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ABSTRACT	

As	the	field	of	Synthetic	Biology	is	expanding,	there	is	an	increasing	need	for	methods	to	develop	

new	 modes	 of	 synthetic	 gene	 regulation.	 A	 demand	 for	 measurement	 methodologies	 which	

provide	 results	 that	 can	 be	 interpreted	 outside	 a	 specific	 context	 and	 used	 to	 design	 larger	

composite	devices	in	diverse	cell	types	is	especially	urgent.	The	motivation	of	my	PhD	research	

was	to	establish	new	prototyping	tools	to	measure	gene	regulation,	specifically	for	mammalian	

applications.		

Two	different	experimental	approaches	were	explored.		At	first,	a	tissue	culture	based	method	

was	adapted	 to	measure	gene	expression	 regulation.	However,	 it	was	 found	 that	 this	method	

would	not	scale	to	testing	many	variants,	and	alternatives	needed	to	be	sought.	The	results	from	

characterising	an	RNA	binding	protein	which	can	repress	translation	(L7Ae)	in	cells	were	used	as	

a	 reference	 point	 to	 compare	 later	 obtained	 results	 using	 the	 second	 cell-free	 measurement	

approach.	The	hypothesis	of	this	thesis	comprises	of	establishing	a	new	cell-free	protein	synthesis	

(CFPS)	method	as	a	prototyping	tool	 for	mammalian	gene	expression.	The	sections	 involve	an	

initial	 proof-of-concept	 phase,	 the	 development	 of	 a	 semi-automated	 workflow,	 discovery	 of	

novel	 findings	 using	 the	 method,	 and	 preliminary	 work	 with	 the	 aim	 of	 establishing	 a	

mathematical	modelling	framework.	The	hypothesis	that	CFPS	is	an	appropriate	model	for	gene	

expression	 in	mammalian	cells	 is	proven	across	 the	biochemical	analysis	of	 transcription	and	

translation	steps.	

The	potential	of	CFPS	was	demonstrated	through	prototyping	diverse	modes	of	gene	regulation,	

including	 transcription	 and	 translation	 regulation.	 Specifically,	 T7	 constitutive	 promoter	

variants,	 IRES	 constitutive	 translation-initiation	 sequence	 variants,	 CRISPR/dCas9-mediated	

transcription	repression,	and	L7Ae-mediated	translation	repression	were	characterised.	Liquid	

handling	technology	was	used	to	automate	reaction	assembly	and	software	tools	were	developed	

to	aid	the	experimental	process	throughout	design,	implementation	and	data	analysis.	A	graphical	

user	interface	was	designed	to	enable	wide	use	of	the	method.	The	robustness	of	the	method	was	

established	 through	comparison	of	 repeated	experiments.	 In	 the	 last	section,	 the	 feasibility	 to	

measure	RNA	production	in	real	time	in	CFPS	was	established.	A	mathematical	model	of	bacterial	

CFPS	was	adapted	to	the	mammalian	context,	and	preliminary	parameter	inference	was	carried	

out,	 based	 on	 experimental	 data.	 Overall,	 the	 results	 contribute	 to	 the	 understanding	 of	 the	

biochemistry	of	L7Ae,	CRISPR/Cas9	and	transcription	in	mammalian	systems.	The	established	

automated	methods	will	impact	mammalian	synthetic	biology	by	enabling	further	work	at	a	faster	

scale	than	would	be	possible	using	traditional	experimental	approaches.	 	
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ABBREVIATIONS	

a.u.:	Arbitrary	Units	

AMP:	Adenosine	monophosphate	

APS:	Ammonium	Persulfate	

ATP:	Adenosine	Triphosphate	

BFP:	Blue	Fluorescent	Protein	

Cas9:	CRISPR	associated	protein	9	

CFPS:	Cell	Free	Protein	Synthesis	

COPASI:	COmplex	PAthway	Simulator	

Cpf1:	CRISPR-associated	endonuclease	in	Prevotella	and	Francisella	1	

CPU:	Central	Processing	Uint	

CRISPR:	Clustered	Regularly	Interspaced	Short	Palindromic	Repeats	

DNA:	Deoxyribonucleic	Acid	

Dox:	Doxycycline		

dPBS:	Dulbecco's	Phosphate-Buffered	Saline	

EMCV:	EncephaloMyoCarditis	Virus	

EQuIP:	Empirical	Quantitative	Incremental	Prediction	

FBS:	Foetal	Bovine	Serum	

GFP:	Green	Fluorescent	Protein	

GUI:	Graphical	User	Interface	

HTTP:	High	Throughput	

IC50:	half	maximal	Inhibitory	Concentration		

iGEM:	International	Genetically	Engineered	Machines	Competition	

IRES:	Internal	Ribosome	Entry	Site	

IVT-Kit:	In	Vitro	Protein	Expression	Kit	

MEFL:	Molecules	of	Equivalent	Fluorescein	Level	

MG:	Malachite	Green	

mRNA:	messenger	RNA	

nt:	nucleotide	

ODE:	Ordinary	Differential	Equation	

oligo:	oligonucleotide	
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PAM:	Protospacer	adjacent	motif	

PBS:	Phosphate	Buffered	Saline	

Pcmv:	CytoMeglo	Virus	Promoter	

PCR:	Polymerase	Chain	Reaction	

polyA:	poly	Adenine	

PT7:	T7	phage	Promoter	

Pta:	Tetrcyclie	Activated	Promoter	

RBP:	RNA	Binding	Protein	

RBS:	Ribosome	Binding	Site	

RNA:	Ribonucleic	Acid	

RNAP:	RNA	polymerase	

SBML:	Synthetic	Biology	Markup	Language	

SBOL:	Synthetic	Biology	Open	Language	

SBOLv:	Synthetic	Biology	Open	Language	Visual	

sgRNA:	small	guide	RNA	

TASBE:	Toolchain	to	Accelerate	Synthetic	Biology	Engineering	

tetR:	tetrcyclie	Repressor	

tl:	translation	

tx:	transcription	 	
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1 INTRODUCTION  

1.1 SYNTHETIC BIOLOGY 

1.1.1 Overview and history of the field 

Synthetic	Biology	is	an	interdisciplinary	field,	in	the	cross	section	of	engineering	and	life	sciences.	

