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Programming Cells in the 21st Century

Medicine

— Programming bacteria to fight
tumours and viruses

— Programming yeast to synthesise
novel vaccines

— Programming immune cells to
improve immune response

Food

— Programming bacteria to fix nitrogen
for plants

— Programming plant cells to improve
crop yields

Energy & Environment

— Programming bacteria to convert CO,
from the atmosphere into fuel

2 Video courtesy of Fernan Federici, University of Cambridge



Outline

* Programming DNA Circuits

* Programming Genetic Devices

* Programming the Immune System



Programming DNA Circuits
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Smaller and Smaller

Dec. 23, 1947. John Bardeen,
William Shockley, Walter Brattain
show the first working transistor

Jan 30, 2010. Intel and Micron

Scanning tunneli i i o?
announce 25nm NAND flash. pov gl Moy bl g

~20 atoms across

Dec 24, 2009. Working transistor

: Observation of molecular
made of a single molecule. Srbieal amtine. Noture

2009; 462 (7276): 1039

The race is on for molecular scale
integrated circuits.

Molecular Transistor

Placement and orientation of individual DNA
shapes on lithographically patterned surfaces.
5 Nature Nanotechnology 4, 557 - 561 (2009).



DNA Storage

wehi.edu.au

DNA in each human cell

* 3 billion base pairs

* 2 meters long, 2nm thick
e folded into a 6nm ball

* 750 MegaBytes

DNA in human body

e 10 trillion cells

e 133 Astronomical Units
* 7.5 OctaBytes

DNA in human population
e 20 million light years

Video by Drew Berry http://www.wehi.edu.au/wehi-tv 6



DNA Structure

wehi.edu.au

Video by Drew Berry http://www.wehi.edu.au/wehi-tv U



DNA Sequence (T,A,G,C)

T-A Base Pair

Thymine-Adenine

G-C Base Pair

Guanine-Cytosine

Sequence of Base Pairs (GACT alphabet)

DNA Tutorial at http://www.biosciences.bham.ac.uk/labs/minchin/tutorials/dna.html



DNA strands

Double-stranded DNA

(a) , ’
DMA 15 denatured ‘?‘
by heating Renaturation

on cooling

)

- . ln’ H..H

<€

Single-stranded DNA has an orientation
Each strand spells a GACT sequence
The two strands have opposite orientations



DNA Aptamers

Artificially evolved DNA molecules that stick to anything you
like (highly selectively).

Fig.: RNA-aptamer - purine complex
PD8.D 1015 generated by VMD 182
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Aptamer DNA Drugs

Altermune Linker

Aptamer will V&
bind to pathogen ,/ alpha-gal epitope \
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« DNA aptamer binds to:
o A) a pathogen

o B) a molecule our immune system
already hates and immediately
removes (eats) along with anything
attached to it

« Result: instant immunity

o Mice poison ed with Anthrax p lus Survival Curve of A/J Mice Immunized with Human Serum, Challenged

aptamer (‘l 00% survival) with BAS and Treated with a-gal PAA-12 Aptamer and Doxycycline
o Mice poisoned with Anthrax \sm S ——

(not so 900d) 10 TQROV000000000000000000

Kary Mullis (incidentally, also ssssssszsaaa
Nobel prize for inventing the 01 2 3 4567 8 9101112131415161718192021128
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Computational DNA Drugs

Perform logical computation Uses restriction enzymes
before releasing drug

Inactive
Yes, PPAR2BL GSTP1L PIMIT  HPNT Yes-verification drug

Start

wehi.edu.au

Mo Yes GSETPT.

l No Yes pPIM1T

No Yes HPNT

Mo Yes

l Yes BN, Positive diagnosis

Megative diagnosis
active drug
Simplified (omitting the “no” pathway) \

Vitravene (GCGTTTGCTCTTCTTCTTGCG)

An automaton sequentially reading the string PPAP2B, GSTP1, PIM1, HPS
(known cancer indicators) and sequentially cutting the DNA hairpin until a
ssDNA drug (Vitravene) is released.

Designed by Benenson...Shapiro Nature 2004



DNA Computing Without Enzymes

Strands with opposite orientation and complementary
base pairs stick to each other (Watson-Crick pairing)

This simple principle can be used to compute with DNA

13



DNA Strand Displacement

Short complementary segments bind reversibly

S
ATAAGG

—
ATAAGG
TATTCC

—

TATTCC
m—

Long complementary segments bind irreversibly

GOGTTTITGTITTGTTTTGT

GEGTTITGTTITGTTTTGT]
CCCAAAACAAAACAAAACAA

CCCAAAACAAAACAAAACAA

Proposed by Zhang et al., Science 2007. 14



Bind, Migrate, Displace

GEGTTTTGTTTTGTTITTGTIT ATAAGG GOGAAAAGATTTGATITGTT CGAT GGGAAATGTAATGTATTGTT

GOGAATAGTATAGTTATGTT GOGAAAAGATTTGATTTGTT CGAT GOGGAAATGTAATGTATTGTT
CCCTTATCATATCAATACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA CCCTTTACATTACATAACAA

15



Bind, Migrate, Displace

GOGAATAGTATAGTTATGTT ATAAGG OGOGAAAAGATTTGATTTGTT CGAT GOGGAAATGTAATGTATTGTT
CCCTTATCATATCAATACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA CCCTTTACATTACATAACAA

16



Bind, Migrate, Displace

A %, &

Ly
& N oL
%% o P

CCCTTATCATATCAATACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA CCCTTTACATTACATAMCAA

17



Bind, Migrate, Displace

GOGAATAGTATAGTTATGTT ATAAGG OGOGAAAAGATTITGATITGTT CGAT GOGAAATGTAATGTATTGTT
CCCTTATCATATCAATACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA CCCTTTACATTACATAACAA

18



Bind, Migrate, Displace

GOGAAAAGATTTGATTTGTT CGAT GGGAAATGTAATGTATTGTT

GOEAATAGTATAGTTATGTT ATAAGE GOGAAAAGATITGATITGTT CGAT GGOGAAATGTAATGTATTGTT
CCCTTATCATATCAATACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA CCCTTTACATTACATAACAA

19




Reaction Graph

Merge migrations into a single displacement

GGEEAAAAGATTTGATTTGTT
CCC CTAAACTARACAA

GGEEAAATGTAATGTATTGTT
CCCTTTACATTACATAACAA

GGG G G ]

GEGAAAAGATTTGATTITGTT CGAT GGGAAATGTAATGTATTGTT

(e %@
%%

GGGAATAGTATAGTTATGTT
\CCC'I_I' ATCATATCAATACAA

GGGAAAAGATTTGATTTGTT

C GEGAAATGTAATGTATTGTT
CCC CTARACTARACAA G

A CCCTTTACATTACATAACAA /

GGGAATAGTATAGTTATGTT
CCCTTATCATATCAATACAA

(e %@
%%

GGGAAAMAGATTTGATTTGTT C
CCC CTAAACTAAACAR G

GAT GGGAAATGTAATGTATTGTT
CTA  CCCTTTACATTACATAACAA

GGGAARAGATTTGATTTGTT CGAT GGGAAATGTAATGTATTGTT

20



E:l:

Simplified Notation

1=l

[1]:27*:[3 41 5]

<6 2" 3 47 5>

2* 3 4 5 ‘ 6

3

[1]:<6>[2/]<3 4/ 5>:[3 4/ 5]
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Designing DNA circuits

DNA Strand Displacement (DSD)

Step 1: Program circuit design

N
0
A
>
N
{
tovi X
£ i
x 0oyl £yl t
A
53
¢
A
&
t oyl x y2 ot
£y ks
X y2 i1 L y2r L yar
v2 ot

v2 t oyar

directive sample 200000.0 2000
directive plot <y1l tA y1 xA>; <y2 tA y2r>
directive leak 1.0E-10 (*1.0E-12%*)

def Scale=1

def Excess = 1000
def bind = 0.00001
def unbind=0.1

new x@ bind,unbind
new t@ bind,unbind

def SpeciesL(N,al,a) = N * Scale * <al t" a x>
def SpeciesR(N,a,ar) = N * Scale * <a t* ar>
def BinaryLRxRR(N,al,a,b,br,c,cr,d,dr) =
new i
( constant N * Scale * t”:[a x» b]<i tA cr tA dr>:t”
| constant N * Excess * x/:[b i]:<c>[t” cr]:<d>[t” dr]

)
def UnaryLxLL(N,al,a,cl,c,dl,d) =
new i
( constant N * Scale * tA:[a xA<i cl tA dl tA>
| constant N * Excess * xA:[i]:[cl t*]<c xA>:[dl tA]<d x>
)
def UnaryRx(N,a,ar) =
constant N * Scale * [a]:t*

( UnaryLxLL(1000,y1l,y1,y1l,y1,y1ly1)

| BinaryLRXRR(30000,y1l,y1,y2,y2r,y2,y2r,y2,y2r)
| UnaryRx(1000,y2,y2r)

| SpeciesL(1000,y1l,y1)

| SpeciesR(1000,y2,y2r)

)

Step 4: Compile circuit to DNA

j

-

L ¢
%

\%g’”rﬁ«- *jm

Step 3: Simulate circuit

Step 2: Compile circuit behaviour

1000

900

800

700

600

500

400

3004

200

100

N <v2teyars

[ T |‘\ <yllt” yl x~>

10000

T T
20000 30000
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Phillips & Cardelli. Royal Society Interface, 2009



Basic Representation

I

LJ

TATTCC  CCCAAAACAAAACAAAACAN

¢
TATTCC CCCTTTTCTAAACTAAACAA

ATAAGE GOGAAAAGATTTGATTTGTT
—_—



Basic Molecules

 Strands and Gates

- 1 2 : 2 : 2 3 4 : 2 3* 4 E
{1n* 2%} <IN 2> [17 2] [1A 2]:[31 4] [17 2]:3A*:[4 5/
* Overhangs
‘N " o 2 S %
<3 2 1 3 2 3 6 7
x] - o

<1>[2" 3]<4> 17*:[2] [17]<2>:[3] <1>[27 3]<4>:<5>[6N 7]<8>



Basic Reactions

* Binding
3 1 2 < 1 :
*\,7 -—
<1n 2> | 1n*:[3] [17]<2>:[3]
* Displacement
2 ’ =T 3 N _-_; ’ — SR . 3
~/ - -
1A*:[2]<3> | <1~ 2> [17]<2>:[2]<3> [172] | <2 3>
* Migration
T .y & T2 3

[17]<2>:[2 37] [17 2]:<2>[34]



DSD Syntax

dsd | syntax description
3 N Domain
N~ Toehold domain
81 82 Concatenation of 81 and 82
L,R | _ Empty sequence
8 Domain sequence
dsd syntax description syntax abbreviation
4] N~ Lower toehold domain N* <_>»[8]<_> [8]
N
-— - -
s s
<L>[8]1<R> Double strand [8] with
overhanging strands <L>, <R> <_>[S]<R> [S]<R>
L R _ R R
s s =
G1:G2 Concatenation of gates G1,G2 <L>[8]<_> <L>[8]
D <S> Strand with sequence L 4 L
complementary to 8 < s
s
new Ni new NK D new (Ni,...,NK) D
¢ Gate G SR .
Ny T _
g D (M, MK} :
D1 | D2 Parallel molecules D1, D2 | | . ke SR D
D1 D2 DIl ... |ID K+D
'\n_\‘_/
new N D Molecules D with private K
domain N D... D K#D
N g K
..... D
X(n) Module X with parameters n

syntax abbreviation
L N~ R Ln R
L R1 L1 R1
L N~ R L N R
L1 r1 LZ R2 [ R Rl RZ
51 . sz 51 =3
L R L R
N s N =
- -
L R L R
s N g N
— L,

