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ASYNCHRONOUS DESIGN AT CALTECH

The first fully asynchronous microprocessor
(Designed by Alain Martin’s group at Caltech in 1989)



TIMED ASYNCHRONOUS CIRCUITS

Timing ignored

Complex-gates
Systematic methods
Verified correct

Conservative designs

ﬁlndustry

Timing critical
Semi-custom

Adhoc methods
Extensive simulation

Unreliable designs
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Utilize explicit timing information

Semi-custom
Systematic methods
Verified correct

Efficient and reliable designs

(ICCD 1992, IEEE TVLSI 1993, CAV 1994, IEEE TCAD 1999)



TIMED ASYNCHRONOUS CIRCUIT DESIGN AND VERIFICATION
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ASYNCHRONOUS
Circuit Design

ATACS Software Self-timed Multiplier Textbook

- 20 journal papers, 4 patents, and 45 conference/workshop papers
(including 10 published at this conference).

- 1 postdoc, 5 MS students, and 6 PhD students (3 tenured faculty).
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ASYNC 1999 (Best Paper Award), IEEE JSSC 2001,
US Patents 5,978,899, 5,948,096, 5,941,982, and 5,931,944.

- Test chip fabricated in May 1998 using a 0.25 um process.
- Three times faster while consuming half the power of the comparable
synchronous design.



ToP 10 REASONS TO HIRE AN ASYNCHRONOUS DESIGNER

Manpreet Khara

Manpreet Khaira

Fifth International Symposium on Advanced Research in
Asynchronous Circuits and Systems
Barcelona (Spain), 18-21 April 1999



ToP 10 REASONS TO HIRE AN ASYNCHRONOUS DESIGNER

No. 1 - They are really smart, and
we can teach them to do some-
thing real.

Manpreet Khara

Manpreet Khaira

Fifth International Symposium on Advanced Research in
Asynchronous Circuits and Systems
Barcelona (Spain), 18-21 April 1999



ASYNCHRONOUS GENETIC CIRCUITS

1 : d

Michael Samoilov Adam Arkin



PHAGE \ VIRUS

E. coli bacterial cell

Host chromosome

Phage A ’ Attachment

Penetration
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Induction
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Release
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ASYNCHRONOUS CIRCUIT?

McAdams/Shapiro, Science (1995)



STOCHASTIC CIRCUIT?
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STOCHASTIC ASYNCHRONOUS CIRCUIT?
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STOCHASTIC ASYNCHRONOUS CIRCUIT RESULTS
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Average Phage Input (API)
SAC results generated in only 7 minutes.
Kuwahara et al., Trans. on Comp. Sys. Bio. (2006)



CHASTIC ASYNCHRONOUS CIRCUIT RESULTS
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Synthetic biology applications:
- Produce drugs and bio-fuels.
- Consume toxic waste.

- Destroy tumors.
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- Synthetic biology adds standards, abstraction, and decoupling to
genetic engineering practice.



SYSTEMS BIOLOGY VERSUS SYNTHETIC BIOLOGY

Synthetic biology applications:
- Produce drugs and bio-fuels.
- Consume toxic waste.

- Destroy tumors.

i

Drew Endy

- Synthetic biology adds standards, abstraction, and decoupling to
genetic engineering practice.

- Since genetic circuits are inherently asynchronous, seems appropriate
to leverage asynchronous design and verification methodologies.



SYNTHETIC BIOLOGY STARTUPS

Top synthetic biology fundraisers of 2018 " beta

Moderna Therapeutics
Zymergen

Synthorx

Sutro Biopharma
Autolus

Bolt Threads

Twist Bioscience
Impossible Foods
Precision BioSciences
Synthego

Berkeley Lights
Genomatica

Synlogic

Beam Therapeutics
Intrexon

Inscripta

Amyris

Cibus

Pivot Bio

AgBiome

$OM $200M $400M $600M

98 Synthetic Biology Companies
Raised More Than $3.8 Billion in 2018



SYNTHETIC BIOLOGY STARTUPS

Funding for synthetic biology companies, 2009-2018 :‘ beta

$4B
$3B
$2B

$1B

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018



GENETIC CIRCUIT DESIGNS

- Genetic circuits are created from biological components that mimic the
behavior of Boolean logic gates.