It	 is	 driven	 by	 two	 major	 overlaapping	 thought	 paradigms,	 one	 is	 understanding	 biological	

processes	by	re-creating	them	from	scratch	and	the	other	is	the	engineering	of	novel	biological	

functions	for	useful	purposes.		

The	 term	Synthetic	Biology	was	 first	used	 in	Stéphane	Leduc’s	publication	of	Théorie	physico-

chimique	de	la	vie	et	générations	spontanées	(Leduc,	1910)	and	his	La	Biologie	Synthétique	(Leduc,	

1912),	in	line	with	the	first	paradigm.	An	important	motivational	idea	for	those	working	towards	

synthetic	life	is	the	Richard	Feynman	quote:		

‘‘What	I	cannot	create,	I	do	not	understand’’	

The	achievement	of	 ‘booting	up’	the	fully	synthetic	mycoplasma	genome	is	counted	as	a	major	

milestone	in	modern	Synthetic	Biology	(Gibson	et	al.,	2010)	and	a	lot	of	advance	is	being	made	in	

the	area	of	synthetic	cells	fully	created	from	scratch	(Buddingh’	&	van	Hest,	2017).		

The	work	in	this	project	falls	within	the	scope	of	the	second	paradigm,	the	engineering	of	novel	

genetic	 systems.	 It	 was	 the	 geneticist	 Szybalski	 who	 used	 Synthetic	 Biology	 in	 this	 slightly	

different	meaning	from	Leduc`s,	in	an	editorial	comment	of	the	journal	Gene,	when	writing	on	the	

Nobel	Prize	for	Restriction	Enzymes	given	to	Arber,	Nathans	and	Smith	in	1978:		

“The	work	 on	 restriction	 nucleases	 (…)	 has	 led	 us	 into	 the	 new	 era	 of	synthetic	

biology	where	not	only	existing	genes	are	described	and	analyzed	but	also	new	gene	

arrangements	can	be	constructed	and	evaluated.	“		

Towards	reaching	that	goal,	it	was	essential	that	the	organisation	of	genes	is	established,	the	most	

important	milestones	being	the	description	of	the	operon	model	(Monod	&	Jacob,	1961),	and	the	

architecture	of	the	lytic-lysogenic	switch	of	the	lambda	bacteriophage	(Ptashne,	Johnson,	&	Pabo,	

1982).	The	first	mathematical	models	and	theoretical	designs	of	a	synthetic	genetic	switch	were	

inspired	by	the	phage	system	(R.	Tchuraev,	1982)	and	were	realised	in	2000	(Gardner,	Cantor,	&	

Collins,	2000;	R.	.	Tchuraev,	Stupak,	Tropynina,	&	Stupak,	2000).	Important	drivers	of	the	quick	

acceleration	 of	 the	 Synthetic	 Biology	 field	 were	 the	 fast	 development	 of	 the	 underpinning	

technologies.	The	price	of	sequencing	dropped	about	four	orders	of	magnitude	within	five	years	

from	2005	to	2010,	and	the	price	of	DNA	synthesis	has	been	steadily	decreasing.	Most	recently,	
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the	price	of	gene	synthesis	dropped	a	whole	order	of	magnitude	within	the	last	six	years	and	it	is	

down	to	£0.1	-	£0.2	per	base	pair	(Carlson,	2016).	In	parallel,	as	the	amount	of	sequencing	data	is	

increasing,	the	fields	of	computational	biology	and	systems	biology	are	following.	Both	fields	can	

be	considered	indispensable	for	and	complementary	fields	to	Synthetic	Biology.	

1.1.2 Engineering design principles applied to biology 

Ever	since	the	early	days	of	synthetic	biology,	the	vision	of	bringing	engineering	to	biology	has	

often	been	communicated	using	the	analogy	of	the	computer	aided	design	of	cars	and	aeroplanes	

(Carlson,	 2010;	 Cooling	 et	 al.,	 2010;	 Kurata,	 Maeda,	 Onaka,	 &	 Takata,	 2014).	 According	 to	

engineering	design	principles,	once	the	basic	parts	of	the	desired	systems	are	standardised	in	a	

way	that	they	are	interchangeable,	a	hierarchy	of	abstraction	levels	can	be	introduced	(Figure	

1.1A).	This	hierarchy	is	applied	to	biological	systems	in	a	way	that	functional	stretches	of	DNA	

sequence,	 for	 example	 promoters	 or	 protein	 coding	 sequences,	 are	 defined	 as	 parts	 and	 are	

standardised	 in	 terms	 of	 	 modular	 DNA	 assembly	 methods	 and	 in	 terms	 of	 standards	 for	

measuring	 functionality.	 The	 Registry	 of	 Standard	 Biological	 Parts	 maintained	 by	 the	 iGEM	

foundation	 is	 the	biggest	catalogue	and	source	of	parts	data	and	 the	physical	 samples	 to	date	

(http://partsregistry.	 org/).	 Parts	 are	 then	 assembled	 into	 modules	 (also	 called	 devices	 or	

circuits),	 for	 example	 a	 repressor	 module	 comprising	 a	 repressor	 protein	 as	 input	 a	

corresponding	sensor	and	an	output	such	as	GFP	expression.	Modules	are	typically	represented	

with	symbols	‘borrowed’	from	electronic	engineering	such	as	logic	gates	and	their	behaviour	is	

described	in	terms	of	input-output	transfer	function	and	are	composed	into	stand-alone	systems	

with	useful	functions	such	as	biosensors.		

The	abstraction	hierarchies	and	the	description	of	modules	with	transfer	functions	are	key	for	

quickly	(even	automatically)	realising	adequate	mathematical	models	 for	 the	designed	system	

and	allow	the	simulation	of	the	expected	behaviour	before	being	built	form	DNA.	In	such	a	way,	

the	ideal	systems	which	fulfil	the	specifications	for	the	needed	function	can	be	selected	based	on	

the	predictions	of	simulations	(Madec	et	al.,	2014).	The	next	step	is	then	to	synthesise	or	clone	

the	DNA	and	experimentally	test	the	designs.	The	build	step	used	to	be	thought	of	as	the	most	

time	consuming	but	with	automated	DNA	assembly	and	cheap	DNA	synthesis,	the	test	step	has	

become	 the	 major	 bottleneck	 in	 modern	 synthetic	 biology	 as	 it	 involves	 manual	 or	 semi-

automated	wet	lab	experiments.	The	engineering	design	workflow	is	iterated	through	until	the	

desired	functionality	is	obtained	(Figure	1.1B).	The	bottom-up	composition	of	complex	genetic	

systems	from	standard	parts,	that	can	carry	out	high	level	biological	functions	in	a	predictable	

fashion	is	typically	called	forward-engineering	(M	Purnick	&	Weiss,	2009;	Weber,	Fussenegger,	

Lu,	Khalil,	&	Collins,	2009).	The	importance	of	well	characterised	standard	parts	(Arkin,	2008;	

Canton,	 Labno,	 &	 Endy,	 2008),	mathematical	modelling	 tools	 (Myers	 et	 al.,	 2017)	 and	 design	
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automation	software	(Appleton	et	al.,	2017)	is	continually	emphasised	for	their	 importance	in	

forward-engineering	design.		

