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TOC ®

MGS

1. Introduction
from silicon based information processing
to fluid (biological) machines

2. What are the good abstractions for fluide machinery ?
towards the engineering of biological systems

3. The MGS project
declarative spatial computing

4. Modeling morphogenesis
the growth of the meristem

5. The iGEM-Paris 2008 device
a synthetic « multicellular bacterium »
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Home message ®

MGS

1. New kind of computational machines with “dynamic structure”
strange loop between structure and processes
not new (program = data)
but not understood (e.g., type discipline to avoid that)

2. Space matters
compartmentalization and beyond

3. Killer app.
systems & synthetic biology
the nano-world: form=function

4. Usual tools of computer science are relevant
but the focus, the questions and the answers are new
e.g., termination in rewriting

5. Versatility of the MGS approach
time evolution = rewriting strategy
kind of space = kind of objects to be rewritten

CMC 08/2011 — Jean-Louis Giavitto 3



from
silicon based information processing
to
fluid (biological) machines



A story that could have been parallel... ®

MGS

« 1928 : DNA as the support of the genetic
1936 : the Turing machine information

1944 E. Schrodinger: « program » and genetic « code »
e 1947 : the first transistor

1953 : DNA structure

e 1958 : first integrated circuit

e 1962 :idea of computer network
1967 ARPANET

e 1971 : first microprocessor

e 1972 : electronic mail
72773 : RNA sequencing

* 75 :DNA sequencing

e 83:PCR
e 89~90: WWW
e 90 : start of the commercial internet
* November 2009 : Cray Jaguar * 1989 22001 then 2003 :

1.75 petaflops (10%° flop/s) the human genome project

CMC 08/2011 — Jean-Louis Giavitto 5



... but whose initial motivations are greatly different ®

MGS

Some common concerns: concepts of

* storing

* replicating

* communicating

* modifying

(genetic) informations are studied in computer science (biology).

But there is a great difference between computer science and bio:

 Computer science leads to the engineering of artefactual devices
everything is developed from scratch, from hardware to software

* Biology is a natural science
studying preexisting systems shaped by evolution

However, the technology making possible the
design and the building or the synthesis
of biological machines now exists

CMC 08/2011 - Jean-Louis Giavitto 6



Computing, yes but why?

* Linear algebra with wetware?
parallelism? Cf. the moral of the DNA computing story!

* Cyberphysical systems
tight coupling between computational processing
and physical behavior (i/o)

— 15t generation: embedded systems
aerospace, automotive, chemical processes, civil
infrastructure, energy, healthcare, manufacturing,
transportation, entertainment, consumer appliances, etc.

— 2" generation: nanomachines
cells as programmable and replicable chemical plants

CMC 08/2011 — Jean-Louis Giavitto



Technological developments

MGS

1906 Triode (L.D. Forest)

1925 FET transistor (Julius Edgar Lilienfeld)

1947 Bell Labs, John Bardeen, Walter Houser Brattam
& William Bradford Shockley T |
the first contact transistor

1958 First integrated circuit (TI)
1973 PDP8 (DEC)

1971 15t microprocessor (intel 4004 — 2250 transistors)

1972 Intel 8008 (8 bits)

1978 Intel 8086 (16 bits)

2007 Intel Xeon 7150, 1.3x10° transistors, 3.5 GHz, 150 watt

Simulation on Blue Gene (4096 pe, 256Mo RAM - 360 T-flops)
of 1 second of half mouse brain functioning

CMC 08/2011 — Jean-Louis Giavitto



The law of Mr. Moore

MGS

2,000,000,000 —
1,000,000,000 —

Transistor count

Graphe original de Gordon Moore en1965
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CPU Transistor Counts 1971-2008 & Moore’s Law
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An extraordinary decrease

MGS

On the road to a billion transistors
per chip, transistors are so small

-
-
® f that about 200 million of them
could fit on the head of each of
U 4 b these pins.
5 ‘ \ | /

The price per transistor on a chip has
dropped dramatically. Some people
estimate that the price of a transistor
is now about the same as that of one
printed newspaper character.

Copyright © 2005 Intel Corporati

CMC 08/2011 — Jean-Louis Giavitto
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That goes back before the transistor... ®

MGS

Moore’s Law

The Fifth Paradigm Logarithmic Plot
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If we compare to
molecular biology...

From a computer scientist perspective!



The three periods of molecular bio (1)

* Francis Crick — 1956/58 — The central dogma of mol bio

Ideas on Protein Synthesis (Oct. 1956)

The Doctrine of the Triad.
The Central Dogma: "Once information has got into a protein it
can't get out again". Information here means the sequence of
+ the amino acid residues, or other sequences related to it.
That is, we may be able to have
/’/——v\\_ .

DNA — ‘,> RNA =5, Protein

— Va

O \‘_ ———- " U
transcription

ARN polymerase

traduction
ribosome

® REStatEd In 1970 NATURE VOL. 227 AUGUST 8 1870 561

Central Dogma of Molecular Biology

by The central dogma of molecular biology deals with the detailed

FRANCIS CRICK residue-by-residue transfer of sequential information. It states

mtlc rt.zb:ntory of Mclecular Biology, that such information cannot be transferred from protein to either
His Koad, . .

Cambridge CB2 2QH pretein or nucleic acid,

CMC 08/2011 — Jean-Louis Giavitto 13



The three periods of molecular bio (2)

e Analysis
e of the fine structure of DNA
e topology
e irregularity of the double Helix
[
e instability, dynamics
e Gene transfer

Il : from thadaNstrietH Rt geNOomMe sequencing & synthesis

e sequence identification
e gualitative and quantitative analysis of proteines at various phases of the cell

e genome wide sequencing (yeastus), C-elegans s, humain o) ...)

e Synthesis
e genetic engineering (e.g., yeast producing human proteins)
e Copy and synthesis of DNA
e Restriction enzymes
e recombinant DNA (insertion d’un brin d’ADN dans un ADN existant)

e PCR ([Mullis86], )

e Gene synthesis: phosphoramidite chemistry (seaucage & caruthers - 1981)
(de 1.255/bp, jusqu’a 45 kbp, 2 semaines [2006])

CMC 08/2011 — Jean-Louis Giavitto 14



The three periods of molecular bio (3)

What is missing for bio-engineering?

