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DNA	structure
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Image modified from "DNA structure and sequencing: Figure 3," by
OpenStax College, Biology (CC BY 3.0).



20 Å

Nitrogenous 
Base

34 Å

Major
Groove

Minor Groove

Central Axis

Sugar-Phosphate
Backbone

5’ C
3’ OH

3’ 0H
C 5’

5’

3’

3’

5’

DNA	structure

5



Watson-Crick	complementarity:	A-T	C-G
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Hybridization and	renaturation
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Gene	expression regulation:	Transcription factors and	promoters

Repressor:	negative regulation Activator:	positive	regulation
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http://www.bioinformatics.utep.edu/agriculture/MEME-BEAS.php



Simple	genetic	circuits:	AND	gate
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CRISPR:	gene	editing

CRISPR: Clustered Regularly
Interspaced Short Palindromic Repeats
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Figure	from:	http://www.neb.sg/applications/genome-editing



Gene	drive
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Operations	with	DNA

• Synthesize,	sequence.
• Hybridization of	complementary bases.
• Denaturation.
• Court.
• Chain separation by length.	Gel	electrophoresis.
• Extraction.
• Polymerization with DNA	Polymerase .
• PCR	amplification.	DNA	Photocopy.
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Hybridization and	renaturation
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Hybridization and	renaturation
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Separation,	detection,	extraction

• Hybridization probes: “search method” or detection
of specific DNA sequences.

Probe: Small single-stranded strand complementary of the
searched strand.

1. Denaturation of the target strands .
2. Add a `labeled’ tube and allow hybridization.
3. Examine whether the hybridization has occured and the
extraction of the pair probe.

18



Copying	a	DNA	sequence:	DNA	Polymerase
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Polymerase chain reaction (PCR)
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Gel
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Gel	Electrophoresis
Separation	of	DNA	strands	by	length
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Biomolecular	Computing	(DNA	Computing)

q Biomolecular Computing (DNA Computing): Design and 
engineering of programmable biomolecular devices with new 
abilities to process biomolecular information. Using biomolecules to 
process information encoded in biomolecules

q Why compute with DNA? To program/control biomolecular 
devices

q Why might be more useful a biomolecular computer than 
electronics? For biomolecular information processing in vitro or in 
vivo. To operate within a cell or a living organism.
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DNA	sensing	based	on	strand	displacement
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Logic	DNA	sensor/actuator
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Patente	del	grupo	LIA
http://bopiweb.com/elemento/575526/



Pioneers	in	DNA	Computing	and	Synthetic	Biology:
Yaakov	Benenson	and	Ehud	Shapiro.	Inst.	Weizmann.	Israel

Benenson,	Y.,	Paz-elizur,	T.,	Adar,	R.,	Keinan,	E.,	Liben,	Z.,	&	Shapiro,	E.	
(2001).	Programmable	and	autonomous	computing	machine	made	of	
biomolecules.	Nature,	414,	430-434.

Benenson,	Y.,	Gil,	B.,	Ben-Dor,	U.,	Adar,	R.,	&	Shapiro,	E.	(2004).	An	
autonomous	molecular	computer	for	logical	control	of	gene	expression.	
Nature,	429,	423-429.	 26



DNA	Computing:	biomolecular	automaton

27



AND(A,C) = D

Inputs A and C

Output

Gate AND

¿?

DNA	Computing:	strand	displacement	
Designing	a	logic	gate	which	processes	DNA	strands

Erik	Winfree,	
28



AND(A,C) = D

AND gateInputs

Output

Figures	from:	G.	Seelig et	al.	Enzyme-Free	
Nucleic Acid Logic Circuits,	Science,	314:1585-
1588,	2006 29
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Synthetic Biology:	FAQ	list
Q1:	What	is	Synthetic	Biology?
Q2:	Why	was	Synthetic	Biology	born?
Q3:	When	and	where	did	Synthetic	Biology	start?	
Pioneers	in	Synthetic	Biology:	Collins,	Ellowitz,	Weiss,	Benenson
Q4:	What	is	Systems	Biology?
Q5:	What	is	a	gene?
Q6:	What	is	a	0	and	a	1	in	Synthetic	Biology?
Q7:	What	is	a	genetic	circuit?
Q8:	How	is	a	genetic	program	written?
Q9:	Where	a	genetic	program	is	executed?
Simple	genetic	circuits:	feedbacks,	toggle	switch,	AND	gate	and	“repressilator”
Q10:	What	has	been	happening	since	2000?	Any	applications	in	the	market?
Q11:	What	engineering	principles	can	be	applied	in	SB?	
Q12:	Is	there	anything	special	in	the	designing	of	biological	systems?	
Q13:	Is	there	any	“open-source”	standard	in	order	to	design	genetic	circuits?
Q14:	What	are	the	major	difficulties	when	programming	a	genetic	circuit?
Q15:	How	to	increase	the	complexity	of	genetic	circuits?	
Q16:	Do	bacteria	talk?
Q17:	Is	it	possible	to	transfer	genetic	programs	between	bacteria?	The	PLASWIRES	
project.
Q18:	Can	bacteria	do	the	job	of	an	engineer?	Evolutionary	engineering	of	genetic	
circuits:	directed	evolution.	The	EVOPROG	project. 31