A	 B	

	 	
	

Figure	1.1:	Design	concepts	in	Synthetic	Biology	

A:	Abstraction	 hierarchy	 A	 genetic	 part	 is	 defined	 as	 a	 functional	 stretch	 of	 DNA	 sequence,	 a	

promoter	or	a	coding	sequence	for	example.	A	module	(or	device)	comprises	of	many	parts	which	

carry	out	a	logic	function	together	such	as	repression	(equivalent	to	a	NOT	logic	gate).	More	complex	

composite	 modules	 may	 contain	 interlinked	 sub-modules	 such	 as	 a	 toggle	 switch	 as	 in	 the	

illustration	which	consists	of	two	mutually	repressing	sub-modules.	A	system	carries	out	a	complete	

useful	function	and	it	is	the	highest	category	in	the	abstraction	hierarch.	A	system	can	be	broken	

down	to	 inputs	and	sensor	modules,	 logic	modules	and	outputs.	B:	Engineering	Design	cycle	 In	

engineering,	typically	computer	aided	design	is	used	to	conceptualise	a	system	and	to	describe	how	

its	 component	 parts	may	work	 together.	 Then,	mathematical	modelling	 is	 used	 to	 simulate	 the	

system	and	test	it	its	behaviour	would	fit	the	design	specifications.	Once	a	potential	good	design	is	

identified,	it	can	be	built	and	tested.	It	is	experimentally	measured	if	its	behaviour	corresponds	to	

the	design	and	in	an	iterative	cycle,	the	system	is	typically	re-designed	based	on	the	test	results	and	

further	optimised.		

Some	 of	 the	 most	 complex	 genetic	 designs	 to	 date	 were	 realised	 based	 on	 these	 principles,	

including	sedimentation	systems	in	yeast	(Ellis,	Wang,	&	Collins,	2009),	large	circuits	from	up	to	

46	parts	in	bacteria	(Nielsen	et	al.,	2016),	oscillator	in	cell-free	system	(Niederholtmeyer	et	al.,	

2015),	feed-forward	circuits	in	mammalian	(Davidsohn	et	al.,	2015a)	and	biosynthetic	pathways	

(Temme,	Hill,	 Segall-Shapiro,	Moser,	&	Voigt,	 2012).	This	 complexity	 is	possible	 as	 increasing	

number	of	design	considerations	are	being	discovered	(Borkowski	et	al.,	2018;	Gorochowski	et	

al.,	 2017),	 coping	 with	 the	 difficulties	 of	 engineering	 noisy	 living	 systems.	 Still,	 the	 rational	

forward-engineering	of	biology	is	considered	to	be	in	its	infancy	and	some	question	the	validity	

of	 the	 approach	 in	 the	 first	 place	 and	 argue	 that	 biology	may	 inherently	 be	 un-engineerable	

DNA

Parts

Modules

System

TGTGTGGGCTCGATATGTGTGTATTA

Toggle switch

input

output

MS2        2A mKate2AAA



20	

	

(Kwok,	2010;	Ma,	Perli,	&	Lu,	2016;	Vilanova	et	al.,	2015)	or	question	the	concept	of	universally	

standard	DNA	assembly	(Vilanova	et	al.,	2015).	

Semi-rational	design	or	multiplexed	engineering	has	become	an	increasingly	popular	alternative	

to	forward-engineering	(Rogers	&	Church,	2016).	In	the	semi-rational	design	paradigm,	a	diverse	

set	of	variants	of	 the	target	system	are	generated	and	either	evolutionary	pressure	 is	applied,	

(Kang,	Zhang,	Jin,	&	Yang,	2015)	or	the	variants	are	screened	(Dietrich,	McKee,	&	Keasling,	2010;	

Raman,	Rogers,	Taylor,	&	Church,	2014)	to	find	the	ideal	design.	Genetic	part	variants	used	in	

semi-rational	engineering	are	typically	predicted	to	have	a	range	of	activity	levels	(for	example	a	

set	of	promoters	with	altered	affinity	to	polymerase).	Achievement	using	this	design	approach	

include	 construction	 of	 logic	 gates	 from	 combinatorial	 assembly	 of	 repressor	 binding	 sites	

(Hunziker,	 Tuboly,	 Horváth,	 Krishna,	 &	 Semsey,	 2010)	 optimisation	 of	 tyrosine	 biosynthesis	

(Lütke-Eversloh	 &	 Stephanopoulos,	 2008;	 Santos	 &	 Stephanopoulos,	 2008),	 strains	 for	

bioremediation	developed	through	growth	complementation	(Singh,	Kang,	Mulchandani,	&	Chen,	

2008)	astaxanthin	production	(Ukibe,	Katsuragi,	Tani,	&	Takagi,	2008)	for	example.	

