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Lecture 1 plan

1. What is synthetic biology; why do we study it?
Etc..

2. Class logic; lecture topics; schedule and
logistics



What is synthetic biology?

* An emerging engineering discipline that seeks to make
iImplementation of new biological function vastly more
efficient, reliable, transparent and safe.

« Afield dedicated to biologically engineered solutions to
world problems in health, energy, environment, and
security.



B o : :
=82 Synthetic biology vs.
“‘normal” biology

Biologists want to understand
how biological systems work.

Synthetic biologists want to use
that understanding to build new
biological systems:

Feynman’s quote: “What |
cannot create, | do not
understand.”
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Both fields rely on the same
technologies and methods.

-—’ ﬁ Source: Canton, Labno and Endy, Nat Biotech, 2008.




The goal of synthetic biology

Turn biology into an engineering discipline:

* Predict the behavior and robustly assemble complex
biological systems from well defined and characterized

parts
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Synthetic cell biology: programming cells

module mux(output outl,

always@(inl,in2,in3)

begin

case({inl,in2,in3})

3'b000:
'b001:
'b010:
'b011:
'b100:
'bl01:
'b110:
3'bll1l:

wwwwww

endcase
end
endmodule

{outl}
{outl}
{outl}
{outl}
{outl}
{outl}
{outl}
{outl}

input inl, in2, in3);

e

input low high

l.aTc 0.07 15.7
2.IPTG 0.09 10.1
3.Ara 0.01 7.7

Develop an engineering discipline for programming cells reliably,

efficiently, ...

http://www.medicalsciencenavigator.com/?attachment_id=522



Designer bio-computing systems in cells
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SENSE COMPUTE ACTUATE
Sensors: Regulation: Actuators:
* proteins « transcriptional - cell fate
* miRNA  translational « cell death
* mMRNA  protein-protein * enzymes

* metabolites  antigens, ...



Different perspectives of a cell

Courtesy of Tim Lu

Given the complexity of the cellular environment,
b»(can we achieve robust engineering of cells?



Biodesign within the context of a cell
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Bioengineering: a rapidly evolving field

So far: manipulation/reprogramming of
native systems; custom built parts for
specific applications; low transferability

Future: a real engineering discipline
implementing new biological functions
predictably, efficiently, reliably, and safely



The promise of synthetic biology

Tapping the power of biology for:

» Biotechnology:
— Bio-fuels: break down of raw material and synthesis of fuels
— Synthesis of: biologicals, fine chemicals, industrial chemicals, polymers
* Environment:
— Monitoring of environmental contaminants
— Control of environmental parameters
— Green energy
 Human Health:
— Diagnostics
— Therapeutics
« Basic Science:

— Novel methods for manipulating biological systems
— Generation of protocells and minimal cells



v 2012 World Economic Forum Global Risk Report
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Biology Solutions for Big Problems

\Water supply crises|

[PHYTOREMEDIATION E/Ax\/z .
T Natural, stimulated and

engineered plants and
microbes

lLand and Waterway misuse|

Rising Greenhouse Gas Emissions|

[Extreme Volatility in Energy and Agriculture Prices|

IFood Shortage Crises|

IAntibiotic-resistant bacterial

Rising Rate of Chronic Disease|

e clean soil, water and air

Microbes and plants
optimized for

renewable food and
: ¢ chemical production

Conversion
of feedstock
to fuel

. i
New engineered T-cell therapies for cancer
Microbial “gut” communities for treating Crohn’s
disease

I\/ulnerability to pandemics|

Cellular production of new antibiotics and
on-demand synthesis of new viral vaccines.
Synbio therapies.




