
B A U.
1> @ U—Y
——{ Y F
START

Each state g in Q, is represented by

gene expression profile where Rq is at
a low level of expression, and all other
state genes are at a high level of

expression.



GRN General Construction Method

Specification: For each g in Q, let Rq be a singly
start regulated state gene, and “wire"” START fo
l A RQy
B A U.
1> @ U—Y
——{ Y F
START

©

What are the expression
levels of RO and R1 with
START one START offe



GRN General Construction Method

Specification: For each g in Q, let Rq be a singly
start regulated state gene, and “wire"” START fo
l A RQy
B A U.
1> @ U—Y
——{ Y F
START

start @ @

®

START! | RS™t  RYM!
0 1 1
1 0 1




GRN General Construction Method

. Foreach oin 2,letSo be a
Specification: transcriptionally unregulated sensor gene
start forinducer o.

P P
B A
FYly
—-|_—’|—|-®
START

L

start @ @

® o

a
L




GRN General Construction Method

Foreach (g, 0,9') inQx Z xQ, such that
6 (g.0)q’, let Tog be a doubly regulated
start transition gene.

BA ”’i'] L

Ll ® v

START

L

start @ @

© oL

Specification:




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that § (g,0) g’, wire Rg to Toq.

Coes ozt

START

s ‘[® ‘[®

© g




GRN General Construction Method

Specification: Who’r.is the Boolean fpnc’rion that
describes the expression level of Ta0
start :
A at fime f+12
.
t+1 _
BA T = 771
START
Il

o ‘[® —[®

© g




GRN General Construction Method

Specification: Who’r.is the Boolean fpnc’rion that
describes the expression level of Ta0
start :
A at fime f+12
.
t+1 t
7 . Tao =ty
= START'
START
!

o ‘[® —[®

© g




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that 8§ (g,0) g’, wire So to Toq.

Coes ozt

START

s ‘[® ‘[®

@ @j.l.T:T




GRN General Construction Method

e e What is the Boolean function that
Specification: describes the expression level of
Stfiu‘t ) each transition gene at fime t+12
SOWB ot T 0 R
B Tzfi?l = f2(R o)
T = f3(RE ‘0"
Ty = f4<R0, a’ bt>

START
start

© a?f’




GRN General Construction Method

What is the Boolean function that
describes the expression level of
start each tfransition gene at time t+12

SO o i
B Q=X AR
TH = ~R! A at

Tt = =R A D

Specification:

START
start

© 1>

A B b —




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that § (g,0) g, wire Tog to Rq'.

Coes ozt

START

s ‘[® ‘[®

@ @j.l.T:T




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that § (g,0) g, wire Tog to Rq'.




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that § (g,0) g, wire Tog to Rq'.




GRN General Construction Method

Specification:

Foreach (g, 0,q') inQx 2 xQ, such
start that § (g,0) g, wire Tog to Rq'.

Coes ozt

sart -® L@

A B @ll T T




GRN General Construction Method

Specification: Foreach (g, 0,9’)inQx X xQ, such
start

l y that 6 (g,0) ', wire Tog to Rq'.

(D, D

start

A T T“”T |
‘e @’ a ET 4]4 l

|
B o-
A B @li T T




GRN General Construction Method

Specification: Foreach (g, 0,9’)inQx X xQ, such
Stfiu‘t ) that 6 (g,0) q’, wire Tog to Rq’.
B A DONE! Almost...
START
il

start

A T T“”T |
‘e @’ a ET 4]4 l

B o-




GRN General Construction Method

specification: An input sequence win 2 *is
Sti‘rt p represented by a trajectory over

START and the inducers, e.qg.

BC@/\ A AA..A BB...B
B START

A
B
START
|
‘[@ @
T T
. Jlhen




Input frajectories for the

BN Model of

Let hyy(wW.1) be the input trajectory to g(M)
where w=0 ., 0 ... 0 .,

START

_[ TTﬂ,ﬁL@L hpn(w,t) = o
1l ]
L,

J_ n
oo P S
b - A —
J_ STARTt — Jom t 40,1}
@ L ] T off, otherwise,
. on, dc¢;stj=c;andte {2,2i+1}
o =
J off, otherwise.

What does the input trajectory for “AABB” look like?



