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Potential
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Challenges

* Programming cells is hugely difficult
— Issues of reliability, toxicity, strain on the host cell

* Systems are highly complex
— Cannot be designed by trial and error
— Requires use of computer software

* Could software for programming cells one day rival
software for programming silicon?



DNA Structure (A-T,G-C)

wehi.edu.au

CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA
GGGTTTTGTTTITGTTTTGTI GGGAAAAGATTTGATTTGTT

www.wehi.edu.au/wehi-tv 4



DNA as a Computing Substrate

* Molecular Scale
— Overcome limits to miniaturisation of silicon chips
— 1GB of information in a millionth of a mm3
— Can self-assemble
— Clean and cheap to manufacture

LHa TR % b: S 3’1 '; : :‘
° P b I Placement and orientation of individual DNA
rog ra I I I I I Ia e shapes on lithographically patterned surfaces.

Nature Nanotechnology 4, 557 - 561 (2009).

— Interactions are directly controlled by the sequence

* Massively parallel



DNA Computers Inside Cells

DNA Drugs (Mullis) Programmable Drugs (shapiro)
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DNA Strand Displacement

Computation solely by complementary base pairs
sticking together (T-A and G-C)




DNA Strand Displacement

Dynamic DNA nanotechnology using strand  Engineering Entropy-Driven Reactions
displacement reactions and Networks Catalyzed by DNA

. . David Yu Zhang,™t Andrew ). Turberfield,® Bernard Yurke,** Erik Winfree't
David Yu Zhang' and Georg Seelig?
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DNA Strand Displacement Language

DNA Strand Displacement (DSD) Language

Step 1: Program circuit design Step 2: Compile circuit behaviour Step 3: Simulate circuit

. . B . T T T T
N' —_— El C o 5000 10000 oco 20000 25000 30000 35000 40000 45000 s

Step 5: Insert circuit into cells

"Z

Phillips, Cardelli. Royal Society Interface, 2009
Lakin, Youssef, Cardelli, Phillips. Royal Society Interface, 2011
9  Lakin, Youssef, Polo, Emmott, Phillips. Bioinformatics, 2011



Strand Displacement Logic Gate

Output = Inputl AND Input2

Input 1 Input 2

d
TATTCC CCCAAAACAARACAAAACAA CCCTTTTCTAAACTARACAA GCTA

Output

CCCAARACAAAACAAAACAS CCCTTTTCTAAACTAARCAA

ATAAGG GGGTTTTGTTTTGTTTTGTT GGGAAAAGATTTGATTTGTT CGAT
—

Substrate

10



Strand Displacement Logic Gate

Output = Inputl AND Input2

Input 2

ol —
(j:ﬁs‘ CCCTTTTCTAAACTARACAA GCTA

d‘??}
Input 1 L???? Output
e

TATTCC CCCAARACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA

ATAAGGE GOGTTTITGTITTGTTTITGTT GEGAAAAGATTTGATTTGTT CGAT
—

Substrate
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Strand Displacement Logic Gate

Output = Inputl AND Input2

Input 2

L —l
':'Eyieq CCCTTTTCTAAACTARACAA GCTA

%

Input 1 %%%Output

TATTCC CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA

ATAAGGE GOGTTITGTTTTGTTTITGTT GOGAAAAGATTTGATTTGTT CGAT
_-—

Substrate
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Strand Displacement Logic Gate

Output = Inputl AND Input2

g

“ >,
T,
Input 1 C“v:(q Output {}fve,, Input 2
%, %

A
TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA GCTA

ATAAGG GOGTTITGTTTTGTTTITGTT GOGAAAAGATTTGATTTGTT CGAT
—

Substrate
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Strand Displacement Logic Gate

Output = Inputl AND Input2

Output

CCCAAAACARAACARAAACAA  CCCTTTTCTAAACTAAACAA

Input 1 Input 2

R
TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA GCTA

ATAAGG GOGTTITGTTTTGTITITGTT GOGAAAAGATTTGATTTGTT CGAT
—

Substrate

14



Strand Displacement Logic Gate

Examples: | * | | Compile | [ Simulate | [ Analyse | Pause Compilation: |_Default » | Options: [ | | License || Update |
Simulation: | Deterministic  » | View: [ ¥ |

Code DNA Input | Compilation | Simulation Analysis

ﬂlﬁllﬂ %I% &I%Iﬁilx "".'I':"' - Species Reactions Graph Text Domains SBML

directive sample 1006.8 1808  *
directive plot <1™ 2>; <3 47>;