- Genetic circuits can be built inside of a living organism (in vivo) or in a
test tube (in vitro).

- Most genetic circuits that have been built are combinational circuits.

- Some sequential memory circuits have been constructed.



GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)
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GENETIC TOGGLE SWITCH (GARDNER ET AL. 2000)

pLac TetR GFP pTet



GENETIC TOGGLE SWITCH (SR LATCH) LOGIC DIAGRAM

IPTG Lacl

T TetR/GFP




GENETIC DESIGN CONSTRAINTS

- Crosstalk

- Signal Mismatch
- Roadblocking

- Context Effects
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SIGNAL MISMATCH

Input  Output1  Output 2

.

PTac PPhiF PBetl

—

101 §

____________

Output 2 (RPU
2

a1l 1 T T 10'3@
10-3 10-1 101 10-3 10-1 101

Input (RPU) Output 1 (RPU)

Nielsen et al., Science, 2016
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SIGNAL MISMATCH
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ROADBLOCKING
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CONTEXT EFFECTS
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GENETIC DESIGN AUTOMATION (GDA)

- Building a complex circuit that operates correctly under the genetic
design constraints is time consuming.

- Genetic design automation (GDA) can help refine the design space
before building a circuit in the laboratory.

- Models can be generated programatically and analysis of these models
can help evaluate design alternatives on a computer (in silico).



REPRODUCIBILITY CRISIS

An article about computational sci-
ence in a scientific publication is not
the scholarship itself, it is merely ad-
vertising of the scholarship. The ac-
tual scholarship is the complete ... set
of instructions [and data] which gen-
erated the figures.

Professor David Donoho
Stanford University



REPRODUCIBILITY IN SYNTHETIC BIOLOGY

@ © 201 Nature America, Inc. All rights reserved.

Essential information for synthetic DNA sequences

To the Editor:

Following a discussion by the workgroup
for Data Standards in Synthetic Biology,
which met in June 2010 during the Second
‘Workshop on Biodesign Automation in
Anaheim, California, we wish to highlight
a problem relating to the reproducibility
of the synthetic biology literature. In
particular, we have noted the very small
number of articles reporting synthetic
gene networks that disclose the complete
sequence of all the constructs they
describe.

To our knowledge, there are only a few
examples where full sequences have been
released. In 2005, a patent
application’ disclosed the
sequences of the toggle
switches published four
years earlier in a paper by
Gardner et al.?, The same
year, Basu et al.* deposited
their construct sequences
for programmed pattern
formation into GenBank®.
Examples of synthetic DNA
sequences derived from
standardized parts that
have been made available
in GenBank include the
refactored eenome of the bacteriovhage

gaps between key components are almast
never reparted, presumably because they
are not considered crucial to the report.
Yet, synthetic biology relies on the premise
that synthetic DNA can be engineered with
base-level precision.

Missing sequence information in papers
hurts reproducibility, limits reuse of past
work and incorrectly assumes that we
know fully which sequence segments are
important. For example, many synthetic
biologists are currently realizing that
translation initiation rates are dependent
on more than the Shine-Dalgarno
sequence®. Sequences upstream of the
start codon are crucial for
translation rates, yetare
underreported. Similarly, it
has been demonstrated that
intron length can affect
the dynamics of genetic
oscillators®. Many more
such examples are likely to
emerge.

Because full sequence
disclosure is critical,
we wonder why the
common requirement
by many journals to
provide GenBank entries
for eenomes and natural seauences has

and welcome contributions from the
[Ereater community.
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SYNTHETIC BIOLOGY OPEN LANGUAGE (SBOL)
VERSION 1 RELEASED IN 2011

nature

biotechnology

Home | Current issue | News & comment | Research | Archive ¥ | Authors & referes ¥ | About the journal

home » archive » issue » ional biclogy » ive » full text
NATURE BIOTECHNOLOGY | COMPUTATIONAL BIOLOGY | PERSPECTIVE < =
BREESR

The Synthetic Biology Open Language (SBOL)
provides a community standard for communicating
designs in synthetic biology

