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Definition

A “high-level” programming language is any
language that abstracts away many of the details
of how a computation will be implemented.



High-Level Language in SynBio

Systems

‘Can I have

three inverters™

—_— =

'Here's a set of POP
inverters, 1—=N, that each

send and receive via a

DE'VI.'EEE fungible signal carrier, PoPS.

T nead a few DINA
binding proteins.’

e

'Here's & set of DNA binding
proteins, 1—=MN, that each

recognize a unique cognate
DMA site, choose any.’

"Get me this DNA.
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High-Level Language in SynBio

Colony-Level Description

“Can | have this
network of parts?”

[ —_

“Here's a set of parts,
1-N, that implement
PoPS ‘W= PoPS M= PoPS Systems canlhave  YOUF Network”

HNOT .1 HOT.2 MNOT.3 2
= three inverters™

L rews. Lun

'Here's a set of POP
inverters, 1—=N, that each

» send and receive via a
Pnﬁi—b-ﬁ-. PoPS Devices fungible signal carrier, PoPS.
T nead a few DINA

binding proteins,”

[ e

'Here's & set of DNA binding
proteins, 1—=MN, that each

P a recognize a unigue cognate
I ts DMA site, choose any.’

"Get me this DNA.

A bt ke l ITP

TAATACGACTCACTATAGGGAGA DNA FRRERIE J3E CRIS



Why bother with HLLs?

« Accessibility: knowledge in software

« Scalability: routine work automated;
higher portability

 Reliability: less human code; verification

Is SynBio there yet? Maybe...



HLL Design

« How will a SynBio system be described?

« How will a high-level description be
transformed to in vivo execution?
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HLL Design

« How will a SynBio system be described?

MATLAB

a\ﬁsual Basic




HLL Design

« How will a SynBio system be described?

Is No thmg

MATLAB

‘é:———’_/

Java

PROGRAMMING
CANGUAGE

PTIENTHE ILALL SOTTWATE SETIES



HLL Design

« How will a SynBio system be described?
Is Nothing
o\ erythmg

java

PROGRAMMING
LANGUAGE




HLL Design

« How will a SynBio system be described?

/ntax Is Nothing
: S - 's Evemh’ng

YOUR

"~ DOMAIN



What do we really need?

e Primitives
« Means of Combination
e Means of Abstraction

Everything else follows...
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Computation via Transcription Network

regulatory
protein /\

\

DNA Ipromoter

o, RNA

)/
ribosome

Protein



Computation via Transcription Network

regulatory
protein /\
RNA

\ PN

%
I
DNA promoter

Decay @ & Alternatives:

Protein PoPS
Signal = Concentration RNA concentration

Stablizes at decay = production



GenoCAD [Cai et al., '07]
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Operon
Promoter
Cistron

RBS

Gene

Terminator
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proml rbsl lacl rbsl tetR b0012 prom2 rbs2 gfp bOOI5 prom3 rbs3 gfp bO0OIS

cgcgatggagcaaaagtacatttaggtacacggcectacagaaaaacagtatgaaactctcgaaaatcaattagcectttttatge
caacaaggtttttcactagagaatgcattatatgcactcagegetgtggggcattttactttaggttgegtattggaagatcaag
agcatcaagtcgctaaagaagaaagggaaacacctactactgatagtatgccgecattattacgacaagctatcgaattatttg
atcaccaaggtgcagagccagecttcttattcggectt......

CFG to generate/check part sequences

° ctcacttttgccctttagaaggggaaagctggeaagattttttacgtaataacgctaaaagttttagatgtgctttactaagtcat




Eugene [Densmore et al., '10]

Devi ce xor(cp, lacl, tetR rpTypel, gfp, rpType2, gfp);

IPTG alc
lacl tetR G FP G EP
cp lacl tetR rpType1 gfp rpType2 afp

Circuit “parts list” w. constraints, variables



GEC [Pederson & Phillips, '09]
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pronkcon(RT)>; rbs; pcr<codes(PA) >, rbs; pcr<codes(PB)>; ter

Transcriptional logic programming



Proto [Beal & Bachrach, '08]

(def band-detector (signal o hi)
(and (> signal |0)
(< signal hi)))

(let -

((v (diffuse (aTc) 0.8 0.05)))
(green (band-detect v 0.2 1)))

alc 0.8
e ”Ea\

]dlfoSEi 0.2 1

§ \7' C

,_-___‘\
—-— ™,
~ |
I\.___ o

Functional space/time dataflow



Proto [Beal & Bachrach, '08]