Q1:	What	is	Synthetic	Biology?

“Synthetic	biology	is	the	engineering	of	biology:	the	synthesis	of	
complex,	biologically	based	systems,	which	display	functions	that	
do	not	exist	in	nature.”	

“Biology	as	technology”	used	to	manufacture	devices	and	Synthetic	
biological	systems.	And	for	reprogramming	natural	biological	
systems.

Natural	bioware used	as	hardware	and	software	to	build	and	
manufacture	artificial	or	synthetic	biological	systems.	

(Synthetic	Biology:	Applying	Engineering	to	Biology:	Report	of	a	NEST	High	Level	
Expert	Group).
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Q2:	Why	was	Synthetic	Biology	born?

• 90’s:	engineers	and	biologists	started	to	work	together	
during	the	Human	Genome	Project	(1990-2003).

• 90’s:	engineers	started	to	see	a	cell	as	a	computer	that	
could	be	programmed	(inserting	DNA	programs).	

• 2000: Read	and	write	DNA	sequences	started	to	become	
cheaper.	
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Q3:	When	and	where	did	Synthetic	Biology	start?

§ Elowitz	MB,	Leibler	S	(2000)	A	synthetic	oscillatory	
network	of	transcriptional	regulators.	Nature	403:	335–
338.

§ Gardner	TS,	Cantor	CR,	Collins	JJ	(2000)	Construction	of	a	
genetic	toggle	switch	in	Escherichia	coli.	Nature	403:	339–
342.

§ Becskei	A,	Serrano	L	(2000)	Engineering	stability	in	gene	
networks	by	autoregulation.	Nature	405:	590–593.

§ "Engineered	Communications	for	Microbial	Robotics”	Ron	
Weiss,	Tom	Knight.	Proceedings	of	the	Sixth	International	
Meeting	on	DNA	Based	Computers	(DNA6),	June	2000
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"Engineered	Communications	for	Microbial	Robotics”	Ron	Weiss,	
Tom	Knight.	Proceedings	of	the	Sixth	International	Meeting	on	
DNA	Based	Computers	(DNA6),	June	2000

Pioneers	in	Synthetic	Biology:
Ron	Weiss	y	Tom	Knight.	MIT	– AI	Lab
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Pioneers	in	Synthetic	Biology:
M.	Elowitz,	J.	Collins

Gardner,	T.	S.,	Cantor,	C.	R,	&	Collins,	J.	J.	(2000).	Construction	
of	a	genetic	toggle	switch	in	E.	coli.	Nature,	403,	339-342.	

Elowitz,	M.	B.,	&	Leibler,	S.	(2000).	A	synthetic	oscillatory	
network	of	transcriptional	regulators.	Nature,	403,	335-338.
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Pioneers	in	DNA	Computing	and	Synthetic	Biology:
Yaakov	Benenson	and	Ehud	Shapiro.	Inst.	Weizmann.	Israel

Benenson,	Y.,	Paz-elizur,	T.,	Adar,	R.,	Keinan,	E.,	Liben,	Z.,	&	Shapiro,	E.	
(2001).	Programmable	and	autonomous	computing	machine	made	of	
biomolecules.	Nature,	414,	430-434.

Benenson,	Y.,	Gil,	B.,	Ben-Dor,	U.,	Adar,	R.,	&	Shapiro,	E.	(2004).	An	
autonomous	molecular	computer	for	logical	control	of	gene	expression.	
Nature,	429,	423-429.	 37



Pioneer	in	Synthetic	Biology:
John	Craig	Venter

Mycoplasma Mycoides JCVI-syn 1.0
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A Scientist discovers that which exists;
an Engineer creates that which never was.