Michal Galdzicki, Kevin P Clancy, Ernst Oberortner, Matthew Pocock, Jacqueline Y Quinn,
Cesar A Rodriguez, Nicholas Reehner, Mandy L Wilson, Laura Adam, J Christopher Anderson,
Bryan A Bartley, Jacob Beal, Deepak Chandran, Joanna Chen, Douglas Densmore, Drew
Endy, Raik Griinberg, Jennifer Hallinan, Nathan J Hillson, Jeffrey D Johnson, Allan Kuchinsky,
Matthew Lux, Goksel Misirli, Jean Peccoud, Hector A Plahar, Evren Sirin, Guy-Bart Stan, Alan
Villalobos, Anil Wipat, John H Gennari, Chris J Myers & Herbert M Sauro

- Show fewer authors

Affiliations | Contributions | Corresponding author

Nature Biotechnology 32, 545-550 (2014) | doi:10.1038/nbt.2831
09 2013 | pted 20 D 2013 | Published online 06 June 2014




SBOL VISUAL VERSION 1 RELEASED IN 2013

@PLOS | BIOLOGY

SBOL Visual: A Graphical Language for
Genetic Designs

Jacqueline Y. Quinn'®, Robert Sidney Cox llI2°, Aaron Adler’, Jacob Beal®,

Swapnil Bhatia®, Yizhi Cai®, Joanna Chen®’, Kevin Clancy®, Michal Galdzicki®, Nathan

J. Hillson®7, Nicolas Le Novére'®, Akshay J. Maheshwari'', James Alastair McLaughlin'2,
Chris J. Myers', Umesh P'%, Matthew Pocock'%'®, Cesar Rodriguez'®, Larisa Soldatova'’,
Guy-Bart V. Stan'®, Neil Swainston'®, Anil Wipat'?, Herbert M. Sauro*
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THETIC BIOLOGY WORKFLOW USING SBOL

2xml versio

rdf:RDF xml

<sbol :Modu
<sbol:persisten
<sbol:displayId
<sbol:role rdf
<sbol: functiona

<sbol :Functio

<sbol:persi —
<sbol:displ
<sbol:defin: S
Circuit GDA
Cello, iBioSim

Sequence Editors
SBOLDesigner, DNAplotlib

Myers et al., Biochemical Society Transactions (2017).



INTERNATIONAL GENETICALLY ENGINEERED MACHINE (IGEM)
COMPETITION

Started in 2004 with 5 teams and 31 participants.
In 2017: 310 teams with nearly 5400 participants from 44 countries.
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INTERNATIONAL GENETICALLY ENGINEERED MACHINE (IGEM)
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In 2017: 310 teams with nearly 5400 participants from 44 countries.



IGEM REGISTRY OF STANDARD BIOLOGICAL PARTS (BIOBRICKS)

\ Registry of Standard Biological Parts

:@} tools catalog repository assembly protocols help search | Er—

Featured Part

Cellulose Collection

Group: Team Imperial 2014, and others

The 2014 Imperial IGEM team created a bacterial
cellulose filier for their Aqualose project. They
wanted to produce flexible, and pollution-specific
filters to aid in water sanitation. They created a set of
well-documented cellulose binding domains, paired
with reporter genes (GFP) and metal binding
domains.

Many other teams have also worked with cellulose,
s0 check out the cellulose related parts collection

The Registry's Repository contains thousands of documented
parts with available DNA samples. Last year, iGEM teams
submitied samples for over 2000 parts.

Be sure 1o add your parts and send samples to the Registry so

that they can be made avalable to the community]

Catalog

The IGEM Registry has over 20,000 documented
parts. The Catalog organizes many of these parts by
part type, chassis, function, and more. Browse for
parts through the Registry Catalog o use the search
menu.

2017 DNA Distribution

The IGEM 2017 DNA Distribution has started
shipping! We've added some new material this year,
50 be sure to read through the 2017 Distribution
Handbaok for storage instructions and how to use
your kitt

http://parts.igem.org
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DATA REPOSITORIES (SYNBIOHUB)

SynBioHub O Submit  ©About = Submissions O

SynBioHub

SynBioHub is a design repository for people designing biological constructs. It
eenables DNA and protein designs to be uploaded, then provides a shareable link to
allow others to view them. SynBioHub also facilitates searching for information about
existing useful parts and designs by combining data from a variety of sources.