* High-level primitives map to GRN design motifs

Coding for motif-internal proteins

Repressed by first input Terminators
(primtive and (bool ean bool ean) bool ea
cgrn-notif ((P hlgh arg ’?XT
T
))

P h| ?X
Repressed by second input i 9*? R— 9 )ﬂ out put s
Promoters with high basal expression Codlng for output proteins

Repressed by motif-internal proteins

arg0

arg1



Agenda

 What's "high-level language”, and why bother?
» State of the Art
* Proto & Tool Chain



Prototype Tool Chain

Stages for Engineering Cells

Tool Chain

Description

*Programming language constructs
+Cell to cell communication
+3Stateftime representation

+Analog computing components

[ Organism Level

Sk

+Compiler

*Motif mapping

+Optimizations for regulatory netwo
*Constraint analysis

i
:  High level
t simulator ;
High Level e | %
Description ST
i

: Coarse chemical
: simulator

Abstract Genetlc

Nl -
Regulatory Network L ]‘

*Part characterization databases
*Mapping between abstract and
actual parts

g

r'y
Detailed chemfca!

simulator

sAssembly workflow generator

+Assembly robot ?>

Testing

BluBrlck
Sequence

4
Assembly
Instructluns i)

{ Cells

a2

Feedback Loop

: +Add new abstractions in to the library
. +Enhance the language with new

constructs

*Representthandle new constraints
- «Additional optimization techniques

*Manufacture and analyze new parts
-Register hew parts into the database

+Update simulation models to reflect

. the actual behavior

*Update the parts database with newly
. discovered characteristics

. +Analyze the successifailure of

assembly technique



Abstract GRN Design Space




Abstract GRN Design Space

R <10 nM/s e [2,1000] t>300s
H e [1,4] [X] € [0,1000] nM
D € [10,1000] nM




Major Challenge: Interference

» Effective part characterics changed by:
* Cellular context (endogenous pathways, synthetic parts)
* EXpression noise

» Our approach: noise-rejection

 Digital - static discipline: V

< . o< .
low,out low,in high,in high,out

A

high,out

[Out]

Iow,out_
>

in]

low,in high,in

But part variance makes a uniform standard impossible!



Parameterized Standards Families

 |dentify “standards family” parameter relation
» Create library of characterized part variants
» Adjust part choice to match on junctions
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Parameterized Standards Families

 |dentify “standards family” parameter relation

» Create library of characterized part variants

 Adjust part choice to match on junctions
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Parameterized Standards Families

 |dentify “standards family” parameter relation

» Create library of characterized part variants
 Adjust part choice to match on junctions

A

A

L

.




Mean Fluorescence

Experimental Input to Family Relation

1000
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=
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[Weiss, '01] | \.+
0.1 1.0 10.0 100.0
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Model constrained by characterization experiments...



Prototype Tool Chain

Stages for Engineering Cells

Description

Tool Chain [ Organism Level | Feedback Loop

*Programming language constructs
+Cell to cell communication
+3Stateftime representation

+Analog computing components [

+Add new abstractions in to the library
*Enhance the language with new
constructs

High level
simulator

TEETEETEY =

v

High Level £ dutmct i omre:

LE migoal T bacsssald:

Description alev oo

*Compiler ?C‘oarse chemical B *Representhandle new constraints

*Motif mapping t simulator -Additional optimization techniques
+Optimizations for regulatory networl c—| 1 .

*Constraint analysis

Abstract Genetic “".\:' e
Regulatory Network

*Manufacture and analyze new parts
: *Register new parts into the database

[ BioBrick (CHEmeHy ].

*Mapping between abstract and
actual parts

assembly technique

Sequence .
4 . *Update simulation models to reflect
-Assembly workflow generator ! : % the actual behavior
: : +Update the parts database with newly
Assembly 5 ™™ F - discovered characteristics
Instructions a7 7|): . +Analyze the successifailure of

+Assembly robot }::> Testing

[ Cells

z@




Motif-Based Compilation

* High-level primitives map to GRN design motifs

e e.g. logical operators:

(primtive not (boolean) bool ean
. bb-tenmplate ((P 0.193 R arg0 RBS outputs T)))

argO/N r" = o | output



Motif-Based Compilation

* High-level primitives map to GRN design motifs

* e.g. logical operators, actuators:

(primtive green (scalar) scalar :side-effect
. bb-tenplate ((P R+ arg0 RBS G-P outputs T)))

/\ /—\
arg0 [ [GFP] [ ]  output



Motif-Based Compilation

* High-level primitives map to GRN design motifs
e e.g. logical operators, actuators, sensors:

(primtive PTG () scal ar
. bb-tenplate ((P 0.193 RBS Lacl T)
(rxn Lacl (IPTG 180000) -> Lacl*)
(P 0.193 R Lacl RBS outputs T)))

IPTG

|
N ou

Lacl output




Motif-Based Compilation

* Functional program gives dataflow computation:

(green (not (IPTQ))



Motif-Based Compilation

* Functional program gives dataflow computation:

(green (not (IPTQ))

3



Motif-Based Compilation

* Operators translated to motifs:



Motif-Based Compilation
* Operators translated to motifs:

IPTG .’ Y : ‘ ‘\

I ‘Lac I outputs  arg0 I outguts arg0 I [GFP] outputs




Motif-Based Compilation

* Operators translated to motifs:

| |
’ [ ] “ s
’ [ 1 1 A}
' I 1 “ “
N h : ' *
IPTG .’ e ; ,‘ '
A v .’ B
I ‘Lac I :OUtEUtS argO : I Ioutguts argO- I [GFP]: outputs.
..... ‘_, “~_'__—' '
) ’ 4
) q 'l
IPTG ' N K
J— ‘| ’ "



Optimization

IPTG

.Dﬁ\’



Optimization

IPTG

.Dﬁ\’

PTG @ Copy Propagation

1
[ 8 e Cem




Optimization

.Dﬁ\’

PTG @ Copy Propagation

1
[ 8 e Cem

@ Dead Code Elimination

IPTG

1
[ S & Toem




Optimization

IPTG
1

[ 5 e Com
PTG @ Copy Propagation

1
[ 8 e Cem

@ Dead Code Elimination

IPTG
= —

s =
PTG @ Dead Code Elimination

1
e Iy el



Example Complex Compilation

e 2-bit adder:

(def xor (a b)
(or (and a (not b))
(and b (not a))))

(def 2bit-adder (al a0 bl bO)
(green (xor a0 b0O)) ; low bit
(let ((cO (and a0 b0))
(x1 (xor al bl)))
(red (xor x1 c0)) ; high bit
(blue (or (and x1 c0) ; carry bit
(and al bl)))))

(2bit-adder (aTc) (I PTG (c4HSL) (30C12HSL))



Example Complex Compilation

2-bit adder:




Sample Optimization Results:

Proteins Functional Promoters Delay
Units (Repressed /Activated /Constitutive)  Stages
Single-Not  Unoptimized 4 4 4 (2/1/1) 3
Optimized 3 3 3 (2/0/1) 2
% Improvement 25% 25% 33% 33%
Three-Gate Unoptimized 10 10 9 (7/1/1) 5
Optimized 4 5 4 (3/0/1) 2
% Improvement 60% 50% 55% 60%
Quad-Not Unoptimized 7 7 7(5/1/1) 6
Optimized 2 2 2 (1/0/1) 1
% Improvement 71% 1% 71% 83%
9-bit adder  Unoptimized 55 56 53 (37/15/1) 12
Optimized 26 23 24 (19/4/1) 7
% Improvement 52% 59% 55% 42%




Prototype Tool Chain

Stages for Engineering Cells

Tool Chain Organism Level oﬂ“" - Feedback Loop
Description / 1% .

*Programming language constructs 'y - . . .
-Celﬁ:o cell cgmmgnic%tion i High level *Add new abstractions in Fo the library
+State/time representation ! simulator i *Enhance the language with new
+Analog computing components 2 - . constructs

High Level G et

Description U
*Compiler ?C‘oarse chemical : *Representihandle new constraints

*Motif mapping

: simulator : +*Additional optimization techniques

*Constraint analysis

il

*Part characterization databases : 1 ; *Manufacture and analyze new parts

*Mapping between abstract and *Register new parts into the database
actual parts 1
BioBrick
Sequence

7 +Update simulation models to reflect
% the actual behavior

«Update the parts database with newly
Assemhlly 5 i P - discovered characteristics
Instructions aa 0 : +Analyze the successifailure of

assembly technique

LR LR ’