CMC 08/2011 — Jean-Louis Giavitto

MGS
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The three periods of molecular bio (3)

The conceptual revolution of « engineerization »

Application to biology of engineering principles:
® standardisation (function specification, standardization, libraries, ...)
® abstraction (functionnal levels, organization)

® decoupling (conception / implementation)

“The work on restriction nucleases not only permits us easily to construct
recombinant DNA molecules and to analyse individual genes, but also has led us
into the new era of ‘synthetic biology’ where not only existing genes are
described and analyzed but also new gene arrangements can be constructed and

7
evaluated.
[Szybalski, W. & Skalka, A. Nobel prizes and restriction enzymes. Gene 4, 181—182(1978)]

‘ Synthetic biology

CMC 08/2011 - Jean-Louis Giavitto 16



A realistic vision?

. Proof of concept

vi V3 v2
.\ .

— repressilator [Elowitz & Leibler (2000) Nature 403, 335-338] l'

0.5

— Flashing E. Coli [Ferber (2004) Science 303, 158-161]

Stable states

— toggle switch [Gardner & al (2000) Nature 403, 339-342] "
W REP::‘;?'SOR1 RE'PQ?:)TER
Ry N

REPRESSOR 2 PROMOTER 2
(clts) (P s1con)

INDUCER (IPTG)

- Sen5|ng Chemlca|S [TNT (Gibbs (2004) Scientific American 75-81], caffeine [iIGEM]

— Sensing radiation

(biofilms — [Kobayashi et al. (2004) PNAS 10:8414-841], [IGEM’04])

— cell-cell communications Ve [ =

[Weiss & al (2003) Natural Computing 2, 47-84] e SO O\L

O] () B\ @

conadher
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A realistic vision?

Bio-medical/Bio-production
— Drugs (Keasling's artemisinin [Martin & al (2003) Nature Biotech 21, 796-802])
—Ta rgeted delive I'Y [Anderson & al (2005) J. Mol Biol 335, 619-627]

— Nanobot [Weiss, Knight DNAO6 — LNCS 2054, 1-16]

— timed-drug delivery [r. molina et al.— 2007]

. Bio-computing
— inverter, nand gate, self-repressor,
bi-stable switch, oscillators... [r. weiss]

— cell-cell communication, signal processing
[R. Weiss]

CMC 08/2011 — Jean-Louis Giavitto 18



From the Moore law to the Carlson law

—a— Number of transistors per chip

—¥ - ABI sequencers
— & - Pyrosequencing
- -H- - ABI synthesizers
- - @- - Egea GeneWriter
— = = E Coli DNA Polymerase llI

Bases sequenced or synthesized per person per day.
Number of transistors per chip.

Productivity Improvements in

DNA Synthesis and Sequencing
(as of October, 2002)

10° prr 2 S B
3 ’ i
[ / ]
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E k /
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107 /
3 /‘ /
i /A/ vlie ]
108 | // < E
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[Carlson, R. (2003).

The pace and proliferation of biological technologies.

@)

MGS

— m - cost per base sequenced
— -4 - - cost of short oligo synthesis
— @ - cost of gene synthesis

Cost per base sequenced (USD)
Cost per base synthesized (USD)

Cost Per Base of Sequencing

and Synthesis

100 — - 3
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I N \ ]
-~\ :
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Biosecurity and Bioterrorism: Biodefense Strateqy, Practice and Science, 1(3), 203-214.]
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The projections are verified O

2010 — 2015 : projections for the synthesis of a genome

CMC 08/2011 — Jean-Louis Giavitto



Applications

biology

CMC 08/2011 — Jean-Louis Giavitto

-

Synthetic biology

tissue engineering
protein engineering
metabolic engineering

genetic engineering

MGS

bio-energy

green
chemistry

bio-sensors

drugs

Bio-materials

nano-
technology

21



What are the good abstractions
to program a cell?



A low level code

MGS

A AGGGTGA TAAGA TTATTGT TAATTGAGAAGG TT GGAATTTGA TAAG

A  TTATTGT TAATTGAGAAGGG GGTTGAA AGGG TT GGAATTTGA TAAG
A TTATTGT TAATTGAGATGA TAAGA TTATTGT TAATTGAGAAGGAGGG
GGTTGAA AGGTGA TAAGA TTATTGT TAATTGAGAAGGG TT GGAATTTGA
TAAGA TTATTGT TAATTGAGAAGGG GGTTGAA AGGG TT GGAATTTGA
TAAGA TTATTGT TTGA TAAGA TTATTGT TAATTGAGAAGGAATTGAGAAGG
G GGTTGAA AGGTGA TAAGA TTATTGT TAATTGAGAAGGG TT GGAATTT
GA TAAGA TTATTGT TAATTGAGAAGGG GGTTGAA AGGG TT GGAATTTG
A TGA TAAGA TTATTGT TAATTGAGAAGG TAAGA TTATTGT TAATTGAGA
AGGG GGTTGAA AGGG TT GGAATTTGA TAAGA TTATTGT TAATTGAGAAG
GG GGTTGAA AGGTGA TAAGA TTATTGT TAATTGAGAAGGG TT GGAATTT
GA TAAGA TTATTGT TAATTGAGAAGGG GGTTGAA AGGGTGA TAAGA