-- Theodore von Karman

Q4:	Systems	Biology	and	Synthetic	Biology:	
Science	and	Engineering.	Analysis	and		Synthesis.
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Natural	organisms
Engineered	organisms

Knowledge	&	understanding
models

Science
Systems	Biology

Engineering
Synthetic	Biology

Systems	Biology	and	Synthetic	Biology:	
Biology	as	Science	and	as	Technology

Reverse-engineering	and	Forward	engineering	Biology
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Q5:	What	is	a	gene?

• A	program	(DNA	sequencing)	with	the	instructions	to	
build	a	biological	machine:	a	protein.	A	gene	is	the	
software	to	build	a	biological	hardware	(a	protein).	

• Gene	expression:	DNA->RNA->Protein.
• Gene	activation	(ON/OFF)	can	be	controlled	and	

regulated	through	other	proteins.	Genes	show	a	digital,	
binary	behavior.	

• The	regulatory	area	of	a	gene	activation	is	called	
promoter	area.	It	can	be	activable	or	repressible.	We	can	
combine	genes	with	different	promoters.		
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Q6:	What	is	an	0	and	an	1	in	synthetic	biology?

• Low	concentration	of	a	biomolecule	=	0
• High	concentration	of	a	biomolecule	=	1

How	is	the	output	of	a	
genetic	circuit	displayed?

Fluorescent	proteins:	GFP,	RFP,	YFP

44
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Q7:	What	is	a	genetic	circuit?

It	is	a	genetic	program	that	is	executed	in	a	cell.	
Input:	Proteins
Circuit:	One	or	more	(Promoter+Gene)
Output:	Protein

Genes	show	a	digital,	binary	behavior	(ON/OFF).	
Input/Output proteins	are	considered	binary	variables	(0/1).
Thus,	we	use	the	models	of	the	digital/Boolean	circuits		
and	Boolean	logic	gates.

The	simplest	genetic	circuits	are	the	logic	gates	with	1-input
(YES,	NOT	gate)	and	the	feedbacks
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Q8:	How	is	a	genetic	program	written?

• In	a	DNA	circular	strand	called	plasmid.	
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Q9:	Where	is	a	genetic	program	executed?

• In	a	biological	processor	called	“cell”.

• The	PC/Apple	of	biology:	biologists	work	with	bacteria	
called	E.	Coli.	Its	operating	system	(chromosome)	
contains	some	4.6	M	base	pairs	and	some	4K	genes.
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Simple	genetic	circuits:	feedbacks,	toggle	
switch,	AND	gate	and	“repressilator”

• The	gene	Gi	produces	the	protein	i;	if	this	protein	i	regulates	
its	own	expression	we	have:	positive	feedback	or	negative	
feedback.	

• Toggle	switch:	The	gene	i	(the	protein	i)	inhibits	the	gene	j	and	
vice	versa:	the	gene	j	(its	protein	j)	inhibits	the	gene	i.	Two	
genes	that	are	mutually	inhibited.		
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promoter and the essential tryptophan biosynthetic
enzymes are produced.One of the first mathematical
models of the tryptophan operon69 used dynamical
equations to describe operon repression by the trp
repressor. The parameter estimates were based on
experimental data and the model reproduced derepres-
sion experiments.However, the model omitted interac-
tions between the trp operon and the repressor mole-
cules. A more recent model of the trp operon72,73

accounted for repression, enzyme feedback inhibition,
inherent time delays and transcriptional attenuation
(premature termination of transcription — a feature of
the trp regulatory operon). Model parameters were
closely estimated from experimental data, and numeri-
cal results from a system of differential equations were
compared with experimental results. The model suc-
cessfully predicted changes in the concentration of
biosynthetic enzymes in bacteria grown in minimal
media with and without a tryptophan supplement. In
addition, simulations qualitatively reproduced identical
growth experiments involving mutant E. coli strains.

A recent modelling study78used rate equations to
examine the regulation of segmentation in the fruitfly
Drosophila melanogaster. The large PARAMETER SPACE of
the model was searched to find solutions that qualita-
tively matched the experimental data. The initial
assumed pattern of gene network connectivity made it
very difficult to find parameter sets that yielded the
desired behaviour, whereas the addition of several key
connections made such parameter sets relatively com-
mon. In earlier modelling work on Drosophila segmen-
tation79, the rate-equation model made no assumptions
about the nature of the connections among genes.
Rather, experimental data were used to determine the
connections by searching the parameter space for those
solutions best fitting the observed behaviour of the sys-
tem. Both studies illustrate the use of model construc-
tion in the determination of underlying network con-
nectivity. Such ‘reverse-engineering’ approaches are
particularly attractive in the light of recent advances in
gene chip technology80–86.

