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Interaction between life sciences
and informatics

concepts,
examples...

Informatics

-Neural networks
-Genetic algorithms
-Pattern recognition...

modeling,
systems theory...



Outline

What Is synthetic biology
Areas of application
Information processing

Case studies of synthetic biology
projects

— Negative feedback loop for cell signaling
— Mutation independent HIV defense

— DNA based scaffold

Perspectives




Synthetic biology

Biological engineering, R —
constructive biology A nar

Biology as technology — “cell factory”,
better production methods

Redesign biological systems to
Sulit our purposes

Synthetic systems to test our
understanding of biological processes



Genetic modification of
organisms

e Classical breeding — random genome
modification, based on selection

« Recombinant DNA techniques — 1970s,
iIntroduction of foreign DNA of defined sequence
- plasmids, viruses... Production of recombinant
proteins (e.g. insulin), transgenic animals...

e Synthetic biology — introduction of regulatory
circuits, complete biosynthetic pathways,
organisms based on synthetic genomes



DNA as the carrier of information

Sugar-
phosphate
kackbone

heteaen
Bases

String of 4 different nucleotides: A, C, G, T
Watson-Crick base pairing: A=T, G=C
Semiconservative replication

High information content at 1 bit/nm?3



DNA codes for the sequence of polypeptides
based on the universal triplet code
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DNA also stores the information
to control the proces flow

. lac operon
ek Regulatory DNA binding e s o o
proteins: s -
-RNA polymerases — o

hind to promoter

- repressors
- activators...




From DNA to modified organisms
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What's new ?

New tools: DNA seguencing, DNA synthesis,
Biochemical knowledge
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Mardis, Nature, 2011

454 G3S-20] Solexa/lllumina| ABI SOLID Roche/454 | lllumina GAllx, | llumina Hi-Seq

pyrosequencer sequence sequencer Titanium, SOLID 3.0
analyser lllumina GAIl
2004 2005 2006 2007 2008
1,000 Genomes, Watson
Human Microbiome genome
ENCODE Project begins projects begin publication

ENCODE Project| First tumour:normal
pilot publications! genome publication

2000

2009 2010

1,000
Genomes pilot
and HapMap3

publications

Human genetic
syndromes publications



Engineering approach

« Application of engineering principles
Into biological systems

e Important engineering principles:

— Modularity

— Abstraction

— Reliability

— Predictabllity i

— Standardization R
koo

Adriananoandro et el., Mol.Sys.Biol. 2006

i Biochemical
agE= pathways

R

’y' @{‘vﬂl} Biochemical reactions
M fiieee




Synthetic biology as an
Investigative too|

“What | cannot create, | do not
understand!”

How and why are natural systems
constructed as they are
(functional requirements or
evolutionary coincidence) ?

Do we understand the function of all
components of a device/system?




Synthetic biology to

Heterologous
production:
-Artemisinin
-Biofuel
-Spider silk...

esign
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Transcending the nature:

-Bioanomaterials
-Information processing
-Oscillators
-Engineered cell
signaling...




Different approaches of
synthetic biology

*(Re)construction of complete

Building on the
genomes

existing chasis .
J Asynthetlc genome, genome

transplantation, rebooting cells
-creation of new minimal self-
replicating systems

(modification of
functional biological

vsystems)




The assembly of a synthetic M. mycoides
genome in yeast

i Elements for yeast propagation
- and genome transplantation

1,077,947
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Presenter
Presentation Notes
The assembly of a synthetic M. mycoides genome in yeast. A synthetic M. mycoides genome was assembled from 1078 overlapping DNA cassettes in three steps. In the first step, 1080-bp cassettes (orange arrows), produced from overlapping synthetic oligonucleotides, were recombined in sets of 10 to produce 109 ~10-kb assemblies (blue arrows). These were then recombined in sets of 10 to produce 11 ~100-kb assemblies (green arrows). In the final stage of assembly, these 11 fragments were recombined into the complete genome (red circle). With the exception of two constructs that were enzymatically pieced together in vitro (27) (white arrows), assemblies were carried out by in vivo homologous recombination in yeast. Major variations from the natural genome are shown as yellow circles. These include four watermarked regions (WM1 to WM4), a 4-kb region that was intentionally deleted (94D), and elements for growth in yeast and genome transplantation. In addition, there are 20 locations with nucleotide polymorphisms (asterisks). Coordinates of the genome are relative to the first nucleotide of the natural M. mycoides sequence. The designed sequence is 1,077,947 bp. The locations of the Asc I and BssH II restriction sites are shown. Cassettes 1 and 800-810 were unnecessary and removed from the assembly strategy (11). Cassette 2 overlaps cassette 1104, and cassette 799 overlaps cassette 811.