A TTATTGT TAATTGAGAAGGG GGTTGAA AGGG TT GGAATTTGA TAAG
A  TTATTGT TAATTGAGATGA TAAGA TTATTGT TAATTGAGAAGGAGGG
GGTTGAA AGGTGA TAAGA TTATTGT TAATTGAGAAGGG TT GGAATTTGA
TAAGA TTATTGT TAATTGAGAAGGG GGTTGAA AGGG TT GGAATTTGA
TAAGA TTATTGT TTGA TAAGA TTATTGT TAATTGAGAAGGAATTGAGAAGG
G GGTTGAA AGGTGA TAAGA TTATTGT TAATTGAGAAGGG TT GGAATTT
GA TAAGA TTATTGT TAATTGAGAAGGG GGTTG

CMC 08/2011 — Jean-Louis Giavitto 23



Breaking the complexity barrier @

MGS

Networks

Tissues,

e Levels of
abstraction

* Hierarchy
* Decoupling
 Modularity
*1/0

: Biochemical
5 . reactions

»” - N o
M ».  Proteins,
§ 2 g \‘
‘?"_-rg genes...
? 1
" 3
¥ I

‘

MOV L

v W L
\‘ -

Andrianantoandro et al, 2006
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MGS
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Exponential Phase Wintergreen Generating Device (WGD)
methyl
salicylic acid salicylate
---------------- »
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@
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A library of standardized componants

<r3 - - @ /IJ} % o l“ http:/fparts.mit.edufregistryf/index.php/Main_Page l'l [>J "‘

[ | Post to CiteULike

[ | La conjugaison - Con... [5 Google Agenda 5y Le Monde.fr: Alaune [ Michel Onfray &2 Francois-Mitterrand-...

Featured Parts Help & Docume 2 o2

ACHBUCHYVI 310 pistry Community :.“” i bt
! s . or information about iIGEM 2007, see wwiw

icle discussion edit || history B
=N |
! . /.‘\’)- oy » Mo
egistry of Standard ' Srw A
iological Parts u L “
=ae o el
u'?: l\v:!' L “
P &_‘ . ! A '--l [ .
Qi ? H IT lapl
Browse Parts by = iGEM 2007 P ¢ '. ok o
Type Team :
= iGEM 2006 P he 2 2
Team e
= Parts by " DO A3 a2

£ >  }'::': "

Analysis = We have a new tutorial for starting teams in the Help section
= Assembly Tool , . )
Help = iGEM 2007 team parts have new parts sandboxes and favorites available
L]
= We are starting an editorial board for promoting well-defined and useful parts to
search BioBrick™ part status. To join this effort check the BioBrick™ Part Program
I Report any bugs here | Request new features here | See new features here

Go | Search |

oo

CMC 08/2011 — Jean-Louis Giavitto

2 Create an account orlogin

(S8

MGS
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Several kind of componants

MGS

Systems
{Project} Projects
=g~ Measurement 2

-@- Measurement (Under Development) 2

Devices

-Ji— Protein Generator 2

- Composite Devices 2

~ Q- Measurernent 2

=i I Signalling =

Parts

—@— Ribosome Binding -a- Protein Coding 2

sites 2 <@ Protein Coding (Under
=& Regulatory 2 Development) 2

JI RMA 2 —@— Terminators 2

™Ay DNA 2 =y Conjugation 2

CMC 08/2011 — Jean-Louis Giavitto

Chassis

A E.coliStrains 2

Mammalian

Vectors

%0 Plasmids 2

Other

O Yeast Parts 2

A8 Construction
Intermediate 2

=~ PCR Primer 2
L Tags o
- Other

-@- Deleted

/T@'\ Bacteriophage T7
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A device

Reporters

For information on reporter coding regions, click here.

Available constitutive reporters Eqit
-2-|  Name Description Tag |Excitation| output |Length
BBa 113521 [Ptet mRFP. switch off by tetracycline None RFP 923
BBa 113522 pTet GFP None GFP EIE
BBa_I13600 [Tet with CFP reporter {without LA tag) None CFP 940
BBa_I13602 El':ftrc():&e]rator with CFP reporter (with LVA tag) VA cyan 979
Reporter construct for constitutive YFP and YFP,
BBa_|13604 inducible CFP None CFP 1888
Reporter Construct (Ly-Tc-) for constitutive CFP CFP,
e and inducible YFP e YEP Hizl2ls
BBa_|04430. |GFP coding device switched on by IPTG None GFP 1083
BBa_|04450 |RFP Coding Device switched on by IPTG None RFP 1069
Other constitutive reporters Eqit
[-2-] Name Description | Tag-2- | Excitation | Output | Length |
Available other reporters Edit
-2- Name Description Tg_g Excitation| Qutput |Length
BBa E0241 PoPS to GFP converter None Green 795
BBa_E0430 EYFP (RBS+ LVA- TERM) (BO034.E0030.B0015) None Yellow 878
BBa_E0840 BO0O30.E0040.BO015 None Green 878
BBa_E7104 g}l:;ggrﬁgorter Device for Dedicated Transcription WL Green 826
BBa_13601 I[_F??Lgﬁerator with CFP reporter (without LVAtag) | e cyan 940
BBa_I13607 |Reporter Construct (Ly+Tc+) LVA %ﬁgw 1966
RRa ITRNTA RNNIA? FCFP hana ~uUAan 7472

CMC 08/2011 — Jean-Louis Giavitto
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A device

MGS

- [

article discussion edit history
Main Page
“rartiBRa_J04430 - pseervois
Designed by Kristen DeCelle Entered: 2005-06-09

GFP coding device switched on by IPTG
Contains IPTG inducible promoter, an RBS, GFP (no LWA tag), and a terminator.