26




DSD Semantics

# before red after
RB <L N~ B> | N- X, <L>[N~]<R>
L _ R
L T R M ]
- g—
RU <L>[N~]<R> x, <L N~ R> | N~
L _ R
I L _h R N
g— _g—
RD  <L1>[S1]<S2 Ri>:<L2>[S2]<R2> 24 <Li>[S1 S2]<Ri> | <L2 82 R2>
Rl
L1 L2 52 RZ L1 Rl
£1 (=) L2 c2 R2 €1 =2
RC <L>[8]<N~ R>:N- L <L>[8 N~]<R>
R
L ;f\ L _ R
5 N s N
RM <Li>[S1]<8 Ri>:<L2>[S 82]<R2> — <L1>[S1 S]<Ri>:<L2 S>[82]<R2>

Rl
Li L2 =] RZ

L1 =5 Rl RZ

27




DSD Compilation Algorithm

Table 8: Computing multisets of reactions and species
Table T: Syntax of the DSD compiler, where a term T'

consists of a set of loeal domains NV, strands S, gates before def after
& and a multiset of reactions 7. . - - - -
unary(G) £ {(6.7,G*,{8,,...8v} |G G*1S...18x}
term syntax description binary(@,5) 2  {(<8>.G,rG* {S1.....8n}) | <8> € A6 <8 - @2 18] 18n}
T (N,S.G.R) Local domains N, upper binary(<S>, ) 2  {(<8>.G,r.G’ {81....8v}) |GG AG <8 - G718 ]...ISn}
strands 5, gates react(<8> 6,7, G?,8) &  [G,<8>)
reactions R
react(G,r,G*, 5" & G
s {€8,>, ..., <8p>}  Set of N strands ' ! i}
. B prod(<8>,6,7,G?,5) & {g'}wS
& {G1,....Gn } Set of N gates
. rod(G,r,G*, 5" = G S’
R {8, O} Multiset of NV reactions prodt ) e}
a (<8>,G,r.G?,5") Binary reaction merge(fy, - fx) & merge(fi)w... i merge(dy)
(G.r.G7,5") J Unar; reaction merge(G,7,6G?,5) & (GG S W8, 851 |G = 6”8 . 18y]
- - merge(G, <S>, 1, 6%, 5) £ [(G,<8> r.@" 5 W {8,...8n}) |G = @*181]...I18n ]}

Table 9: Adding molecules to a term of the DSD compiler, where all molecules D are assumed to be in standard
form. For the merged semantics, all gates G are also assumed to be in standard form. If S is a multiset {57, ..., 5y }
we write S ¢ T as short for S; ¢ --- ¢ Sy & T.

rule conditions before def after

CN Ng N (new N D) & (N, 5, R) & D&({NJUN,S.G.R)

CF (D1IDz) T = Dy @D T

(SZ «<8>c § <8 @ (N.S.G.R) = (N,SCG.R

Cs <> ¢ S S = prod( ') <8 ¢ (N.S,G.R) £ S §(N,{<8>}uS G RYR)
R’ = merge(binary (<8>, &))

CGZ Gce=G G (N.S.G.R) & (N, 5GR

CG Gg G S5 = prod( R") G (N.S.G.R) & S E (N, 5 {6 UG, Ry R')

R' = merge(unary(G) ¥ binary(G, 5))

28



DNA Strand Displacement Tool

[l Visual DSD - localhost = | 0] |-

Examples: | v | | Solve | | Simulate | | Pause | Rules: | Default ¥ | Simulation: | Stochastic ¥ | View options: | Unproductive: | | Leaks: | | Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot
Zoom | | 109 |% |Fit| |Save...
=X
k4 G
3 4 5 2 3 4
—
4 5




[l Visual DSD - localhost

Computing Circuit Behaviour

. - =aaa X

Examples: | v | | Solve | | Simulate | | Pause | Rules: | Default ¥ | Simulation: | Stochastic ¥ | View options: | Unproductive: | | Leaks: | | Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot
Zoom | | 109 |% |Fit| |Save...
=X
k4 G

2 3 a4 AN NI
2 3 4 5
—
4 s




[l Visual DSD - localhost

Simulating Circuit Behaviour

o]

= - -
Examples: | v | | Solve | | Simulate | | Pause | Rules: | Default ¥ | Simulation: | Stochastic ¥ | View options: | Unproductive: | | Leaks: | | Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot
8000 1
3 T \ <2 3™ 4=
7600 [—| N <450
< g E o \ =<1 2=
- e 7200
3 4 5 2 3 4 3 <6 3™ 4=
6800 <1=[2]:<6=[3~ 4]:5~
4 5 E
6400 N, <1>[2]:<6>[3~ 4]:<4=[5~]
3 <1=[2]:37:[4 5]
5000 -3
3 L [237 al:<4=[57]
5600 [2 3~ 4]:5~
5200
48003
4400 -3 \
E '.
E |
|| 40003 |
|
3600 3 =
32003
28003
2400
2000 /
1600
1200
8003
4003
£l -...|....|....|....|....|....l....|....|....|..%i]..|....|.........l....|....|....,....l....|....|....|....|....|....|....|....I....|....|....|....l....|....l....|....|....|....|....|....|
o o 400 800 1z00 2000 2400 2800 3200 3800 4000 4400 4800 5200 5600 6000 6400 6800 7200




Abstract Reactions

= Visual DSD - localhost r— -

Examples: | v | | Solve | | Simulate | | Pause | Rules: | Infinite ¥ | Simulation: | Stochastic ¥ | View options: | Unproductive: Leaks: | | Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot

Zoom LI 150 (% @J Save...

A -
3 a4 5 2 3 4
4 3
4 s
2 3 4 5




Detailed Reactions

E=] Visual DSD - localhost - s - i N b N , - -

Examples: | v | | Solve | | Simulate | | Pause | Rules: | Detailed ¥ | Simulation: | Stochastic ¥ | View options: | Unproductive: | | Leaks: | | Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot

Zoomu Iﬁl% EJ Save...




Leak Reactions!

Il Visual DSD - localhost e N | e [ TRp—— . ™ ) .. L el e

Examples: | v | | Selve | | Simulate | | Pause | Rules: [ Detailed ¥ | Simulation: | Stochastic hd Viewoptinns:E] Unproductive: || Leaks: [ Domains: [ | 0.12-20100224-1521 | Update |
Code DNA Initial | | Species || Reactions | Graph | Text I SBML | Domains | Table | Plot |

7z & L . _ A = - 2 —
_ S
3 4 5 2 3 4 =
— %N _
4 5 =
- S e —— 3| > VI




Just-In-Time Compilation

£l Visual DSD - localhost Y e - - - — 1. x

Examples: | v | | Solve | | Simulate | | Pause | Rules: | Detailed ¥ | Simulation: | JIT ¥ | View options: | Unproductive: | | Leaks: |« Domains: | | w0.12-20100224-1521 | Update
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot

Zoom| | IEI% lﬂj SEVE...

A -
3 a4 5 2 3 a4
—
4 s




E=l Visual DSD - localhost

Compilation to DNA

:lﬂh

Examples: | * | | Solve | | Simulate | | Pause | Rules: | Default ¥ | Simulation: | Stochastic ¥ | View options: | = Unpreductive: ||

Code DNA
|+ Check sequences
TOEHOLD SEQUENCES

TATTCC
GCTA
GTCA
TACCAA
CATCG
ACTACAC
CTCAG
CTCAATC
CCTACG
TCTCCA
CCCT
GACA
ACCT
TAGCCA
CACACA
AGAC

Initial Species Reactions Graph Text SBML Domains Table Plot
[Reset] | | Zoom 0

3~ --> TATTCC

5~ --> GCTA

1 --> CCCTTTACATTACATAACAA

2 --> CCCAAAACAAAACAAAACAA

4 --> CCCTTTTCTAAACTAAACAA

6 --> CCCTTATCATATCAATACAA

SPECIFICITY SEQUENCES

CCCARAACAAAACAAAACAL
CCCTTTTCTAAACTAAACAA
CCCTTTACATTACATAACAA
CCCTTATCATATCAATACAA
CCCTTAACTTAACAAATCTA
CCCTATTCAATTCAAATCAA
CCCTATACTATACAATACTA
CCCTAATCTAATCATAACTA
CCCTAAACTTATCTAAACAT
CCCATTTCAAATCAARACTT
CCCATTACTAATCAATTCAA
CCCATATCTATACATTACAA
CCCATAACTATTCTAAACTA
CCCAATTCTTAACATATCAA
CCCAATACTATTCATAACAT
CCCAAATCTTAACTATACTA
CCTATACCTTAACTTAACAA
CCATATCCATAACTTTACAA
CCATAACCTATACTTATCAA
CCATTTCCTTTTCTTAACTA
CCATTACCATATCTTATCAT
CCAARACCATAACATAACTT

Leaks: | | Domains: | |

v0.12-20100302-1033 | Update




B Vi 050 - oabostt . .

Final DNA Circuit

oo T S

Examples: | * | [ Soclve | | Simulate | | Pause | Rules: | Default » | simulation: |_Stochastic ¥ | View options: E] Unproductive: | | Leaks: | Domains: | v0.12-20100302-1520 | Update
Code DNA Initial | | Species || Reactions | Graph | Text | SBML | Dormains | Table | Plot |
Zoom || % Fit| | save...
A
G%‘zzv q%v)
£
%, o
s ‘9‘)#
[ (5
3 5
N o
GGGTTTT ATAAGG GGGAARAGATTTGATTTGTT 0‘\
CCCAAAACAAAACAAAACAA TATTCC CCCTTTTCTAAACTAAACAA GCTA £
By, o
GasTTTTGETTGTTTGT TSR
w s

1l

GGETTTTGTTTTGTITTGIT ATAAGG GGGAAAMGATTTGATITGTT

—
GGGAAAAGATTTGATTTGTT CGAT

T ARG

[3]

i =
Termee eoorrT ﬁcm/,
SEETITISTITIGTIITCT ATAGE  CEuMAGATT TGk -
[ etz cocrrn m)j SRMsMmTTAATTIAT ST




Ordering DNA Online

Fastest tunaround time for less money!

Standard gene synthesis from 0.36 €/bp in just 8 days
Find Out G-Reward £ Gene Synthesis -

E d ‘E}“, + Synthesize gene at $0.39/bp (ta 3/31/2010)
LA Q(c;:;,“?‘ - Guaranteed 100% sequence fidelity

- - for every purchase! - Clon - o
SameDay® O||go Service J Y, purc :“ \ eEZ® se cloning technology

Custom DNA/RNA
Pricing (USD)

L
Only £0.57 GBP / Base! =S
Base Pricing ONAm@) Desated — Putfed — Struggling with cloning? S

Synthesis Scale Price e A Nl
25 nmole DNA Oligo £0.25 GBP / Base order 20 %200 2 wm an d ~‘Service!
100 nmole DNA oligo £0.45 GBP / Base order 1000 $4.550 $5.400
250 nmole DNA oligo £0.80 GBP / Base order e e e

1 umole DNA oligo £1.60 GBP / Base Order RNA(n;g) Difagfjd Purified
5 pmole DNA oligo £7.50 GBP / Base Order 25 inwfu
10 pmole DNA oligo £14.50 GBP / Base order e .