Areas of application of
synthetic biology

Medicine

Renewable sources of energy
New materials & bionanomaterials
Information processing
Biosensors

Bioremediation...



Renewable sources of energy

FRLEAULRAY eNZYMES gy
>

Plant blomas cellulose sugars

Microbial
conversion

Biosciences :
Institute Hu\j\/\,m;

’ . fuel



Microbial production of raw
materials

Production of 1,3-propanediol, source of Sorona
polymers from renewable sources (37%) -

 DuPont, invested 400 M$ in 7 years

« Modification of 19 genes of E.coli, introduction of
8 genes from yeast and Klebsiella

* Production 135 g/l; 90% carbon yield, production
>100,000 T/year

« The first billion dollar nonmedical application of
SB



Information processing

DNA contains high density of information

DNA processes information near thermodynamic
limit: 10%° ops/J vs. 10° for computers

Fig 1. Bistable Switch




Media for information processing In
biological systems

 Genetic circults: repressors, activators...
(tens of minutes)

 Protein modification: phosphorylation,
ubiquitination, proteolysis...

(seconds)

« Membrane potential: neuronal networks
(milliseconds) ...



Information processing in cells

Organisms are massively parallel
Information processing systems

Advantages: Drawbacks:
— Complex networks — Unknown and
— Adaptive systems complex structure ot
— Self-replication and the network

selfassembly — Slow (compared to

_ Highly efficient electronic devices)

— Robustness



Discrete logical functions
INVERTER (logical negation):
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Construction of a memory cell from
two NOR gates
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Repressilator

* Cyclic negative feedback loop
e Consists of 3 circularly connected repressors (+ reporter)

a Repressilator Reporter

P lacO1

tetR-lite
P, tet01
kanR Y

gfp-aav

PSC101

- APg
origin

lacl-lite
ColE1

P, tet01



Proteins per cell

Theory and experiment

Deterministic simulation
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Bacterial photolitography

In the dark

Black output
(S-gal)

g J
" -J

University of Texas Levskaya, et al., (2005) Engineering E. coli
IGEM2005 to see light, Nature, 438: 441-442.



http://www.nature.com/nature/journal/v438/n7067/abs/nature04405.html�
http://www.nature.com/nature/journal/v438/n7067/abs/nature04405.html�
http://www.nature.com/nature/journal/v438/n7067/abs/nature04405.html�

Bacterial edge detector

Dark Light

-
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Projected image Computed Edge


http://parts.mit.edu/wiki/index.php/Image:Jt_2.jpg�
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A Mask in vivo in silico
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Synchronous bacterial clock

(n'e) d4O

Trapping |
chamber

Cell-to-cell
coupling

Danino, Nature 2010



Synthetic gene network that counts
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Experimentally achievable
complexity of artificial oscillators
and logic circuits

Based on available and well characterised parts:
repressors:

lacl

TetR

A Cl

Lack of the standardized and well characterised parts
Only one type of 3-membered repressilator has been

Implemented experimentally
Peciliarities of natural parts requires fine tuning



IGEM
international geneticaly engineered
machines competition

e 2004: meeting of five USA teams (MIT, BU, Caltech,
UT Austin, Princeton)

Gt

e 2005: first international meeting: 13 teams, 2
european (ETH and Cambridge), no formal awards or
judges

2006: 37 teams, Grand Prize
2007: 54 teams

2008: 84 teams

2009: 121 teams

2010: 130 teams




Participation of world’s best universities at iGEM competition rtetsof Chemisty

Slovenia
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Registry of BioBricks

Registry of Parts: several
1000 parts available

Types of parts: Types of devices:
*Promotors *Protein generators
‘RBS *Reporters
eTerminators eInverters

*Protein coding sequences «Receivers and senders

*Plasmids Measurement devices
«Composite parts

http://partsregistry.org/


http://partsregistry.org/Catalog�

Examples of IGEM projects

Engineering cellular signaling

Antiviral device

]
®
virotrap?e,,
A Synthetic Biology Approach Against HIV

“— DNA binding domains
~<— functional domains

DNA-based scaffold




Negative feedback loop to supress
iInflammation

infection Inflammation

U ##
iGEM 2006 !EO 5

Slovenija



TLR signaling pathway
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Modification of the signaling
network

Basic concept:

- Inhibit the excessive cellular activation
but don’t completely inactivate cellular
responsiveness (MyD88 KO are
extremely sensitive to infections)

Cell response

Realization:

- Insert into mammalian cells a feedback
device with inhibitor (dnMyD88) that
could repress the signaling of TLR
pathway for a limited period of time

Infection




MyD88 as the central adapter




MP+TLR
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Simplified model of TLR signaling




Normal cellular response to repeated stimulus

Inflammatory mediators

i

Cytoplasmic NF-xB

I|'~_ T, Nuclear NF-xB
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Insertion of a negative feedback loop

.[Elgn aling :::caﬂi]
NMyD88 inhibits
| Xxcessive
E esponse
-~ ! ™
K /ENA.fm dnHrDBB/
A
l.\- nur:le-_us_ "'j_,-’
c2 F.
vy



Response to repeated stimulus in cells with inserted feedback device

b -

1] ] E- e | = o




Results

nonstimul h nantim ah nonstimul R nonstiml

Potential applications:

-prevent excessive response to
Infection (bacterial sepsis,
viremia...)