1.2 MAMMALIAN SYNTHETIC BIOLOGY  

1.2.1 Overview and applications 

Mammalian	synthetic	biology	 is	 the	subsection	of	 the	synthetic	biology	especially	 focusing	on	

engineering	 mammalian	 cells.	 Applications	 are	 emerging	 for	 medical	 purposes	 and	 the		

therapeutic	 potential	 for	 engineering	mammalian	 cells,	 including	 human	 cells,	 is	 vast	 (Black,	

Perez-Pinera,	&	Gersbach,	2017;	Ho	&	Chen,	2017;	Xie	&	Fussenegger,	2015).	There	is	not	only	

the	traditional	aim	of	correcting	genetic	diseases	via	gene	therapy	but	also	the	potential	to	use	

engineered	T	cells	of	the	patient	for	immunotherapy	in	fighting	cancer	for	example	(Hegde	et	al.,	

2016).	Somatic	gene	 therapy	 is	a	plausible	application	of	mammalian	synthetic	biology,	and	a	

gene	circuit	that	can	distinguish	cancerous	from	non-cancerous	cells	was	developed	by	the	Weiss	

group	 (Xie,	Wroblewska,	 Prochazka,	Weiss,	 &	 Benenson,	 2011).	 Non-therapeutic	 applications	

include	biomanufacturing,	 typically	human	antibodies	 are	produced	 in	CHO	cells,	 engineering	

these	could	be	of	interest.	Screening	for	pharmaceutical	compounds	using	an	engineered	cell-line	

that	 has	 a	 reporter	 output	 for	 receptor	 activation	 for	 example.	 Disease	 diagnosis	 where	 a	

synthetic	gene	network	could	be	introduced	into	a	patient-derived	cells	and	produce	an	output	

as	an	internal	biosensor,	or	using	engineered	mammalian	cell	lines	to	diagnose	patient	derived	

samples	(Sant,	Pereira,	Homma,	&	Pedrigi,	2015).		

The	advancement	of	mammalian	synthetic	biology	is	dependent	on	the	availability	of	molecular	

tools	 for	 gene	 regulation	 in	 mammalian	 cells.	 Especially	 the	 development	 of	 the	 CRISPR	
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technologies	led	to	a	diverse	array	of	programmable	gene	editing	and	regulation	solutions	at	a	

scale	not	possible	before	(Marchisio	&	Huang,	2017).	The	most	common	mode	of	gene	regulation	

implemented	 in	 genetic	 engineering	 is	 transcription	 regulation	via	DNA	binding	 transcription	

factors,	 which	 interact	 with	 the	 endogenous	 gene	 expression	 machinery.	 Furthermore,	

technologies	 beyond	 transcription	 regulators	 became	 available	 encompassing	 post-

transcriptional	 tools	 such	as	 riboswitches	or	miRNA	 regulators	 (Sant	 et	 al.,	 2015).	 Some	new	

vectors	such	as	the	Mammalian	Artificial	Chromosomes	(Martella,	Pollard,	Dai,	&	Cai,	2016)	or	

the	 recombination-based	 ‘landing	 pad’	 technologies	 (Duportet	 et	 al.,	 2014)	 make	 the	

implementation	of	large	synthetic	gene	constructs	possible	in	mammalian	cells.		Other	vectors,	

such	as	RNA-only	replicons	(Wroblewska	et	al.,	2015)	provide	opportunities	 for	gene-therapy	

without	 risk	 of	 genomic	 integration.	 Still,	 many	 of	 the	 new	 molecular	 regulators	 have	 only	

recently	been	discovered	by	scientists	and	their	application	as	new	tools	in	predictive	design	in	

synthetic	biology	requires	further	development	and	better	characterisation.																				

1.2.2 CRISPR system 

The	 CRISPR/Cas9	 system	 brought	 about	 major	 advances	 in	 mammalian	 Synthetic	 Biology,	

ranging	 from	multiplexed	 genome	 engineering	 to	 advanced	 localisation	 studies	 (Marchisio	 &	

Huang,	2017).	The	Cas9	protein	was	discovered	to	be	part	of	the	bacterial	immune	system,	and	

homologs	of	it	can	be	found	across	many	phyla.	Cas9	protein	functions	together	with	a	small	guide	

RNA	(sgRNA)	molecule,	which	acts	as	a	guide	to	direct	Cas9	to	specific	DNA	targets	which	are	

then	 cleaved.	 In	 addition	 to	 the	 complementarity	 between	 the	 guide	 and	 the	 target,	 a	

protoadjacent	motif	(PAM)	is	also	required	for	the	successful	binding	of	Cas9	and	its	homologs.	

One	 of	 the	 prevalent	 applications	 of	 the	 CRISPR/Cas9	 system,	 is	 the	 use	 of	 the	modified	 and	

partially	catalytically	inactivated	dCas9,	which	binds	DNA	in	the	same	sgRNA	guided	fashion	as	

Cas9	except	that	dCas9	does	not	cleave	DNA,	for	genetic	regulation	(Gilbert	et	al.,	2013).	In	the	

simplest	form	of	this	system,	the	sgRNA	targets	sites	upstream	of	the	start	codon	and	inhibits	the	

progress	 of	 the	 RNA	 Polymerase	 by	 steric	 hindrance,	 but	 many	 advanced	 versions	 of	

CRISPR/Cas9	regulation	have	been	implemented	utilising	activating	or	silencing	protein	domains	

fused	to	dCas9	(Mahas,	Neal	Stewart,	&	Mahfouz,	2018).	In	addition	to	dCas9,	a	similar	CRISPR	

protein,	the	Acidaminococcus	Cpf1	(Zetsche	et	al.,	2015)	is	also	commonly	used	and	Cpf1	products	

are	 commercially	 available	 product	 by	 many	 manufacturers.	 The	 most	 important	 difference	

between	Cas9	and	Cpf1	is	that	they	require	different	PAM	motifs,	TGG	is	required	for	Cas9	on	the	

5’	terminus,	and	TTTA	for	Cpf1	on	the	3’	terminus	of	the	sgRNA.	Therefore,	Cas9	and	Cpf1	are	

complementary	tools	for	genome	regulation	and	editing	with	different	sequence	constraints.	The	

improvement	of	CRISPR	systems	for	better	sequence	specificity	and	the	discovery	of	new	Cas9	
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homologs	 for	 alternative	 PAM	 sequences	 is	 a	 continuing	 challenge	 for	 improving	 on	 the	

technology	so	that	a	broader	range	of	sequence	targets	may	be	accessed.	