00  s7o0  s9.100

1000 $13.800 $15,900

5000 $37.125

Please inquire for larger quantities

38



Catalytic DNA Circuit

Sequence
A 3 (Fuel Strand) TWM C T ;C: :c?" ’AT 2 = E 5 -CTTTCCTACA-3'
2 3 4 , \ E E EE E€E E 8 b b_ 3 )
N 2 3 4 3 & & 88 88 8 2 T=YFf 5-CCTACG-3
C (Catalyst Input) | J o (i 9: oL w L oL ousSug 5"-TCTCCA-3'
+ + 4 + + +0 + = 3 ot
& — Waste Product W o o 8 8o’ o5 o 0 ® 5 ACE@EE}_\;GGB
6 P g + - = " - e substrate S 5'-CATTCAATACCCTACG-3'
oB \ SB 6 3 4 3 ; 5-TCTCCA-3'
2 4 : " - - intermediate I3 5"-CCACATACATCATATT-3*
T SB (Si
|||un||||umuuuu—uuuurmmu ( gnal) - - - B— - - - WasteW
2 3 4 =
L8 5 i 1 2 3 4 5 6 7 8 9 10
| . | 1 2
Substrate S OB (Output) D
i 12
B (Output) -2 . —_—
1 2a
OR (Reporter i:_‘ ROX 1 2a
Start Here (Rep ) 1 2ab 123 Fluorescence

B c

3Bl _
W (Waste) 2 333
© (Catalyst) s (Substrate) E 1 %10 nM)
7}
Intermedlate 15 g 0.2x
2 3_ 4.8 \ﬁ\&gi >0.75
O I Ve e > g 0.1x
OB (O Intermediate I _é
B (Output
(Output) & oc
(0] 0.05;
3 (4 § 3 - 8
2 ED z 3 4 5 @ 025}
Intermediate 14 . Qo 0.02x
3 Intermediate 12 g 0.01x
\ 3 __A_ = 0.005x
3 45 = : : wev  0.002x
- Intermedtatel 63 4 of NSRRI SR X
F (Fuel) SB (Signal) l2

time (hr)

Engineered by Zhang et al., Science 2007. 39



Transducer




1~

=

Transducer State Space

a

t y t a
lk

—

x t* a t a
Ty t a
1

X t a t a
t_yl_a
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New Designs

Ultrasensitive Switch

=l R

e Vi DD - ocalbat

Examplen: [tacc =) [suwn ) [ simu | [ e 2) Sirieton: (Sadai—v) Vi optione: () Unproductive (] Lok [] Dormeia: [ v0.12
oo | _owa | el Speces | Meoctons | Gepn | Tt | s | bamena | Tesie ot
2oom sove] |Losd N
avrecte camele s0000.0 1000 [+ e gmiin Y
dictis it <Rk = W <4 . N ol by
<Rkt khra; <4 b roo: o - N\ koot kg
drctve ek 196130 (3,06 12
004 e i
s it et
N ektnbes
o bt gt
= Vot oo
e 10 bindunbind o
e £ bind it e
e Scecieshitar) - 1 = Scae
def By AR k2. wsf
ot = e * tosia et 2204
| etk v 2o ]
e 1) new e e ik rew ki
e new o2 e kit raw s
ek e ko e ko e ko “
300 P
5
15
ko ko
| Bnar R liom otk s
| Bnan AR sl epAA w0 WA A b e
o - T T T
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Timed Oscillator
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Scientific Challenges

* Design a universal computer made of DNA

Examples: [ v ] [ Selve | [ Simulate | [_Pause | Rules: Default B (@53 ~ ] View options: (v ] Unproductive: [| Leaks: [] Domains: [] Polymers: [ v0.13-20100415-1153 [ Install
Code DNA Initial Species Reactions Graph Text SBML Domains Table Plot
Zoom —{ | [save | [Load| Zoom| | 25)% [rit|
(* History-free CRN implementation. p— %ﬂ] <

directive sample 50000.0 2000
(*directive plot < mX T~ pX>; <mY T-
def lotsOf = 100

new T (* Globally shared toehold. *)
new [

(]

(* N copies of species X. %)
def Species(N, mX, pX) = N * <mX T+

(* Reversible reaction X <-> Y. ¥)
def Revii(mX, pX, mY, p¥) = f—\l
( lotsOf * T+:[pX TA]:[m¥ T~]<pY>

| lotsOf * <mX>[T* pX]:<mY>[T+ pY mind
| lotsOf * <pX TA> (* Fuel X %)

| lotsOf * <T m¥> (= Fuel Y %) z

) .

(* Irreversible reaction X+ -> A+B. ¥
def Irrev22(mX, pX, mY, pY, mA, pA, r|
( lotsOf * T4:[pX T]:[pY T+]:[mA T+
| lotsOf * <pX TA> (* Fuel X %)

| lotsOf * <pY TA> (* Fuel Y *)

| lotsOf * <T mA> (* Fuel A %)

| lotsOf * < T+ mB> (= Fuel B8 %)

| lotsOf * <T# 1> (* Fuel for irreversit
) ) .

(* An empty stack of type Z. =)
def EmptyStack(mBOT_z, pBOT_Z, m(,
<mBOT_z>[T* pBOT_Z]:[T* pQ_7] &=

(* Add/remove element X toffrom a st|
def EditStack(mX_Z, pX_Z, mQ_Z, pQ,|
( lotsOf * T:[F_Z T~]:[pX_Z TA]:pQ 1 T
| lotsOf * <P_Z T~> (= Fuel F2 %) e

| lotsOf * <pX_Z T+ (* Fuel F3,X =)
| lotsOf * <T+>[pQ_2z T+]{mq_Z}<F.
)

(* Adding/remaving 2 copies of X and
new mBOT new pBOT new mQ new pG| . [i{
( EmptyStack{mBOT, pBOT, mQ, pQ, F -

| EditStack(mX, pX, mQ, pQ, F)

| EditStack(mY, pY, mQ, pQ, P)

| Species(z, m¥, pX)

| Species(z, mY, pY)

* Design smart drugs made of DNA



Programming Genetic Devices

Michael Pedersen, Neil Dalchau,
James Brown & Andrew Phillips
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Environmentally Controlled Invasion of Cancer
Cells by Engineered Bacteria

J. Christopher Anderson'?, Elizabeth J. Clarke?, Adam P. Arkin'2*
and Christopher A. Voigt??

'Howard Hughes Medical
Institute, California Institute
of Quantitative Biology
Department of Bivengineering
Limiversity of California, 717
Paotter Street, Room 257
Berkeley, CA 94720, LISA

*Physical Biosciences Division
E.Q. Lawrence Berkeley
National Laboratory, 1
Cyclofron Road, M5 977-257
Berkeley, CA 94710, LISA

“Biophysics Program
Department of Pharmaceutical
Chemistry, California Institute
of Qiantitative Biology

The University of California
San Francisoo, 600 16th 5E.
San Francisco, CA 94107
LISA

"Corresportding author

Bacteria can sense their environment, distinguish between cell types, and
deliver proteins to eukaryotic cells. Here, we engineer the interaction
between bacteria and cancer cells to depend on heterclogous environmental
sipnals. We have characterized invasin from Yersinia pseudofuburculosis as
an output module that enables Escherichia coli to invade cancer-derived
cells, including Hela, Hep(G2, and U205 lines. To environmentally restrict
invasion, we placed this module under the control of heterologous sensors.
With the Vibrio fischeri lux quorum sensing circuit, the hypoxia-responsive
JdhF promoter, or the arabinose-inducible araBAD promoter, the bacteria
invade cells at densities greater than 10° bacteria/ml, after growth in an
anaerobic growth chamber or in the presence of 0.02% arabinose,
respectively. In the process, we developed a technique to tune the linkage
between a sensor and output gene using ribosome binding site libraries
and genetic selection. This approach could be used to engineer bacteria to
sense the microenvironment of a tumor and respond by invading
cancercus cells and releasing a cytotoxic agent.

Aerobic .
G Hypoxia ;
Conditions High Cell — inv Invasion
Low Cell Clanss Induction
g ensity
Density ON
OFF
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LETTERS

Vol 44013 April 2006 doi10.1038 /nature04640

Production of the antimalarial drug precursor
artemisinic acid in engineered yeast
Dae-Kyun Ro'™*, Eric M. Paradise™, Mario Ouellet’, Karl J. Fisher®, Karyn L. Newman®, John M. Ndungu®,

Kimberly A. Ho’, Rachel A. Eachus’, Timothy S. Ham", James Kirby®, Michelle C. Y. Chang?, Sydnor T. Withers?,
Yoichiro Shiba®, Richmond Sarpong” & Jay D. Keasling' "~

Malaria is a global health problem that threatens 300-500 million
people and kills more than one million people annually'. Duns

drugs being
MMMMWM-MWCIM
testing"’. Artemisinin, 2 sesquiterpene lactone endoperoxide
MMAmml(&mﬂyumw
known as sweet wormwood), hhwydieaiwwmln

unaffordablc to most malaria sufferers”. Although total synthesis
of artemisinin is difficult and costly’, the semi-synthesis of
srtemisinin or any derivative from microbially sourced artemis-
nic acid, its immediate precursor, could be a cost-cffective,
environmentally friendly, high-quality and reliable source of
artemisinin®®. Here we report the engineering of Saccharomyces
cerevisiae to produce high titres (up to 100 mgl™ ") of ertemisinic
add using an engineered mevalonate pathway, amorphadiene
synthase, and a novel cytochrome P450 monooxygenase
(CYP7IAVI) from A, annua that performs a three-step oxidstion
of amorpha-4,11-diene to artemisinic acid. The synthesized arte.
misinic acid is transported out and retained on the outside of the
engineered yeast, meaning that a simple and inexpensive purifi-
mwnmanbemdhobtinﬂndumdpmdmw

To increase FPP production in §. cerevisiae, the expression of
several genes responsible for FPP synthesis was upregulated, and one
gene responsible for FPP conversion to sterols was downregulated.
Al of these modifications 10 the host stram were made by chromo-
somal integration 10 ensure the genetic stabality of the host strain.
Overexpression of & truncated, soluble form of 3-hydroxy-3-methyl-
glutaryl-coerzyme A reductase (A%R)"mpmvdmrphadm
production approximately fivefold (Fig. 2, strain EYP208). Down
regulation of ERGY, which encodes aqu.dl:nt synthase (the first step
after FPP in the sterol biosynthetic pathway), usng a methionine.

repressible promoter (Pagrs) ' increased amorphadiens production
an additional twolold (Fig. 2, strain EPY225). Although wpe2-1, 2
semi-dominant mutant alide that enhances the activity of UPC2
(a global transcription factor regulating the biosynthesis of sterols in
S cevevisiac)'’, had only 2 modest effect on amorphadiene pro-
duction when overexpressed in the EPY208 background (Fig. 2.
strain EPY210), the combination of downregulating ERGY and
overexpressing upc2-1 increased amorphadiene production to
105mgl™" (Fig. 2, strain EPY213). Intcgration of an additional
copy of tHMGR into the chromosome further incressed amorpha-
diene production by 50% to 149mgl™' (Fig. 2, strain EPY219).