-inhibition of chronic
iInflammation (arthritis, lupus...)



Finalist of iIGEM2006: Imperial College, Slovenia (Grand Prize winner), Princeton.



Antiviral defense based on viral
functions

virotrapse,.,

A Synthetic Biology Approach Against HIV

IGEM team Slovenia 2007



Therapeutic targets of HIV life cycle

g Mature retroviral

Retroviral ‘ £ ricle
particle -~ O Q 4_\F'E' icle
Y ; -II

aw?

Attachment

f‘\

Fusion Lha :
inhibitors O antagonists

Unccatmg
[ Reverse
SV Reverse transcriptase
v transcription | inhibitors

Www.mja.com.au



FUNCTION-based viral detection 1.:
Viral attachment causes receptor
heterodimers

variable

Heterodimerization of cellular transmembrane receptors
at viral entry could be used to detect viral attack.



Split TEV protease - based viral detector

membrane anchor
cleavage (TEV substrate)

@

NLS signal

activated TEV
protease

fusion of HIV coreceptors with

split TEV protease segments translocation into the nucleus

transcription of antiviral defense genes (e.g. Caspase-3, interferon, ApoBec...)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*




HIV causes release of

the GFP reporter from the membrane

v gp120
CD4 /} ] CLRS ’

Cytosolic Cytosolic
localization localization

/

Cell membrane
localization

Control +gp120 + Pseudovirus



Integration of two steps:
Split TEV-T7-based cell activation

CCRS HIV wirus,

cD4 @ gnitl
a membrane

plasrma membrans

e 7
T7 promoter reporter gene transcribes
f—\ ‘EB% T7 pro% reporter gene [GFP)

S St "

Control +gp120 + Pseudovirus



Information

Polypeptide

DNA as the carrier of

chain

tRNA ff? l_/

. RNA

T

amino
acid ¢

iR
-F':I 4

3 nt sequence

Assemby of
functional domains

L]

functional
domain
DNA
binding
domuin[

DNA
9 bp sequence



Project IGEM2010

Assembly of functional proteins along the DNA

Nucleotide sequence of the program
DNA defines the order of bound
—

functional proteins

“— DNA binding domains

~— functional domains | Fusion proteins between DNA-

2 binding domains and functional
A A proteins

Assembly of functional protein domains fulfills complex
functions



Complex biosynthetic pathways
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Presenter
Presentation Notes
To start with, here is an example of a complex biosynthetic pathway leading to a plant metabolyte quercetin.

I want to ask you a question here: wouldn’t it be amazing to be able to arrange all these sequence of steps leading to a particular product in a desired way?



Biosynthetic pathway based on DNA
program

DNA
program
123456

scrambled
DNA
program




DNA binding domains

b) ) <)

Leucine zipper Helix-turn-helix


Presenter
Presentation Notes
The market of DNA binding proteins is quite busy.

After scanning the literature, the most promising option were zinc fingers.

(zamenjat zinc finger slikco – pa tekst pod slikco)




Selection of DNA binding domains

Zinc fingers

Modular design (multiples of 3)

>700 characterized zinc fingers readily available in ZIFDB
262.144 possible binding sites for nonameres

Longer recognition sequence - more specific binding

Reversing the problem - we can select well characterized
zinc fingers and use its cognate DNA motif for the DNA
p rog ram zinc finger domain



Presenter
Presentation Notes
Here is why?

First, they are modular in terms of design. As we can see from the scheme bellow, a zinc finger domain is composed of smaller subdomains, each recognizing 3 base pairs. It was shown one can engineer these subdomains to target virtually any triplet.

But we didn’t engineer them, since this is too laborious for such project.

We reversed the problem and simply selected already characterized zinc fingers and used their cognate DNA motif for the program. Over 700 characterized zinc fingers already exist, and when choosing nonameres, zinc finger domains recognizing 9 base pairs, this leads to over 260 thausand possible binding sites.

Longer recognition sequence results in even more specific binding.

Then we wanted to make sure they really bind to DNA.