Search for useful parts and designs

a [ oo |

Upload your design for safekeeping

Submit a Design

Share designs for publication or collaboration

Manage Submissions

McLaughlin et al.,, ACS Synthetic Biology (2018).

Newcastle
+ University

James McLaughlin
Anil Wipat

THE
U UNIVERSITY
OF UTAH®
Zach Zundel

Chris Myers

Version 1.0 released
June 14, 2017



REFERENCE INSTANCE

’:.Z- SynBioHub & Submit  ©About = Submissions %% Admin

Advanced Search | Create Collection | SPARQL

Bacillus subtilis Collection A

version 1 BacillOnd
This collection Includes Information about promoters, operators, CDSs and proteins from Bacillus subtills. Functional Interactions

such as transcriptional activation and repression, protein various protein-pr X

iGEM Parts Registry

version 1 H

The IGEM Registry is a growing collection of genetic parts that can be mixed and matched to bulld synthetic biology devices and systems. As
part of the synthetic biology community's efforts to make biology easier to engineer, It provides a source of genetic parts to IGEM teams and
academic labs.

iGEM 2017 Distribution
version 1 H

Distribution of parts for the 2017 IGEM competition

SBOL Compliant Software
version 1 SB@ I_mn
mplis

A supports the Sy Biology Open L: ) standard

@ ACS Synthetic Biolo ACS . .
Qe sytheticBiologh

https://synbiohub.org


https://synbiohub.org

NSF EXPEDITIONS LIVING COMPUTING PROJECT

_—
Hnre £ Submit  ©About  # Shared with Me = Submissions ¢ Admin [ Profile  # Sign Out

ed Search | C

PhoenixReduced Ph
version 1 ¥y Phoen

PhoenixReduced

Cello Parts
version 1 iCEU.

These are the Cello parts

Collection | SPARQL

LCP Collection
version 1 EEM

Designs created as part of the NSF Expeditions Living Computing Project.

staree N Phoen

Sample parts used In Phoenix

Cello_VPRGeneration_Paper
version 1 CELL

A collection containing 52 that were by VPR model generation. Each circuit
that was generated from VPR were converted into the SBML data model for verification of the design. The
simulation result is plotted from iBIoSim and a plot of the result is also found In each circuit's collection.

https://synbiohub.programmingbiology.org


https://synbiohub.programmingbiology.org

DARPA SYNERGISTIC DATA & DISCOVERY (SD2) PROJECT

Q & Submit @About 4 SharedwithMe = Submissions [EProfile @ Sign Out

SD2 Synbiohub (prod)

Manage Submissions

Private Submissions Public Submissions
You currently have 62 private submission(s) You currently have 0 public submission(s)
e (SD2
version 1

This collection contains all experiments carried out as part of the DARPA SD2
(Synergistic Discovery and Design) program, as well as sub-collections for each
challenge problem In the program.

biofab_yeast_gates_q0_aq_10827_collection (yeast-
gates_q0_1_biofab_c7090cf3-0b36-4a9d-98¢8-
81342b81d011_Plan)

version 1

This collection contains metadata for an experiment carried out as part of an SD2
challenge problem.

biofab_yeast_gates_q0_10545_collection (yeast-
gates_q0_1_biofab_c990c35f-ad2b-444f-9f60-8f0f794121¢7_Plan)
version 1

This collection contains metadata for an experiment carried out as part of an SD2
challenge problem.

https://hub.sd2e.org
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SBOLEXPLORER

THE
U UNIVERSITY & Submit #) Login or Register
OF UTAH

Q promoter regulated by Lacl

Advanced Search | SPARQL
Showing 1 - 50 of 7172 result(s)
12345Next

Lacl
BBa_R0010 Version 1 (Component)
promoter (lacl regulated)

lacl+pL
BBa_R0011 Version 1 (Component)
Promoter (lac regulated, lambda pL hybrid)

p(tetR)
BBa_R0040 Version 1 (Component)
TetR repressible promoter

lacl
BBa_C0012 Version 1 (Component)
lacl repressor from E. coli (+LVA)

lux pR
BBa_R0062 Version 1 (Component)
Promoter (luxR & HSL regulated - lux pR)

VD Y

https://synbiohub.utah.edu
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SEQUENCE EDITORS (SBOLDESIGNER)