1.2.3 RNA binding proteins 

RNA	Binding	proteins	(RBPs)	are	less	well	known	than	CRISPR,	but	are	nevertheless	comparably	

powerful	molecular	tools	with	great	potential.	There	are	types	of	RBPs,	that	can	specifically	bind	

RNA	 sequences	 in	 a	 modular	 fashion	 (Filipovska	 &	 Rackham,	 2012)	 and	 that	 bind	 to	 RNA	

aptamers	 on	 a	 structural	 basis.	 Generally,	 RNA	binding	 proteins	 can	 be	 used	 to	 repress	 gene	

expression	by	inserting	their	cognate	RNA	aptamer	sequence	in	the	UTR	before	the	start	codon,	

thus	 the	 binding	 of	 the	 protein	 inhibits	 translation	 via	 steric	 hindrance	 and	 blocking	 of	 the	

ribosome.	 In	more	 complex	 designs,	 RNA	 binding	 proteins	 can	 be	 fused	 to	 other	 proteins	 or	

multiple	 aptamers	 can	 be	 combined	 on	 the	 same	 mRNA	 (Figure	 1.2)	 (Kopniczky,	 Moore,	 &	

Freemont,	2015).	The	advantages	of	RBPs	for	translation	regulation	include	faster	response	due	

to	‘skipping’	the	transcription	step	and	the	possibility	to	layer	with	transcriptional	regulation	for	

compact	design	as	done	for	the	construction	of	half-adder	and	half-subtractor	circuits	(Ausländer,	

Ausländer,	Müller,	Wieland,	&	Fussenegger,	2012)	.	Another	advantage,	especially	important	for	

mammalian	synthetic	biology	is	the	possibility	to	construct	RNA-only	synthetic	systems	using	this	

form	of	regulation	which	could	be	crucial	for	somatic	gene	therapy	where	the	common	risk	of		

DNA	integration	into	the	genome	can	be	eliminated	this	way	(Wroblewska	et	al.,	2015).	The	two	

most	commonly	used	RNA	binding	proteins	are	MS2	and	L7Ae	which	were	components	of	very	

diverse	synthetic	gene	networks	including	both	activation	and	repression	modules	illustrated	on	

Figure	1.2.	Additionally,	 there	are	examples	of	their	simultaneous	use	 in	one	cell	and	they	are	

known	to	behave	orthogonally	(Ausländer,	Ausländer,	Müller,	Wieland,	&	Fussenegger,	2012).	

L7Ae	is	a	small	(119	amino	acids)	archaeal	protein	found	universally	across	the	domain	of	archea	

bacteria	and	known	to	be	involved	in	Ribosome	biogenesis	and	binds	many	other	non-coding	RNA	

as	well	as	some	mRNA.	L7Ae	specifically	recognises	a	kink-turn	(Kt	motif)	(Huang	&	Lilley,	2013).	

Interestingly,	 this	 motif	 can	 also	 be	 found	 on	 the	 mRNA	 encoding	 the	 L7Ae	 protein	 itself,	

suggesting	negative	autoregulation,	which	has	been	reproduced	in	an	E.coli	system	(Daume,	Uhl,	

Backofen,	&	Randau,	2017).	The	L7Ae	variant	commonly	used	for	synthetic	biology	applications	

is	 the	variant	 from	the	thermophilic	bacterium	Archaeoglobus	 fulgidus.	Therefore,	 this	specific	

homolog	of	the	L7Ae	protein	is	heat	resistant,	a	useful	property	for	purification.		

MS2	is	a	coat	protein	of	the	MS2	coliphage	(Keryer-Bibens,	Barreau,	&	Osborne,	2008),	and	it	is	

involved	 in	 organising	 the	 RNA	 genome	 inside	 the	 viral	 structure	 by	 recognising	 a	 specific	

aptamer	motif	(MS2	aptamer).	MS2	is	only	a	few	amino	acids	bigger	than	L7Ae	(129	amino	acids),	
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making	both	proteins	ideally	compact	for	genetic	circuit	design	because	of	the	need	for	only	a	

short	DNA	sequence	to	encode	them,	an	important	consideration	for	gene	therapy	vectors.		

A	

	

B	

	

C	

	

D	

	

E	

	
Figure	1.2:	Diversity	of	synthetic	regulation	using	RBP	core	components	

Many	types	of	synthetic	gene	regulation	have	been	built	using	the	L7Ae,	MS2	and	other	similar	RNA	

aptamer	 binding	 proteins.	 The	 common	 theme	 in	 these	 constructs	 is	 that	 an	 RBP,	 specifically	

recognises	and	binds	to	its	cognate	RNA	aptamer	upstream	of	a	CDS	on	an	mRNA.	Then,	expression	

is	either	downregulated	or	upregulated,	depending	on	the	specific	design.	The	illustrations	represent	

RNA,	indicated	by	the	wavy	lines.	Arrows	represent	protein	coding	sequences.	

A:	Simple	repressor	design:	RBP	binds	to	its	cognate	RNA	aptamer	positioned	in	the	5’	untranslated	

region	 (UTR)	 of	 the	mRNA.	 This	 design	 was	 implemented	 using	 L7Ae	 and	MS2	 proteins	 (Endo,	

Stapleton,	Hayashi,	 Saito,	&	 Inoue,	 2013).	B:	 Negative	 feedback	 circuit	 designed	 to	 regulate	 the	

expression	of	an	RBP	fused	protein,	a	fluorescent	protein	(FP)	in	this	instance	(Stapleton	et	al.,	2012).	

C:	Reversible	repression	via	RBP	binding	a	small	molecule.	Such	a	design	incorporated	an	engineered	

TetR	protein	which	was	only	capable	of	binding	its	cognate	RNA	in	the	absence	of	tetracycline	small	

molecule	(indicated	by	yellow	hexagon).	(Goldfless,	Belmont,	de	Paz,	Liu,	&	Niles,	2012).	D:	Inverter	

module	based	on	nonsense	mediated	RNA	degradation	 induced	via	 the	 translation	of	a	bait	ORF	

(bORF)	with	premature	termination	codons	(indicated		by	the	black	colouring	at	the	end	of	the	bORF	

symbol)	(Endo,	Hayashi,	Inoue,	&	Saito,	2013).		E:	Protein-protein	interaction	mediated	translation	
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initiation	from	the	second	ORF	(ORF2)	of	mRNA	is	achieved	via	a	fusion	protein	of	elF4	and	light-

responsive	proteins	(green)	(Cao	et	al.,	2013).	This	design	incorporated	MS2.		