Synthetic networks: the road to reductionism
The ability to design synthetic networks offers the excit-
ing prospect of extracting carefully chosen subsystems
from natural organisms, and focusing both modelling
and experimental effort on determination of the behav-
iour of the subsystems in isolation. The long-range goal
of such work would be to assemble increasingly com-
plete models of the behaviour of natural systems, while
maintaining at each stage the ability to test models in a
tractable experimental system. Further, simple networks
represent a first step towards logical cellular control,
whereby biological processes can be manipulated or
monitored at the DNA level87. Such control could have a
significant effect on post-genomic biotechnology.
Current examples of potential applicability range from
the use of genetically engineered microorganisms for
environmental clean-up purposes22, to the flipping of
genetic switches in mammalian neuronal cells23. From
the construction of simple switches or oscillators, the

The concept of OPERON regulation was introduced
over 40 years ago62–64 and a general descriptive theory
arose shortly thereafter65–66. Several modelling efforts
have focused on the dynamical behaviour of the lac (lac-
tose) and trp (tryptophan) operons67–77. Tryptophan is
an amino acid that is incorporated into proteins that are
essential to bacterial growth. When tryptophan is pre-
sent in the growth media, it forms a complex with the
tryptophan repressor and the complex binds to the pro-
moter of the trp operon, effectively switching off pro-
duction of tryptophan biosynthetic enzymes. In the
absence of tryptophan, the repressor cannot bind to the

OPERON

A genetic unit or cluster that
consists of one or more genes
that are transcribed as a unit
and are expressed in a
coordinated manner.

PARAMETER SPACE

The set of all possible values 
of all parameters.

PL

a

lacl

PLtetO

c

tetR–EGFP

cl Ptrc-2

PLlacO1

b

tetR-lite

cI-lite PLtetO1lacI-lite λPR

Figure 3 | Schematic diagrams of three negatively
regulated synthetic gene networks. a | The toggle
switch is composed of a two-gene co-repressive network.
The constitutive PL promoter drives the expression of the
lacI gene, which produces the lac repressor tetramer. The
lac repressor tetramer binds the lac operator sites adjacent
to the Ptrc-2 promoter, thereby blocking transcription of cI.
The constitutive Ptrc-2 promoter drives the expression of
the cI gene, which produces the λ-repressor dimer. The λ-
repressor dimer cooperatively binds to the operator sites
native to the PL promoter, which prevents transcription of
lacI. b | The repressilator is composed of a three-gene
repressive network driven by three strong constitutive
promoters. Expression of tetR-lite is driven by the
constitutive PLlacO1 promoter. The tet repressor binds to
the tetO1 operator sites on the PLtetO1 promoter, turning
off constitutive transcription of cI-lite. Transcription of cI-lite
produces a λ-repressor protein, which binds to native
operator sites on the PR promoter. The constitutive PR

promoter drives the expression of lacI-lite, which produces
lac repressor. The lac repressor binds to lacO1 operator
sites on the PLlacO1 promoter, thus completing the
repressilator circuit. The ‘-lite’ extensions on each gene
describe the production of proteins that are encoded with a
sequence that targets them for expedient degradation by
native bacterial proteases. c | An autorepressive network is
composed of a single-gene negative-feedback circuit. The
strong constitutive PL promoter with tetO operator sites
drives the expression of the open reading frame consisting
of the tetR and enhanced green fluorescent protein (EGFP)
genes. Production of the tetR–EGFP fusion protein
negatively regulates its own production by binding to the
tetO operator sites on the PL promoter.

© 2001 Macmillan Magazines Ltd
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Digital logic gates
A digital logic gate implements 
Boolean logic (such as AND, OR 
or NOT) on one or more logic 
inputs to produce a single logic 
output. Electronic logic gates 
are implemented using diodes 
and transistors and operate on 
input voltages or currents, 
whereas biological logic gates 
operate on cellular molecules 
(chemical or biological).

Filters
Algorithms or devices for 
removing or enhancing parts 
or frequency components 
from a signal.