SBOLDesigner v3 - NSFSiteDemo.sbol

eoe
EEEEBHMEE \MNDT 1 OREMe xz £ @X
> va_circuit_0x78_2_AL_AmR
Design
PBAD PHIYIR Bydv)
Parts.
alrPa DT — w |0 d « =& ~ =
Gen Pro RES DS Ter | Cir | gRNA | On  OT | PES  CUTS CUTI  Scar

Zhang et al., ACS Synthetic Biology (2017)
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SEQUENCE EDITORS (BENCHLING)

Projects all»
SynBiokub Transfers

NOTEBOOK  INVENTORY

ALAMR
Last mocified 2 deys ago

AmiR

Last modified § hours ago

Test
Last modifid 2 days ago

The Best
Last modified 3 days ago

© The Best ALAMR aadAref
SEQUENCE MAP
- + B covy st [ pok| 8 -[a@
T CTGABEGGTGT
CACA
OR2-0RT Promoter [ g
T T T T T T
1 2 3 @ s &
cre AGGACGAAACACC
GAGT TTCCT6CTT
5 LIE0g £
T T T T
1 L3 £ 100 1o 120 130

2BAATGTTCCCTAATAATCAGCAAAGAGGTTACTAGATGGCAGGCGCAGTTGGTCGTCCGCGTCGTA
L TTACAAGGGATTATTAGTCGTTTCTCCAATGATCTACCGTCCGCGTCAACCAGCAGGCGCAGEAT
[ RatR =

T T T T T T T
140 150 180 170 150 150 200

TCCGCGTGAAGAAATTCTGGATGCAAGCGCAGAACTGTTTAC
CACGTGGCGCAGCACGTCCATTTTTAGGCGCACTTCTTTAAGACCTACGTTCGCGTCTTGACAAATG.
2 AR =

T T T T T T
2 2 20 20 20 2%0

CCGTCAGGGTTTTGCAACCACCAGTACCCATCAGATTGCAGATGCAGTTGGTATTCGTCAGGCAAGE
\CCATAAGCAGTCCGTTCG

‘GGCAGTCCCAAAACGT
5 At =
T T T T T T T

B 20 20 300 310 20 30
CTGTATTATCATTTTCCGAGCAAAACCGAAATCTT! \GCACCGTTGAACCGA
GAC TCGTTTTGECTTT TTTCGTGGCAACTTGECT
5 Rt £
BASES 899

Other sequence editors that support SBOL:
DeviceEditor, )5, VectorEditor (JBEI), DNAPlotLib (MIT/UW/Bristol), Eugene (Boston), GenoCAD

(VBI), BOOST (JGI), etc.

pJ163mRm_EF pJO33mRm_EF P

UNEARMAP  DESCRIPTION  METADATA

- + E B Q.
The Best (899 bp)
BlpI °
My BStAPI
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ASSEMBLY WIZARD « | SPLIT WORKSPACE



SEQUENCE EDITORS (BENCHLING)

':ﬁ'_‘. Syn BioHUb @ suwmit  ©About #SharedwithMe = Submissions o2 Admin  [SProfile @ Sign Out

@ ACS Synthetic Biology

Synthetic Biolo&

Q@ JBEI Public Registry . - N
version current ‘ e l 1

. public
Q@ Benchling

version current

Benchling collection of parts

©2018 Newcastle University, University of Utah, and collaborators
About SynBioHub | View Source on Github | Report an Issue | v1.4.0

TITTAGGCGACTTCT

= e =

2 E) B B 250 )

CCGTCAGGRTTTTGCACCACCAGTACCCATCAGATTGCAGATGAGTTGGTATTCTCAGGEAAGE.

o e =

CTGTATTATATT

Bases 099 ASSEMBLY WZARD » | SPLIT WORKSPACE




CIRCUIT GDA TooLs (CELLO)

Cello  Verlog  Options  Results  About

You are logged in as myers

Verilog  choose 4

s Inputs
choose 4 clear
1 module A(output outl, input inl, in2);
2 alwaysé(inl,in2) index  name low RPU highRPU  DNAsequence
1 pTac 0.0034 28 AACGATCGTTGGCTGTGTTGACAA
2 pTet 0.0013 44 TACTCCACCGTTGGCT CCC
Outputs
choose 4 clear
index  name DNA sequence