(=) Pan () Zoom |_J Layout Zoom U 81| % |Fit Layout

|_| Horizontal || Aspect Ratio || Group Initial Nodes
def N1 = 180
def N2 = 160
def N = 1080
def Inputl() = <1~ 2>
def Input2() = <3 4>

def AND() = {17*}[2 3]{4"*}

{ N1*Inputl()
| M2*Input2()
| n=anD()

)

1

R Ln 15 Col 2 Ch 2




Strand Displacement Logic Gate

Ll Visual DED - lepton.research.microsoft.con
Exarnples: [ v | | Compile | [ Simulate | | Analyse | Compilation: | Default ~ | Options: [ | | License || Update |
Simulation: | Stochastic v | wview: [ |
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directive plot <1 2>; <3 4",

100
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{( N1*Inputil()
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Strand Displacement Logic Gate

Exarnples: [ | | Compile | | Simulate | | Analyse | Compilation: | Default ~ | Options: [* | | License || Update |

simulation: | Stochastic v | View: [ * |

Code DNA Input Compilation | Simulation Analysis
Species Reactions Graph Text Domains SBML

(#) Pan (_) Zoom () Layout Zoom D 52| % lﬁl Layout
CCCAARACAAAACAASACAA  CCCTTTTCTAAACTAAACAA

GGGTTTTGTTTIGTITIGTT ~ GGGAAAAGATTTGATTTGTT CGAT [] Horizontal [_| Aspect Ratio [_| Group Initial Nodes

—_
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f
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Large-Scale Logic Circuits

Scaling Up Digital Circuit Scaling Up DNA Computation
Computation with DNA Strand John H_Rei

Displacement Cascades

Lulu Qian® and Erik Winfree!2-3*

“In addition to biochemistry

— Yoy = Vo] laboratory tgchniq ues, |
w computer science techniques
X were essential.”
Ry

“Computer simulations of
seesaw gate circuitry optimized
the design and correlated
experimental data.”

3 JUME 2011 WVOL 332 SCIENCE 18 JJUNE 2011 VOL 332 SCIENCE



Turing-Powerful Circuits

Encoding a Stack

Stack A = f]::1

Encoding state transitions

Initial complex
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Localised Circuits

Organization of Intracellular Hairpins tethered to origami

Reactions with Rationally Designed — Increased speed
RNA Assemblies

Camille ]. Delebecque,™**" Ariel B. Lindner,®" Pamela A. Silver,>* Faisal A. Aldaye'?

— Reduced interference
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22 JULY 2011 VOL 333 SCIENCE 20 Chandran,Gopalkrishnan,Phillips,Reif. DNA Computing, 2011



Programming Living Cells

The “software” of a cell: DNA — RNA = Protein

wehiledu.au

DNA transcription (real time) Messenger RNA translation

Information storage and processing within the cell is more efficient by many
orders of magnitude than electronic digital computation, with respect to both
information density and energy consumption.

Drew Berry www.wehi.edu.au/wehi-tv 21 evolutionofcomputing.org



DNA can function across species

A “multi-platform” code

Glowing jellyfish Glowing bacteria

Moving DNA from one organism to another

22



DNA can completely reprogram a cell

M. mycoides

Craig Venter and the
synthetic bacteria:

i .,‘ S . .
such cells might one B T EXtra Ctlon 2 - .
day manufacture § i v i 11 ot J_ii’ﬁ?‘(
i ol — 1t ];F@» Rt
renewable fuels. f: =5 e . . L)\“‘L*{( “}1}‘9“4{5_{!;’* P
s - r y

Sequencing

..GTTTCTCCATACCCGTTTTTTTGGGCTAGC...

M. capricolum

Insertion
( iﬁiwrl;m\nly:t m,

Creation of a Bacterial Cell Controlled
by a Chemically Synthesized Genome

St'il.‘[‘ll'{‘m [ www sciencexpress.org / 20 May 2010

l Transformation

23



Low-Level DNA Language

A simplified view of DNA instructions

Ribosome Binding Site

Promoter (start) ‘l' Protein Coding Region
r0040 .~ Terminator (stop)
o= = p0034 = c0040 == P0015 ==
AT 5, GGTACGTT TACGACTACGT AGCTAGCAT

Protein

v

UACGACUACGU
|

v

Protein

24



High-Level DNA Language

Given a design, automatically determine the DNA

P00°07°070°°0°  09000000°°  20000000°0°070° 2?90070?°07°07



A language for programming cells

Genetic Engineering of Cells (GEC)

