/1 Abstract

The engineeringf biologicabystemswith predictabldehavio is a chal-
lengingoroblem.Onereasorfor thisdi cult y isthat engineerediological
systemsare emleddedwithin complexand vaiable host cells. To help
enablethe future engineeringf biologicakystemsywe are studyingand
optimizingthe interfacebetweenan engineerefliologicakystemandits
hostcellor \chassis".Otherengineeringisciplineasemaodulaity to male
Interactingsystemsnterchangeablandto insulateonesystemfrom an-
other. Engineerediologicakystemsre mae likelyto work aspredictedf
systenfunctionis decouplefromthe stateof the hostcell. Also,specify-
Ing andstandadizingthe interfaceetweena systenandthe chassisvill
allov system$o be engineeremde@ndenbf chassiandallov system$o
be interchangebetweendi erent chassisTo this end,we are assemblin
orthogonatranscriptiorandtranslatiorsysteme&mplyingdedicatedana-
chineryindegndentfrom the equivalenhostcellmachineryBy analog
to softvare programmingtheseorthogonalsystemdorm the basisof a
biologicalirtual machineIn paallel,we are developingest systemand
metricsto measurghe interactiondetweenan engineeredystemandits
cellula chassisWe hope thesametricswill allov usto chaacterizescellula
chassisndensurghey are well matchedo the engineeredystemshat
they power.
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2 Engineering biological systems

It Is becomingpossibleto engineesimplemulti-
compmnentsystemsn living organismdasedon
transcriptionalogic. An examplef patternform-
Ing bacteriais shavn to the right [1]. Honever,
the engineerin@f functionalsystemss still di -
cult and time consumingmae akinto art than
engineeringkurthermoe, currentengineeredys-
tems are highly sensitivao host physiologyand
environmentatonditiong2, 3].

The engineeringf biologicakystemwwill be facilitatedby adoptingcon-
ceptsthat haveprovedusefulin other engineeringlisciplines. Central
amongheseconceptss standadizationof commnentq http://parts.

mit.edu ) andabstractionyvhichleadto the concepif modulaity. Cur-
rently engineerebiologicakystemsre degendenton naturalhostcells.
Constructingnodula systemss madedi cult by the complexyt of the
host cellsand the numerousnteractionsetweenthe host cell and the
engineeredystem.The developmenif engineeredystemswuldbe ac-
celeratedf systemengineerslid not haveto consideall the detailsof
the hostcell. Modulaizationcanbe achievedy makingthe interaction
betweenthe engineeregystenandthe hostcellsimplemandstandadized.

3 The chassis/system interface

Engineeretiologicalystemgypicallyrely on the host cell for the pro-
cesse®f replication transcription translationand degradatiorand the
requisiteenergyand materialdo power thoseprocessesin this way, the
cellactsasa power supplyandchassighat insulatesinddriveshe system
[Knight, T.F. Jr., personatommunication].

Figurel - Justasthe power supplyandchassi®f an automobilesupprt the driverandthe accessy
systemssothe cellsuprts an engineeretiologicabystem.

Desirablehaacteristicof a chassis/systemterface:

Perturbationgan the environmentr the chassishouldnot be trans-
mitted to the system.Similaly, changesn the functionof the system
shouldnot a ect the functionof the chassis.

The systemandthe chassishouldshae di erent resourceools.

A simpleandstandad chassis/systemmterfacewill allov interchange
ability of systemsandchassis.

-
4 References

[1]Basu,S., Gerchmany., Collins,C. H., Arnold,F. H., andWeiss,R.
(2005)Nature434(1476-4687) , 1130{4.

[2] Elowitz, M. B., LevineA. J., Siggia,E. D., andSwain, P. S. (2002)
Scienc97(5584) , 1183{6.

[3] Rosenfeld\l., Young,J. W., Alon,U., Svain,P. S.,andElovitz, M. B.
(2005)Scienca07(5717) , 1962{1965.

