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Genetic circuit design

Nielsen et al. Genetic circuit design automation. Science (2016) 352:6281. DOI: 10.1126/science.aac7341

Moser et al. Dynamic control of endogenous metabolism with combinatorial logic circuits. Mol Syst Biol
(2018)14:e8605. DOI: 10.15252/mshb.20188605

Brophy and Voigt. Principles of genetic circuit design. Nat Methods (2014) 11:508-20. DOI: 10.1038/nmeth.2926




Gate Is characterized by determining the
response function

NOT-gate Response function

flnp—Ut Output 101 PhIE :
__DO__ >100 |

%10—1:

8 102|

/_\l 10° :
-_KA~I£ 10‘3- TR .
10-3 102 10-1 100 107

Input (RPU}

RPU (relative promoter unit)
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Gate characterization and input-output
normalization RPUs

E. coli BBa_J23101 constitutive promoter adopted as a standard with output of 1 RPU
= Four strains for gate characterization with:

» 1) gate controlling fluorescence protein,

* 2) RPU standard promoter expressing fluorescence protein (KYFP>yp,),

+ 3) autofluorescence control without fluorescence protein (to normalize all other <YFP>),
* 4)input promoter expressing fluorescence protein

Measure fluorescence from all under a range of inducer concentrations

_ (YFP) — (YFP),
= Convert the strains 1 and 4 fluorescence readouts to RPUs: RPU =
. . . : (YFP)rpy — (YFP)q
= Plot output as a function of input at each concentration of inducer
= Fit Hill function to the response curve 101 ¢ PhIE
~101 ~ 101 |
o a [ - < RBS-P1
e 100 1114, T %’v 51071}
- = 4 = RBS-P2
3 10-1 3 A 3 1021
5 = T 107
0 102 S .,a ] -
T — 103 101 101 10-3 : . ' I
IPTG Input (RPU) 103 102 101 100 101
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Response curve has Hill function shape

NOT gate response data can be fitted to Hill function: =y + (3.0 — Voin) KnK—:xn
where

n is the Hill coefficient

K is the threshold input level where the output is half maximum

Ymin @Nd Y., are the minimum and maximum output values from the gate

(a)

ON bt Bl ny=0.5 "g
5 :
a Ny=1 g

3
— ny=4 3
OFF beececccsritoce. SRR, ... ..ol coeee e 2
- Ny =16 v

log(Input)
270412021 VTT — beyond the obvious  Bradley et al. 2016: https://doi.org/10.1016/j.mib.2016.07.004 5



Task:

If n is bigger, how does the function of the NOT gate change?
a) It becomes more switch like

b) Iitlooses the functionality Y = Yonin + Ormax = Vi) e

K™+ xn

27/04/2021 VTT - beyond the obvious




Response functions are essential for
combining gates into functional circuits

B Input

P>

Output 1

Output 2

PTEC

3103 o
103 10-1 101

Input (RPU)
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Output 1 (RPU)

o SR
103 101 101

Input  Output1 Output 2

> 101 =i
£ |l &
ol 3 i
= | Et
O 107 Lk i i L | 8 FOPD Eion i s vl |
10-3 10-1 101 10-3 10-1 101
Input (RPU) Qutput 1 (RPU)

Nielsen et al. 2016




Task:

Why is the conversion to RPUs needed?
a) the gate becomes more stable
b) gates can be compared and combined

27/04/2021 VTT - beyond the obvious




Circuit tuning shifts the response function

Relative promoter units (RPU)
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Cello automates genetic circuit design in E. coli and
S. cerevisiae

Cello design specification

Verilog parsing Logic synthesis

Sensors CBA wl w2 wl wd X
name low  high promoter sequence 000 0 1 0 1 O AND-Inverter
PTac 0003 28 AACGATCGTTGGCTGTGTTGACARTTARTCATC 1 gar A0 4 ok o8
010 0 1 0 0 1
PTat 0001 4.4  TACTCCMICGTTGGOTTTTTTCCCTATCAGTGA 011 0 0 1 0 0 B"
PEAD 0008 25 ACTTTTCATACTCCCGOCATTCAGAGAAGARAC | 100 © o 1 1 o ﬁ MB o -
m]101 100 1 o0 ’“n [>e
| 110 0 0 1 0 o "
Verilog I 11 1.0 D 1
module 0x21 (output out, input A,B,C); |
I

always@ (C,B,A) | o e o o m
begin
case({C,B,A})

I
1
' Gt = 1'B0: 1 . .
3'p000: {out} = 1'b0; . User Constraint File (UCF)
3'h001: {out} = 1'b0;
3'b010: {out} = 1'bl; : - Gate technology
3'b011: {out} = 1'b0; ,  * Physical implementation
3'b100: {out} = 1'b0; . ; i
3'b101: {out} = 1'b0; 1 = Genetic and logic constraints
3'b110: {out} = 1'b0; | = Strain genotype
3'b111: {out} = 1'bl; ! » Operating conditions
endcase I
end ]
endmodule !
1
I
I
i

Genetic circuit DNA sequence

Nielsen et al. 2016 S. cerevisiae: Chen et al. Nat Microbiol. 2020 Nov;5(11):1349-1360. doi: 10.1038/s41564-020-0757-2.



Gate assignment is an NP-complete
optimization problem

Cello uses simulated annealing algorithm
Input threshold analysis Circuit score

S ‘ min( ON)

: | 3 A\ S =
| | s ma x( OFF)
"\_ e Optimal gate
= ialgal | & assignment
L maximizes S

safaa failed threshold
(o ——-5‘\\.