Although overexpression of the gene encoding FPP synthase
(ERG20) had little effect on total amorphadiene producton (Fag. 2,
the cpeaﬁc wuducnun mcraned by about 10%

:'.nm EPY224),

Simple sugar
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Figure 1 | Schematic representation of the engineered artemisinic acid
¥ strain EPY 224 expressing CYPT1AVT
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Programming Genetic Devices

DNA is a 4-letter digital code that tells a cell what
proteins to make
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DNA transcription in real time MRNA translation

RNA polymerase II: 15-30 base/second

Videos by Drew Berry http://www.wehi.edu.au/wehi-tv 48



Protein Information Processing

Proteins perform information processing for the cell

Videos by Drew Berry http://www.wehi.edu.au/wehi-tv



Programmed Self-Assembly

DNA codes for proteins that self-assemble




Executing DNA Machine Code

A simplified view of DNA instructions

§040 )
- }—- b&34 =k coogp -tbogk -

A . GGTACGTT TACGACTACGT AGCTAGCAT

: Protein |

v

) UACGACUACGU
I

v

Protein

51



Compiling Designs to DNA

Given a design, automatically determine the DNA

-}—jl o -

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




Genetic Engineering of Cells (GEC)

Designing DNA Software: new instructions for cells

Step 1: Program device design

Predator

PRI

@
@B
20O
®
&

Wi SN

- -
@

@ -
@

m]

-@
@-

Prey

cl

[ r0051:prom; rbs; pcr<codes(Q2b)>

; rbs; pcr<codes(Qla)>; ter

; prom<pos(Q2b-H2)>; rbs; pcr<prot(A)>; ter
; r0051:prom; rbs; pcr<prot(ccdB)>; ter

| Qla ~->H1 | Q2b + H2 <-> Q2b-H2

| A” ccdB -> | ccdB ~ Qla *->{10.0}

| H1 *->{10.0} | H2 *->{10.0}

111

c2

[ prom<pos(H1-Qlb)>; rbs; pcr<prot(ccdB)>; ter
; r0051:prom; rbs; pcr<codes(Qlb)>
; rbs; pcr<codes(Q2a)>; ter

| Q2a ~->H2 | H1 +Qlb <-> H1-Q1b
| ccdB ~ Q2a *->{10.0}

| H1 *->{10.0} | H2 *->{10.0} Step 3: Simulate device
111 ’

c1[H1] -> H1 | H1-> c2[H1] (
| €2[H2] -> H2 | H2 -> c1[H2]

8
u.
b

populations (10%)

<
u.
vy

populations (10%)
>

TGN O DI | R/ IR RN

Step 4: Compile device to DNA 0 IS H e 6 60 % 50 i

time (10%)

53

rate RMRNADeg = 0.001;
caf

initga71|

mrnadg ->{(RMRNADeg} |

47 ->{0.12}g47 + mmad8 |

mrnadg ->{0.1} mmad8 + luxR |

mrnadg ->{0.1} mmad8 + lasl |

lasl ~ ->{1} m30C12HSL |

mM30C12HSL->{10} |

mM30CEHSL->{10} |

luxR + M30CEHSL ->{0.5} luxR-m30CEHSL |
luxR-m30CEHSL ->{1} luxR + M30CEHSL |
initg921|

mrna93 ->(RMRNADeg} |

£92->{1e-6}g92 + mrnad3 |

£92 +IuxR-m30CEHSL ->{1} g92-luxR-m30CEHSL |
£92-1uxR-m30CEHSL ->{0.8} 92 + luxR-m30CEHSL |
£92-1uxR-m30C6HSL ->{0.1} g92-luxR-m30CEHSL + mrnagd3 |
mrnag3 ->{0.1} mmagd3 + ccdA |

initg1151 |

mrnall6->{RMRNADeg} |

g115->{0.12} g115+ mrnal16 |

mrnal16->(0.1} mrmall6 +ccdB |

ccdA ~ cedB ->{1} |

ccdB + las| ->{10} ccdB

11

el

ccdA ->{0.1} |
ccdB ->{0.005} |
lasl ->{0.001} |
lasR ->{0.001} |
luxl ->{0.001} |
luxR ->{0.001}

1

Step 2: Compile device behaviour

=11

initg1471 |

mrmal48->{RMRNADeg} |

g147->{1e-6} g147 + mrnalds |

147+ m30C12HSL-lasR ->{1} g147-m30C12HSL-lasR |
g147-m30C12HSL-lasR ->{0.8} g147 + m30C12HSL-lasR |
8147-m30C12HSL-lasR ->{0.1} g147-m30C12HSL-lask + mrma1d8 |
mral48->{0.1} mrnald8 + ccdB |

m30C12HSL + lasR ->{0.5} m30C12HSL-lasR |
M30C12HSL-lask ->{1} M30C12HSL + lask |

luxi ~ ->{1} m30C6HSL |

mM30C6HSL->{10} |

m30C12HSL->{10} |

ccdB + luxl ->{10} ccdB |

initg1741|

mmal75->{RMRNADeg} |

g174->{0.12}g174 + mrnal7s |

mrna175->{0.1} mma175 + luxl |

mrna175->{0.1} mmal75 + lask

€1[m30C12HSL] >{0.5} m30C12HSL |
M30C12HSL->{0.5}c2[m30C12HSL] |
€2[m30C6HSL] ->{0.5) m30CEHSL |
m30C6HSL->{0.5} c1[m30C6HSL] |

2l

ccdA ->{0.1} |

ccdB ->{0.005} |
lasl ->{0.001} |
lasR ->{0.001} |
lux ->{0.001} |
luxR ->{0.001}

1l

ccdA ->{0.1} |
ccdB ->{0.005} |
lasl ->{0.001} |
lasR ->{0.001} |
lux ->{0.001} |
luxR ->{0.001}

Step 5: Insert DNA into cells

Pedersen & Phillips. Royal Society Interface, 2009



GEC Development Cycle

Device Design

resolve constraints

(Parts)

choose device

Y

Single Device
(Parts)

(GEC) -¢——change design

no

. | | no/\ es
Set of Devices g reject device Results Ok? y

*

simulate

compile—p

Reactions
(LBS)

implement

v

54

Device in Cell
(DNA)




GEC Language: Parts and Properties

Part Representation Part Property Representation
X:prom X X:prom<con(RT)> RT
- -.
X:rbs -« - X:prom<pos(P,RB,RUB,RTB)> -
RB
X:pcr Eﬁgl
: —— i
X:ter -
_e _ X:prom<neg(P,RB,RUB,RTB)>
il
RUB
RTB
X
X:rbs<rate(R)> R
@

X:pcr<codes(P,RD)>




GEC Parts Database

ID Type Properties

723017 pcr codes(xyIR, 0.001)

1723024 pcr codes(phzM, 0.001)

723025 pcr codes(phzS, 0.001)

1723028 pcr codes(pca, 0.001)

c0051 pcr codes(cl, 0.001)

c0040 pcr codes(tetR, 0.001)

c0080 pcr codes(araC, 0.001)

c0012 pcr codes(lacl,0.001)

cunknown?2 pcr codes(unknown2, 0.001)

c0061 pcr codes(luxl,0.001)

c0062 pcr codes(luxR,0.001)

c0079 pcr codes(lasR,0.001)

c0078 pcr codes(lasl,0.001)

cunknown3 pcr codes(ccdB,0.005)

cunknown4 pcr codes(ccdA, 0.1)

723020 prom pos(toluene-xylR, 0.001, 0.001, 1.0), con(0.0001)
r0051 prom  neg(cl, 1.0, 0.5, 0.00005), con(0.12)

r0040 prom neg(tetR, 1.0, 0.5, 0.00005), con(0.09)
runknownl prom neg(unknown1, 1.0, 0.005, 0.001), con(0.04)
i0500 prom neg(araC, 1.0, 0.000001, 0.0001), con(0.1)
roo11 prom neg(lacl, 1.0, 0.5, 0.00005), con(0.1)
runknown?2 prom pos(lasR-m30C12HSL, 1.0, 0.8, 0.1), pos(luxR-m30C6HSL, 1.0, 0.8, 0.1), con(0.000001)
b0034 rbs rate(0.1)

b0015 ter

cunknown5 pcr codes(ccdA2, 10.0)
runknown5 prom  con(10.0)




Compiling GEC Design to Parts

e Specific set of parts:

[r0040; b0034; c0040; b0015]

r@040 )
- }—- b&34 =} coogp -tbocl)&s -

r0040:prom; b0034:rbs; c0040:pcr; b0015:ter

[ %R * tetR negative feedback
1 1 [r0040; b0034; c0040; b0015]

X1:prom<neg(tetR)>; X2:rbs; X3:pcr<codes(tetR)>; X4:ter

E * Any negative feedback:
-[] 4 [r0051; b0034; c0051; b0015]
—0O-=x )-@- [r0040; b0034; c0040; b0015]

[i0500; b0034; c0080; b0015]
prom<neg(Y)>; rbs; pcr<codes(Y)>; ter [r0011; b0034; c0012; b0015]



GEC Language: Reactions

part property & reactions

| representation |

X:prom<pos (P, RB,RUB,RTE) >

g + P —>{RB} g-P
g-P - {RUB} g + P
g-P = {RTB} g-F + m

r

kB
RUB
RTB

X

X:prom<neqg (P, RB,RUB,RTE) >

g + P = {RB} g-P
g-P - {RUB} g + P
g-P = {RTB} g-P + m

F

EB
RUB
ETH

Xiprom<con (RT) =

|_ﬁ

— {RT} g + m

~ {xdn}

=

pe

:rbs<rate (R) >

3

—4{R} m + p

Xipcr<codes (P,RD) >

> —{RD}

fr
L

representation |

5

| reaction

c[S]—={RO} S

5 —{RI} c[S]

luxk + m30C6HSL — {1.0} luxR—m30C6HSL
TuxE—m30CAHSL — {1.0} 1uxRk + m30C6HSL
lasR +m30C12HSL —{1.0} lask —m30C12HSEL
lagsE—m30C12HSL — {1.0} lasEk + m30C12HSL
luxI ™ — {1.0} m30C6HSL
lasT ™~ — {1.0} m30C12HSL
cedA T codB — (1.0}
ccda2 ” cedB — {0.00001}
m3IOCEHSL — {1.0} [m30C6HSL]
m3IOC12HSL — {1.0} [m30C12HSL]
[m30C6HSL] — {1.0} m30C6HSL
[m30OC12HSL] — {1.0} m30C12HSL

58



Compiling GEC Parts to Reactions

r0040:prom; b0034:rbs; c0040:pcr; b0015:ter

6GGTACGTI’ TACGACTACGT AGCTAGCAT
|

UACGACUACGU

59

rate mrnaDeg = 0.001;

init gcl 1

| gcl ->{0.12} gcl + mcl

| gcl + cl ->{1} gcl_cl

| gcl_cl ->{0.5} gcl + cl

| gcl_cl ->{5e-5} gcl_cl + mcl
| mcl ->{0.1} mcl + cl

| mcl ->{mrnaDeg}

| cl->{0.001}

-—— — - Vo G
—— mrnal281 —— g1280
—— clR —— clR-g1280
300 s ST RO — - — )
250 +
@ 200 }
- ]
8 150 :
S ]
a_ i
& 100 ] ]
|
50 ]
0 ]

0 10 20 30 40 50 60 70 80 90 100
Time (10A3)



Example: Repressilator

* A gene network engineered in live bacteria.

a Repressilator Reporter

P lac01

tetR-lite
P tetD1
kan® Y
Time (min)

Q‘ﬂD- aav 60 140 250 300 390 450 550 600

pSC107

origin *Pr

lacl-lite
ColET

© 2000 Elowitz, M.B., Leibler. S. A Synthetic Oscillatory
Network of Transcriptional Regulators. Nature 403:335-338.