[4] Studier,F. W., Rosenérg,A. H., Dunn,J. J., andDubendo, J. W.
(1990)Methads Enzymoll85(0076-6879) , 60{89.

[5]Brink, M. F., Verkeet,M. P., anddeBer, H. A. (1995)Genel56(2) ,
215{22.

-
5 Dedicated systems

By creatingan orthogonalor dedicategrotein productionchannefor
an engineeredystemwe can decouplets functionfrom that of the
host.

This dedicatecchannetanform a standad interfacebetweenthe sys-
tem andthe cellula chassis.

Figure2 - Dedicatedystemsepaate the geneexpessiorof an engineeredystenfrom that of the
cellula chassisThis meanghe behavio of the engineeredystenshouldobecomedecoupledromthe

behavio of the chassis.
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6 A biological virtual machine

Softvare virtual machine Softvare that isolatesan applicationfrom the
computer. Any applicationwritten for the virtual machinecan be op-
eratedon any platfam for which a virtual machineexists. [http:
llen.wikipedia. org/wiki /Vi rt ual _maching]

BiologicalirtualmachineA geneticnetvork that isolatesan engineere
systemfrom the cellula chassis. Any engineeredystemthat usesthe
virtual machinecanbe operatedin anycellula chassigor whicha virtual
machineexists.

Figure3 - Two ealy version®f a virtualmachine The compnentsof VM1.0havebeenassembled

andshavn to functionasdescribdlater. The combinedystems currentlybeingtested.VM2.0is an

improveddesigrnwith better regulatiorof the dedicatedystemsThe behavio of VM2.0is currently
beingtestedby a computationamaodel.
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7 Reporter Devices

Figure4 - BL21(VM1.0)containgwo transcriptiorsystemsandtwo translationsystemsFor both
transcriptiorandtranslatiorthereis the nativechassisystemandthe virtual machine'sledicated

system.We havebuilt reporter devicedor eachcombinatiorof transcriptiorandtranslatiorsystem.
Thesedevicesbuilt from standad biologicapats, are descrikedin mae detailat
http://parts.mit.ed u

Bary Canton(bcanton@mit.edu) & DrewEndy(endy@mit.edy
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8 Dedicated Transcription

Figure5 - Reprter devicesisingd vaiantsto the consensu§7 promoteneretested.A veryhighrate
of GFPaccumulatiom the presencef T7 RNAPandno accumulatiom the absencef T7 RNAP
shavedthat dedicatedranscriptionmasworking e ectively Furthermee it shavedthat a rangeof

transcriptiorratescouldbe achieved.
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O Dedicated Translation

Figure5 - A reporter devicewith a ribosomebindingsite (RBS)that is recognizetly dedicated
ribosomesThreereplicate®f the cultureswith andwithout dedicatedibosomesnducecdare shavn.
Inductionof the dedicatedibosomess necessy to seeaccumulatiomf GFP The uorescencef the

inducedculturess simila to cellswithouta GFPreporter.
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10 Measuring chassis response to an applied demand

Canwe quantitativelyneasurandpredictthe demanda systenplace
ona chassis?

How doesa cellula chassisespndto anapplieddemandor machinery
materialor energy?

Figure7 - Methadsto placea translatiordemandhat canbe speci ed on a cellula chassisThe
resnseof the cellula chassiso thesedi erent demandganbe measuretly gravth rate or ppGpp
levelsetc. Simila experimentdhavebeenplannedo measureesmnseto transcriptiordemand.

Engineering the Interface Between Cellular Chassis and Integrated Biological Systems
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11 Modeling system demand

Figure8 - Simulatiorresultsfroma 9 specieSODE model of transcriptiorandtranslationdemandf
BBa E7104.The madelis paameterizedisingdatafrom literature. This simplemaodel crudelypredicts

the demand$or machinerand materialghat the systenplaceson the chassis.
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12 Chassis and system data sheets
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