Transcriptional biosensing. As the first dedicated phase 
of gene expression, transcription serves as one method 
by which cells mobilize a cellular response to an environ-
mental perturbation. As such, the genes to be expressed, 
their promoters, RNA polymerase, transcription factors 
and other parts of the transcription machinery all serve 
as potential engineering components for transcriptional 
biosensors. Most synthetic designs have focused on the 
promoters and their associated transcription factors, 
given the abundance of known and characterized bac-
terial, archaeal and eukaryotic environment-responsive 
promoters, which include the well-known promoters of 
the Escherichia coli lac, tet and ara operons.

Both the sensory and transducer behaviours of a biosen-
sor can be placed under synthetic control by directly engi-
neering environment-responsive promoter sequences.  

In fact, this was the early design strategy adopted for 
establishing inducible expression systems37–40. By intro-
ducing, removing or modifying activator and repres-
sor sites, a promoter’s sensitivity to a molecule can be 
tuned. Synthetic mammalian transactivation systems 
are generic versions of this strategy in which an envi-
ronmentally sensitive transcription factor is fused to a 
mammalian transactivation domain to cause inducer-
dependent changes in gene expression. Synthetic 
mammalian biosensors based on this scheme have 
been created for sensing signals such as antibiotics41–43,  
quorum-sensing molecules44,45, gases and metabolites46–49, 
and temperature changes50,51. Fussenegger and col-
leagues have even incorporated this transgene design 
into mammalian circuits, creating synthetic networks 
that are responsive to electrical signals52.

Box 1 | Early synthetic biology designs: switches and oscillators

Switches and oscillators that occur in electronic systems are also seen  

in biology and have been engineered into synthetic biological systems.

Switches

In electronics, one of the most basic elements for storing memory is  

the reset–set (RS) latch based on logical NOR gates. This device is bistable  

in that it possesses two stable states that can be toggled with the  

delivery of specified inputs. Upon removal of the input, the circuit retains 

memory of its current state indefinitely. These forms of memory and state 

switching have important functions in biology, such as in the 

differentiation of cells from an initially undifferentiated state. One  

means by which cellular systems can achieve bistability is through 

genetic mutual repression. The natural P
R
–P

RM
 genetic switch from 

bacteriophage λ, which uses this network architecture to govern the 

lysis–lysogeny decision, consists of two promoters that are each repressed 

by the gene product of the other (that is, by the Cro and CI repressor 

proteins). The genetic toggle switch8 constructed by our research group 

is a synthetically engineered version of this co-repressed gene regulation 

scheme. In one version of the genetic toggle, the P
L
 promoter from  

λ phage was used to drive transcription of lacI, the product of which 

represses a second promoter, Ptrc2 (a lac promoter variant). Conversely, 

Ptrc2 drives expression of a gene (cI-ts) encoding the temperature- 

sensitive (ts) λ CI repressor protein, which inhibits the P
L
 promoter. The 

activity of the circuit is monitored through the expression of a GFP promoter.   

The system can be toggled in one direction with the exogenous addition 

of the chemical inducer isopropyl-β--thiogalactopyranoside (IPTG)  

or in the other direction with a transient increase in temperature. 

Importantly, upon removal of these exogenous signals, the system retains 

its current state, creating a cellular form of memory.

Oscillators

Timing mechanisms, much like memory, are fundamental to many 

electronic and biological systems. Electronic timekeeping can be 

achieved with basic oscillator circuits — such as the LC circuit (inductor L 

and capacitor C) — which act as resonators for producing periodic 

electronic signals. Biological timekeeping, which is widespread among 

living organisms120, is achieved with circadian clocks and similar oscillator 

circuits, such as the one responsible for synchronizing the crucial 

processes of photosynthesis and nitrogen fixation in cyanobacteria. The 

circadian clock of cyanobacteria is based on, among other regulatory 

mechanisms, intertwined positive and negative feedback loops on the 

clock genes kaiA, kaiB and kaiC. Elowitz and Leibler constructed a 

synthetic genetic oscillator based not on clock genes but on standard 

transcriptional repressors (the repressilator)9. Here, a cyclic negative 

feedback loop composed of three promoter–gene pairs, in which the 

‘first’ promoter in the cascade drives expression of the ‘second’ 

promoter’s repressor, and so on, was used to drive oscillatory output in 

gene expression.
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Simple	genetic	circuits:	AND	gate
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Repressilator:	a	genetic oscillator
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Q10:	Are	there	already	applications	in	the	market?

§ Synthetic	vaccine	against	malaria:	Artemisia	(J.	Keasling)
§ Biofuel:	Cells	which	convert	light/sugar	into	ethanol.
§ Design	of	medicines,	synthetic	chemistry,	cellular	sensors.	

