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Modern biology: from sequences to
networks to modules
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Modular, bottom-up synthetic biology

Networks

= Challenge: designing and
constructing biological
components with robust
and desired responses,

and scale-up to higher | =y Computers Y :
organizational levels. &Y .
B _""_"- 4 ‘ it ¥ \‘\ Pathways
. \ SN Vodules \ K f;f !
= |dea: Can we design a .
universal biological J /f
component which consists s TN
-

of simple modular | oRard
elements, and has [ 77N, Physieal layer N T Proteins,

potential to exhibit many ;.3@ geres...

different responses as % UL, -
desired?

E. Andrianantoandro et al., Mol. Syst. Biol., 2006
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ldea of designing a universal input-output
component for synthetic biology

Inputiignal ligands, osmolarity, light, ..., etc.
[ Sensory module } W
i i s A\
| ¥ g Universal | | Sensor robust
[Regulatory mOdL”e} _ _____________ i Igoprl:]t-gl:]tg:tt | Writer/’erasen ‘ and
' ¥ § P | oscillator, | tunable
[ Output module } ’/’/J\
____________________________________ ; etc.
t fluorescence/luminescence,
Output signal motor, downstream gene
regulation, ..., etc.
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The modular, specific, and speedy bacterial
two-component system as a target to redesign
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Response: e.g. transcription,
protein-protein interactions

Skerker et al., 2005

~
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Transcription
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Matility

o,
Receptor
adaptation

T
Transcription

Wadhams and Armitage, 2004
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The chimeric Taz-OmpR system

® o
Aspartate
Ligand .. @ g

&
4 ‘\‘ E. coli cell

%

|

v
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i gfp

Receptor

—I o [ .'.I

PompC eyfp
C. Tan et al., Mol. BioSyst., 2007
Asp
Taz <LL> AspTaz L» AspTazp = k. /k_: binding/dissociation of aspartate
k = k,: autophosphorylation of Taz

=k, phosphotransfer from Taz to OmpR

OmpR OmpRp
Tkp =k, phosphatase activity of Taz
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Part |I: The robust, switch-like Taz-OmpR

Asp

A

k, k.
Taz «—Y Y » AgpTaz =———p AspTazp

k

system

Solving two different ODE
K models at steady-state

OmpR OmpRp
fk
’ with considering ATP/ADP

k
) ) ) u+T - N uT
without considering ATP/ADP k-u
ku kk kA
u+T - - uT - uTp A+T - - TA
k-u k-A
k1 kt kA kk
uTp+R - ~uTpR —= uT+Rp A+uT - - uTA - uTp+D
k-1 k-A
k2 kp k1 kt
T+Rp - - TRp - T+R uTp+R - - uTpR - uT+Rp
k-2 k-1
k2 k
Rp = (km2+kp)*kk*ku*u / (kp*k2*kmu) = C,*u TA+Rp < TARp > TA+R
k-2
U~ U, When U >> T Rp = (km2+kp)*kk*ku*u*kmA / (kp*k2*kmu*(kmA+kk)) = C,*u
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The intrinsic robustness of the Taz-OmpR system
also makes it less tunable

= The original Taz-OmpR system acts
as a robust switch. The steady-state =
output of the system is conditionally 5ol
robust within the range of normal L
biological conditions. il
. The output is tunable only at high O
[Taz;] low [OmpR] with high [Asp]. s - MU OUpU espons ot stoay tate it varying Toz

—&— [aTc]=1 ng'ml
—&— [aTc]=5 ng'ml
— 2000 F| 2 [aTc]=10 ng/ml
- [aTc]=50 ng/rrl
—8— [aTc]=100 ng/mi

= However, over-expressing membrane <
protein Taz may cause toxicity to the
cell, and deleting the high-level o)
regulator OmpR may mess up the
whole regulation network in the cell.

2500

1 1.4 2 258 3 34 4
log, {[AsP]) (uM)
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[Pl = 0.1 uhd

log{ [OmpR pl. ubd

[u]

logl[OmpRI ), ubd -4 -4

Iog[Taz]hm). uhd

logi[OmpRp]), ubd

log[OmpRlg). ubd -4 -4

[ASplhhl= 1 mhd

log [OmpRp]), ubd
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[Feplpyg, =

1ogC[OmpR F1, uM

Iog[Taz]hm). uhd

lo g [OmpRE]), ukd

[P Rl = 10 mit

lo g [OmpRE]), ukd

Iog[Taz]hhr). uhd

fluorescencefabsorbance (a.u.)

fluorescencefabsorbance (a.u.)