Output (RPU)

.
. .
1 l.;..ldl =

Il I
unl 4 5 uioml

Nielsen et al. 2016

OL and OH from previous gate output have to leave
positive margins when compared to next gate’s IL and IH.
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Tasks:
Can the gates below be connected? a) yes, b) no

k0 e— 2101 |

€ i ON_E |

=101} R

g {1 i pere
5 | : E 2
5103 L 31

10-3 10-1 101
Input (RPU) Output 1 (RPU)
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Dynamic control of endogenous metabolism with
combinatorial logic circuits, Moser et al. 2018

https://www.embopress.org/doi/full/10.15252/msb.20188605 Agm :z 3
Sensors 5
« During the growth of Escherichia coli o 5" oa®
in a batch culture, the oxygen and ::574’5 B o
glucose become depleted and acetate i et PN g
is accumulated T te w
«  Oxygen, glucose, and acetate sensors .. 6]? X&,M .
will have dynamic input fes |oinTed e
» Canthesesensorscoupled togatesbe " e 1 T 4 £
used to reduce acetate accumulation? % f»x*gjig m / :
R G
Inducer
denendent Responses
P

In cultures
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Experimentally built circuit with the sensors

F [Glu] >
s D PgluA7

[Shu] IT‘ Qutput 1
_—— D~ (GFP) [0
[Ace] ! ANDN (RFF) [Ace] >
PgIinAP2s

27/04/12021 VTT — beyond the obvious Moser et al. 2018 14



Response to different combinations of stimuli m
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g:) Output 2
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Response In cultures (simulated and experimental) m

E 10°;
AND =
[Glu] o >
utput 1 a
- S

i (GFP)
I O
owl 2]’l_r%:)_putput 2
[Ace] (RFP)

Output 2 (RFP, a.u.)

27/04/2021 VTT — beyond the obvious Moser et al. 2018 16



ODE models of circuit dynamics

Moser et al. 2018

NOT gate response function: Y = Ymin + Omax — Ymin) ﬁ

: Lod K"
Change in NOT gate output activity: d—Jt’ = @Vmax — Ymin) RO Y@ () — Ymin)

a and y are the rate constants for turning
a gate ON and OFF, respectively
xleZ

AND gate response function: v =y + Omax — Ymin) ———— Ko

x1(t)x(t)?
K+x1(t)x5(t)>2

Change in AND gate output activity: % = dWVmax — Ymin) — vy () = Vimin)

ANDN gate response function : v = ypuim + (¥1 — Vimin) —— P

Change in ANDN gate output act|V|ty — = a(x1(t) = Vimin) ——=— 7Y@ (@) — Vimin)

K+x (t)

27/04/2021 VTT — beyond the obvious 17



Acetate accumulation could be dynamically
controlled and decreased with a circuit

pta encodes phosphate acetyltransferase
pta contributes to acetate generation in exponential
phase

D Glucose

glycolysis lll

Pyruvate ‘ \/3 i ‘

mf-LON
Acetyl-CoA o Hfq (4

PoxB I Pta L

Acetyl-Pi ‘ s /

IACKA sgRNA

L Acetate

poxB encodes pyruvate oxidase (dehydrogenase)
poxB contributes to acetate generation in stationary
phase

Moser et al. 2018

27/04/2021 VTT - beyond the obvious

Sensors . Circuit . Actuators . Target
' ' . Glucose
O A l”glyco!ys s
Glu—w Oz—w : Pyruvat
H E coli
h @ H genome Acetyl CoA
Pta 1 PoxB!
Acetyl-Pi
] AckA}
fo) ' ' Glu ' Acetate
Iy [ ¥ 1 pdtB
,_u_lﬁ..n_, [iy! 9 M 416,
SgRNA: 2414 25
Promoters ™ PfnrF8 J23115  PgluA7 AginL ApoxB pta::pdt3
Insulators ¢ LtsVJ HH2  RiboJ
RBSs - D11 B0032 Cc7
Terminators ™ DT14 B0015 DT11 DT14
camR/colE1 KanR/p15A
F 80
70 — ApoxB pta::pdt3

Circuit in ApoxB pta::pdt3
601 Circuit (-sgRNA) in ApoxB
= — - AptadApoxB

Acetate (mM)
9)]
o

401
301
201
10 e
0 |||||-l-l_-|_l-’l‘ll‘
0 5 10 15 20 25
Time (h)

18



Summary

Input Output

—
(=]
—

Kn

Y = Ymin t (Ymax - Ymin) K™ + xn

—
=]
[=]

Output (RPU)
o

o 102 E 63
L‘ﬂl-r-' 103 Lo : o
103 102 10-1 100 1p1 - . ﬁ 1
Input (RPU) it
5 F
B Input  Qutput1 Output 2 Input  Output1 Qutput 2 § |
100 a
10F 3
Prac  PPhiF  PBetl PTac  Ppetl PPhiF 5
m o
= 101 | 2 101 2101 2101 By fﬂ,.{"
o Pr——— - m O 'Y —————-- —— i o L 3
e L : e | N\ | &€ g
Tio1 !\ o Tt IO T T o, EERTRTS S S o 3
A1 ] B |3 X Fwt Tt
5 b | = ! i 1 5 ! : i = B Lo = 1 +
o [ o - T UG P S T, | DTG OO O B ) - SR S | SOV iy o8 oS
10-3 10-1 101 10-3 10-1 101 10-3 10-1 101 103 10-1 101 a0 i
Input (RPU) Output 1 (RPU) Input (RPU) Qutput 1 (RPU)
Y _ ) — Y
Nielsen et al. 2016 dt Ymax — Ymin K™ + x(t)" | 4N/ Ymin
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