Global Challenges Demand Biomanufacturing

The Age of Biology is Here...
Full Mainstream Adoption and Impact May Take Decades
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Synthetic Biology ‘
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Darlene Solomon, Industrial Views on Synthetic Biology
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Recent growth In
synbio investments

B Total raised
(1 1 year trend

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

http://synbiobeta.com/



Growth in synbio publications

Trends in SynBio Publications

TOP 10 COUNTRIES
United States
United Kingdom
Germany

China

France
Switzerland

Spain

Japan
Netherlands

Italy

TOP 10 INSTITUTIONS

University of California

Massachusetts Institute of Technology
Imperial College London
University of Manchester
University of lllinois at Urbana-Champaign
Chinese Academy of Sciences

Boston University

Harvard University

University of Edinburgh

University of Washington

Bio-start competition translating SynBio research

http://www.synbicite.com/news-events/synbicite-blog/synthetic-biology-publications-top-



Why now?

Synthetic biology is a “young” discipline; the first
two synthetic networks were created in 2000.

Why has it gained so much momentum recently?



DNA Synthesis and Sequencing
]

“l

YW
Molecular Cloning
A LABORATORY MANUAL
Sambrook and Russell
U v
Gene Entry Vector Review Order

View Tutorial
Enter a Single Sequence

Gene Name
Plumbum to Aurum Convertase

Sequence Type
Onucteic acids  Oamine Acids

Sequence Sequence Size
1 GCGCAACGCA ATTAATGTGA GTTAGCTCAC TCATTAGGCA CCCCAGGCTT TACACTTTAT GCTTCCGGCT CGTATGTTGT
81 GTGGAATTGT GAGCGGATAA CAATTTCACA CAGGAAACAG CTATGACCAT GATTACGCCA AGCTTGCATG CAAATTCTAT
161 TTCAAGGAGA CAGTCATAAT GAAATACCTA TTGCCTACGG CAGCCGCTGG ATTGTTATTA CTCGCGGCCC AGCCGGCCAT
241 GGCCCAGGGC GCGCTGAACA TGTTTGTCGC CCTGCATTCT TATTCTGCCC ATGGTCCGGA TGAACTGGAT CTGCAAAAAG
321 GTGAAGGTGT TCGTGTTCTC GGTAAATGTC AGGATGGTTG GCTGCGTGGT GTTTCTTTAG TTACCGGTCG TGTTGGTATC
401 TTTCCGAACA ACTATGTCAT TCCGATTTTC GCGGCCGCAG AACAAAAACT CATCTCAGAA GAGGATCTGA ATGGGGCCGC
481 ATAGAAGCTT GAGGGTGACG ATCCCGCAAA AGCGGCCTTT GACTCCCTGC AAGCCTCAGC GACCGAATAT ATCGGTTATG
561 CGTGGGCGAT GGTTGTTGTC ATTGTCGGCG CAACTATCGG TATCAAGCTG TTTAAGAAAT TCACCTCGAA AGCAAGCTGA
641 TAA
Sequences may be entered in the following Nudeic Acid formats: DNA Bases(A,C,G,T), FASTA or GenBank

5 UTR [N/A \f x/ N/A JUR

5' Restriction Site [ N/A B k / N/A

™ optimize for Expression in
Escherichia coli K12

#9 3' Restriction Site

Notes

bp (or nt) per $
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1084

10%4

10%

10%

Length (nt, bp)

1024

10'4

De novo synthesized DNA

Biochemistry

Genome

Gene

Organic chemistry

Oligo

107 1
10° 4
10° 1
10¢ 1
10° 1
102 1

1024
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Year

Cost of DNA Synthesis and Sequencing
—0— dsDNA

== 0Oligos

Sequencing

2020

1980

1985 1990 1995 2000
Year

Carr and Church, Nat Biotech, 2009.

2005

2010



| "Automation and Miniaturization

Hundreds to thousands of device variants can be
generated and routinely screened:

 FACS and microplate readers
« Liquid handling robots

Miniaturization also increases throughput and
enables new measurements/methods:

 Molecular interactions
» Cell based assays



Hierarchy and Abstraction

N\ Tissues,
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Sources: Andrianantoandro et al., Mol Sys Bio, 2006 and Wikipedia



Hierarchy and Abstraction

SyStemS ‘Can | have

three inverters?’

‘Here’s a set of PDP
inverters 1-n that each
send and receive through a

POPS muli Sg?? PoPS Devices fungible signal carrier, POPS.’

‘I need a few DNA
binding proteins.’