P tet01

Engineered by Elowitz et al., Nature 2000 60



Example: Repressilator

Repressilator Design

| & e @
O v - i -

prom<neg(C)>; rbs; pcr<codes(A)>; ter;
prom<neg(A)>; rbs; pcr<codes(B)>; ter;
prom<neg(B)>; rbs; pcr<codes(C)>; ter

24 possible solutions, many of them defective, e.g.
[ r0051; b0034; c0040; b0015 (a) 16 ¢
; r0040; b0034; c0080; b0015 14 §
; 10500; b0034; c0051; b0015]

p—
(]

(S
L T SO TN EA o N @« B o]

populations (107)

F e e e i

time (10%)
Engineered by Elowitz et al., Nature 2000 61



Case Study: Repressilator

Add constraints on rates, e.g. promoter strength

RdC I
RbA ' ROB . ROC ” | 0.4 <RubB | RubB < 0.6
RtbA |Rth |Rtbc | 0.4 < RubC | RubC<0.6
RIA | 0.4 <RubA | RubA<0.6

- m m]-lﬂm -ﬁ-m—ﬁm ﬁﬁ-rm-

prom<con(RtA),neg(C,RbA,RubA,RtbA)>; rbs<rate(RA)>; pcr<codes(A,RdA)>; ter;
prom<con(RtB),neg(A,RbB,RubB,RtbB)>; rbs<rate(RB)>; pcr<codes(B,RdB)>; ter;
prom<con(RtC),neg(B,RbC,RubC,RtbC)>;rbs<rate(RC)>; pcr<codes(C,RdC)>; ter

Selects functional Repressilator

[ r0040; b0034; c0051; b0015 ®) G
: r0051; b0034; c0012; b0015
- r0011; b0034; c0040; b0015]

populations (10%)

— oL s O - 0O

10 20 30 40 50 60 70 80 90 100
62 time (103)

o



Case Study: Repressilator

Definition of modules

| & ®— @
L P . PP

module gate(i,o) {

prom<neg(i)>; rbs; pcr<codes(o)>; ter
I
gate(A,B) | gate(B,C) | gate(C,A)

rac |

RbA RbB RbC
RubA RubB RubC
RtbA | RtbB | RtbC

RtA

M mq\ ml—ﬁm ﬁ-m—ﬁm ﬁﬂ

module gate(i,o) {
new RB. new RUB. new RTB. new RT. new R. new RD.
prom<con(RT), neg(i, RB, RUB, RTB)>;rbs<rate(R)>; pcr<codes(o,RD)>; ter
| 0.4<RUB | RUB<0.6

|3

gate(A,B) | gate(B,C) | gate(C,A) 63



Case Study: Predator Prey

Specified in GEC as follows

/predator B

R e
v

|
|
|
|
|
|
|
|
|
:
y

@\?ﬂﬂ

ﬁm
-ﬁ%qﬁ-diir-

® o

E 3
E-3

*
g

Engineered by Balagadde et al., MSB

(‘orey fi-gsres A
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@ @

A

- -

2008
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predator

[ rO051:prom; rbs; pcr<codes(Q2b)>

; rbs; pcr<codes(Qla)>; ter

; prom<pos(Q2b-H2)>; rbs; pcr<codes(A)>; ter
; r0051:prom; rbs; pcr<codes(ccdB)>; ter

| Qla~->H1 | Q2b + H2 <-> Q2b-H2

| A~ccdB ->

]

||

prey

[ prom<pos(H1-Q1b)>; rbs; pcr<codes(ccdB)>; ter
; r0051:prom; rbs; pcr<codes(Qlb)>

; rbs; pcr<codes(Q2a)>; ter

| Q2a ~->H2 | H1 + Qlb <-> H1-Qlb

]

| | predator[H1] -> H1 | H1 -> prey[H1]

| prey[H2] -> H2 | H2 -> predator[H2]



Case Study: Predator Prey

Receiver 1:

( plac/ara \

30C6HSL

@ )

ux!

Cells (x10%)

Cells sending fi) i 4io i 80 i 1i20 i 1eiso i 200
30C12HSL Hours

Cells sending
30C6HSL

Receiver 2:

/ Piac/ara \

A B
~30 pm

100 ym -
Cells clis.in
e 1%5

30C12HSI

e
O EEEE

~3um

~3um high imaging strips
constrain cells to thin
horizontal focal plane

uxl

control lines
(green, red)

Growth loop imaging
segment (blue)
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Case Study: Predator Prey

Compileto p

rate RMRNADeg = 0.001;
1|
initgd71|
mma48 ->(RMRNADeg} |
847->{0.12} g47 + mmad8 |
mmad8 ->{0.1} mrnad8 + luxR |
mmad8 ->{0.1} mrmad8 + lasl |
las| ~ ->{1} m30C12HsL |
m30C12HSL->{10} |
m30C6HSL->{10} |
IuxR + m30CEHSL ->{0.5} luxR-m30CEHSL |
IuxR-m30C6HSL ->{1} luxR + m30CEHSL |
initg921|
mma93 ->(RMRNADeg} |
892->{1e-6}g92 + mrmad3 |
892 + IuXR-m30C6HSL->{1} g92-IuxR-m30CEHSL |
892-luxR-m30CEHSL->{0.8} g92 + luxR-m30CEHSL |
892-luxR-m30CEHSL->{0.1} g92-luxR-m30CEHSL +
mmag3 |
mmag3 ->{0.1} mrnad3 + ccdA |
initg1151 |
mmal16->{RMRNADeg} |
g115->(0.12)g115 + mmal16 |
mrna116->{0.1} mrna116+ ccdB |
ccdA ~ cedB ->{1} |
ccdB + las| ->{10} ccdB
11

af

cedA->{0.1) |
ccdB ->{0.005} |
las!->{0.001} |

lasR ->{0.001} |
luxl ->{0.001} |
IuxR ->{0.001}
Il

e[

initg1471 |

mrmal48->{RMRNADeg} |
8147->{1e-6} g147 + mrnalds |

8147+ m30C12HSL-lasR ->{1} g147-m30C12HSL-lasR |
147-m30C12HSL-lasR ->{0.8} g147 + m30C12HSL-lasR |
147-m30C12HSL-lasR ->{0.1} g147-m30C12HSL-lasR +
mra14s |

mmal48->{0.1}mma148 + ccdB |

m30C12HSL + lask ->{0.5} m30C12HSL-lasR |
m30C12HSL-lask ->{1} m30C12HSL + lasR |

lux ~ ->{1} m30C6HSL |

m30C6HSL->{10} |
m30C12HSL->{10} |

ccdB + luxl ->{10} ccdB |
initg1741 |
mmal75->{RMRNADeg} |
8174->{0.12)g174 + mrnal7s |
mrmal75->{0.1} mmal75 + luxl |
mrmal75->{0.1} mmal75 + lask
11

c1[m30C12HSL]->{0.5} m30C12HSL |
m30C12HSL->{0.5} c2[m30C12HsL] |
€2[m30C6HSL] ->{0.5} m30C6HSL |
mM30C6HSL->{0.5} c1[m30C6HSL] |

e2(

ccdA ->{0.1} |
ccdB ->{0.005} |
lasl ->{0.001} |
lasR ->{0.001} |
luxl ->{0.001} |
luxR ->{0.001}
1l

ccdA ->{0.1} |
ccdB ->{0.005} |
lasl ->{0.001} |
lasR ->{0.001} |
luxl ->{0.001} |
luxR ->{0.001}
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arts to reactions and simulate

r0051; b0034; c0062; b0034; c0078; b0015;
runknown2; b0034; cunknown4; b0015;
r0051; b0034; cunknown3; b0015

| |

runknown2; b0034; cunknown3; b0015;
r0051;b0034;c0061;b0034;c0079;b0015

|— cllccdB] —— c2[cedB] |
3500 : :

3000 -

2500

Y 1
c
S 2000 i
1] i i
—_— | ",l‘\"\
3 1500 i |
S \ ; HLNTA
1000

0

Time (1073)




p(A)

L P|C

P‘]”.pg

cPy Py

: [P

“new . P
=R

- T

K

eie:

Ru= 87 mi-5
=" myeS;

Ti=85—"¢5]
fe[S] =TS

K'.'.: E-] > Eg
E:=r
CE@E
Au=vr
-5

part u of type ¢ with properties Q"
empty program

definition of module p with
formals

invocation of module p with
actuals A

constraint ' associated to
program P

parallel composition of Py and Py

sequential composition of
Pyand Py

compartment ¢ containing
program P

local variable z inside program P

reaction

transport reaction

numerical constraint

conjunction of 4
and (s

reactants S;, products 5

transport of §into compartment ¢

transport of 5 out of
compartment ¢

expression £ greater than Iy

real number or variable

arithmetic operation & on
and E,

real number or variable

species

GEC Calculus

(i) [ : ;_(Qt}]]é ({(u)},®), where (i)
O ={(0;,p;,0,FS5(Q;)\ ;)|
ubl; s 1 Q) € Ky, Q'0, < @,
Dom(f;) = FV(u: H{Q")),
p; = Domg(6;), 0; = FS(Q'0;)}.
Cl£(4,0,6,), where

(ii)

(iii)
(i) [P
(4,0,) =[P] and ©,=][C].

(iii) [Py P,] 2 (4, U 45,0, ©,). where
(4,,0,) =[P,] and (4,,0,) =[P].

(iv) [Py Pl 2 ({6162} 11, ©16O2), where
({6,}7,01) =[P ] and ({65};,0;) =[Pl

(v) Le[P]I=(4,{(6,0,0,0)| (0, p,0,7) € O}),where
(4,8) =[Pl

(vi) [RI= {(0;,Dom,(0,), FS(RA,), 1) |
RO; € K., Dom(f;)=FV(R) }.

Proposition 3.1 (piecewise injectivity). For any
contert C(+) and any compartment-free program P
with FP(P)=W, [C(P)= 4{(0;, p;, 5, 75) }, it holds that
0, is injective on the domain FV(P)NDom,(6,).

Proposition 3.2 (non-interference). For any basic
program P=wu:#Q") and any compartment-free
context C(+) with [C(P)|= 4{(8;, p;,a;,7,)}, it holds
that ull; : 1(Q) € Ky for some @ and o;MN(FS(Q)
FS(Q'0,)) = .

67

f: X N,UN,UR is a finite, partial function
(the substitution).

pE X is a set of variables over which # is
injective, i.e. Yuy, 2y € p. (1) F25) = (0{x,)
#0(x4)).

g, 7 & S are, respectively, the species names that
have been used in the current context and the
species names that are excluded for use, and
agNr=0.



GEC Compilation Algorithm

Li=R T : 0 : Ll : L .
! bz = ] 6. [p(@) {Pi}; Polr 2 [Polripey) where

Given a set £ of LBS models, we let (par £) denote their parallel eomposition; I 11 = [[Pl{lﬁ}]]

this operator is commutative, so the order is insignificant. With the above

motivation in mind, the translation function takes the following form: . [[})(_I)]]r 2 fr"_:l'j where f 2 T'(p).

|

[P |Clr & (Ly|Ls.D,M,Pr.F,C, H) where
(L1, D. M, Pr.F,G,H) 2 [P]r and
Ly & [C].

[Plr = (L,D,M, Pr.F,G,H)

(=]

where

e [ is an LBS program.
0. [F || Plr 2 (L, | Lo, Dy U Dy, My U My, Pry U Pry, Fy U F5 Gy U

¢ [)is a set of degradation reactions. (G, H1 U H3) where
o M C Uis aset of mRNA names. (L1, Dh, My, Pry, Fy, Gy Hy) = [F]r and
(Ly, Dy, My, Pry, Fy, Gz, Hy) 2 [Por.

e Prc U is a set of proteln names.

e [ is a function of the form f(m,p) = K mapping pairs (2, p) € U = U of 10. [As5 Pe]r = (L1 | L2 [ L, Dh U Do, M, PrF{ U F3, G, H) where
mBNA and protein names to a reaction. (L1, D, My, Pry, F1, Gy Hy) = [A]r,
‘ . A
e (7 is a function of the form g(m) = R mapping an mRNA species name r‘Lg_:_\‘DZ“Uz' Pra, Fz, G2, Hy) = [P,
m € U to a reaction. L = parjgim)|ge Ga,me M} Upar{h{p) | h € Hy.pe Pra},
M, fM:=0
My otherwise

{Prz i Pry =0

. . . o . . - a
e H is a function of the form h(p) = R mapping a protein name p = [/ to a M =
reaction.

1153

The translation is defined inductively on GEC programs as follows, where Pr

Pri1  otherwise
we again assume a global mRNA degradation rate rdma.