Example: Two-State Machine

e = ——
a -J ]—| J B
Q———— |7 RO
f ]—| - 4 — Tij
Q— T
start
l A



Example: Two-State Machine

e = ——
a -JLJ B
@Q———1 | =+——
f]—l - 4 — Tij
Q— T
start
l A



Example: Two-State Machine

1
e = ——
a -JL J B
o | Tl T RO ‘
f ]—| 4 L@GE)— Tij | T |
Q— T




Example: Two-State Machine

1
e = ——
a -JL J B
o | Tl T RO
f ]—| - 4 — Tij
Q— T




Example: Two-State Machine

!
e = ——
a -JL J B
o | Tl T RO
f ]_| . - — Tij TAO TA1
Q— T



Example: Two-State Machine

!
e = ——
a -JL J B
o | Tl T RO
f ]_| . - — Tij TAO TA1
Q— T



Example: Two-State Machine

B B A A B B
[T%L@L

a -J ]—| J B
@ li LT T 1;? _—

f ]_| - - — Tij TAO TA1
Q— T

start
l A



Example: Two-State Machine

START
B ! B @ - A A B B
TART
[TTj,—fJ_—TTﬂ A
a -J ]—| J B
QL1171 = ——
b ]_| 4 L4 — Tij TAO TAl
© | T T
start
| A



Example: Two-State Machine

START
B ! _@ A A B B
START
[TT—»—nJ_—T = A
a -J ]-| J B
Q———— |7 RO
b ]_| 4 L4 — Tij TAO TA1 TB1 TBO
O | T T
start
| A



Example: Two-State Machine

START
B ! _@ A A B B
START
[TT—»—nJ_—T = A
a -J ]-| J B
Q———— |7 RO ==
b ]_| 4 L4 — Tij TAO TA1 TB1 TBO
O | T T
start
| A



Example: Two-State Machine

B é B @ - A A B B
TART
[ TT_”_,,J__T = A
a -J ]-| J B
@ li I T T 1;? —
b - 4 L4 — Tij TAO TA1 TB1 TBO

Theorem. Given a finite state machine M, the GRN
g(M) simulates M when modeled as a Boolean
network.




Example: Two-State Machine

B é B @ - A A B B
TART
[ TT_”_,,J__T = A
a -J ]-| J B
@ li I T T 1;? —
b - 4 L4 — Tij TAO TA1 TB1 TBO

Theorem. Assuming a Boolean network model, GRNs
are computationally equivalent to FSMs.




Representations of the Two-State
Machi

Q = {Oal} 5(0,@ =1 a—
Y = {a,b} 6(0,b) — 0 b L B I _
F = {1} 61,0 — 1
S Q— T
C i

S g

Col - el ]
e o Tb0 Thl
0 — T T




Delay Ditferential Equations Model

Component Biomolecular GRN
Type Realization
Transcriptionally e @ v
Unregulated Gene LY ] Gene expression levels are
Singly U. NOT generally binary.
Regulated 1> e @ U——Y
Gene =l Y } Continuous time model.

| U, U
goubly . . 12 Study the effects of:

egulate I . 1 .
Gone 1 NG, U—IY produc’rlo.n rate
degradation rate
. :L dilution rate
T binding affinity

Small v g ° Ja_
Molecule S \_/
Sensor @ S—1Y

1 e ,®



Delay Ditferential Equations Model

Syntax Semantics
G = (V,E. E,) Delay Differential Equations
Symbol Meaning %Y(t) = f(Y(t — 7'), U(t))
|4 set of gene products

or tnducers
E.CcCVx(VUE.UE repression relation

a)
E,CcV x(VUE.UE,) activation relation Let Y(t) be a time-varying state
vector and U(t) be a fime-varying
input vector, i.e.,

@ - Ro(t) ]
TT .

Ry (1)

e
[@

-

Q—

I ]
L—
n
S
=




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
a
s iy
J°S. hu B d
P %Sa(t) = Viaz — (B + kpa(l))Sa(t)
N o o
€ = GV = gy
1 >® dt 1+ (Sa(t_T))
Y k- k1/2




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1

d

—5a(t) = Vinaz — (B + kpa(t))Sa(t)

R N

Production Degradation

a

\ a . .
g °© o Can you interpret this as @
“Td 2. g chemical reaction network?