‘Here’s a set of DNA binding

proteins 1-n that each

recognize a unique cognate
Parts DNA site; choose any.’

‘Get me this DNA.’

‘Here’s your DNA.’

5'-TAATACGACTCACTATAGGGAGA-3’ DNA

Source: Endy, Nature, 2005.



Standardization

INTERNAL THREAD
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Standardlzatlon enables progress by creating

compatibility and eliminating the need to

constantly re-invent.

Facilitates sharing of information, methods and

materials (open-source...).

Sources: www.ideaphotos.com and Wikipedia



http://www.ideaphotos.com/

Standardization

Source: Wikipedia



What to standardize in synthetic
biology?

Methods and Parts

We need several robust methodologies for part synthesis and integration. (in
the future this will become less important, as complete custom parts and

devices will be commercially available)

Characterization

We need to determine standards for characterizing the functionality of
individual parts and devices. This information must be precise and
consistent. One compounding factor is that biological systems are not
Isolated!

Host cells / genetic backgrounds

Several standard host cells should be used for implementing genetic circuits
to guarantee consistency and functionality of parts and devices.

Nomenclature
A standard nomenclature is necessary throughout synthetic biology.



BBa_F2620

30C¢HSL — PoPS Receiver

Mechanism & Function

A transcription factor (LuxR) that is active in the presence
of a cell-cell signaling molecule (30CsHSL) is controlled by
a regulated operator (PLteto-1). Device input is 30CsHSL.
Device output is PoPS from a LuxR-regulated operator. If

ooollq

/ Component Parts \

R0040 B0034 C0062 B0015 R0062

used in a cell containing TetR then a second input such as Pueto-t RBS  uxR  Term. Puxr
aTc can be used to produce a Boolean AND function.
Static Performance* Dynamic Performance*
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P, [30CHSLY" P ax 6.6 PoPS cell! BBa_F2620 Response Time: <1 min

K:  1.5E-09 M 30C HSL
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out

K" +[30C,HSL]"

Input Compatibility*

0E+00 1E-10 1E-09 1E-08 1E-07 1E-06 1E-05 1E-04
[AHL] (M)

Part Compatibility (qualitative)

Chassis: MC4100, MG1655, and DH5a.
Plasmids:  pSB3K3 and pSB1A2
Devices: E0240, E0430 and E0434

Transcriptional Output Demand (low/high input)
Nucleotides: 0 | 6.6xNtucleotides cell' s
Polymerases: 0/ 1.5E-1xNt RNAP cell-!

(Nt = downstream transcript length)

BBa_T9002 Response Time: 61 min
Inputs: 0 M (Low), 1E-07 M (High) 30CgHSL

Reliability**

2
I
56 _\\é’:
E0 N 92
20
GFP(arb €2 <Q 74
”’aryu 1E4 56 s%
Low\nputmts} Grp!® g1 38 6§>
P
(0M30C (HsL) (arb,t,af’ 16 mf“ S
Y units
High Input
(1IE-7M30C 4HSL)

Genetic:
Performance:

>92/>56 culture doublings
>92/>56 culture doublings
(low/high input during propagation)

Conditions (abridged)
Output: PoPS measured via BBa_E0240

Culture: Supplemented M9, 37°C
Plasmid: pSB3K3
Chassis: MG1655

*Equipment: PE Victor3 multi-well fluorimeter
**Equipment: BD FACScan cytometer

http://partsregistry.org/Part:BBa_F2620
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Datasheet

Endy and coworker proposed
a datasheet containing the
major characteristics of a
device.

We will need muiltiple
datasheets for various parts
and devices, depending on
their functionality /
characteristics.

Huge experimental space if
parts and devices are
dependent. Where do we
expect this dependence to be
minimal? Breakpoints?!

Authors: Barry Canton

Ania Labno

Registry of StandardiBiological Parts . : .
. r,xak,-,,g Jife better oﬂéé(gﬁme : ¥ License: Public

Source: Canton, Labno and Endy, Nat Biotech, 2008.