	

1.3 CELL-FREE PROTEIN SYNTHESIS 

1.3.1 History and applications of CFPS 

Cell-free	protein	synthesis	(CFPS)	is	an	experimental	method	where	a	homogeneous	reaction	is	

used	for	gene	expression,	instead	of	cells.	Typically,	DNA	templates	are	mixed	with	components	

of	 the	 transcription-translation	 machinery,	 nucleotides,	 and	 supplementary	 proteins.	 CFPS	

systems	can	be	classified	according	to	their	originating	cell-type	(eg.	bacterial,	yeast,	mammalian)	

reaction	type	(eg.	batch	or	continuous)	or	the	timing	of	transcription	and	translation	(linked	or	

continuous)	(Perez,	Stark,	&	Jewett,	2016).	CFPS	systems	have	many	advantages	over	traditional	

cell-based	methods	including	cost,	speed,	throughput,	automatability	and	reproducibility.		

Applications	of	bacterial	CFPS	include	screening	or	prototyping	of	the	CRISPR	system	(Marshall	

et	 al.,	 2018),	 cellular	 burden	 (Borkowski	 et	 al.,	 2018)	 and	 transcription	 factors	 (Moore,	

MacDonald,	et	al.,	2016).	Biosensor	implementations	include	RNA	sensors	for	detection	of	viruses	

(including	 Ebola)	 (Pardee	 et	 al.,	 2014),	 sensing	 small	 molecules	 indicative	 of	 Pseudomonas	

infection	 (Wen	 et	 al.,	 2017),	 and	 proteins	 (Salehi	 et	 al.,	 2017).	 CFPS	 has	 also	 been	 used	 for	

metabolic	 engineering,	 for	 example	 for	 the	production	of	 bioplastic	 (Dudley,	Karim,	&	 Jewett,	

2015;	Morgado,	Gerngross,	Roberts,	&	Panke,	2016).	Introducing	new	model	systems	is	important	

for	 	 extending	 the	 metabolic	 potential	 of	 CFPS.	 The	 optimised	 protocol	 for	 Streptomyces	

Venezuelae	(Moore,	Lai,	Needham,	Polizzi,	&	Freemont,	2017)	and	Bacillus	Megaterium	(Moore,	

MacDonald,	et	al.,	2016)	have	recently	been	published.	A	minimal	cell	was	produced	with	a	CFPS	

‘core’	 (Jia,	Heymann,	Bernhard,	Schwille,	&	Kai,	2017),	and	a	similar	system	was	proposed	for	

therapeutic	 protein	 delivery	 (Krinsky	 et	 al.,	 2017).	 Eukaryotic	 wheat	 germ	 extract	 has	 been	

applied	 to	 testing	 an	 artificial	 autogene	 feedback	 loop	 (Davidson,	 Meyer,	 Ellefson,	 Levy,	 &	

Ellington,	2012)	and	engineering	synthetic	riboswitches	(Ogawa,	Masuoka,	&	Ota,	2017).		

The	differences	between	live	cells	and	CFPS	the	system	should	be	considered	for	synthetic	biology	

applications.	Cells	are	more	crowded	than	CFPS,	have	compartments	and	regenerate	resources.	

On	the	other	hand,	the	CFPS	batch	reaction	is	a	homogenous	environment,	with	none	or	limited	

ATP	regeneration	capabilities.	Attempts	 to	bridge	 these	differences	 is	 to	make	 the	CFPS	more	

similar	 to	 cells	 include	 creating	 microfluidic	 compartments	 (Norred	 et	 al.,	 2015),	 adding	

crowding	agents	(Grace	Vezeau,	2017)	and	implementing	steady-state	setups	(Niederholtmeyer	

et	al.,	2015;	Niederholtmeyer,	Stepanova,	&	Maerkl,	2013).	Alternatively,	modelling	can	be	used	
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to	infer	the	parameters	of	genetic	systems	tested	in	CFPS	(Moore	et	al.,	2016;	Niederholtmeyer	et	

al.,	 2015)	which	 are	 relevant	 for	 extrapolation	 to	 design	 inside	 cells	 (Brophy	&	Voigt,	 2014).	

Modelling	is	also	the	basis	of	predictive	design,	as	was	recently	demonstrated	in	CFPS	work	where	

RNA	regulators	were	characterised,	modelled	and	designed	according	to	the	engineering	design	

workflow	(Hu,	Takahashi,	Zhang,	&	Lucks,	2018).	

1.3.2 Mammalian CFPS systems 

Various	mammalian	CFPS	systems	are	 commonly	used	 for	protein	 studies	 including	CHO	cell,	

HeLa	cell	and	Rabbit	Reticulocyte	extracts	(Brödel	&	Kubick,	2014;	Hartsough,	Shah,	Larsen,	&	

Chaput,	 2015).	 Non-mammalian	 extracts	 can	 also	 be	 used	 for	 the	 expression	 of	 mammalian	

proteins,	for	example	the	Leishmania	CFPS	system	(Kovtun	et	al.,	2011)	-	appealing	because	of	the	

possibility	 to	 grow	 the	microbe	 cheaply	 in	 large	 batches	 for	 extract	 production.	 Applications	

typically	 aim	 to	 produce	 otherwise	 difficult	 to	 express	 therapeutic	 proteins	 such	 as	 a	

morphogenic	 growth	 factor	 (Jérôme,	 Thoring,	 Salzig,	 Kubick,	 &	 Freitag,	 2017),	 streptokinase	

(Tran	et	al.,	2018),	antibodies	(Stech	et	al.,	2017),	GPCR	targets	(Zemella	et	al.,	2017)	and	more	

(Thoring	 et	 al.,	 2016).	 The	 utility	 of	 the	 mammalian	 CFPS	 method	 for	 high	 throughput	

applications	has	been	demonstrated	in	proteomic	research	for	the	generation	of	protein	arrays	

of	antigens	(Ayoglu,	Schwenk,	&	Nilsson,	2016),	antibodies	and	other	proteins	(Stoevesandt	et	al.,	

2011;	Yu	et	al.,	2017).	In	such	experiments,	the	DNA	template	was	spotted	on	a	microarray	chip	

and	the	proteins	then	synthesised	in	situ.	In	some	cases	PCR	templates	were	used,	eliminating	the	

need	 for	 cloning	 a	 combinatorial	 plasmid	 library	 and	 enabling	 an	 elegant	 high	 throughput	

workflow	 (Schinn,	 Broadbent,	 Bradley,	 &	 Bundy,	 2016).	 However,	 the	 applicability	 of	 the	

mammalian	CFPS	to	challenges	in	the	field	of	Synthetic	Biology	is	yet	to	be	established.	Earlier	

work	demonstrated	 that	a	FRET	based	biosensor	worked	analogously	 in	HeLa	CFPS	and	cells	

(Pardee	et	al.,	2014),	pointing	 in	 the	direction	that	genetic	regulation	may	be	reproduced	and	

studied	using	the	mammalian	CFPS.		