+Assembly robot }::> Testing
L

4




Abstract Feature Mapping

e Parts Database: bipartite regulation graph

Regulating Proteins Promoters

Find a non-conflicting subgraph isomorphic to design




Initial Feature

Matching Results

AGRN

= Java - Eclipse SDK

Eile Edit Mavigate Search Project Rum  Window Help

i - B -0-Q EE G B o -

|2 Prablems | @ Javadac [ [, Declaration | Bl Cansole &3 [E] Task List

g <terminated= Solver [JUnit] C:\Program Files! Javaljredibinyjavam. exe (Mov 23, 2010 4:12:55 PM)

ICE Initial domain:

1'3 Target: Zal

. |Candidates: { P4 }

g Target: ?bl
Candidates: { R1 }

= Target: ?a

o Candidates: { F1 PZ F3 1}

O= ITarget: 7hz
Candidates: { RE3 R1 }
Target: b3
Candidates: { B3 RZ R1 }
After multiple iterations of arc consistency:
Target: Zal
Candidates: { P4 }
Target: bl
Candidates: { Rl }
Target: ?a2 ?al = P4
Candidates: { P2 } >
Target: hZ ?bl e Rl
Candidates: { R3 R1 }
Target: ?h3 —
Candidates: { R3 Rz R1 } ?az - P2
Finmgiwassignments
a1l = P4 ?b2 = R3
?hl = R1
ez - p: ?b3 = R2
YhiZ = B3
"h3 = R2

i

Induce

‘)Qaz( Family: PFromoter Fe

*h1{ Family: Regulator Feature:nully

REpress
ali( Farmily: Promoter Feature:null)

Ojanpon

?b2{ Family. Regulator Fa

QEF’GMUIIU;I

b3 Family, Regulator Fg

Database

F1{ Family: Promoter Feature:null

F3( Family: Promoter Feature:null

2{ Family: Promoter Feature:null}
Tnduse

Farnily: Regulatar Feature:null)

F4{ Family. Promoter Feature:null)

R3{ Family: Regulatar Feature:null




Prototype Tool Chain

Stages for Engineering Cells

Tool Chain Organism Level oﬂ“" - Feedback Loop
Description / 1% .

*Programming language constructs ) - . . .
+Cell to cell communication 1 High level : .Eﬁﬁ:ne:: ?::T;d:f:semw;"t?_lt::u::braw
-Stateitime representation i simulator H constructs guag
+Analog computing components 2 -
High Level 4 6 ot
Description St T
*Compiler ?C‘oarse chemical *Representihandle new constraints
*Motif mapping t simulator ¢ +Additional optimization techniques
+Optimizations for regulatory networc—| 1 .
«Constraint analysis - "
Abstract Genetic T
Regulatory Network e |
Part characterization databases H Detailed chem :ca! *Manufacture and analyze new parts
*Mapping between abstract and simulator : *Register new parts into the database

Sequence

sAssembly workflow generator ’\::>

[ Assembly

[ BioBrick

+Update simulation models to reflect
the actual behavior

*Update the parts database with newly
discovered characteristics

+Analyze the successifailure of
assembly technique

Instructions

+Assembly robot }::>

[ Cells

lllllllllllllllllllll’

z@




Clotho: Planning for Assembly

Expression vector:

P term Py,

' ol L ra-ml L
[ term dbl term
" po T I

Composite biological parts: i i
Plae

= wa e

term

= = T

term dbl term

s gy 10

term P

P

Tae

"

term

o e LL i =
\t / \ / term  Pla

R B OEsm sl
N e N\ ./

term P term P

e —m&—?ﬂbf
\ term Py, term Py,

term Prge

EcoRl Bglll Ban‘iHI Xﬁlol Ecn'FtI Bl BamHI Xhol
partB
l BamHI/xhal lﬂgﬂlﬁXhol
EcoRl Bglll BamH| Xhol Bgill BamHI| Xhol
L partB

EcoRl Bgll

l Ligation

BamHI/Bgll scar

ATCT BamHl Xhol
partB
| m CCTAE s | - |

abc

\/

/
abc

S - .

term P, \4

term P,
EcoRl Bgll

BamH| Xhol

A S e S S e S i

cd abc d

\/
——i) bc

/
cd abc bcd

Courtesy: Nathan Hillson



Automated Assembly




Toward a broadly integrated future...