1 YFP CTGAAGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGT!

Nielsen et al,, Science (2016)



TooLs (1BI0SIm)

CIRCUIT G

SBoL —mes— (3L

e —
[ SR ]
-

0@ty = —

SBOLDesigner Plugin iBioSim Model Editor

SynBioHub

Part repositories

©)liBiosim

Myers et al,, Bioinformatics (2009)
Madsen et al., IEEE Design & Test (2012)
Watanabe et al.,, ACS Synthetic Biology (2018)

iBioSim Analysis View



MODEL GENERATION WORKFLOW

7,744 DNA Parts o E.
Ll / . . .
4,189 Proteins . ‘@ IBioSIm
510 Complexes a T " jm——————— .
Y A.
4,853 Interactions = I !
A
BacillOndex
B./D. = ®
'.,E:- SynBioHub _A:>l ! T T

P P v
121 DNA Parts “{ )
17 Proteins = |
4 Complexes > Ertué?
API

58 Interactions

Misirli et al., ACS Synthetic Biology (2018).



DATA INTEGRATION: CELLO PART LIBRARY

A. Data Integration

DNA Parts o N T
promoter ribosome coding sequence terminator
Il Molecul o o o
Small Molecules  o16 aTe Ara

Complexes
Ara-AraC  IPTG-Lacl ~aTc-TetR

(N N NN N N NON®)

Lacl TetR AraC HIlyIR AmtR SrpR Betl PhIF YFP
TetR SrpR || Betl HIylIIR || AmtR PhIF ||Ara-AraC||aTc-TetR
A EIEIRA EARE(R:
juq jug jug e g c
pTet || pSrpR || pBetl ||pHIyIR||pAmtR || pPhIF

Ara |[IPTG [ aTc |[AraC|[ Lacl |[TetR |[SrpR || Betl |[HiylIR|[AmtR|( PhiF | YFP | [pra-Lac)
1 1 ||| o | ® | & o605 O

IR A ABR DA A N i N

araC || lacl || tetR || sroR || betl || hiylIR) amtR|| phiF | yfo

AraC Lacl TetR | SrpR Betl | HIylIR || AmtR || PhIF YFP

(o]
IR IE bRk AEAL
@ 4] @ 9 @ 4

Misirli et al., ACS Synthetic Biology (2018).
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GENETIC CIRCUIT CONSTRUCTION

SBOLDesigner

S D & A S
Q%(Q Qee,oo{? N4 Q’& Q;S\ *.,’o
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N
&
P C truct
onstruc
pBetl T PhIF
ECK120033737 -
ime
Fetch - Analyze
Bet &cewo Generate Model
pBe
O
PSR
P3_PhIF

Misirli et al., ACS Synthetic Biology (2018).



GENETIC CIRCUIT CONSTRUCTION: RULE 30 EXAMPLE

B. Rule 30

IPTG
alc

Ara

C. Genetic Circuit Construction

L’L-.lLL_;II—’L-;ILL-lpW’,‘,;-»l

t
pCons lacl pConst tetR pConst araC pBad srpR betl

pTac pTet pBad pHIylIR amitR pSrpR pBetl phlF pPhIF PAMIR Vio

hiyllR

Misirli et al., ACS Synthetic Biology (2018).



ENRICHED SBOL REPRESENTATION: RULE 30 EXAMPLE

Lacl_Sensor TetR_Sensor AraC_Sensor SrpR_Production Betl_Production HIylIR_Production
® Lacl ® TetR O rac |[[AaC@® @ SpR || HYIR D @ Betl TetR
T 1 T 1 T Lacl?? O HyiIR
Const t ) ]
P lacl pConst in pConst. . ¢ PBad  gor PHIVIR ot pTac pTel
ly!

AmtR_Production
IPTG-Lacl  Lacl HiyllIR

8- 5 o
IPTG l l T
@ @ i - [_ %) P
. HIyIIR —_—

aTc-TetR ~ TetR - PhiF_Production

ol
alc ? .

soR@® O PhF
11 1

I:I

PSR pBetl phiF

YFP_Reporter

Ara -
- -[l SrpR Produstion I]-.’ .[[ PHIF_Production ]} O.@ AmtR
SrpR T

PhIF

AmtR
PPhIF p: yip

Misirli et al., ACS Synthetic Biology (2018).