Farametric response at stﬁady state with varying Taz

3500
—a— [Asp]=10 uM
I —e— [Asp]=50 UM
- 3000 —&— [Asp]=100 UM
[Asp]=500 uM
—8— [Asp]=1 mi
[Asp]=5 mi
2900 —e— [2sp]=10 mM
robust |
2000 | —]
1500
1000 ’ I g
. Iog aTi ng’ml
Paralnetrio response at steady state with varying OmpR
4500 . : :
—a— [Asp]=10 uM
—&— [Asp]=50 UM
4000 —&— [Asp]=100 UM
b= 2sp1=500 UM
3500 —8— [Asp]=1 mi
b= 12sp1=5 mm
—e— [Agp]=10 mM
3000 1
2500 f
2000} non-specific
binding of
1500 ' = 5 52 ; unphosphorylated
I log, (IPTG]) (UM) OmpR
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Part |I: The graded, tunable writer-eraser design

sensory

domain T
Tt ] TM2 y R Rp —— |" ﬁ
HAMP here —{ PompC -

cfp —
kinase | | o - - - > | Tc !
domain hoooo-d
(el oy = For the original Taz-OmpR system, it is
Recepto difficult to tune the steady-state level of

output OmpRp in biological conditions.
P N = The truncated version of Taz, Tazc,
Gl | | .. consisting of only the HAMP domain and
\ e the kinase domain, can be an additional
phosphatase for the redesigned system.

Yoshida et al., 2007
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The steady-state level of OmpRp can be tuned in a wide range, and can still
respond to the level of input aspartate.

The response becomes more graded, i.e., the linear region is much larger

than the original system.

In short, the system is redesigned from a robust switch to a tunable sensor.

[Taz]hh|= 10 molecules = 0L0MG7 uhbd

logi[OmpRp]), ubd
log [OmpRp]), ubd

log{[Asply ). ubd o log[Tazel, ). uhd log[AsFligy). uhd -

WVarying aspartate and the fruncated Taz
9000 ; T . .

—e— [IPTGI=10 uM
—e— [IPTGI=50 uM
8000 | —e— [IPTGI=100 uM
[IPTGI=500 uM
—8— [IPTGI=1 1

7000 -

6000 -

fluorescencelabsorhance {a.u.)

5000

4000¢

3000

1 1.5 2 2.5 3 3.5 4
Iog, (1AsAl) (ub)
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fluorescencelahsotance (au.)

lag([T

Sooo
—_—— [Asn]=10 U
4 —a— [Asp]=50 uh
2000+ | —&— [Asp]=100 um
[Asp]=500 um
4 —e— [Asp]=1 mh
o | [Asp]=5 mM
—&— [Asp]=10 mM
000
50004
4
4000
3000
1

[Ta]gg, = 100 molecules = 0157 ubd [Tazly, = 1000 molecules = 1.67 ubd

logi[OmpRp]), ukd

azdl_ ). uM log[sply g, ubd - log([T azel, 0. uM

Warying aspartate and the truncated Taz

log,o{[IF TG (Ul
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Part lll: The adaptive feedback design

T —
R ‘T Rp j__ — PompC ’_. tazc — gip —@—

= Using PompC to control the expression of the
truncated Taz in order to make a negative
feedback for the Taz-OmpR system.

= |n theory, adaptation can happen within some
parameter regions. However in experiment only
two parameters are able to be tuned: T-M. Yi et al.. PNAS, 2000
= The copy number of plasmid carrying Tazc
= The degradation rate of Tazc.
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)] ‘q www.sysbio.ox.ac.uk g

“2’ OXFORD
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Experiments for the adaptive feedback design

= The redesigned system
exhibits adaption in
experiment.

= The remaining output
level at steady state Is
tunable by the level of
Input aspartate.