Updated: March 2008




Logic

* Many biological
networks can be weor A0 0 Meaning
described using FaLse

o
-y
o
ey

0 0 0 0 Whatever Aand B, the output is false. Contradiction.
. AANDB 0 | 0 0 | 1  |Outputistrue if and only if (iff) both Aand B are true.
|Og|C elements A7L,~B 0 0 1 0  Adoesntimply B. True iff Abut not B.
A 0 0 1 1 | Truewhenever Ais true.
A ?L B |0 |1 |0 0 Aisnotimplied by B. True iff not Abut B.
d NAN D a n d N O R B 0 1|0 1 | Truewhenever Bis true.
AXORB | 0 1 1 0 Trueiff Ais not equal to B.
g ates a re th e . OUTPUT AORB 0 1 |1 | 1 | Trueiff Aistrue, or Bis true, or both.
fou ndatlon Of |Og|C: ANORB 1 0 0 0 Trueiff neither Anor B.
. AXNORB 1 0 0 1  Trueiff Ais equalto B.
a” Other IOg|C NOTB 1 0 1 0 [Trueiff Bis false.
. A«~B |10 1 1 Aisimplied by B. False if not Abut B, otherwise true.
functions can be wora [+ [ [ [ew amuee
generated USi ng A-—B 1 1 0 1 Aimplies B. False if Abut not B, otherwise true.
ANANDB 1 1 1 0 Aand Bare not both true.
O n |y NAN D O r N 0 R TRUE 11 1 1  Whatever Aand B, the output is true. Tautology.

gates

http://www.neuroproductions.be/logic-lab



http://www.neuroproductions.be/logic-lab
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Library of parts and devices (partial list)
\ /Cell-cell communication

6egulation

ﬂeporters

—"— =
-_—
| Output mRNA
N T
DNA WVAAA
miR-X

i\ igi@) Dark Sensor ¥\‘_’
52 2 o oy Sl Gt
" |
IR

h v ®c’ \\.
@% oo

o mml mj— _{r_'m,,c
Holin protein b S 1

Repellant




Decoupling and Orthogonal Systems

One problem with engineered biological systems is that they
are biological systems!

The engineered system can’t be isolated from the native system (cell).
Therefore it is bound, often in unpredictable ways, to interact with the
environment. Compounding this problem is the fact that biological systems are
constantly changing...

What to do about that?

* One could engineer orthogonal systems, which limit the interaction with the
native system. This is difficult though and can only get you so far (how
orthogonal can you really be?)

* One could do without the native system (cells)
* One could build protocells/minimal cells



What is different in biology?

high’
Absolute Truth

Ignorance outside the Knowledge Body
(what is not known and true)

Complexity

True Knowledge
(what is known and true)

Ignorance within the Knowledge Body
(what is known and not true)

low Uncertainty high ™

Uncertainty lgnorance

Mutation

Challenges in engineering biological systems:

* Rules of composition » Persistence

* Noise « Genetic mutations
* Cellular context » Crosstalk

* Environmental conditions  Cell death

* Incomplete models



Making life difficult (to engineer)

Complex
Environment
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Key questions and thoughts

What types of parts might be useful for engineering
biological circuits?

What sort of complicated functions inherent to the cell would
we need to control?

What might go wrong if we don'’t control these inherent
functions?

Bottom-up assembly vs. top-down design ? (Pros and cons
for each...)

Biomimetism versus artificial life?



Impact on Society: ethical issues

“Since synthetic biology is described as an engineering approach towards biology,

it seems convenient to use similar language to describe its inner workings.

These are terms that interdisciplinary researchers, engineers, data scientists, designers

and investors can understand. Through a technical lens, living organisms can be viewed as
controllable, modular systems that can be simply taken apart, standardised and re-assembled.
This point of view is beneficial for regarding single cells as mini drug-factories, or holy

Grails for cheap commercial production.