DYNAMIC SBML MODEL: RULE 30 EXAMPLE

SrpR_Production

Lacl_Sensor
M pBAD
Nsor
w—"@—‘ 3 SrpR
AraC_Sensor

Betl_Production

HIylIR_Production

AmtR_Production

IPTG
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. o
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Betl_Production
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YFP_Reporter

3
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Misirli et al., ACS Synthetic Biology (2018).




SIMULATION: RULE 30 EXAMPLE

A. Testing Environment

@ﬂ
Stimulus ﬂ g;':qz?e ---{YFP

b

B. Simulation

--------------- lPT--—
- ] 1 ] ] 1 1 1 1 alc = = =
S " I R L
o T B LI Ad = = =
= 1 ] ] ] I 1 1 1 YFP

T T T L
< 1 1 1 | | 1 1 | ] 1

SR N S g S

TLEF LI

TS Y O+ F F OF

Time

Misirli et al., ACS Synthetic Biology (2018).



CIRCUITOX8E

O0x8E

IPTG

alc YFP

Ara —

Nielsen et al., Science (2016).



CIRCUITOX8E: EXPERIMENTAL RESULTS

10"

e l:

Output (RPU
S

f+/-
+/‘:%_+}OFF
-+

3
Time (hr)

Nielsen et al., Science (2016).



CIRCUITOX8E: SIMULATION

Circuit 0x8E YFP Production

amount (RPU)

2 ‘ {
0 50000 100,000 150,000 200,000 250,000 300,000 350000 400,000 450,000 500000 550,000 600,000 650000 700,000 750,00

time (s)

= Ara @ aTc PTG YFP

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: LoGIC FUNCTION

Truth Table for circuit 0x8E:

Ara IPTG aTc YFP
0 0 0 |
0 0 | 0
0 I 0 0
0 | I 0
I 0 0 1
I 0 I 1
I I 0 1
| | I 0
Karnaugh map for circuit 0x8E:
A ST 00 0l 11 10
0 I | 0 | 0 | 0

I | I 0 I

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: HAZARD ANALYSIS

Ara 00 ol [N 10
0 I 0 0 0
1 I I 0 I
— : 0x8E
Circuit 0x8E YFP Production e -
0 | »-| »
= >
i°
.
3
! L] 50,000 100,000 150,000 200,000 150,000 300,000 350000 400,000 450,000 500000 550000 600,000 €S0000 TODOOO 7SO,
time (s)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: HAZARD ANALYSIS

Ara 00 01 11 10
0 1 0
1 1 1 0 1

0x8E
#1e

Circuit 0x8E YFP Production -
. " - ™
. . »-|
'
g — —— — — —— I
H
i
3
1
o
L] 50,000 100000 150000 20000 150,000 300,00 350,000 400,000 450,000 500,000 550,000 600,000  &50,000 TOO0OO TS0O
time [5)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: HAZARD ANALYSIS

Circuit 0x8E YFP Production -
. o - g
o [ -
'
g A — _—— —q — ——— L]
H
.
3
'
L}
L] 50,000 100000 150000 200000 50000 300000 350000 40000 450,000 500,00 550000 600000 ES50,0D0 TODOOO TS0
time (s)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: HAZARD ANALYSIS

e 00 01 11 10
o I 1 l_v 0 0
O s SN S B !
0x8E
Circuit 0x8E YFP Production e -
1 7 » =]
N . [ -
'
H
f
3
'
L]
] 50,000 100,000 150000 200000 250,000 300,000 350,000 400,000 450,000 500 J00 550,000 600,001 €50,000 T0D.000 TS0
time (s)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: 2-INPUT FUNCTION HAZARDS

2 input change hazards

2 B
{ iy f [

Case 5-6 aTc

0
I
0
0
Case 3-4 alc |
0
}
I
|
0
|
|

—|=lel=|=|=lo=|lale|=|o

—leo|l=le|le|—-|le|eo|—-|-|—-|—-

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: 2-INPUT FUNCTION HAZARDS

2-Input Change Hazard Simulation

75
7.0
6.5
6.0
S
5.0
45
40
R
30
25
20
15
1.0
05
0.0

amount (RPU)

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,000 550,000 600,000 650,000 700,000 750,000 800,0(
time (seconds)