UNIVERSITY OF

fluorescence/absorbance (a.u.)
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Dynamic response of the feedback design

time (mins)
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Part IV: The design of an input-driven
osclillator

Asp

Taz <—I—> AspTaz =—» AspTazp

P— Minimal
OmpR u OmpRp —lL-> l oscillator
__.----7 7N~ module
function
— | generator
PompC Plac

= A combinational promoter which consists of PompC and part of Plac
IS designed to connect the Taz-OmpR system with a minimal
oscillatior module.

= The oscillation is driven by the input aspartate, and the frequency is
based on the level of input aspartate, like a biological function
generator.

S%R UNIVERSITY OF
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Simulations for the input-
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Relative frequency (Hz)

Relative frequency (Hz)

the promoter strength and frequency
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£
o

|
0z 0.4

I
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Relative promoter strength (0~1)
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Experiments for the input-driven oscillator

flow out i
4 - flow channel (on the backside of the slide) N = faw n
= e

s &~

% &
hose /l hoze
sealed by -+ = Z sealed by
grease

grease

-
-
[ I
| Backside |
————: flow channel {(where cells were immabilized)
flow out  +---- } ("_'J 3} } flow in
I I
long coverslip sealed by double-sided tap
Dynamics of the modified minimal oscillator Dynamics of the madified minimal oscillator
250 T T 250 T T T T T
—&— oscillatory cell 1 : : —e— oscillatory cells
—&— oscillatory cell 2 4 : : —&— stahle cells
= —&— oscillatory cell 3 —_ QDD‘- TG .. —e— normalized dynamics ||
3 —&— oscillatory cell 4 g : :
e —— stable cell 1 e
2 —#— stable cell 2 2 ,
[1i} e g A
5 —n— stable cell 3 o el : ;
Z —#— stable cell 4 &
= 5 _
= = H 1 M
T B 100 -y A e SN E
H & :
= = f
= E 1]
] = | T H
= SR S S e T R P fonoooees .
I
; H D‘: : : : : : ]
o 20 40 EU 0 10 20 an 40 50 B0

time {min) time {min)
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Summary: Redesigning a bacterial two-
component system to exhibit desired responses

(1) Robust switch (2) Tunable sensor
. —
s JC 4(* > —
=
(3) Adaptive feedback network (4) Input-driven oscillator
— —>
S J& RN JM
=

The sensory, requlatory and output modules are all switchable now!

&) OXFORD
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How to deal with large biological networks?
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|
|
[
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l
|
[
|
|
|
[
|
l
I
[
|
|
I
[
|
l
I

-

Binding/dissociation Gene expressions
dmRNADNaK) o 1532: RNAP : phl — amiy A [MRNA(DnaK)] [0 RNAP] = Ko [o "L RNAP]

dt [732: RNAP] = K. [07][RNAFP)]

(![Djf K Ky ImRNA(DRaK)) — @prot.[DNAK) [RNAP - D] = K3.[RNAP/].[12]
d[mRNA(FtsH)] . 2. _ [*2: DnaK : FtsH] = Ka.[0*: DnaK].[FtsH;]
— = Ktra.[032: RNAP : ph] — appva.[mMRNA(FtsH)] [0%2: Dnak] = Ks.[o®] [Dnak;]

d[FtsH] [0% .DnaK : protease] = FKy.[¢% : DnaK].[protease;]

= Ky [MRNA(FtsH)] — ctpror.[FtsH;)