L



Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d
%Sa(t) = Vinaz — (B + kpa(t))Sa(t)
Production Degradation
S
: Do o Can you interpret this as a
“ ANy chemical reaction network?

Vma:c B+kpa’<t)
D — S, * ()




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1

d

—5a(t) = Vinaz — (8 + kpa(t))Sa(t)

0= Viazr — (B + kpa™)S,

a

PR
“LA,@

L




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d
%Sa(t) = Vinaz — (B8 + kpa(t))Sa(t)
0= Viazr — (B + kpa™)S,
el
i a o _ Vinaz ~ production
Sa Ay “  B+kya*  degradation

Vma:c

D —— 5,

B+kpa(t)

* ()




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
a
N

Original set of equations:

-s:|_ d

va a Esa’(t) — Vmax - (5 + kpa(t))sa(t)
Sa X / d Vmax
? ° EY(t) — T BY (t)
L i b ( Fara )




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d Vma:c
_Y(t) — n BY(t)
dt Sa(t—7)
1+ % \
1/2
/ . Degradation
Production
> What happens when S; =0 2

1 Y"_"’@ S, — o002

Sz — kl/g e




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1

d V,

—Y (1) = ———— — BY (1)

dt 14 (Sa(t—7)>

ki/2
v
0 — max _ 5Y*

Sa
L+ (’flm)




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d V,
%Y(t) — Sm(C:;C_ ) n _BY(t)
1+ (2e—
( k12 )
v
Sr=0 0= e _ —3Y*
1+ (25)
k1,2
S
)




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d Vma:v
_Y(t) — n BY(t)
dt 14 (Sa(t—7)>
ki/2
Vma
S* =0 0= 3/ - — Y™
L+ A )
1/2
S
— Vmaa: — BY*




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d V.
%Y(t) — Sm(C:;C_ ) n _BY(t)
1+ (2e—
( k12 )
S; — o 0= Yinaz - — Y~
1+ (25)
k1,2
S
)




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d V,
—Y(t) = ———— — BY ()
dt 14 (sa(t—T))
k
1/2
S:; — OO 0= Vma)‘/ o 6Y>k
L+ kljz)
Sa
—0— BY"

Y* =0




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d V.
—Y (1) = ———— — BY (1)
dt 14 (Sa(t—7)>
ki/2
R v .
Sa:kl/2 0= e n_ﬁy

Sa
L+ (’flm)




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production
n Hill coefficient
T time delay, approximates transcription/translation dynamics 7 =1
d Vmax
_Y(t> — n BY@)
dt 14 (sa(t—T))
ki/2
k Vma k
Sa:kl/g O: */n_ﬁy
1 : )
1/2
S "
II VA
gl e -




Delay Ditferential Equations Model

Vinaz, 8  protein production and degradation rates Vinaz = 0B
kp small molecule binding affinity kp, > 5
k12 input for half-maximum gene production

n Hill coefficient

T time delay, approximates transcription/translation dynamics 7 =1

Dose Response for V,,,,. = 8 =1
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Delay Ditferential Equations Model

Component Biomolecular GRN Delay Differential Equations
Type Realization
Transcriptionally e @ d
Unregulated Gene Y %Y(t) = Vinaz — BY (1)
Singly U . d Vo
Regulated — )@ U—Y %Y(t) = i (U(t_T))n — BY (1)
Gene -—- k1,2
U
DOllbly ’ . U2 d Vmax
T M I Gy ==l
Gene 1 >® U—Y k12
L Sa 1 d
Small i a a ES“(” = Vi — (B4 kpa(t))Sa(t)
Molecule S o! o{ J_ d Vi
Sensor 116 @ S—1Y ay(t) = - (Sa(t—T))n — Y (1)
e

1@



Input frajectories for the

DDE Model of

Let hppe(w, At, T) be the input

frajectory to DDE model of g(M) Expression S
with pulse width Af, where START- |
W=0¢10c2--- O e a- |
| START(t/At) | I I
o1 (1/At) R T RERET
hppe(w,t) = oa(t/At) T T -
. T,ob — — F% - -~ - Al
on(t/At) | B =
1, te[0,1) g ekl ke el e ! B
START(t) = ’ ’ I T B
(®) {0, otherwise Tai
oo R
1, Jest.j=c andte[2i,2i+1 .
oi(t) = {0 tC;lS J=eandte(22it1) 012345678 910111213 Time
y  OLRETWISE. e Input — Boolean Network
e State --- DDEs, V=20, n=2

® Transition - DDEs, V=100, n=2.5



Example Il: Modulo-Two Pulse
Counter

g -symbol. Applied whenever another input symbol is not supplied.