=3

(F{H]) {(FI.HLI if Pro=1

1. [u : prom{Q)]r 2 (par{reacs(q) | g € @} | m —" {m}.0,0,0,0,0) (0,0 otherwise
where ; {.;Fz_r_:z;m M, =0

=

(F3.G%)
A . \Fz: by ra—
e reacs(con(rt)) = g—""g+m. (0, otherwise

) s o . A P y P _ . Y,

e reacs(pos(S, rb, rub, rih)) = g+85 =" g8 g8 =" g4 5 G j {g19(m) : flm.p).f € Fipe Prz} UG UG,
g-8 =" g8 4+ m. H = {h|h(p) = flm.p),feF,meM}UH;UH].
eacsinesl § b rub bl = g4 § b g »_rub o o ;

e reacs(neg(S,rb,rubrth)) = g4+ 85 =" g-5 | g5 =" g+ 5| 11, [e[PIr a (c[L], D, M, Pr,F.G, H) where

oS —rtb 0§ 4. ,
g g3 +m (L,D,M.Pr.F,G,H) & [P]p.

with g and m fresh. A
) 12. [new =.PJr = [P[«'/z|]r for some fresh =’.
2. [u = rhs({rate(r) }]r 2 (0,0,0.0, 1/ 10,0) where

" A
flmp) & m—"p. 13. [R] = R.

3. [u: per{{codes(p,r)P]r 2 (0,{p—"}.0.{p}.0.0,0). 14 7] =T
4 [u:ter]p 2 (0,0,0,0,0.9,0). 15. [K] =0
5. 0000 £ (0.0.0,0.0.0,0). 16. [ 2] £ [aa] ] 2]
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GEC Demo: Databases

o= GEC and LBS tools

|

Parts database

Enabled ] Type Properties Comments -
3 i723017 por codesbgdR, 0.001)
723024 per codesiphzM, 0.001) =
723025 per codes(phzS, 0.001) | &
723028 per codes(pea, 0.001)
c0051 pcr codes(cIR, 0.001)
c0040 per codesietR, 0.001)
c0080 per codes{aral, 0.001)
chii12 pcr codesfac!.0.001)
cunknown per codesiunknown, 0.001)
[ {61 ner codesi el 0 (11Y i
Reaction database
Enabled Reactions Comments -

toluene = xR -={1.0} toluenesgiR

phzM ~ pca -={1.0} metPCA

phz5 ~ metPCA -={1.0} pyo

m

IeeR + m30CEHSL {05} huxR-m30CEHSL

lasR + m30C12H5L {0 5} lasR-m30C12HSL

el ~ ->{1.0F m30DCEHSL

lasl ~->{1.00 m3DC12HSL

codf ~codB -={1.00

c[m30CEHSL] -»{0.5} m30CEHSL

HE EE = E

m30CEHSL ->{0.5} c[m30CEHSL]

[SE)




GEC Demo: Models

W GEC and LBS tools s i
Database | GEC edtor | LBS editor I Simulator|

[ Open ] [ Save ] [ Save as ]

rateDef RMENADeg 0O.001

cl

[ r0051:prom; rbhs; pcr<codes (QZb)>

rbs; pecr<codes(Qla)>; ter

prom<pos (QZ2b-H2) »; rbs; por<codes(i)>; ter
; rO051:prom; rbs:; pecr<codes(ccdB)>; ter
@la ~-> H1 | Q2b + HZ <-> Q2b-H2

4 ~ccdB ->

| »

R T

wom

c2
[ prom<pos (H1-Qlb) >; rbs; pcr<codes(ccdB)>; ter
; rO051l:prom; rbs; per<codes (Qlb) >
; rhs; pcr<codes(Q2a)>; ter
Q2a ~-» H2 | H1 + Qlb <-> H1-Qlb

e el e e =
=]
m

cl[H1] -» H1 | HI -» c2[H1]
c2[H2] -» HZ | H2 -> cl[H2]

e
~1.m

4 1 | »

Compilation

[ Simulation-onty reactions

Number of solutions: 4
Compiler messages:

Compilation successful!

Select solution:  Solution 1 -
Species:

[("A", "eedA™); ("H1", "m30CT2HSL"); ("H2", "m30CEHSL"); ("Q1a", "lasl"); ("Q1b", "lasR"); ("Q2a", "lux!"); ("Q2b", "luxR")]

Parts implementation:
[["r0051"; "b0034"; "c0062"; "b0034™; "c0078"; "b0015"; "unknown2"; "b0034"; "cunknown4"; "b0015"; "rl051"; "b0034"; "cunknownd”; "b0015"]; ["runknown2”; "b0034"; "cunknown3"; "b0015"; "rB051"; "b0034™; "c0079"; "b0034"; "cO061"; "b0015"]]

Solution reactions ] [ General reactions 70




GEC Demo: Reactions

a5l GEC and LBS tools L - ...-‘_ -
| Database I GEC ed'rtor| LBS editor |Simulator|
Editor
[ Open H Save H Save as ]
1 rate RMRNADeg = 0.001;
2 Il
3
4 cl [
5 init gl344 1
& mrnal345 ->{RMRNADeg}
7 gl344 ->{0.12} gl344 + mrnal345
8 init gl375 1
g mrnal37ée ->{RMENADeg}
10 gl375 ->{le-6} gl375 + mrnal37é =
11 gl375 + luxB-m30C6HSL ->{1} gl375-1luxR-m30CE6HSL
1z gl375-1uxR-m3CC6H5L ->{0.8} gl375 + luxR-m3CCE&HSL
13 gl375-1uxR-m30C6HSL ->{0.1} gl375-1luxR-m3CCE6HSL + mrnal3Té
14 init gl33%3 1
15 mrnal3i®4 ->{EMENADeg}
16 gl393 ->{0.12} gl393 + mrnal394
17 lasI ~ ->{1} m3CC12HSL
18 luxR + m30CE6HSL ->{0.5} luxR-m30C&HSL i
19 luxR-m3CCE6HSL ->»>{1} 1luxR + m3CCEHSL
20; ccdhA ~ cocdB -»{1}
21 mrnal3®4 ->{0.1} mrnal3%4 + ccdB
2z mrnal37é ->{0.1} mrnal37é + ccdh
23 mrnal34s ->{0.1} mrnal345 + 1luxR
24 mrnal34s ->{0.1} mrnal345 + lasI
25 1
28
27 c2 [
28 init gl441 1
29 mrnal442 ->{REMENADeg}
30 gl44l ->{le-6} gl44l + mrnal442
31 gl44l + m30C12HS5L-lasR ->{1} gl44l-m30Cl12HS5L-lasRk
- 32 gl441-m30C12H5L-1ask ->{0.8} gl44l + m3CCl2HSL-lask
33 gl441-m3C0C12H5L-1ask ->{0.1} gl441-m3CC12HS5L-1lasR + mrnal442
34 init gl459 1
35 mrnal460 ->{REMENADeg} -
4 1 | »
Compilation
Output directory:  C:\Users\aphillip'\Desktop' Techfest\Demo GEC! D Output filename {no extension):
Target language Units
Compile ][ Compile and simulate SBML @ Kappa (0 Kappa (deductive) @ Concentrations (&) Molecules Weak typing
Compiler messages:
Compilation successful. s
Chtrad rmadsla: 7 l




ot GEC and LBS tools

GECD

emo: Simulations

- - = e
Database | GEC editor | LBS editor | Simulator
Duration: 10000.00 c1[ccd B] cz[c(:d B] |
Refreshes: 1000 900 R R . . S ————— _ I . -
Paints: 1000 =+ 1
Sample period: |10 T d

Continuous./deteministic
@ Stochastic/discreet

Stop simulation

c1[g385]
c1jmmad17]

c1[a416]
c1lasR-m30C12H5L]
c1g4164asR-m30C12H5L]
c1jmmad3s]

c1[od34]

1]
c1[m30CEHSL]
c1flask]
c1[m30C12HSL]
cllccdAZ]

c1lccdB]

c2mmaddl]

c2[g482]
c2eR-m30CEHS5L]
c2[g4824.eR-m30CEHSL]
c2[mmab01]

c2[g500]

c2fasl]
c2[m30C12HSL]
c2[m30CEHSL]
c2uxR]

c2ccdB]

m30CEHSL
m30C12HSL

c1flasl]

c1uxR]
c2[ccdAZ]

c2asR]
2]
ccdAZ

ccdB -

m

OOOOODEOODEDOOOOEOONOEEEOEOEEOEEOEEEE

c1jmma38E] -

[ sekctal | [ Cearal |

Re-style selected Fort scale: [1.00 =

[7] Use line styles
] Use symbols

800

700

600

500

Populations

—

] I% ]
wi PN T A 'y
] / fi ¥ 0 i i i
11, h ! I A ‘1{
oo d i | A S A A .
T P } joo ¢y 3 P ‘
I f ] .’{ : " f ! 4 ! 1 ! 1
LI P S T I S L A S A :
200 41 4 [F | N T T L O N L [
T | f “peu H voRA [ i H i ! i H ) ! i
o ! i i i vy [ i I L H ! H ! | 1
+4 1 i i ! WL ] | 3 | i i ] ! .
A | ; ‘ ik ¥ Vo v L 1
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100 Voo ! l' y 4 ! oo Yo " |
i H ‘|‘ E il Ill ! %\ { H 1 ‘II ]
R ol * “ E ‘h } ! _
1 Y i o b 1] . 1 N B Wl l Wl p .
0 e L R
0 1 2 3 4 5 6 7 8 9
77 Time (103)




Scientific Challenges

* Engineer Turing Patterns in living cells
@ @

[ prom; rbs; pcr<codes(X)>; ter
(‘turing A4S A\ | prom<pos(X-C6)>;
rbs; pcr<codes(luxl)>;
rbs; pcr<codes(lasl)>;
C rbs; pcr<codes(gfp)>; ter
z \? | luxl ~->C6 | lasl ~-> C12

4, | X+C12->X-C12 | X-C12->X + C12

| X +C6 ->X-C6 | X-C6->X +C6

M—l | X-C6 + C12 *->{1.0} X-C12 + C6
, ]

* | C6 ->c[Cé] | c[c6] > C6

- i - -] ] C12->¢[C12] | c[C12] ->C12

73



Future Work

Parts
— Better part characterisation
— More realistic part properties

User Interface

— Visual editor
— Web-based tool

Analysis
— Integrated ODE analysis
Implementation

— Optimise translation to DNA sequences



A Programming Language for
Biological Processes



Systems Biology

The Human Genome project:

— Map out the complete genetic code in humans

— To unravel the mysteries of how the human body functions

— The code raised many more questions than answers
Systems Biology:

— Understand and predict the behaviour of biological systems
Two complementary approaches:

— Look at experimental results and infer system properties

— Build detailed models of systems and test these in the lab
Biological Modelling:

— Conduct virtual experiments, saving time and resources

— Clarify key mechanisms of how a biological system functions

— Beginning to play a role in understanding disease




Large, Complex, Biological Models
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Biological Programming

e Complex Models:
— Difficult to understand, maintain and extend
— Hundreds of reactions, soon to be tens of thousands
— Would not write a program as a single list of thousands of instructions

 Modularity:
— Need a way of decomposing a model into building blocks
— Not your average computer programs
— Massive parallelism, each instruction has a certain probability
— Suggests a need for a biological programming language



Programming Languages for Biology

Languages for complex, parallel Languages for complex, parallel
computer systems: biological systemS'

C/C

stochastic 7- calculusé/c

C

n-calculus by [Milner et al. 1989]. Stochastic version by [Priami et al. 1995]
First used in a biological context by [Regev et al. 2001]



SPiM: Stochastic &t for Biology

* A variant of stochastic & calculus
— Supports expressive power of 7
— Graphical syntax and semantics
— Biological constructs, e.g. complexation