§ Engineers+Biologists:	“Making	biology	easier	to	program”.	
§ Jay	Keasling:	 “Everything	that	a	plant	can	produce	can	be	produced	

with	a	microbe”.	
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Q11:	What	engineering	principles	can	be	applied	in	
SynBio?

• abstraction,		hierarchy,		modularity,		
standardization,		encapsulation.

Q12:	Is	there	anything	special	in	the	designing	of	
biological	systems?	
New	design	principles:	Engineering	by	Directed	Evolution

• Components	and	devices	evolve.	Modularity	is	a	desire	
not	always	a	reality. The	devices	reproduce	and	die. They 
are able to self-repair and self-organize. 
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Q13:	Is	there	any	“open-source”	standard	in	order	to	
design	genetic	circuits?	Yes.	Biobricks
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Q14:	What	are	the	major	difficulties	when	
programming	a	genetic	circuit?

§ Life	hardware	that	reproduces	and	sometimes	fails.	
§ Software	that	replicates	and	sometimes	mutates.
§ Noise,	crosstalk:	bacteria	confuse	signals.
§ A	1	is	not	always	a	1.	A	0	is	not	always	a	0.	
§ “Mismatch	impedance	problem”.
§ Not	very	happy	bacteria:	metabolic	load.
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Q15:	How	to	increase	the	complexity	of	the	
genetic	circuits?

From	synthetic	biology	to	synthetic	ecology	

From	intracellular	circuits	to	multicellular	circuits
Multicellular	systems	programming:	Parallel	and	distributed	computation.	
Intercellular	communication	engineering.	
Bacterial	communication	protocols:	

1. Quorum	sensing	and	
2. Conjugation

connected logic gates would be adjacent to each other,
mirroring a wiring diagram (Figure 4d). This arrangement
allows compartmentalized logic gates to be connected by
diffusion of chemical wiring molecules between colonies.
Having the output dependent on cells from an entire
colony improves circuit robustness by averaging out cell-
to-cell variability within a strain resulting from gene
expression noise. In both studies, since compartmentali-
zation of circuits also reduces the amount of introduced
synthetic circuitry within one cell, that lessens the meta-
bolic load and chance of circuit-damaging recombination
between reused sequences [47]. The result is a microbial
consortium of cells acting together to compute the output.
A reduced metabolic load was also seen with the mini-
cellulosome assembling consortium (Figure 2b).

Although the use of extracellular chemical wires to con-
nect compartmentalized circuits has a number of benefits,

it does not abrogate the input–output matching problem,
which is now shifted to the outside of the cell (compare
Figures 4b and c, where X and Y must be compatible).
The need for molecular input–output matching between
circuits means that in Figure 4d, where three NOR gates
are used, each of them is a context-specific version.
Instead of a universal NOR, the biological NOR gates
must be parameterized by the particular inputs (e.g. aTc,
Las AHL) and output (e.g. Rhl AHL) they interface with.

The input–output matching problem is probably funda-
mental to biological circuits, since the flow of information
is based on diffusing molecules with structure and iden-
tity as opposed to the physically constrained flow of
electrons in electrical circuits. One speculative work-
around proposed here is based on the emergence of
optogenetics, the development of bacterial strains with
light-sensitive inputs [48,49!!,50!,51], and recent studies
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Current Opinion in Chemical Biology

Multicellular computing, input–output matching, and optical interfaces. (a) Two modular circuits with known input–output relationships are ideally
treated as black boxes. (b) Combining the circuits in the same cell illustrates a reusability problem. The component common (pink) to both networks
can diffuse and cause unwanted crosstalk between circuits. (c) Multicellular computing averts the reusability problem by compartmentalizing modular
circuits in different cells. The common component in both circuits is now insulated within each circuit. (d) An example (adapted from Tamsir et al. [46!!])
of multicellular computing using NOR gates to create a XOR function. Each circled logic gate is a colony of cells. Context-specific versions of the NOR
gate (denoted by different color combinations of wires connected to each) must be constructed to match inputs and outputs. (e) The XOR circuit from
(d) is re-implemented using imagined ‘optocellular’ logic gates with red and blue light inputs (red and blue segments) and an output (green segments)
that can be readily measured, for example a fluorescent protein. As above, each logic gate is compartmentalized in a cell grown as a colony. A colony
(node) should be illuminated with red and/or blue light if the connected upstream output node (where green output lines meet red or blue dashed lines)
is measured as ON. (f) An example showing the light input patterns presented to each colony when the two inputs Ara and aTc are ON. Light patterns
can be controlled for example by a digital micromirror device. Since compartmentalized optocellular circuits can be connected without unique
chemical wires, their use, in principle, could scale to much larger circuits.
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to-cell variability within a strain resulting from gene
expression noise. In both studies, since compartmentali-
zation of circuits also reduces the amount of introduced
synthetic circuitry within one cell, that lessens the meta-
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between reused sequences [47]. The result is a microbial
consortium of cells acting together to compute the output.
A reduced metabolic load was also seen with the mini-
cellulosome assembling consortium (Figure 2b).