Characterization of ZNFs

Selected zinc fingers:
. HIVC, Zif268, . Jazz, Blues
- cloned - expressed - purified - characterized

Resp. Diff. [RU]

30

10 +

Surface plasmon resonance (SPR)

binding l
dissociation

/

-100

=5l -10

-30

350 400
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Here is our first result. We did surface plasmon resonance, which is a technique that enables detection of binding and observing kinetics of this binding to an immobilised DNA target.

DNA is immobilised on a chip surface, and purified proteins are then injected over this chip.

The first arrow (from your left to right) indicates the moment of injection of a purified protein, red arrow shows binding to DNA, and green one the dissociation. So the whole binding event can be seen.

(seznam ZNFjev pa povedat izbor in produkcijo ter nato navezat na karakterizacijo; puscice stran; spodnji del odrezat)


S
Experimental testing of seven artificial repressors
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Then we wanted to make sure zinc fingers work in vivo as well. 

We did beta-gal assay and we used our unieversal DNA binding domains testing device.

Here is how it works: beta-gal gene has an operator sequence which is specific for a particular zinc finger. Zinc finger is expressed upon addition of arabinose. So, when zinc fingers binds it respective operator, decrease in beta-gal activity should be observed.

And, again, the results were positive. When adding arabinose, beta gal activity was decreased for all selected DNA binding domains.

Zinc fingers could be used as artificial repressors and we wanted to use this fact for construction of genetic oscilators.

(poudart, “this is a new device…”; povedat da je bla deponirana v registry)


Assembly of multiple DNA binding domains
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(Zadnji frame animacije more ostat – ne crne slike)


Application of artificial ZNF repressors:
Biological oscillators

. Cyclic topology with 3 bacterial repressors

 Limited selection of available natural repressors

» Use zinc fingers as artificial repressors — new features?
e Deterministic and stochastic simulations

Repressilator Reporter
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P lac01

pT7_ZnF2| Zinc Finger 3
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(Elowitz et al., 2000, Nature) [BV] 77 AW plmerse ™




Extended ZNF-based Repressilator
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Repressilator

Three ZNFs (period of oscillation: 2,7 h)

Repressilator with three zinc fingers
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Five ZNFs (period of oscillation: 5 h)

Four ZNFs (no oscillation)

Repressilator with four zinc finger
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Perspectives

« Complex biosynthetic pathways z Ty

involving many steps/reactions (e.g. 4o

drugs, biofuel...) Lo
* Mutienzyme catalytic reactions in vitro f
More than just biosynthesis: Y
« Pattern recognition e
» Information processing (using protein | “|[= ]

Kinases, proteases etc.) er 25 cower

signal transmission pppmfzo ‘
Squéene .I *** Semi-synthesis

Keasling et al., 2003, Nature Biotechnology
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It always nice to think in advance? What is the future?

We believe our concept can be extremely valuable when considering complex, long biosynthetic pathways. 

Some of you may be familiar with the 2003 succes story of artemisinic acid, a precursor for antimalarial drug artemisinin.

Using our concept the same compund could have another success story.

Or imagine having Krebs cycle as an annealed enyzme assembly on a plasmid DNA.

We also believe our idea can be extended beyond biosynthesis, leading to maybe completely novel informaton processing platforms.

(referenco za artemisinin; shemo fosforilacije zravn information processing; mogoce dat za ekipo)



Capabilities of synthetic biology

Current :
Synthesis and assembly of complete
biosynthetic and signaling pathways (tens of
genes)

Cutting edge:
Assembly of a copy of complete bacterial
genomes based on synthetic DNA (up to million
nucleotides)
Jump start the living bacteria based on synthetic
genome



Perspectives and limitations

Assembly of artificial information processing logic
on the existing chassis.

Assembly of completely new adaptive organisms
based on designed components.

The Main limitations:

Understanding of the function of components and
their interactions as the complete system

Understanding of the minimal set of genes for the
self replicating organism (estimate ~300 genes)
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Matej SkocCaj, BF

Rok Tkavc, BF Andrej Ondragka, FKKT ~ Anze Smole, BF  Marko Verce, BF Mattia Petroni

Jure Bordon

Rok Pustoslemsek

Rok Cre$novar
Mentors
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Mancek Keber (KI), Marko Dolinar(FKKT), Simon Horvat (BF), lva Hafner Bratkovic,
Helena GradiSar, Ota Fekonja, Jelka Pohar, Rok Gaber, Tomaz Koprivnjak, Jerneja
Mori, Irena Vovk, (KI), Gregor Anderluh, Vesna Hodnik (BF) , Miha Mraz, Miha Moskon,

Nikolaj Zimic (FRI), Roman Jerala (KI, FKKT)



“See things not as they are, but as they
might be”

Robert Oppenheimer

Watermark in the synthetic genome of Mycoplasma laboratorium
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