— Efficient implementation

Fi wan  View P & m O
Tewt Ediar | Ditectives Network.
New Gragh |

VY (%) &EE s Al

DG(ab)

produce( ésunblock

WiB@ab)

Phillips and Cardelli, 2007



Message-Passing Approach

Chemical Reactions

Xp+Y =, X+Yp
X+Yp =>4 Xp+Y

SPiM Processes

T &

x @

81



Compact, Modular Models

Chemical Reactions

82

SPiM Processes
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Improving Modularity with SPiM

EGFR chemical reactions EGFR SPiM processes

2
[

EamE>

< e o
=

T VRS DA e O e 1B

Original model by Hornberg et al. 2005 83 Wang et al., BMC Systems Biology 2009



U <

SPiIM Syntax

x(m)

X{n)

x(m)

Pyt .+ Py
Pll 'R | PM

X(n)

(Xp5e-0Xy) P

Xl (ml) : Dl yreay
Xy (my) = Dy
E.P

Receive value m on channel x

Send value n on channel x

Send restricted value m on channel x
Delay at rate r

Choice between actions

Parallel composition of processes
Species X with parameters n
Restriction of channels x,,...,x\ to P
Definition of a process

Definition of a choice

Definitions for X; with parameters m;

System of Eand P



Normal Form Syntax

* Every process is equivalent to a normal form

* ®
* »

* ®
* ®

I |...| In
vZ((X1(n1) |...| Xm(fonr))
™. P4+ ...+ 7n.Pn
Xi(mi1)— Ci,....,Xn(mnN) — Cn

Species
Instance
Complex

Choice

Environment



Graphical Syntax: Environment

Choice

)ir(??f'l-) = mi. P+ ..+ N PN

Parallel
I ‘ - | In

Complex

vin ((Xa(na) | .| Xar(oar))

Instance

Phillips, Cardelli and Castagna, 2006



Graphical Syntax: Processes

Parallel Species Restriction
P.|...| Py | X(N), If X(M) =C | v(Xy,..X\) Xy (0y) | ... | Xy (Ny))
m:=n 1
P1 =~ PM X (m) xl;...,)iN

mN:=nN

XN(@mN)

m1:=ﬁ1

X1(ml) =




Graphical Semantics: Delay

1
j r i:'tN

P1 PN

X(m) =r.P + ...+ m.Py
X(m)



Graphical Semantics: Delay

j r i:'tN

P1 PN

X(m) =r.P + ...+ m.Py
X(m) — P,



Graphical Semantics: Interaction

TN M

2l
[

PN P1 01 oM

X() = XPy+ o+ Py, V(M) = X.Qy ... + my.Qy
X(n) | Y(m)



Graphical Semantics: Interaction

TN M

i
|4

PN P1 01 oM

X() = XPy+ o+ Py, V(M) = X.Qy ... + my.Qy
X() | Y(M) —> P, Q,



Graphical Semantics: Binding

1 1
i N Wu) Au) M

PN P1 01 oM

X(N) = X(U).Py+ o+ TPy o Y(M) = X(U).Q, + .. + . Qy
X(n) | Y(m)



Graphical Semantics: Binding

i N yu) Au) M
1

PN Pl1----u---- Q1 oM

X(N) = X(U).Py+ o+ TPy o Y(M) = X(U).Q, + .. + . Qy
X() | Y(M) —> (vu) (P,] Qy)



Production: G »produce G + p P ydegrade o

reaction |rate propensity (s?)

DG 1
produce |0.1 0.1-1
( produc9 degrade |[0.001 |0.001-0

produce.(P | G)

ldegrade P = degrade.0

e A protein P can be produced with propensity 0.1
* Probability of a reaction depends on propensity
e Exact simulation: what happens next?
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Production: G »podice G + P p —ydegrade

DG 1 reaction |propensity (s1)
produce |[0.1
producé degrade |0.001
1
ldegrade

* Another protein P can be produced
* 100 times more likely to produce than degrade
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Production: G »produce G + p P ydegrade o

DG 1 reaction |propensity (s1)
produce |[0.1
produc9 degrade |0.001-2
2
ldegrade

e And another...

96



Production: G »podice G + P p —ydegrade

DG 1 reaction |propensity (s1)
produce |[0.1
produc:9 degrade |0.001-3
3
ldegrade

* A protein b can be degraded at rate 0.001
* Low probability, but still possible
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Production: G »produce G + p P ydegrade o

DG 1 reaction |propensity (s1)
produce |[0.1
produc9 degrade |0.001-2
2
ldegrade

* Eventually...
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Production: G »podice G + P p —ydegrade

DG 1 reaction |propensity (s1)
produce |[0.1
produc:9 degrade |0.001-100
100
ldegrade

* Equilibrium at about 100 proteins.
* Propensities of both reactions are equal.
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Gene Simulation

140
1201
100
80—
B0+

40+

0 I I I I I
] 20000 40000 GO000 20000 100000
Time

 Simulation results show evolution over time

e Level of protein P fluctuates around 100



Interaction: xp+Y 4 X+ Yp

Xp =a. X Y =a.Yp
X =d. Xp Yo=d.Y

 Xp and Y can interact on channel a
* Xp activates Y by sending its phosphate group
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Interaction: xp+Y 4 X+ Yp

 Xand Yp can interact on channel d
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Interaction: xp+vY . X+ Yp

o

Flo T

* Interactions can continue indefinitely...
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Interaction: xp+vY . X+ Yp

reaction |propensity (s1)

a 100-100-100

d 0

d jﬁ

s v

 What happens if we mix 100-Xp and 100-Y ?
* Assume rate(a) = 100s* and rate(d) = 10s?

* An Xp and Y protein can interact on channel a.

Ko
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Interaction: xp+vY 2 X+ Yp

"GP
ja

4

x

1

a
d

Ko T

reaction

propensity (s1)

100-99-99

10-1-1

a

* An additional Xp and Y protein can interact.

105




Interaction: xp+vY 2 X+ Yp

"GP
ja

@

i

* An X and Yp protein can interact

106

2

a
d

o T

reaction

propensity (s1)

100-98-98

10.2.2

a




Interaction: xp+vY 2 X+ Yp

reaction

propensity (s1)

100-99-99

10-1-1

4

o T

|

a
d
ja

d

® @

* Eventually an equilibrium is reached...
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Interaction: xp+vY 2 X+ Yp

reaction

propensity (s1)

100-24-24

10-76-76

a
d
ja

& £

‘® @

Flo T

e Atequilibrium when rate(a):-[Xp][Y] = rate(d)-[X][Yp]
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Interaction: xp+vY 2 X+ Yp

— Apj
100 — A0
i
'l.
a0 “I'. T
\ N NN >
\ L
1
ILI.. _.I"
B0+
| M
"‘*,[;
{\,
A0+
/ L
I|' ‘w._\
i ¥
|!l Ty ., S PN—
20+ e
l.'
|
0 I I I I I
0 0.0002 0.0004 0.0006 0.0008 0.001
Time

e At equilibrium: 100s-[Xp][Y] = 10s*-[X][Yp]
 Approximately 24-Xp and 76-X



Binding: X +y P X'y’

X = b(u).X' Y =b(u)Y'
X' =u.X Y'=uY

e Xand Ycan bind on channel b
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Binding: x +Y &b XY’

e X'and Y'can unbind on channel u
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Binding: x +y P X'y’

 Binding and unbinding can continue indefinitely...
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Binding: x +y P X'y’

reaction |propensity (s1)

b 100-100-100

u 0

100@ 100 .

(g )B(u) <1_J(u) vﬁ

Xw Y

* What happens if we mix 100xXp and 100xY ?
* Assume rate(b) = 100s* and rate(u) = 10s?

* An X and Y protein can bind on channel b.
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Binding: x +y P X'y’

reaction |propensity (s1)

b 100-99-99

u 10-1

 An additional X and Y protein can bind.
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Binding: x +y P X'y’

reaction |propensity (s1)
b 100-98.-98
u 10-2

(g )B(u) <1_J(u) vﬁ

@y
2

e An X'and Y’ protein can unbind on channel u
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Binding: x +y & XY

reaction |propensity (s1)

b 100-99-99

u 10-1

* Eventually...
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Binding: x +y P X'y’

reaction |propensity (s1)
b 100-3-3
u 10-97

= [ve

@y
97

117

(g )B(u) <1_J(u) vﬁ

e At equilibrium when rate(b)x[X][Y] = rate(u)x(u) ([X'] [Y'])




Binding: x +y o XY’

— M
100 — A0
— A e — B ___——""""--.. - .\_-"_——..__._\_ .
A v Al
g
y
[
i
EEI—-I
I
G0
a0
I
20H
\
et . s — . " _J_.J"»
0 | | T |
1 1 1 1
0 0.005 0. 0014 n.oz
Time

e At equilibrium: 100s-[X][Y] = 10s%-[X'Y"]
 Approximately 3-Xand 97-X"Y’
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Programming the Immune
System

Neil Dalchau, Luca Cardelli
Leonard Goldstein, Tim Elliott,
Joern Werner & Andrew Phillips
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Programming the Immune System

Understandmg What to Program

Designing DNA vaccines "
to improve the immune response 1

120 Science Photo Library



MHC: A Biological Virus Scanner

©2005 from Immunobiology, Sixth Edition by Janeway et al.

Reproduced by permission of Garland Science/Taylor & Francis LLC.
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MHC: A Biological Virus Scanner

©2005 from Immunobiology, Sixth Edition by Janeway et al.

Reproduced by permission of Garland Science/Taylor & Francis LLC.



T lymphocytes targeting a cancer cell




MHC | Structure

* |Interaction of MHC | with peptide
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Tapasin affects relative presentation

©2005 from Immunobiology, Sixth Edition by Janeway et al.

Reproduced by permission of Garland Science/Taylor & Francis LLC.
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Peptide
generation

Peptide
binding

%
[dr |

=

Peptide
degradation

Peptide
unbinding

Individual-based model

MHC

peneration

Peptide
binding

g &

MHC degradation

Tapasin binding

br(ur)

- ur

Peptide Peptide
unbinding  binding

*—urv

Tapasin unbinding

MHC egress

MeP

Peptide unbinding

Me

126

I

Tapasin unbinding

b{u )-a

u;-q

MHC degradation

T™MP

Peptide
unbinding

—{dwe }—> @

%]

Tapasin
generation

MHC
binding

;

ur

T'apasin
degradation

MHC
unbinding



Reaction-based

gm MHC supply
d

br .
M ur ™
Tapasin binding

7

g; Tapasin supply

Peptide supply
d !
P — BT L %]
dr
b |Peptide binding Peptide binding [ ¢
1; . u;q +
. Tapasin unbinding .
-
] UT'V
MP; T TMP;
MHC egress
. Peptide unbinding MHC degradation
@
MeP; Me
I ]
127

M+T

Me

M+ P,

TM+ F;

TMP;

MP,

MeP;

model

9nM

dng

d,%e

Tle

dp

&

M

TM

MP,

TMEP;

T+ MP;

MeP;

Me



Principle of peptide filtering

A single peptide-MHC complex
Competition between unbinding and egress

Ilﬂ'l“idf . .
MHC egress

unbinding

M ‘_E MP; E_’ MeP;

u; €
P(egress) =

P(unbind) =
u; + € U; + €




Principle of peptide filtering

Multiple peptide-MHC complexes
Determine expected number of egressed complexes

Ilﬂ'p“dif . .
MHC egress

unbinding

M ‘—E. MP, .E—’ MeP;

XNi

\MeP;|* = N;
U; + €
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Principle of peptide optimisation

Populations of multiple peptide-MHC complexes

A XN| ‘ I
M | o (b, | T (e, B
— )
a- 06}
®) N\ o C
= 04}
M MP, MeP, S
— 02t
_.—--""'"'.'
xN 0 I 4 I—"
°® ’ ® 107" 10° 107
M i mp, L (Meps ‘
[ —