For	this	work	specifically,	a	commercially	available	CFPS	System,	Thermo	Fisher	Scientific’s	HeLa	

IVT-Kit	was	chosen.	The	molecular	basis	for	this	specific	CFPS	system	and	the	sequence	elements	

of	 the	DNA	 template	 are	 outlined	 on	 Figure	 1.3.	 The	 T7	 viral	 polymerase	 and	 corresponding	

promoter	 are	 ideal	 for	 CFPS	 expression	 as	 both	 the	 polymerase	 and	 promoter	 are	 small	 and	

compact	 compared	 to	 human	 polymerases	 and	 promoters.	 The	 T7	 system	 has	 been	 used	 for	

cytoplasmic	expression	vectors	in	human	cells	for	decades	(Elroy-Stein	&	Moss,	1990),	therefore	

the	CFPS	model	system	is	directly	relevant	for	these	applications.	It	is	known	that	mutations	in	

the	core	promoter	region	can	alter	the	affinity	of	the	polymerase	to	DNA	and	variants	with	altered	

activity	have	been	described	in	the	literature.	For	example,	T7	variants	were	used	to	balance	the	

expression	of	enzymes	in	a	biochemical	pathway	(Temme,	Hill,	et	al.,	2012).	Furthermore,	the	T7	
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system	is	well	studied	and	biochemical	analysis	has	measured	important	kinetic	parameters	(Jia,	

Kumar,	&	Patel,	1996;	Skinner,	Baumann,	Quinn,	Molloy,	&	Hoggett,	2004).	

The	translation	initiation	sequence	namely	the	IRES,	is	also	of	viral	origin.	In	mammalian	cells,	

there	 are	 two	 basic	 alternative	 pathways	 for	 translation	 initiation;	 cap	 dependent	 and	 cap	

independent.	Most	endogenous	genes	are	 translated	 through	 the	cap	dependent	pathway	and	

contain	a	methylated	guanine	nucleotide	at	 the	5’	end	of	 their	mRNA.	The	process	of	 capping	

happens	 in	 the	nucleus,	 in	 an	RNA	polymerase	 II	 associated	mechanism.	 It	 is	 possible	 to	 add	

synthetic	cap-analogues	to	RNA	through	the	process	of	 in-vitro	 transcription	by	simply	mixing	

the	analogue	to	the	reaction.	The	cap	serves	as	a	translation	initiation	signal.	

	The	cap	independent	pathway	is	often	used	by	viruses	because	it	has	the	advantage	of	bypassing	

the	‘shutdown’	and	inhibition	of	the	conventional	translation	of	the	cell	when	it	tries	to	combat	

the	infection.	In	this	pathway,	an	internal	ribosome	entry	site	(IRES)	is	used	to	bind	the	ribosome	

directly,	without	the	need	for	some	or	all	usual	translation	initiation	proteins	(Thompson,	2012).		

The	IRES	mediated	pathway	was	found	to	be	more	active	than	the	cap-dependent	pathway	in	the	

IVT-Kit	 CFPS	 system	 (Thermo	 Scientific	 product	 specifications).	 Therefore,	 the	 vector	

recommended	by	the	manufacturer	contains	such	an	element,	 the	encephalomyocarditis	virus	

(EMCV)	 IRES	 specifically.	 This	 sequence	 element	 is	 also	 used	 for	 gene	 therapy	 vectors	 (Ngoi,	

Chien,	&	Lee,	2004).	It	is	known	that	small	changes	close	to	the	start	codon	and	the	alterations	of	

the	ATG	triplets	close	to	the	start	codon	can	dramatically	alter	IRES	activity,	which	properties	

were	used	to	design	a	mutant	library	(Koh	et	al.,	2013).	The	mutant	library	was	used	to	balance	

the	production	of	antibody	fragments	in	the	optimal	molecular	ratio.	

In	terms	of	the	biochemical	composition	of	the	IVT-Kit,	supplementary	proteins	are	added	to	the	

HeLa	lysate	for	gene	expression	to	happen,	as	the	nucleus	and	other	key	components	are	removed	

in	 the	 lysate	 production	 process.	 The	 added	 components	 include	 T7	 polymerase,	 energy	

regeneration	 machinery	 and	 additional	 translation	 initiation	 factors	 (Mikami,	 Masutani,	

Sonenberg,	Yokoyama,	&	Imataka,	2006)	(specific	composition	is	proprietary).	Furthermore,	an	

energy	mix	is	also	added	to	consistently	boost	productivity	and	provide	the	necessary	nucleotides	

and	small	molecules.		
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Figure	1.3:	IVT-Kit	based	CFPS	system	

The	 positive	 control	 DNA	 construct	 (pCFE-GFP)	 for	 constitutive	 gene	 expression	 in	 HeLa	 CFPS	

includes	a	T7	promoter	and	EMCV	IRES	preceding	the	CDS	and	a	polyadenine	(polyA)	tail	and	T7	

terminator	after	the	CDS.	Lysate	of	HeLa	cells	is	supplemented	with	purified	T7	polymerase,	along	

with	nucleotides	and	ATP	other	accessory	protein	components	 facilitating	ATP	regeneration	and	

translation.	Supplemented	components	are	indicated	in	pink.	

1.4 AUTOMATION 

1.4.1 Automation in Synthetic Biology 

Independent	the	approach	to	genetic	design	(on	the	spectrum	from	forward-engineering	to	semi-

rational),	 the	 importance	 of	 reliable	 measurement	 methods	 and	 automation	 is	 unanimously	

emphasised	 across	 the	 field	 (De	 Lorenzo	&	 Schmidt,	 2018;	Wintle	 et	 al.,	 2017).	 For	 forward-

engineering,	the	thorough	characterisation	of	genetic	components	at	wide	range	of	conditions	is	

important.	While	for	semi-rational	design,	screening	of	large	number	of	variants	is	necessairy.	It	

is	 often	 argued	 that	 standards	 for	measurement	 techniques	 are	 at	 least	 as	 important	 as	DNA	

assembly	standards.	Some	talk	of	a	“reproducibility	crisis”	in	science	in	general	(Baker,	2016)	and	

even	 something	 as	 simple	 as	 the	 measurement	 of	 fluorescence	 with	 plate	 readers	 has	 been	

notoriously	badly	reported	in	the	history	of	the	synthetic	biology	field	(Chavez,	Ho,	&	Tan,	2017)	

and	proven	to	be	unreliable	in	some	cases	(Hecht,	Endy,	Salit,	&	Munson,	2016).	Efforts	are	being	

made	 towards	 better	 measurement	 practices	 and	 unit	 conversion	 from	 arbitrary	 units	 is	

promoted	in	order	to	obtain	results	that	are	directly	comparable	across	labs	(Beal	et	al.,	2016).	