Usage and Biology ISEid
This part will be made using the standard ligation tecniques.
Sequence and Features
o Format: Subparts | Ruler | 5S | DS Search: Length: 1083 bp Context: Part
MY

Lacl . GFP . ' Get selected sequence
R0O01B0O03B004B001B0012

. edit
Pictures [edit]

Click thumbnail for larger picture and more information

CMC 08/2011 — Jean-Louis Giavitto 29



Un device

—g—

Format: Subparts | Ruler | SS | DS Search: Length: 1083 bp Context: Part only

Sequent

Form

101

|1

201

301

401

501

601

701

801

S01

Getselected sequence
1 11 21 31 41 51 61 71 8l 91

caatacgcaa accgcctctc CCCgCgCgtt ggccgattca ttaatgcagc tggcacgaca ggtttcccga ctggaaagcg ggcagtgagc gcaacgcaat
Ed

ROO10

AAAAAANAN, +

CAP

’taatgtgagt tagctcactc attaggcacc ccaﬁgcttta cactttatgc ttCngCth tatgttgtgt ggaattgtga gcggataaca atttcacaca

ROO10
FAAAAAAAAAAAAAAAAAAAA, — FEEEAAAAANAAAAAAAAAAAAAAAAAAAAA

CAP .35 -10 , Lacl

tactagagaa agaggagaaa tactagatgc gtaaaggaga agaacttttc actggagttg tcccaattct tgttgaatta gatggtgq}g ttaatgggca

B0O034 E0040
—

*caaattttct gtcagtggag agﬂgtgaagﬁ tﬁatgcaaca tacggaaaac ttacccttaa atttatttﬁc actactgﬁaa aactacctgt tccatggeca

E0040

*acacttﬁtca ctactttcgg ttatggtgtt caatgctttg cgagataccc agatcatatg aaacagcatg actttttcaa ﬁagtgccq}g ccegaaggtt

EO040

*atgtacagga aagaactata tttttcaaag atgacgggaa ctacaagaca cgtgctﬁaag tcaagtttﬁa aggtﬁatacc cttﬁttaq}a gaatcgagtt

E0040

*aaaaﬂﬁtatt ﬁattttaaaﬁ aaﬂatggaaa cattcttgﬁa cacaaattgg aatacaacta taactcacac aatgtataca tcatﬁﬁcaga caaacaaaag

EO040

*aatggaatca aagttaactt caaaattaﬂa cacaacattg aaﬁatgﬂaag cgttcaacta ﬁcagaccatt atcaacaaaa tactccaq}t ggcgatggece

EO040

*CtgtCCtttt accagacaac cattacctgt ccacacaatc thCCtttCﬁ aaagatccca acgaaaagag agaccacatﬁ gtccttct}g agtttgtaac

E0040

’aﬁctgctggg attacacatﬁ gcatﬁgatﬁa actatacaaa taataatact aﬁaﬁccagﬁc atcaaataaa acgaaaﬁgct caﬁtcgaaﬁg actgggectt

EO040 B0O0O10

-+

lOOl’tcgttttatc tgttﬂtttgt cggtgaacgc tCtCtaCtag agtcacactﬁ gctcaccttc ﬁgﬁtﬂﬁgcct ttctgcgttt ata

B0OO10 B0O0O12
T7 TE

R ge e eosoee]

Stop
ARARARARARARARARRARARAR

PolyA

CMC 08/2011 — Jean-Louis Giavitto
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The underlying model

Finding circuits



Basics of genetic regulation

promoter start RBS protein code stop

TG TG AGGAAG,  AGATG AGT TTTTA GTG GAAA

= - | = e |

promoter ribosome sequence coding stop codon
binding site for the protein

CMC 08/2011 — Jean-Louis Giavitto
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Compositionality?

CMC 08/2011 — Jean-Louis Giavitto

THEY SEND AND RECEIVE
SIGNALS USING DIFFERENT £4
PROTEINS!

L b7 vouR GENETIC
LY pevices, THAT'S
WHAT, T CAN'T
HOOK THEM LP

TO EACH OTHER.

YIKES! WHAT'S

- compartmentalization

L . | 4 W ! J
L S ' SRS 4 ) >~ THE DUDE IS
- BTGl STILL LEARN-
- ‘,'.” v J '
Ey l >

MGS
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« Signal transmission » in transcription

DNA

CMC 08/2011 — Jean-Louis Giavitto

PoPS
polymerase/second

® promoter strength
® # polymerases

® energy (ATP)

® resources...

® volume

(= =] e

« protein generator »

MGS
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« Signal transmission » in transcription ®

MGS

RiPS
ribosome/second

® RBS strength
® # ribosomes
® energy (ATP)
® volume

@ resources...

protein

traduction

transcription

a1 = = e

« protein generator »

CMC 08/2011 — Jean-Louis Giavitto 35
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Purnt & Weiss, Nature Reviews, June 2009.

Computational tool
21U-RNA

Antimony*

Athena*

BioJade*

CAD of modular protein
devices

ESSA

Evolutionary design of
genetic networks in silico

GeneDesign*
GeNetDes*

GenoCAD*
MiRscan

OptCircuit

PCEnv*
PROTDES*

Random Sampling-High
Dimensional Model
Representation

Registry of Standard
Biological Parts and
Clotho*

RNA world website
RNAdraw
RNAMotif

RNAstructure
RnaViz

Rosetta package

RoVerGeNe*
SynBioSS*

Tinkercell
UNAFold software
Vienna RNA package

Use

Scoring 21U-RNA-associated upstream motifs

Programming language describing synthetic biological devices
Build and simulate genetic circuits (implemented in C++)
Synthetic biology design and simulation (implemented in Java)

Modular protein device algorithm using a backbone of scaffold
proteins®?