Although the use of extracellular chemical wires to con-
nect compartmentalized circuits has a number of benefits,

it does not abrogate the input–output matching problem,
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Figures 4b and c, where X and Y must be compatible).
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Multicellular computing, input–output matching, and optical interfaces. (a) Two modular circuits with known input–output relationships are ideally
treated as black boxes. (b) Combining the circuits in the same cell illustrates a reusability problem. The component common (pink) to both networks
can diffuse and cause unwanted crosstalk between circuits. (c) Multicellular computing averts the reusability problem by compartmentalizing modular
circuits in different cells. The common component in both circuits is now insulated within each circuit. (d) An example (adapted from Tamsir et al. [46!!])
of multicellular computing using NOR gates to create a XOR function. Each circled logic gate is a colony of cells. Context-specific versions of the NOR
gate (denoted by different color combinations of wires connected to each) must be constructed to match inputs and outputs. (e) The XOR circuit from
(d) is re-implemented using imagined ‘optocellular’ logic gates with red and blue light inputs (red and blue segments) and an output (green segments)
that can be readily measured, for example a fluorescent protein. As above, each logic gate is compartmentalized in a cell grown as a colony. A colony
(node) should be illuminated with red and/or blue light if the connected upstream output node (where green output lines meet red or blue dashed lines)
is measured as ON. (f) An example showing the light input patterns presented to each colony when the two inputs Ara and aTc are ON. Light patterns
can be controlled for example by a digital micromirror device. Since compartmentalized optocellular circuits can be connected without unique
chemical wires, their use, in principle, could scale to much larger circuits.
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Q16:	Do	bacteria	talk?	Quorum	Sensing:	V.	
Fischeri	and	the	squid	of	Hawai	

Waters,	C.M.	&	Bassler,	B.L.	Quorum	sensing:	cell-to-cell	communication	in	bacteria.	Annual	
Review	of	Cell	and	Developmental	Biology	21,	319-346	(2005).
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Q17:	Is	it	possible	to	transfer	genetic	programs	
between	bacteria?	Yes.	Through	plasmid	conjugation
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From Wikipedia



European	project	PLASWIRES:	“Engineering	Multicellular	
Biocircuits:	Programming	Cell-Cell	Communication	Using	
Plasmids'	as	WIRES” www.plaswires.eu	

PLASWIRES'	main	goal:	To	show	how	to	program	a	parallel	
distributed	living	computer	using	conjugative	plasmids	as	wires	
between	cellular	processors.
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Q18:	Can	bacteria	do	the	job	of	an	engineer?	
Evolutionary	engineering	of	genetic	circuits:	

directed	evolution

From	rational	design	to	evolutionary	design

Directed	evolution:	Evolution	in	the	Lab.

Library	of	possible	genetic	circuits.	Which	one	has	the	best	behavior?

Manual	solution:	Examine	one	by	one	each	genetic	circuit.	

Automatic	in	vivo	solution:	Program	bacteria	to	select	autonomously	
the	best	circuits	among	all	the library.	(BACTOCOM	and	EVOPROG	
projects).
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European	project	EVOPROG:		www.evoprog.eu
“General-Purpose	Programmable	Evolution	Machine	on	a	Chip”

EVOPROG

EVOPROG’s	main	goal		

construct	a	general-purpose	programmable	
evolution	machine	able	to	quickly	evolve	new	
biomolecules	or	phenotypes	in	bacterial	cells.	
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Some intro material	(to read)
If you prefer to read:

• Tinkering with Life.	By Jef Akst.The Scientist,	October 1,	2011.	
• http://www.the-scientist.com/?articles.view/articleNo/31193/title/Tinkering-With-

Life/
• Synthetic Life.	By W.	Wayt Gibbs.	Scientific American,	May 2004.	