= Ara @ aTc IPTG  YFP

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: 3-INPUT FUNCTION HAZARDS

3-Input Change Hazard Simulation

7.5
7.0
65
6.0
55
50
45
40
35
3.0
25
20
15
1.0
05
0.0

amount (RPU)

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,00
time (seconds)

= Ara - aTc + PTG YFP (Original)|

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: REDUNDANT LoGIC

aTc Dﬁ YFP

Ara —

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: REDUNDANT LoGIC

IPTG

alc

Ara —

YFP

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: REDUNDANT LoGIC

2-Input Change Hazard Simulation
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- Ara -®-aTc IPTG YFP -=-YFP (with redundant logic)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: REDUNDANT LoGIC

3-Input Change Hazard Simulation
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w
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i
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[iAra --aTc IPTG YFP (Original) = YFP (with redundant logic)

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



CIRCUITOX8E: GRAY CODE

Single Input Change Simulation

amount (RPU)

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,00
time (s)

= Ara @ aTc IPTG ~ YFP

Fontanarrosa, Hosseini, Borujeni, Dorfan, Voigt, and Myers, “Analyzing Genetic Circuits for
Hazards and Glitches”, in preparation for ASC Synthetic Biology.



ASYNCHRONOUS GENETIC CIRCUIT DESIGN METHODOLOGY

Synthesis Technology Mapping
‘module srlatch(IPTG, alc, GI'P); IPIS’D agc"D GFP
output reg GI'P; IPTG [o)
input wire IPTG, aTc; Lacl Lad © ot rY
111 ' ef

assign GFP = (IPTG) | (~aTc) & GFP; ! T ‘

aTe TetR/GFP plet lacl P tetr  gfp
endmodule

A atacs A Matching & Covering |
| Library Verification

module srlatch(PTG, alc, GIP);
output reg GI'P;
input wire IPTG, alc;

initial begin

GFP = 1°b0;
end

always begin
wait (IPTG == 1'b1) #5;

endmodule

Verilog

AT/

g |
SyBioHLb o e O
»
»
Parts Repository Gate Generation

Amount

Time

ML

Model & Simulation

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR SPECIFICATION

module async_sensor(Start, Sensor, Actuator);
input wire Start, Sensor;
output reg Actuator;
initial begin
Actuator = 1'b0;
end
always begin
wait (Start == 1'bl && Sensor == 1'b1l);
#5 Actuator = 1'bl;
wait (Sensor == 1'b0);
#5 Actuator = 1'b0;
end
endmodule

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR DESIGN

IPTG

Lasl

+

Rhll

+

®

gC
aTc —_+:'O

Cell 1

Cell 2

. YFP

Cell 3

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,

in Proceedings of the IEEE (2019).



GENETIC S

ENSOR DESIGN

TetR Cell 1
ac ® SrpR
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Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR SIMULATION

IPTG High for 10,000 Seconds

1.50

125

2 1.00

Output (RPU)
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e

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,0(
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0.00

|i aTc IPTG -4 Las| = Rhll YFPl

Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR SIMULATION

IPTG High for 30,000 Seconds
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Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR SIMULATION

IPTG High for 50,000 Seconds

0.00 | —
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Time (Seconds)
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Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



GENETIC SENSOR SIMULATION

IPTG High for 70,000 Seconds

0.00 | —
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Nguyen, Jones, Vaidyanathan, Densmore, and Myers, “Design of Asynchronous Genetic Circuits”,
in Proceedings of the IEEE (2019).



MORE INFORMATION

ENGINEERING
LIRS

Textbook

- ECE/CS/BioEn 6760

Offered in Fall 2020

- Our research work:

http://www.async.ece.utah.edu

- SBOL standard:

http://sbolstandard.org
Checkout our Youtube channel for demos

- SynBioHub Repository:

https://synbiohub.org


http://www.async.ece.utah.edu
http://sbolstandard.org
https://synbiohub.org

BIOLOGICALLY INSPIRED CIRCUIT DESIGN

Since the engineering principles by which
such circuitry is constructed in cells com-
prise a super-set of that used in electrical
engineering, it is, in turn, possible that
we will learn more about how to design
asynchronous, robust electronic circuitry
as well.

Adam Arkin
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