Step 1: Program device design

Step 2: Compile device behaviour

Step 3: Simulate device

Solve GEC |

Database | GEC L85

Zoom [} Sava | [Losd |

directive sample 100000,0 1000
directive plot pradstor{codB]; prey[cedB)

predator

[ r0051 tprom; rbe; per<codes(Q2h) >

J rbs; porecodes(Qia)e; ter

} Prom<pos{QEb-H2)> | rbe; por<codestA)> ) ter

§ IDOS1:prom; S DCr«CoNes(ceaB)x  ter
| Gta e mmzh # H2 v Q2b-HZ
|A&n

IH1 " Jhu 0} | H2 =-2{10.0)

| cedB ~ Qe *->{10.0}

n

prey

[ prom<posiH1-Qlb)=; rbs; porecodes(codD)s; ter
10051 iprom; rbs; Dcr(wd:,{QmJ)

 rbe; porecodes(Q2a)=;
1G28 o> M2 [HL +
|H2 = (10,0} | 3 ~+{30.0)
| cedB ~ Q23 *->{10.0)
il

H1-QLb

redater[H1] - H1 | H1 -» preylH1]
| prey[H2] - H2 | K2 -» predatarH2]

I —
| Simulation-only reactions

FOUND 0 SOLUTIONS:
‘Species assignment from solution:

LBS Examples: =)

Farts implementation from solution:

Solve 185 | [ Gimi

Reaction Graph | Raactions Text | Reactions | Kapps | samL

=) Pon () Zoom () Layeut

Zoom —{_f [100] % (Fe) (Layeut

Predator

L -

@D
Bommo
o

T

@@

wiate LBS |

MATLAB

Marizantal Layout

Prey

Licenze

Tabie

Crop)

| Update |

Fiot

GEC Example:

Predator-Prey | | Soive GEC |
(_Pouse | Simulstion: [ Stochastic = |
Database | GEC Les
Zoom [} Save | [Losd |
diractiva sample 100000,0 1000 E

directive plot predatoricede]; prelceds)
Fats RMRNADSG = 0.001;
D'edamt[

inic g5 1
mena ~(wnmnm 1
5 1

mena3? - {RMANADaG} |
936 ->{1E-08} 636 + mma37 |
336 + luxR-mIOCEHEL -> (1,0} 936-huxR-m30E
936-luxR-m3IOCEHSL -2 {0.8) 538 + huR-m30C
36-uxR-mIOCENSL -2 {0,1} gI6-HxR-MIOCEH:
init 954 1
mimass - {RMRNADeg} |
954 ->{0.12} g54 + mmass |
lecl ~ ->{1.0} m30CL2HSL |
IR, + MIOCEHSL -3 {0.5) WxR-m30CEHSL |
e MIOCEHSL -3 (1.0} Waxf + m30CEHSL |
o e cedd +x{1.0}
M30CI2MSL ->(10.0) |
mIOCEHSL -»{10.8} |

B laad ->(10.0) |
memass -»{0.1) mrmass + ccd8 |

a7 -={0.1) m 4 |
et -+ (0,13 monat.+ g |
menat -2 (0,1} mrnat + last

i)

prey [

init 9105 1 |

mmaloe -> (RMANADeG} |

9105 -~ {1£-06) 9105 + mmailé

9105 + M30C1 IHEL-Aac +»{1.0} g105-m3IOCY
9105-m3OC12HSL-Aask ->{0.8} 9105 + m3OCL.
9108-m3IOC1 HEL-Lash -»{0.1} G10E-mIOCL2K

init 91231 | E

] weak Typing

Units; (2) Concantrations () Malecules

LBS Examples:

Reaction Groph | Reactions Text | Reactions | Kappa | ssML

o) Pan

200m -}

Solve LBS

HATLAB
Layout

|6 % [Fit) (Layeut] [ Horizontal Layout (Crop

Simulate LS | License

Table

[ Update |

A

GEC Examples: [ Predator-Frey v |

Salve LBS

(Stochastic = |
Rsaction Gragh | Reactions Text | Reactions | Kapps
(Show ai|Hide al| (= predator{ccdB]) = prey(ccas]

2700
2600
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1400
1300
1200
1100
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900}
800}
700
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500
100
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200

100
0]

1 4000 8000 12000 16000

Solve GEC | L85 Examples:

Simulate LBS | | Pause

Lcense | |

Simulation:

seML | MATLAB | Teble | Plot

™\ preyleeds)

L

™\ predatorfccg]

Update |

20000 24000 28000 32000 36000

400

Step 4: Compile device to DNA

\ 4’7 _“‘}ﬁl

l/v R\'

With Michael Pedersen, Matthew Lakin

26

Step 5: Insert DNA into cells

Pedersen & Phillips. Royal Society Interface, 2009



Programming a receiver device

Signal crosses cell wall and binds to Receiver

fcell

27

cell

[ prom; rbs; pcr<codes(Receiver)>; ter
| prom<pos(Receiver-Signal)>;

rbs; pcr<codes(gfp)>; ter

Receiver + Signal -> Recelver-Signal
Receiver-Signal -» Receiver + Signal

Signal -> cell[Signal]
cell[Signal] -» Signal
initPop Signal 100.80

|
|
]
|
|
|



Programming a receiver device

GEC Examples: [ v | [ Solve GEC | LBS Examples: [ » | | Solve LBS | | Simulate LBS | | Pause | |_License || Update |

Simulation: | Deterministic = |

Catabase GEC LBS Reaction Graph | Reactions Text | Reactions | Kappa SBML | MATLAB | Table Plot

u@@ @l@ &@@m &lﬁ] Zoom D lil % [Fit| () Pan () Zeom () Layout Layout

directive sample 12002.2 1208 -
directive plot cell[gfp]; Signal Options: [ = | [_| Show Rates

cell f'ﬁfﬁ\
o
[ prom; rbs; pcr<codes(Receiver):; ter [ — —

prom<pos(Receiver-Signall>; *:)
rbs; pcr<codes(gfp):; ter

Receiver + Signal -»> Receiver-Signal
Receiver-5ignal -»> Receiver + Signal

elifkzn]

Signal -» cell[Signal]
cell[Signal] -» Signal
initPop Signal 18@.@

| eelfmsocansL]

4| | 3

FLn7? Col 3 Ch3 INS D 100%

|| simulation-only reactions [—
= 3

FOUND 34 SOLUTIONS: Scluticn 1 -] -
==||:|-1|¢S!!]f

Species assignment from solution:
[("Receiver”, "luxR"™}; ("Signal®, "m30C6HS5L")] }

Parts implementation from solution:

[[i723020; b0034; c0062; b00O15; bO034;
e0040; b0015];

==lllz'F]
=]




Programming a receiver device

= Visual GEC - localhos

GEC Examnples: | * | | Solve GEC | LES Examples: [ v | [ Solve LBS | | Simulate LBS | | Pause | |_License || Update |

Simulation: | Deterministic =~

| Reaction Graph | Reactions Text | Reactions | Kappa | SBML | MATLAB | Table | Plot

|Load data|Save data| |Edit palette| |[Show all|Hide all| [= celllgfp]|= m30CEHSL| I

directive sample 189888.8 1888 T —
directive plot cell[gfp]l; Signal -

. N, celilafp]
cell . \, M30CEHSL
[ prom; rbs; pcr<codes(Receiver)>; ter
prom<pos(Receiver-5ignalls;
rbs; por<codes(gfp)»; ter
Receiver + Signal -» Receiver-Signal
Receiver-5Signal -»> Receiver + Signal

Signal -» cell[Signal]
cell[5ignal] -» Signal
initPop Signal 108@.8

1 | L3

fLn7 Col3 Ch3 INS | |— 100%

|| simulation-only reactions

FOUND 34 SOLUTIONS: Solution 1 hd

Species assignment from sclution:
[("Receiver”, "luxR"); ("Signal®, "m30C&HSL")]

Parts implementation from solution:

[[i723020; b0034; c0062; bO015; bOD34;
e0040; bo015];




Characterising a

Model Simulation

([Cs] + [X]
(C] + [Xe]

[G.X]
(]

(Mg

[Mg.*'p]

i[Ce)
dt
d[Fore]  _
dt

/cell

= (X
5 ox )
o (=
EN [G,Xﬁ,] + [M&-'-."'] [GX]
Hy [G]+ [Mg.f',u] [Mx]
Amgrp 0 [M’(]
L [Mg_."p] + [Pg.*',v] [X]
—idcs[Ce)
[Ce] + ek o= PN
(m) — dpgep(Fore] dygre’

Apas
Pelp 0
Ao g

&, [Gx] + [Mx]
B [Mx] + [X]