https://www.researchgate.net/profile/Wayt_Gibbs/publication/8577265_Syntheti
c_Life/links/0deec51e989f241ab5000000/Synthetic-Life.pdf	

• Engineering Life.	By the Bio FAB	group.	Scientific American,	June	2006.	
http://www.synbiosafe.eu/uploads/pdf/SciAm_BioFab_2006_06.pdf

• Synthetic Biology:	Bits	and	pieces come	to life.	James	Collins Nature 483,	S8–S10	
(01	March 2012)	doi:10.1038/483S8a	(free	full	access)	
http://www.nature.com/nature/journal/v483/n7387_supp/full/483S8a.html

• Q&A:	Circuit capacity.	James	Collins Nature 483,	S11	(01	March 2012)	
doi:10.1038/483S11a	
http://www.nature.com/nature/journal/v483/n7387_supp/full/483S11a.html



Some intro material	(to watch)
If you prefer to watch (Videos):

• Conferencia	en	Chile	2013	de	Alfonso	R.	Patón: “Biología	Programable:	18	
FAQs sobre	Biología	Sintética	de	un	informático”.	
https://www.youtube.com/watch?v=jp7IF8uOxyE

• Slides in	pdf available from our web	page:	
http://www.lia.upm.es/index.php/intro-to-syn-bio

• Synthetic Biology - intro video	by Jim Collins.	(12	minutes).	
https://www.youtube.com/watch?v=X01MK7MIEwA

• Synthetic Biology Explained (6	minutes).	
https://www.youtube.com/watch?v=rD5uNAMbDaQ

• Synthetic Biology - intro video	(3	minutes).	
https://www.youtube.com/watch?v=xOx3B2Z_qqE

• Jugando	con	Biobloques - conferencia	de	Manu	Giménez	en	TEDxUBA (10	
minutos)	http://www.tedxuba.org/videos/tedxuba-2013/jugando-con-
biobloques http://youtu.be/8I5mqniN



Outline of	the talk

1. Basic	biology concepts:	DNA	and	gene	expression
2. DNA	Computing:	basic concepts
3. Synthetic Biology:	FAQs
4. LIA	group:	software	(BioBlocks,	gro)
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LIA members
• Professors: 

– Alfonso Rodríguez-Patón
– Andrei Paun
– Iván Pau
– Daniel Manrique

• PostDocs:
– Xiangxiang Zeng

• PhD students:
– Martín Gutiérrez
– Vishal Gupta
– Paula Gregorio
– Guillermo Pérez del Pulgar
– Marcos Rodríguez
– Antonio García

• Master students: 
– Luis Enrique Muñoz
– Sandra Sáez
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Software developed in LIA

• BioBlocks: programming protocols made easier
• GRO: Multicell 2D bacterial simulator

• Open-source software available in our web
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We work on two scales
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High-level
protocols/programs

Multicellular simulations

Sc
ale

GRO
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Software	in	our web:	www.lia.upm.es



BioBlocks is based on
Google’s Blockly and MIT Scratch

Blockly	and	Scratch	are	block-based	tools	to	teach	children	programming!
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http://vps159.cesvima.upm.es/software/Bioblocks



BioBlocks: A visual language 
for protocol Specification

• Consists	of	:

-Organization	Blocks

-Operation	Blocks

-Container	Blocks
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BioBlocks language

Blocks	from	the	BioBlocks	Library
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http://vps159.cesvima.upm.es/software/Bioblocks



GRO
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https://github.com/liaupm/GRO-LIA



GRO is an IbM simulator
useful to 

simulate synthetic multicellular
circuits

on solid 2D surfaces
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GRO,	the cell programming language



GRO,	the cell programming language

• Developed at Klavins Lab
(University of Washington) 
http://depts.washington.ed
u/soslab/gro/

• GRO is mainly concerned
with studying bacterial
colony growth in 2D and 
multicellular behaviors
based on signals.
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Cell orientation in	gro

https://github.com/liaupm/GRO-LIA



A	multicellular edge detector
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A	multicellular bullseye
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THANK YOU!
• Professors: 

– Alfonso Rodríguez-Patón
– Andrei Paun
– Iván Pau
– Daniel Manrique

• PostDocs:
– Xiangxiang Zeng

• PhD students:
– Martín Gutiérrez
– Vishal Gupta
– Paula Gregorio
– Guillermo Pérez del Pulgar
– Marcos Rodríguez
– Antonio García

• Master students: 
– Luis Enrique Muñoz
– Sandra Sáez
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