(MeP)]"
S [MeP,]*

O(]\JGP;;) —
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Peptide optimisation with tapasin

#)
™ <149 TMP;
Peptide xN;

unbinding

u-v | Tapasin unbinding
Peptide . .
indi MHC egress

unbinding

M «—{uib— MP; —{el— MeP;

Mep) = NV ¢
o “uiq + (urv) u; +e
_ N? €Zr € e :)} 0 Nz % = urv
u; +x u; + e u; q
MeP;)* om0 N jul
OMer) = MBI o N/
> [MePy] > Nh/zzk

131



ODE model

gmM
g = M d[M] A "y
dnt 5 = Z wi[ MP] + ur[TM] + gar
aT
g = T — (b [P+ br[T] + dar)[M 1
- {g[ |+ br[T] + dar)[M] [1]
b Al _ > [TMP] = (br [M] + dr) [T
MAT Z rum yr = ur [TM] + gr + urv | [TMP;] — (br[M] + d7)[T]
’ [2]
1. AMe 1IN,
Me X o ‘ d[“;;PE] = bM|[F;] + urv[TMP;] — (u; + e)[MFP;] [3]
i)
%op d[TM] " _ v v
o = B —— = br[M][T] + {;Z w; [TMP] — (ur + cZE:[Pi]][T;\-I]
) [4]
M+P, = MP D
d[T‘;:P d ba[TM][P;] — (uiq + urv)[TMP;) [5]
i1
TM + P, <j TMP; JE}] = Hz[ﬂ'."lrp-i.] + ttg'{}'[Tﬂ'IrP@] + g:
wi-q
— (b[M] + c[TM] + dp)[P;] [6]
TMP, 5" T+ MP, ff’-[ﬂ{:ﬁ] = ¢[MP,] — u;[MeP] [7]
ol
[ Me
MP, S MeP, % = il MeP;] — dase [Me] 8]

T

MeP, X Me 132



ODE analysis of peptide filtering

1 e €
MeP;|* = b[M]* [T M|*)[P;]*
(MeP]* = -t (bM]* 4 ——c[TM]") [P
[TM]* > [M]l [P]" ~ gi/dp
X e 1
5 O 2 -
[J\IE”P%] ~ g u%—|—gj ’iL?;—|—€ U

Supply Tapasin ER  Surface

LT = urpv/q C =c/[TM|"/dp



ODE analysis of peptide optimisation

@

srly
® {0 [

o y

o o : -

MP; MP; =

[ [

MeP; Me @ MeP; Me ?

MeR]" _ gi/(ui(ui +¢)) MeP|* gi/(ui(u; +e)(u; +x))
DopMePer 3oy gk/ (uk(ur +€)) S MePel* >, gr/(uk(ug + ) (ug + )
e,x—30 g?/u? e,x—0 gi/'u-?
>k /U, r Dk Gk /Ui
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Peptide optimisation over time

Three representative peptides P, P eq; Prign

%)
gm
du . _
A - Tapasin B + Tapasin
20000 T T T T 5000 T T T
B4402 o
br N 15000} o 4000 '?
M ur ™ £ £ e
g 3000 2
; o
10000 % %
%) & s 2 2000( f S °
5 sooof | € ] 5 ©
= o 2 1000
dp 7 ‘@ o) o ‘B
c c
dT %} i 0 =0 emeE———— | o o]
- S £ 1000 - : : ; = 1500
® u- & B2705 z
q s S0 H\U\b 1 =
=] =4 =]
= £ = 1000
o o S E | =
© ]
< ; =)
< ur-v 400 = 1
MP; — TMP; : o 500
200 o
0 0
m—— Simulated total labeled MHC © Experimental data: 4° C
m—— Simulated medium and high affinity peptide-MHC complexes © Experimental data: 37°c
m—— Simulated high affinity peptide-MHC complexes © Experimental data: 50° C
—{ui}— —{dwe }> @ p
MeP; Me
— —

Experiments by Williams...Elliott, Immunity 2002 135



Model Parameters

Description Parameter Measured Range My,
Production of tapasin in the ER 2T Fixed
Degradation of tapasin in the ER dr 107 —107% 1726 x 1073
Production of MHC in the ER oM Fixed
Degradation of MHC in the ER dyg 2—3x 107457111, 12] 10-% —10-1 7080 % 1075
Degradation of MHC at the cell surface d Me 24 x 1041 [g] 10-%—10-1 0320 x 107
Degradation of peptides in the ER dp 013571 [5] Fixed 13 %1071
Binding of tapasin to MHC br 101 —107% 1663 % 1077
Unbinding of tapasin from empty MHC uT 10-°—10-1 1185 x 10-°
Binding of peptide to tapasin-bound MHC c 10-% —107% 8308 x 10-*
Effect of tapasin on peptide-MHC unbinding q 1—10° 2104 » 10t
Effect of peptide on tapasin-MHC unbinding v 1—10° 9.363 x 10°
Binding of peptide to empty MHC b 0.2 -2 % 10°M~1s=1[11,13] 10" —107° 3177 x 1011
bparos 101 —107% 1945 x 1077
bpasos 1071 105 4367 x 10~

Egression of loaded MHC from the ER

Unbinding of peptides from MHC

Active transport of peptides into ER

¢
(] P

Hmedium
() high
Slow

Smedium

Lhigh

7.8 % 107% —4 % 1073 51 [13]

1.3-33x10"°Ms~1[3]

136

1074 -1
10-% — 102
10—% — 102
10—% — 102

1—10°

1—10°
1—10°

1.142 % 10-1
8764 x 104
5,658 % 10-°
4177 = 10~
2.003 w 10*
1.759 x 10t
1.064 x 10*



Fitting Parameters to Data

'2[]0{] rrrr 1 1 T T T T Trrrrr1 111111 17 17T 17T 17 17 17 17T T 1T T T 1T T 1T T T T T TTT
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Peptide optimisation over time

Separate plots for different MHC complexes
A - Tapasin B + Tapasin ¢
300p 300 100
[N - B4402 —— MeP,
250} 1 250
I RN MeP, 80
200f ! ~. 200 — MeP,
! ~a Total MeP 60
! =~ —
150} | - 150
! — 1
100} ! 100 - - = MP,
! —_— 2
I
50} 50 = = = Total MP 20
i -—=M
. olidemmm L | T™P, 0
300 TN T™P, 100
. [
0l b gzvos | =7 TMP, 3]
S " < 200t ¢ 7 e Total TMP £ 80
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< 200f |4 < &
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J ! © S
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5 \ g 100 2w
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e O 50 T 20
' E
I =
0 0
250 250 100
! B4405
200 200 80
150 150 B 220-Tpn (Da)| &0
o 220 (Data)
100 100 Model +Tpn 0
- — = Model Tpn
50 50 20
0 — 0 : 0 s s s s
0 30 60 %0 120 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) 138 Time (min)



Peptide optimisation at steady-state

A SIINFEKL peptide and 2 background peptides

M
d

!Qﬂ N
M lur| ™
&
P g7
2
b c
1 . ;- q
[ ) o
< e |
MP, Y] TMP;
[ )
@
MeP; Me
| |

Experiments by Howarth...Elliott, PNAS 2004

p
=)

% Maximum fluorescence
from mAb 25.D1

SIINFEKL
SIINFEKY
SIINFEKM
SIINYEKL

oq0<

0 Tl | - g
0 5 10 15 20

Time after addition of brefeldin A (h)

10

10

Total K® with mAb Y3 M

10

yA yepm— ~ A wy  g—

A 220-Tpn (Data)
A 220 (Data)
—\l0de] +Tpn
= == Model -Tpn
o Model +Tpn (2.5x peptide supply)

(o] Model -Tpn (2.5x peptide supply)

5 10
Affinity (1/off-rate) , g%
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Optimisation of HIV peptides

Chop up protein sequence of HIV into peptides

Predict presentation from peptide off-rates and
abundance.

A x10° B x 10
& . . . 3 .
T o B2705 o +tpn
oorr ° o B4403|1 55l * -tpn ol
26l [ 1B2705|| § KRWKTSDKK
o [ 1B4403|| ® , KRWIILGLNK
L - i
2 9 2
= L
2 47 | [] Q1 5;
= — | @
==
S 3t £
o = | |
2 =
o 2f S
2 ke 05
[1H] i e
o DEDLPVSFY, 4
0 0 0 -2 -4 -6
10 10 10 10

Rate of peptide-MHC disassociation
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Summary

A kinetic model of MHC class | antigen
presentation

interactions with the chaperone molecule tapasin.
Principle of peptide filtering

guantify peptide optimisation as a function of peptide
supply and peptide unbinding rates.

Tapasin improves peptide optimisation
by accelerating peptide unbinding.
Peptide optimisation across MHC class | alleles

can be explained by differences in peptide binding.



Scientific Challenges

* Predict the immune response to a given virus

N

MPLSYQHFRKLLLLDDEAGPLEEELPRLA....

BIMAS Off-rate predictor Viral protein sequence

|

A x10 } B W
~ 4 Eﬁ 25
0 o B2705 & o 1
a 35( ° o B4403 r 3 . _:EE o
g , [__1B2705 ¥ u n‘“ g 2 KRWIILGLNK
x el E_1B4403 i <
0 25 | o =
2 - H e = 15
2 2 L— ® ) 3
; R é Q.
2 ) d |4 MP, ™P, g
£ i 205
Q0.5 .
& Wi N M:v‘ e e ° AETGQETAY, 2,
10° 102 40t 10 b ARGk
Peptide off-rate (s?) Kinetic model Peptide off-rate (s?)
Off-rates and abundance Cell-surface presentation

* Towards a virtual immune system
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Future Work

Constrain peptide editing model with additional
experimental results

Predict effects of tapasin for different alleles (HLA-
BS, H2-K")

Include additional chaperones and MHC
conformational changes.

Unify peptide competition in the ER, presentation
at the cell surface and T-cell activation for H2-K"



Future Work

Predicting the adaptive immune response

ACTIVATED T CELLS MIGRATE TO
SITE OF INFECTION VIA THE BLOOD

S S

remnants of microbe activated activated T cell
[} in phagolysosome dendritic
cell

microbes

_— co-stimulatory

B ' protein
endritic ce s
mlc_roblal lymph node

antigen
MICROBES ENTER THROUGH ACTIVATED DENDRITIC CELL ACTIVATED DENDRITIC CELL
BREAK IN SKIN AND ARE CARRIES MICROBIAL ANTIGENS ACTIVATES T CELLS TO
PHAGOCYTOSED BY TO LOCAL LYMPH NODE RESPOND TO MICROBIAL
DENDRITIC CELL ANTIGENS ON DENDRITIC

CELL SURFACE
INNATE IMMUNE RESPONSE ADAPTIVE IMMUNE RESPONSE

144



Tutorial Summary

* Programming DNA Computers

— Microsoft Research: Matthew Lakin, Luca Cardelli
— University of Munich: Simon Youssef

* Programming Genetic Devices

— Microsoft Research: Neil Dalchau
— University of Edinburgh: Michael Pedersen
— University of Cambridge: James Brown

* Programming the Immune System

— Microsoft Research: Neil Dalchau, Luca Cardelli
— University of Cambridge: Leonard Goldstein
— University of Southampton: Tim Elliott, Joern Werner
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MSR Computational Science Lab

Focus

Research and development of novel computational
approaches to tackle fundamental problems in science in
areas of societal importance

Groups
— Computational Biology
methods to understand how living things work

— Computational Ecology & Environmental Science

methods to understand the structure, function and future of
Life on Earth

— Technology & Tools Group

Implement next generation of software tools for science