|
|
|
|
I
|
| dt [¢32 : HalVU] = Ke.[o3][HslV]
d[mRNA (prot P e w
| [m (:;m ease)] = Ktra.[0%2: RNAP : ph] — appya.[mMRNA(protease)) [Punfolded : Dnak] = Kg.[Punfolded].[Dnak;]
| dlprotease] 032 RNAP : ph] = Ko.[¢°2: RNAP([ph] - [0%2: RNAP : ph])
I = Kri.[mRNA(protease)] — a,r.[protease,] [’ RNAP . pgl = RKio.[o'® RNAPI([pg] — [’ RNAP: pgl)
dlmRNA(HsIVU)] = 45 ) _ [ RNAP : D] = Kui.[07% RNAPL[D]
| @ = Ktralo™: RNAP :phl = anpya [mMRNA(HsIVU)] [0%2: RNAP : D] = HK1o.[0*: RNAPL.[D]
| dHSIVUL - e ImRNA(HSIVU)] — apor [HSIVUI]
dt - e
| d[mRNA(32)] e —
S 2 = Ktrs.[o™% RNAP : pgl — anpva.[mMRNA(o3?)] S
I dt i I
| d[;; I _ )(T) - Ky, - [INRNA(6*?)] = rapror.[037] — apran.[0°2: DnaK : FtsHl |
I — Qprotease ('!‘}.[crﬂ:DnaK:protease] — QlsIVI (",!").[;c.r32 T HslVU] I (manual process though)
| ﬂ?:dﬁq— = Kjua.[Punfolded : DnaK] — K (T").[Pfolded) | '
[#
| |
Mass balances
I |
I [RNAP] = [RNAP] 4 [¢7°: RNAP] + [0%%: RNAP] + [RNAP : D]+ [a7°: RNAP : D] I RedUCEd, ana|y2ab|e fOI‘m
+  [6%2: RNAP : D]+ [¢7°: RNAP : pg] + [¢*°: RNAP : ph] I
| [v7%] = [e}°] +[c*%: DnaK : protease] + [¢°2: RNAP] + [¢*2: RNAP : D] dS, ) .
| + [072: DnaKk : FtsH] + [0 Dnak] + [0™2: RNAP:ph] + 032 : HslVU] | i N(T) —aoSt —asS: D2 F
I [Drak] = [Dnak,]+ [¢*2: DnaK : FtsH] + [0 DnaK] + [Punfolded ;: DnaK] I dD
+ [0%2: DnakK : protease] ! = I\rde — (.‘t'th
| 671 = [e]°1+ [ RNAP]+[c7°: RNAP : D] +[c™°: RNAP : pg] I dtéi
— ) 32. X / . . _
| [FtsH,] = [FtsH,] + [0%2: DnaK : FtsH] | I — K (T)Pfotded — K foral : D
| [Hsivi,] = [HsiVU] 4 [032: HsivU] | dt
[protease] = [protease;] + [0%°: DnaK : protease] I
I [Proteim] = [Punfoided] + [Punfolded : Dnak] + [Pfolded] I El-Samad et al., 2005
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Automated model reduction

Nonlinear original

Linearization

Linear original

system
[

Singular

[
perturbation I@
based on the
suggested list |

v

@

Nonlinear reduced
system

A 4

system

Singular

perturbation
@ based on

minimum error.
norms [y~ 9]

A 4

(&)

4____—

Suggest the list

Saed UNIVERSITY OF

% OXFORD

Linear reduced
system

of states to be
collapsed
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Original model of the EGFR-MAPK pathway

GAP 14
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|
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i

ﬁ.:.-nrr | W T— =
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am i o n
Fam g —NelR-aTF T sl
# i
ap [ Pl
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CRUIR LY MR P
. BT e r ' i i 510
Saez-Rodriguez et al., 2004 oo Bl I T e
o pu?mul
i [ R . = g
ERK | ERK-MER PR BRI TR PMER-PR = MEN-PF
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2 gaE) AT v u BB
[ - == ERK-P-Fusel ERE-F +— ERK-PP-Fumed — ERR-PFP
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Reduced model of the EGFR-MAPK pathway
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Nonlinear system output comparison
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Conclusion: the overall process of redesigning
a synthetic biological component

Increase of the organisational complexity

/ “Low Level” process \ / “Medium Level” prucess\ f “Higher Level” process \

Analyzing the behavior of Modifying the original Taz- Connecting the Taz-OmpR

the original Taz-OmpR OmpR system for the modtile with other synthetic
system desired behaviors modtiles for new functions

+ Model construction ¢ Wiriter-eraser design Q Input-driven oscillator /
» Analytical solutions and &Adaptive feedback design J

simulations

+ Parametric performance/

meustness analysis /

¢ Repository of standardised parts for experimental tests
¢ Algorithm for linear model reduction analysis

Common Technical Bases
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Future aims: Scalable multi-cellular / in-vitro
synthetic biological components

= Attempt to make a sense-and-respond artificial cell, better self-sustaining

® o9
O. o Aspartate

Pohorille A. and Deamer D., Trends Biotech., 2002 ..
Preliminary

test in 2006
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