)
x|
d
ﬂ; 0
Wxlig
bxbeXo

30

receijver device

Experimental Data

Tatal GFP vs Time
T

3
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xio*
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——— 1uM 30CB-HSL
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~ve cantrol
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0 200
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Characterisation of the luxR receiver device
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Spatial Receiver Device

Model Simulation Experimental Data




Programming Turing Patterns

Cells that communicate to perform complex functions

With Neil Dalchau, James Brown, Jim Haseloff

Visual GEC - lepton.research.mic

GEC Examples: [

Pause Simulation: | Stochastic h. 2

Database GEC LBS

L BE FRBx (@)

~ | [ Solve GEC |

LBS Examples: [

turing
[ prom; rbs; pcr<codes(Receiver)>; ter
| prom<pos{Receiver-Activator)y;
rbs; pcr<codes(A)>;
rbs; pcr<codes(I)3;
rbs; pcr<codes(gfp)>; ter
| A~ -3 Activator | I ~ -» Inhibitor
Receiver + Activator -> Receiver-Active
Receiver-Activator -» Receiver + Active
Receiver + Inhibitor -> Receiver-Inhib?
Receiver-Inhibitor -»> Receiver + Inhib]
Receiver-Activator + Inhibitor =-3{1.8] |

Activator -> cell[Activator]
cell[Activator] -» Activator

. 5

Re¢ Ln1 Col 1 Ch1 INS u 100%

|_| simulation-only reactions

FOUND 0 SOLUTIONS:

Species assignment from solution:

= | | Solve LBS | | Simulate LBS |

2] |_License | |_Update |

Reaction Graph | Reactions Text

(=) Pan () Zoom () Layout

| .Fit | Zoom | 100 | % —| |

Reactions Kappa SBML MATLAB Table

Layout | Options: [+

Parts implementation from solution:

Service. Science, 2011



Modelling Biophysics: Thresholding

CellModeller

With Tim Rudge, James Brown, Jim Haseloff



Modelling Biophysics: Thresholding

- 0




MHC class | Antigen Presentation

©Diego Accorsi 2011. A Master’s Research Project submitted in conformity with the requirements for the degree of
Master of Science in Biomedical Communications (MScBMC), Faculty of Medicine, University of Toronto.



Peptide Optimisation

* Peptide-MHC complexes generally need to be
stable for many hours or days at the cell surface

* Peptide optimisation: high affinity peptides are
preferentially selected for presentation
* Optimisation in the ER is typically limited to tens
of minutes
— How is such high optimisation is achieved in so little
time?
— What are the main mechanisms of optimisation?
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Automatic generation of reactions
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Automatic generation of ODEs
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Steady-state ODE analysis

1 e X
MeP;|* = bIM*
[MeP;) MUVH}[]-+M+x

c|TM|")|F;]*

TM]* > [M]* l[ [Pi]" = gi/dp

C & 1
(MeP)* ~ Ji wte w
sSupply ER  Surface

T = upv/q C =c/[TM|"/dp



Steady-state experiments

Tapasin enhances peptide presentation by 1/u.
Measured off-rates u, for SIINFEKL peptides

M
dy

’QT—‘ § 10 ¢  SINFEKL
@ _ O  SIINFEKY
A Lur] %Q 80 W SINFEKM
@ ‘gcﬁ 80 O  SINYEKL
= 0
3
dr E g
b & & 20
u ® =
"6'9' O‘ 1™ o—
o 0 5 10 15 20
‘—WH Time after addition of brefeldin A (h)
MP TMP;

Specific KBIINXEKX
complexes with mAb 25.D1

0 5 10
Affinity (1/off-rate) , 4o*

A 220-Tpn (Data)
A 220 (Data)
—[\|0de] +Tpn
= ==  Model -Tpn
® Model +Tpn (2.5x peptide supply)
O Model -Tpn (2.5x peptide supply)

Phillips, Dalchau et al. PLoS Computational Biology, 2011



Delayed egress vs. Enhanced off-rate

Measured transit time of MHC to cell surface
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Time-dependent experiments

Representative peptides P, P eq/ Phigh
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ldentify differences between alleles

Allele-specific peptide binding
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Optimisation of HIV peptides
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Biological Computation Group

Molecule Cell Organ Organism

DNA Computing Synthetic Biology Developmental Biology Immunology
DSD: DNA Circuits GEC: Genetic Devices SBT: Stem Cells SPiM: Processes
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Biological Modelling Engine: A common language runtime for Biological Computation
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