RNA secondary structure analysis

Algorithm to evolve small gene networks (modules) that perform
basic tasks, such as toggle switches or oscillators®

Editing protein sequences and generating oligos for protein
construction (implemented in Perl)

Transcriptional network design tool using simulated annealing
optimization

Design of complex genetic constructs from standard parts library

Scoring of hairpins versus some experimentally verified microRNAs
from Caenorhabditis elegans or Caenorhabditis briggsae

Identifies circuit components and suggests circuit topologies to
attain desired outcome®*

Environment for simulating various types of CellML models
Computational protein design

Global sensitivity analysis algorithm that is useful in optimizing
genetic circuit properties not available from experiments or
modelling®®

Creation, cataloguing and public availability of modular biological
parts that are extensively characterized; Clotho is a database for
managing these parts

Compendium of RNA software
RNA secondary structure analysis

Database search for RNAsequences that match a secondary
structure motif

RNA secondary structure analysis
RNA secondary structure images

Design of protein-binding peptide sequences and protein
engineering

Tool to analyse and tune gene networks

Suite of programs to generate and simulate synthetic biological
networks

Synthetic biology CAD program
Nucleic acid folding and hybridization

RNA secondary structure

Website*

Bartellaboratory introduction to 21U-RNAs
D k ratory syntax gui

- MGS

Deepak laboratory downloads
Biolade

None

Gene Design
Genetdes

GenoCAD

MiRscan

None

OpenCell
PROTDES

None

Registry of Standard Biological Parts and Clotho
Development
RNA world

RNAdraw
Rutgers Case Group

RNAstructure
RnaViz

Rosetta @ home and Rosetta Commons

RoVerGeNe
nBi

Tinkercell
UNAFold software
Vienna RNA package 36



Analysis & Design of
Fluid Machines
as
Non Conventionnal Programing

What is the “VHDL”
for molecular interaction network
and beyond?



The general picture

@ Design requires a model
synthetic biology as the constructive part of systems biology
a model is a program in some programing language

@ Abstraction level: alternation of

— deterministic / stochastic
(noise, chemical fluctuation, etc.)

— continuous / discrete
aggregate versus agent-based models

(3) The structure of fluid machines changes in time :
— dynamical systems with a dynamic structure (DS)?
— Think globally, program locally:

* datasheet (static) vs. rules set
* Sspace matters

CMC 08/2011 - Jean-Louis Giavitto 38



(;) A programing language for SB
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@ A programing language for SB ®

MGS

Can we restrict the construction

e a priori (syntax/type discipline)

e a posteriori (verification, validation, test)
Such that compositions of biobricks:

* have the expected functional properties

* make an autonomous system (modularity)
* Can themselves be composed (reuse)

=>» This are problems addressed in a programming language

example : register allocation by a compiler and choice of genes

Is this language a “Biobricks composition language” ?

CMC 08/2011 — Jean-Louis Giavitto 42



A programing language for SB @

The composition of biobricks does not address all problems:

 Which semantics for/characterization of the biobricks ?

* Cell vs. population

* Bioprocesses as a special kind of dynamical systems

CMC 08/2011 - Jean-Louis Giavitto 43



(2 A tower of languages ®

®

MGS
VRT ]
IC1
LM324
R2
TR 680
50K 4
< + LEDI
GREEN = "1
I

Q |:> L[4 b« Q
>— Table d'états
Q
<:| H D |an+1 | Qn+1
4h 0 0 1
N 1 1 0
D 1 X Qn Qn
function
logic (register)
(gates) [transition system]
electronic [sequential logic]
(electric currents)
[spice]
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(2) A tower of languages with a lot of levels

FIGURE F.7 INFORMATION FLOW THROUGH THE OS] MODEL

Client

Application

BA
Syl
Ry
e

SQL request

Formats SQL request to
server’s native SQL format

Establishes “session”
(conversation between two
programs or processes.)

Adds checksum to data,
adds transport layer 1D

Formats data into packets for
transmittal to next node

Determines when to
transmit data frames

to the next node
Transmits data through
network physical media

Only bits of data travel
through the network

Server

Application

Physical

Receives and
Executes SQL

Formats SQL

Validates session
information

Validates data, verifies
transport ID

Assembles
message

Validates data
frames

Receives data
frames
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Vertical abstraction or

Long term
Applications

Assembly of biobricks

implementing a function
(inverters, oscillateurs, switch, ...)

Devices X4

Parts |[= | BIOBRICKS

DNA A GTTG AGGA ' TTG ' AGGAA

ACCTGCCAGGAATG AGTCCCTTTT Sequences of nucleotides

CMC 08/2011 — Jean-Louis Giavitto
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(;) What are the good abstractions? @

The composition of biobricks does not address all problems:
Which semantics for the biobricks ?

— Chemical interactions are fundamentally stochastic
=» stochastic modeling
=» amorphous computation

— Some bioprocesses implies only few entities:
=>» discrete, agent-based modeling

— Some processes are aggregation of a lot of lower level processes
=>» continuous modeling
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(;) What are the good abstractions? @

The composition of biobricks does not address all problems:

e cell vs. population: colony, biofilm, tissue, organism, ecology

=» global behavior vs. local behavior

=» spatial abstraction
= morphogenesis

population
(colony, tissue, ecology)

i)

bionetwork

(regulation, signalization, metabolic, ...)

Nadine Peyrieras
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(;) What are the good abstractions?

The composition of biobricks does not address all problems:
e cell vs. population: colony, biofilm, tissue, organism, ecology

=» global behavior vs. local behavior

-> Spatial abstraction Dictyostelium discoideum
=» morphogenesis N R

population
(colony, tissue, ecology)

i)

bionetwork
(regulation, signalization, metabolic, ...)

Marcus Hauser

http://ecologie.snv.jussieu.fr/eem/berder2009/Presentations Berder09/
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(;) What are the good abstractions?

The composition of biobricks does not address all problems:
e cell vs. population: colony, biofilm, tissue, organism, ecology

=» global behavior vs. local behavior

splitting a function over a population of bacteria

— to reduce the cell overload

— because some sub-functions are chemically incompatibles
— because some sub-functions are sequential

— for resources mapping (compiler)

— for reuse (modularity at bacteria level)

— for security (auxotrophic device)

— etc.

CMC 08/2011 — Jean-Louis Giavitto
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(;) What are the good abstractions?

MGS

The composition of biobricks does not address all problems:

* Bioprocesses as dynamical systems?