Input Final State
aaad . . .aaaaaaaaaaad . .. ... | ¢ =2
a... qg=2
a...aaaaaaad . . . q=20




a @ll T T T T

g-symbol. Applied at any time step where another input symbol is not suppliec

£ -signal. Inducer that is present in the absence of any other inducers.

Input Final State
aaad . . .aaaaaaaaaaad . .. ... | ¢ =2

a... q =
a...aaaaaaad . . . q=20




Example Il: Modulo-Two Pulse
Counter

staRT—1__

01 2 3 45 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25 Time
® Input ® State ® Transition
— Boolean Network  --- DDEs, V=20, n=2 - DDEs, V=100, n=2.5



Counter

Comparing the DDE and BN

Expression

staRT—™ 1

R
l

01 2 3 456 78
e Input
— Boolean Network

@ State

--- DDEs, V=20, n=2

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 Time

@ Transition
..... DDEs, V. =100, n=2.5

€Cavg

0,

€thresh — 1
;

2 12.5At
e Ay /mt

Cavg < 1/2,
Cavg > 1/2

Ry (t) — Ry(t)]at




Counter

Expression

Comparing the DDE and BN

STARTE — =] - - - - - - 2 - o oo oo oo oS L o oL -l

e Input

— Boolean Network

o State o Transition

--- DDEs, V, =20,n=2 =

DDEs, ¥, =100, n=2.5

€avg

€thresh

0,
1,

2 12.5At
e A /mm

Cavg < 1/2,
Cavg > 1/2

A

[Ry(t) — Rq(t)|dt

Average Error

Thresholded Error

40F

1.0

0.5

0.0



FSMs for Cellular Information
Processing




Example: Microcolony Edge Detection

FSM Specification

Objective:

Design a genetic circuit to detect the edge of a growing microcolony. Assume
cells have the following sensing/communication capabilities:

( stochastic pulse )
generator

signal
M time

4 )
band pass filter Turns on expression of two different genes
AHL ror r, I

——>| response|  (—v > according to the concentration of a
L} ! - diffusible molecule.
signal J

> Turns on expression of a gene stochastically.

\ J/

\.

’r timer - Turns on expression of two different genes at
r , :
el @ | -T2 times t, and t, after reset.
reset
t1

Can be reset by expressing a “reset” gene.

. J




Example: Microcolony Edge Detection

FSM Specification

Objective:

Design a genetic circuit to detect the edge of a growing microcolony. Assume
cells have the following sensing/communication capabilities:

( stochastic pulse )
generator ldea: Determine “edgeness” based on @

signal‘ myopic stadium wave.
time

[ band pass filter )
AHL noor M. 1o

- responsebjz: -
signal J

\.

\ J/

timer

reset 3 t, 1,
@ ‘
reset
t1

.




Example: Microcolony Edge Detection

FSM Specification

( stochastic pulse ]
generator

signal
Mﬁm )
lk

\
wave generator

\

e

start

.

emit

edge detection

start

.

T1|7’2
emit & reset
e[t C@ ’ e[ri|ra

to

ellr ‘7“_2
1 on off
€ |T1|’I“2 4

1

.
r, rzT lemlt

( band pass filter )

0 01 k
QO € | onit

T I

response 1
L
signal

.

on,

off

toggle switch

start —> e2|off

2| off on




Example: Microcolony Edge Detection

FSM Specification

START

& @f_wr? J aad . - L' -
w1l < | T T
S 'y ° 1
— on - - >t — — () —
Suislel |- 3a's |

—, 5

stochastic emit-{»band pass filter reset--1-» timer
pulse generator if emit € [r1,72)- »1 - on reset, t:=0
atrate k- >k — if emit € [ry, 00)4»r,— ift=t - >t -
ift= t2 ..... ..>t2_




Example: Microcolony Edge Detection

FSM Specification