Stages for Engineering Cells

Tool Chain

Organism Level

*Programming language constructs
+Cell to cell communication
+3Stateftime representation

+Analog computing components

|

SR

+Compiler

*Motif mapping

+Optimizations for regulatory netwo
*Constraint analysis

[

Description

i

:  High level

t simulator ;
High Level e | %
Description ST

I

Iy

: Coarse chemical
: simulator

bstract Genetic

Regulatory Network

T |

*Part characterization databases
*Mapping between abstract and
actual parts

g

r'y
Detailed chemfca!

simulator

sAssembly workflow generator

*Assembly robot

|

Testing

BluBrlck
Sequence

4
Assembly
Instructluns i)

{ Cells

a2

T M -
= b .
K, L
\'--'_“ "
- %

Feedback Loop

: +Add new abstractions in to the library
. +Enhance the language with new

constructs

*Representthandle new constraints
- «Additional optimization techniques

*Manufacture and analyze new parts
-Register hew parts into the database

+Update simulation models to reflect

. the actual behavior

*Update the parts database with newly
. discovered characteristics

. +Analyze the successifailure of

assembly technique



Available Free Open-Source Tools

Proto Clotho
http://proto.bbn. com http://clothocad.org

| 00 Proto: the Language of Space/Time . B}
e0o0 clothocad.org =
= . (*Y- coogle o ( €]
Q:D @ Q @ [ || [ http://proto.bbn.com/Proto/Proto.html 17 v B Google Q) GD_ D @ [ gt/ felothocad.org/ 37 v MR Coogle Q)
a
Proto Screenshots Downloads Support Credits

Download Clotho Browse A
| ‘ ves  @ciong

Proto: the Language of Space/Time

33 CLOTHO

Download
Glotho

Clotho is for engineering synthetic biological
systems and managing the data which is used to @
create them. It also provides a mechanism to begin

the process of creating standardized data,

algorithms, and methodologies for synthetic

biology.
3. Specify, Design, - 5.Develop
Assemble
w s
‘1' * BQ
" =
STON -
AbOUt Pmto Connect to repositories Choose the apps you Create the biological Share your designs Create your own apps
. . N . of biological data rant to get your job system you desire ith other groups and and share them with
Proto is a language that makes it easy to write complex programs for spatial computers, e . fmey o YSIEm Yo S8 . msmsﬁo:z the Clmn:) onmm‘:;my
and MIT Proto is an implementation of that language, currently primarily maintained at «® r
BBN Technologies.
Done A Done A

High level design, simulation = Data management, automation


http://proto.bbn.com/
http://clothocad.org/

Backup material



Simulation Results

* Prototype compiler generates GRNs that
simulate correctly for a limited language subset

 Example: 2-bit adder

al carry
al

vy

vy

x0
b1

b0

vy




Simulation Results

* Prototype compiler generates GRNs that
simulate correctly for a limited language subset

 Example: 2-bit adder

| > true

al carry

vy

x0
b1




Simulation Results

* Prototype compiler generates GRNs that
simulate correctly for a limited language subset

 Example: 2-bit adder

> true

al
a0

b1
b0

carry

x0

vy




Simulation Results

* Prototype compiler generates GRNs that
simulate correctly for a limited language subset

 Example: 2-bit adder

2

330

alc

1

1

vy

IPTG

0

1

C,HSL

C HSL

1

al
a0

b1
b0

carry

x0

» blue true

0

» red 1

" » green



Simulation Results

* Prototype compiler generates GRNs that
simulate correctly for a limited language subset

 Example: 2-bit adder

(macro xor (a b)
(muxor (nuxand ,a (not , b))
(muxand ,b (not ,a))))

(macro 2bit-adder (al a0 bl bO)
(all
(green (xor ,a0 ,b0)) ; x O lowbhit
(let ((cO (nmuxand , a0 , b0))
(x1 (xor ,al ,bl)))
(red (xor x1 c0)) , X_1 high bit
(bl ue (muxor (nuxand x1 cO0) ; carry bit
(muxand ,al ,bl))))))

(2bit-adder (aTc) (I PTG (c¢4HSL) (30C12HSL))



Simulation Results

° Complled 2'b|t adder - 2-Bit AddlerSample Outputs
(unoptimized) . [ —

400

* 60 signal chemicals

e 52 regulatory regions = 4

« Generated ODE
simulation in MATLAB

00+00 || 10+01 || 11+10 | 01+01

Concentration

= 200
150
100

50

Bit 1 0
Carry
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