From manipulation to creationism

Yet, objectifying biological phenomena is a crucial conceptual step towards justifying its
exploitation. Machines and computers are designed and built by humans,

with each part made to serve a specific purpose. Machine metaphors cultivate an artificial
worldview into biological sciences, allowing researchers to break apart and assemble life
with a clear moral conscience. Many synthetic biology experiments focus on rebuilding an
organism from scratch in order to support a hypothesis of underlying its design. However,
the development of new “living machines” opens a philosophical debate about the nature
of life itself, and more importantly, whether humans can be creators of completely

new forms of life”

Dr. Joachim Boldt (research outreach)



Applications: examples



Synbio: prototypes to systems to applications

1
IPTG 42 °C
0 F -
I T T T T
0 5] 10 15 20
)

Time (h
Cell-cell

Normalized GFP expression

Toggle switch Oscillator o
communication

Multi-input Synchronized
functions Oscillators

sz

time & Designgr' metabolic Engineered T cells Programmable
scale pathways in bacteria for cancer Organoids



Synthetic biology health related applications

* In vivo gene circuit delivery + Cell-based therapies
o Oncolytic virus immmunotherapy o CART cells
o Rare diseases _,(-?@/@ o Engineered tissues
o DNA/RNA Vaccines @O o O@ o Encapsulated beta cells
o : . :
RS red microbiome ..
) g 3 @O‘o o Engineered microbiome
R ”‘ﬁ " z? ~—
S PRRSEA o —— %

* Drug development  Diagnostics




Lecture 1 plan

2. Class logic; lecture topics; schedule and
logistics



Synthetic Biology: Lecture series

From molecules to circuit to cell engineering

Protein engineering (Patrick Barth)
Protein circuits (Patrick Barth)
Cell engineering (Patrick Barth)

Gene circuits (Sahand Rahi)

\
Scale
Complexity



Synthetic Biology: Lecture series

Lectures 2-5: Protein engineering (Patrick Barth)

1. Concepts and challenges in protein structure prediction and
design

2. Design of protein fold and stability
3. Design of protein-ligand binding

4. Design of protein functions and selectivity



Synthetic Biology: Lecture series

Lecture 6-8 : Mini protein design project

Learn and apply state of the art Al-based approaches to tackle
a molecular engineering challenge



Synthetic Biology: Lecture series

Lectures 9-11 : Protein circuits (Patrick Barth):

Design of protein parts, interaction systems and protein-based
circuits for robust cellular regulation and control

Systems biology concepts in pathways reprogramming;
principles of synthetic pathways; interface with native

components.



Synthetic Biology: Lecture series

Lectures 9-11 : Cell engineering (Patrick Barth):

Towards eukaryotic cell engineering: application in synthetic cell
engineering for cancer immuno therapy

Efforts and strategies toward building a synthetic cell from
scratch; relationship with reductionist minimal genome

approaches; applications in pathway and cell engineering.



Synthetic Biology: Lecture series

Lectures 12-13: Gene circuit engineering (Sahand Rahi):
Gene circuits in Synthetic Biology

Basic elements in the architecture of genetic circuits; Principles
for the design of synthetic genetic circuits; Standardization in
the components and methods in systems biology; Introduction
to mathematical modeling and design.



Synthetic Biology: Lecture series

Lecture 14: Recap and Questions/Answers session (Patrick
Barth, EPFL)



Synthetic Biology: Administrivia
Instructors: Patrick Barth/ Sahand Rahi

Time: Mon 13:00 — 15:00 (lectures) / Thu 9:00-11:00 (Exercises)
Moodle: lecture slides, lecture notes, exercises

Location: on campus

Office hours: Barth/ Rahi/ Aye— By appt.

TA’s: Lorenzo Scutteri, Remo Battig, Naman Mishra, Yu Meng

Grading: Graded exercises during exercise sessions, Mini project & Final
open-book exam / mix of questions on concepts/knowledge covered during the
lectures and questions similar to those covered during the exercise sessions



Synthetic Biology: Administrivia

Grading:

« Graded exercises / mini project during exercise sessions: 40% of the final
grade

« Final open-book exam: mix of questions on concepts/knowledge covered during
the lectures and questions similar to those covered during the exercise session

Preparation to final exam:
* Problem solving similar to final exam

* Mock exam