<: continuous PDE ODE lterated T ite Automata
D: discrete Mappings
State C C C D
Time C C D D
Space C D D D

CMC 08/2011 — Jean-Louis Giavitto
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(;) What are the good abstractions? @

The composition of biobricks does not address all problems:

* Bioprocesses as dynamical systems?

— Entities involved are dynamic and cannot be listed a priori
chemical complex (EGF with receptor network = 1033 species)

cellular duplication, apoptosis, reproduction, ...

— Interactions are localized (compartment)
(vesicle, cargo, membrane, etc.)
and compartments are dynamically created

=» Dynamical systems with a dynamic structure :
the state space is build with the process itself
=>» no a priori global description
=» evolution rules must be local
=>» the global evolution is the “integration” of local evolutions
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The need for (DS)2 ?

L

THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Received 9 November 1951—Revised 15 March 1952)

In determining the changes of state one
should take into account
(i) The changes of position and velocity as given by Newton’s laws of motion.
(ii) The stresses as given by the elasticities and motions, also taking into account the
osmotic pressures as given from the chemical data.
(iii) The chemical reactions.

(iv) The diffusion of the chemical substances. The region in which this diffusion is

possible is given from the mechanical data.

CMC 08/2011 — Jean-Louis Giavitto
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The need for (DS)2 ? @

“ & ‘§l; THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Received 9 November 1951—Revised 15 March 1952)

v

at any time a state is a position and a speed

A dynamical system (DS)
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The need for (DS)? ?

i

THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Recetved 9 November 1951—Revised 15 March 1952)

a falling ball a developing embry

i |

(b /P, )
N (Vx U Vy
at any time a state is a position and a speed the structure of the state
(chemical and mechanical state of each cell)

A dynamical system with a dynamical structure
(DS)?
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The interplay between state and form

v .l.l
s 1
C i)
y 7 T
n 3
b )
3

a developing embryo

the state as well as the structure of the state
is changing in time

(chemical and mechanical state of each cell as
well as the arrangement of the cells)

Dynamics ON form

Dynamics OF form

A dynamical system with a dynamical structure

CMC 08/2011 — Jean-Louis Giavitto
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The need for (DS)? ?
AR ”Lu THE CHEMICAL BASIS OF MORPHOGENESIS

By A. M. TURING, F.R.S. Unwersity of Manchester

(Received 9 November 1951—Revised 15 March 1952)

It might be possible, however, to treat a few par-
ticular cases in detail with the aid of a digital computer. This method has the advantage
that it is not so necessary to make simplifying assumptions as it is when doing a more
theoretical type of analysis. It might even be possible to take the mechanical aspects of the
problem into account as well as the chemical, when applying this type of method. The
essential disadvantage of the method is that one only gets results for particular cases. But
this disadvantage is probably of comparatively little importance.

CMC 08/2011 — Jean-Louis Giavitto
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Three other challenges for a BS language ®

MGS

Population,
Ensemble
Validation c global D Compilation,
nalysis, \ I .. |4J Engineered emergence
Emergence local J |

Agent

Molecules,
Compartments, Cells

Approximation, c discrete DLimit,

numerical resolution, Symbolic analysis,
Partition Composition

continuous

Concentration,
time

Cell
maChi”eryc software / dynamics ) DNA

Cell
DNA hardware / state machinery
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The MGS project

* Language dedicated to the simulation of (DS)?
* Declarative (declarative simulation vs procedural)
e Abstract rewriting of complex spatial structures:

— Data structure = topological collections

sequence, generalized array, (multi-)set, arbitrary graph, Delaunay
triangulation, g-map, ..., cell complexes

— Control structure = transformation

* two powerful languages to specify sub-collections (elements in
interaction)

* Various rule application strategies: maximal parallel, asynchronous,
stochastic, Gillespie-like, ...

59



Topological collections

* Structure
— A collection of topological cells
— An incidence relationship

. vertex

TN edge

v surface

volume

CMC 08/2011 — Jean-Louis Giavitto
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Topological collections

e Structure
— A collection of topological cells
— An incidence relationship
— Data: association of a value with each cell

(- O-cell

TN 1-cell

<:::::;::;7 2-cell

3-cell

CMC 08/2011 — Jean-Louis Giavitto
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Higher dimensional objects for complex simulations @)

MGS

Example of electrostatic Gauss law [Tonti 74]
* Electric charge content p : dimension 3

e Electric flux @: dimension 2
* Law available on a arbitrary complex domain

0

e 2 ep P
o= ff-ds =" = [If, £

QC
//
/

electric field in space:
- V: electric potential (dim 0)
- E: voltage (dim 1)
- w: electric flux (dim 2)
- Qc: electric charge (dim 3)

A Direct Discrete Formulation of Field Laws: The Cell Method

CMC 08/2011 — Jean-Louis Giavitto
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Transformations

* Functions defined by case on collections
Each case (pattern) matches a sub-collection

* Defining a rewriting relationship: topological rewriting

trans 7 ={
pattern, = expression,

pattern, = expression,,

}

CMC 08/2011 — Jean-Louis Giavitto
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Transformations

Sub-collection

B_—>

PaTTern*
ma'rchmg

Topological collection

CMC 08/2011 — Jean-Louis Giavitto

(Sub-)collection

trans T = { M

%

subSh’ruTlon

pduC"n1 = expression, [>

nnfft‘,n => expression,

Topological collection

MGS
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Abstract Simplicial Complex and simplicial chains B

MGS

Incidence relationship and lattice of incidence:
- boundary(f) = {v1, v2, v3, el, e2, e3} £

vl f
- faces(f) = {el, e2, e3} /R ®
- cofaces(vl) = {el, e3}
el e2 e3 e3 1
j><><l .
e2

3
vl v2 v e
Topological chain
- coordinates with vertices
- lengths with edges
(-3,0) @ 0 (3,0) - area with f
0 3 -3
i+ v, + v, +5.e +6.e,+5e, +12.f

4 0 0
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Topological rewriting = transformation @

MGS

1+2—.. (arithmetic) term rewriting

arithmetic operation

a.b — .. string rewriting (~ L systems)

string concatenation: « . » is a formal associative operation

2H+0 — H,0 multiset rewriting (~ chemistry)

multiset concatenation (= the chemical soup): « . » is AC

V,.04 * V,.0, = ... topological rewriting (MGS)

gluing cell in a cell complex: ... (AC and algebraic machinery)
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Transformation )

MGS

Pattern matching : specifying a sub-collection of elements in interaction
* Path transformation (path = sequence of neighbor elements)
— Concise but limited expressiveness
e Patch transformation (arbitrary shape)
— Longer but higher expressiveness
Rule application strategy: maximal parallel, asynchronous, stochastic, etc.

path
—

patch
—

Sub-collection

Sub-collection .
Interaction result

Local interaction

)

Transformation

Topological rewriting

Topological collection Local evolution law Topological collection
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Example: Diffusion Limited Aggregation (DLA) @

MGS

e Diffusion: some particles are randomly diffusing; others are fixed
* Aggregation: if a mobile particle meets a fixed one, it stays fixed

trans dla = {
‘mobile , fixed => "fixed, fixed ;

\mobile%deb => <undef>, “mobile
}
NEIGHBOR OF
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Example: Diffusion Limited Aggregation (DLA) @

MGS

e Diffusion: some particles are randomly diffusing; others are fixed
* Aggregation: if a mobile particle meets a fixed one, it stays fixed

trans dla = {
‘mobile , fixed => "fixed, " fixed ;
‘mobile , <undef> => <undef>, “mobile

this transformation is an abstract process that can be applied to any kind of space
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Polytypism @

MGS
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Fractal construction by carving

Menger sponge (2 steps)

CMC 08/2011 — Jean-Louis Giavitto

Sierpinsky sponge (4 steps)

MGS
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Two examples

1. Meristem growth
2. An IGEM project
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MGS

The Growth of a Meristem —

Pierre Barbier de Reuille [PNAS 103(5), 1627-1632, 2006] »

Mikaél Lucas Shoot

Jan Traas apical

Christophe Godin meristem

CIRAD/INRA/INRIA f

Cambium :

Root apical
meristem

positionning
at the shoot
apex
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Fibonacci and phyllotaxis

8,13 —> Two successive numbers of the Fibonacci series

CMC 08/2011 — Jean-Louis Giavitto
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Phyllotaxis : divergence angle

MGS
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Phyllotaxis models: three kinds of approaches

MGS

Geometrical Dynamical Physiological

”

E4 LA
. g ' *, .
A ” RNy o s
N .,' Y
. ;N
.

(Bravais & Bravais,1837)

(Hofmeister, 1868) (Reinhardt et al., 2000)
(Snow and Snow, 1962)
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A shoot apical meristem

Primordia

CMC 08/2011 — Jean-Louis Giavitto

Central zone

tunica

Image sequence showing cell division patterns via
membrane-bound PIN1, in Shoot Apical Meristem
(SAM), nearby floral meristems, and the
boundaries between them (M. Heisler).

http://computableplant.ics.uci.edu/ (E. Mjolness)

corpus

MGS
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Active transport of auxine @

MGS

Immunolabelling of
PIN-FORMED1 protein

pin-1
mutant

Auxin flux

7

high concentration of
auxine induces organ initiation
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(DS)?

changes form... which changes flux...

Dynamic
Flux interaction Shape

o 4

CMC 08/2011 — Jean-Louis Giavitto

@

MGS
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Model

~ Cell internal state and processes
capacity of division, springs relaxed length,
primordium/center,
concentration of auxin, auxin degradation /
evacuation, inhibitor
promotion to primordium, “pump magnetism”

- Movement (due to cell growth)
- Growth: increase of spring relaxed length
~ Division: when size > threshold

- Cell interaction
Passive diffusion of auxin, active pumping of auxin

trans Auxin = {

X, y / pump(x,Y)

2 x+{x.auxin -= 0}, y+{y.auxin += 9}
}

CMC 08/2011 — Jean-Louis Giavitto
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Simulation

MGS

decus_alt.avi
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Primordium local inhibition
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A Synthetic « Multicellular Bacterium »

MGS

Synthetic Biology is
A) the design and construction of new biological parts, devices, and systems, and
B) the re-design of existing, natural biological systems for useful purposes.

(Espaniol)
Synthetic Biolo

Home About Conferences Courses Resources FAQ

Community news

= |ET Synthetic Biology first issue includes iGEM 2006

= Synthetic Biology 3.0 Zurich proceedings. Download here.

= BioBricks Foundation first membership drive.

= Synthetic Biology: Caught between Property Rights. the Public Domain, and the Commons!

= US HSPD-18. Guidance on openness and international transparency in biodefense work still needed.

enon Regi;&x;gandard Biolggical Parts
<> [ & A AJ|C |'[ + | = http://parts.mit.edu/ a(Q~ Google
O y2 6001 791 MIT EG@MIT Parts Partsindex PubMed Blast BioSmug Weather BH Financev ip NSABB » Resources

Parts l

Registry of Standard
Biological Parts

Massachusetts Institute of Technology

= Press articles

= Publications: citeulike, connotea, PubMed

About the Registry

Click on the icons below to see parts by category. more...

Parts Catalog

Assembly
- Standard Assembly
- Assembly Tool

Educational Program

- |AP 2003/2004
- SBC 2004
- iGEM 2005

Protein Parts Cell
- User Accounts Regulatory Reporter y..orter RNA Generator Tag List  peleted Strain
Parts, Devices Vad — =
& Systems )2 ] % A /P
About Parts RBS CDS Terminator Composite Cell-Cell Primer  oiher  Plasmid T?7
) Slgnalllng Measurement

Web Site
Update

Registry web site changes in support of iGEM 2005 are under way.

- The new account manager is in place with better support for groups, group leaders, and editing.
- Part categories are becoming more detailed, see the signalling category for an example.

- The new part viewer and editer is on the way soon.

- New Rolling Assembly tool under development.

Educational
Programs

The Registry supports design classes where students make simple systems from standard,
interchangeable biological parts and operate them in living cells.

Thirteen schools are participating in the 2005 Intercollegiate Genetically Engineered Machine
competition (IGEM 2005). The schools are: Berkeley, Caltech, Cambridge, Davidson, ETH Zurich,
Harvard, MIT, Oklahoma, Penn State, Princeton, Toronto, UCSF, and UT Austin.

Employment

The Registry is looking for full-time Technical Assistants and Web Programmers. Please contact Staffing

David Bikard, Thomas Landrain, David

Puyraimond, Eimad Shotar, Gilles Vieira,
Aurélien Rizk, David Guegan, Nicolas Chiaruttini,
Thomas Clozel, Thomas Landrain

Services at MIT for details: Technical Assistant, Web Programmer.

Production at rosalind - 4.4.05
CIVIL UO/ ZUl 1l —Jedll-LoulS UidVvillu




The Paris iGEM project: a « multicellular bacteria » @
to decouple growth and transgene expression

-\ differentiation

| "4
5 @ @
AT - ©
feeding
o
i Differen
«tiation
| »
| Nt
germmal Cre synthesis /! somatic
cell Dap synthesis cell

\

\ |

R Darl)_G Dap_S

iMpory Dap_E export
+
—————— > . positive/negatice influence
——» . process

CMC 08/2011 - Jean-Louis Giavi 84



Design principle

@)

\ \ ’ \\
~ ~ - AN
S o = - N
\i-_—’f ~

DAP feeding

différentiation control
pTet

4\;{ lox71 1 X
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N

\D'ﬁe’e"“am“ DAP starvation -> RECOMBINAISON -> Differentiation

/7—

ireversible recombination

MGS

‘ rGerminaI cell

pTet

il

ftsk endogeneous promoter

lox71

ftsK

Differentiation control\

<+

cre

lox66 *J

F Somatic cell

]

loxSc

r I

No replication origin

loxScar

/

ftsk endogeneous promoter

jloxScH Y >—

ftsk
needed for
cellular

e division
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Anime

MGS

© David Bikar
& the 2007 Paris iGEM team
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Proof of Concept: Simulation to answer 4 questions

 How does differentiation induces feeding? (proof of concept)
cellular automaton (in MGS)

diffusion of DAP somatic and germ cell
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Proof of Concept: Simulation to answer 4 questions

* How do spatial organization and distribution evolve?
agents based system (in MGS)

CMC 08/2011 — Jean-Louis Giavitto

MGS

88



Proof of Concept: Simulation to answer 4 questions

* How robust and tunable is the model?
ODE kinetics (matlab)

CMC 08/2011 — Jean-Louis Giavitto
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Proof of Concept: Simulation to answer 4 questions ®

 How sensitive is the system to noise?
Gillespie based simulation (in MGS)

168

146

Nunber of nolecules or structures

20

12e

160

48

Bact
Bact$
BactG

168

200
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Blurring the discrete/continuous barrier
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Cochains as (a special kind of) Transformations @

MGS

 The Boundary Operator 9
— Starting point of the elaboration of a discrete diff. calculus

[ [ Qndary

m)
— Cochains notation /
o o

The boundary operator is a cochain
cochain = chain — chain

0 = Z@ o with Vo € K, d,( ZOJT

oelC T<O0

— Transport of data from cells to their faces

— MGS notation

trans Boundary = {
x => CofacesFold(fun y acc —> 0-y(y) +¢ acc,0q,"x) }
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Cochains as Transformations @

MGS

* Derivative Operator d

— Defined w.r.t. the discrete Stockes’ Theorem
d7T, c|] = [T, Oc]

— Cochains Notation
One can show that the derivative verifies

d=)> d,7 with VreKk, d.(f)=)> (foo0,r).0

T TO
— MGS Notation ® ®
We directly use the Stockes’ Theorem Y \
K T ®
[ QI E—" /

let Derivative T = fun ¢ -> T (Boundary c)
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Cochains as Transformations @

MGS

* |llustrative example : the Laplacian Operator A

— The Laplacian in terms of x and d [Desbrun et al., 2006]

A = o6d+ do 6 = (—1)Mk=DHl d«

where

— MGS notation

Big assumption: here the Hodge star % is the co-derivative d°
assuming uniform geometry

let Laplacian T =
let Sg T’ ¢’ =
T’ (trans { x => -1xx((dim c’)*((dim "x)-1)+1)*x }(c’))
in
fun ¢ ->  Derivative(Sg(Derivative®’ (T))) (c)
+ Sg(Derivative®® (Derivative(T))) (c)
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Cochains as Transformation

* |llustrative example : the Laplacian Operator A

— Corresponding Data Transport (case of dimension 1)

A = d°°d
e Dimension 1: 0 o 0
e Stockes’ Theorem: éguivalence with
a b c

> o - — -

CMC 08/2011 — Jean-Louis Giavitto
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Cochains as Transformation )

* |llustrative example : the Laplacian Operator A

— Simulation of diffusion

a_u - DAM fun diffusion[D,orient] (u) =
at - u + D*Laplacian[orient=orient] (Id) (u) ;-

1.0

0.8

0.4}
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Home message ®

MGS

1. New kind of computational machines with “dynamic structure”
strange loop between structure and processes
not new (program = data)
but not understood (e.g., type discipline to avoid that)

2. Space matters
compartmentalization and beyond

3. Killer app.
systems & synthetic biology
the nano-world: form=function

4. Usual tools of computer science are relevant
but the focus, the questions and the answers are new
e.g., termination in rewriting

5. Versatility of the MGS approach
time evolution = rewriting strategy
kind of space = kind of objects to be rewritten
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