Automation	 implicitly	 requires	 precise	 documentation	 of	 protocols	 and	 thus	 facilitates	
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reproducibility	and	reduces	human	error.	Wider	access	to	automation	is	becoming	accessible	via	

biological	foundries	(Chao,	Mishra,	Si,	&	Zhao,	2017),	and	cloudlabs	are	being	established	across	

institutions	worldwide	 (Check	Hayden,	2014).	Outsourcing	 to	a	centralised	 facility	 is	not	only	

advantageous	for	reproducibility	but	also	to	increase	throughput	because	in	a	centralised	lab,	it	

is	 possible	 to	 run	 DNA	 assembly	 and	 other	 automated	 protocols	 in	 parallel	 which	 is	 more	

resource-efficient	than	smaller	scale	laboratory	automation	in	a	single	research	lab.	

DNA	synthesis	and	assembly	are	becoming	increasingly	outsourced	and	DNA	constructs	or	entire	

plasmids	are	ordered	from	specialised	companies	rather	than	cloned	via	the	traditional	manual	

process.	 It	 is	not	the	“build”	phase	but	the	testing	of	sequence	variants	which	is	becoming	the	

bottleneck	of	the	synthetic	biology	design	cycle	in	modern	laboratories.	Therefore,	it	is	essential	

that	 automatable	 and	 robust	 measurement	 methods	 are	 adapted	 for	 the	 testing	 of	 genetic	

constructs.	 Cell-free	 protein	 synthesis	 (CFPS)	 is	 one	 such	method	 and	 has	 already	 become	 a	

commonly	used	tool	in	microbial	synthetic	biology	(Perez,	Stark,	&	Jewett,	2016).	

1.5 MEASUREMENT AND MODELLING 

1.5.1 Engineering design and measurement methods in mammalian context 

The	 rational	 forward-engineering	 of	 mammalian	 systems	 lags	 substantially	 behind	microbial	

design.	This	is	largely	due	to	the	lack	of	standardised	measurement	methods	and	the	difficulty	of	

inferring	kinetic	data	from	flow	cytometry	measurements	of	transfection	experiments.	The	first	

attempt	at	predictive	design	in	mammalian	cells	is	based	on	empirical	quantitative	incremental	

prediction	(EQuIP)	 framework	(Davidsohn	et	al.,	2015a).	This	approach	 is	empirical,	meaning	

that	 the	 transfer	 functions	 are	 defined	 in	 terms	 of	 the	 input	 output	 fluorescence	 rather	 than	

molecular	abundance	and	kinetic	parameters.	Building	more	detailed	kinetic	molecular	models	

for	 mammalian	 synthetic	 biology	 would	 have	 the	 advantage	 of	 transferrable	 part	 properties	

across	very	different	design	architectures.	For	example,	the	expression	level	from	the	plasmid,	

MAC	or	Genome	could	be	taken	into	account	in	a	molecular	model.		

As	 discussed	 above	 in	 section	 1.4	 about	 automation,	 the	 importance	 of	 high	 throughput	

experimental	 technique	is	two-fold.	First,	genetic	part	characterisation	is	 labour	 intensive	and	

requires	measurement	at	wide	ranges	of	concentrations	under	the	same	conditions	of	many	parts	

for	re-usable	standard	parts	libraries	and	forward-engineering.	Second,	scalable	screening	and	

testing	methods	are	especially	important	for	multiplexed	engineering.	

Therefore,	 automated	 high-throughput	 techniques	 will	 be	 instrumental	 to	 move	 mammalian	

synthetic	 biology	 forwards.	 One	 recent	 approach	 is	 to	 do	 transfections	 on	microfluidic	 chips,	

where	280	 transfections	on	 a	 chip	were	 implemented	 in	parallel	 (Woodruff	&	Maerkl,	 2017).	
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However,	transfection	experiments	result	in	heterogenous	populations	that	are	ideally	analysed	

via	flow	cytometry	which	is	difficult	to	reconcile	with	microfluidic	growth	chambers.		

1.6 PROJECT AIMS AND HYPOTHESIS 

1.6.1 Summary of previous work of others 

The	diverse	utility	of	CFPS	for	synthetic	biology	applications	has	been	proven	in	the	microbial	

research.	Methods	for	prototyping	genetic	regulation,	measurement	practices	and	CFPS	models	

have	been	established.	However,	 in	mammalian	research,	 it	has	only	been	used	 for	proteomic	

studies	despite	the	wide	range	of	opportunities	for	applications.		

Meanwhile,	 the	 field	 of	 mammalian	 synthetic	 biology	 has	 been	 accelerating	 through	 the	

development	of	foundational	technologies	for	engineering	complex	biological	processes,	genetic	

circuits	 and	 even	 genomes.	Many	 new	methods	 are	 being	 discovered	 for	 the	 control	 of	 gene	

regulation	 in	 mammalian	 cells,	 including	 transcription	 and	 post-transcription	 regulation.	

However,	these	tools	are	not	well	characterised	and	rules	for	their	predictive	design	are	yet	to	be	

established.	

Automated	high	 throughput	 testing	methods	have	become	an	 important	part	 of	 the	 synthetic	

biology	 engineering	 design	 cycle	 for	 microbial	 work.	 Testing	 many	 genetic	 variants	 and	

characterising	their	behaviour	at	a	wide	range	of	conditions	is	instrumental	both	for	predictive	

design	as	well	as	for	multiplexed	semi-rational	engineering.	Such	testing	methods	are	lacking	for	

mammalian	work.	

1.6.2 Motivation and hypothesis 

The	 full	 potential	 of	 the	 enabling	 technologies	will	 only	 be	 realised	 as	more	molecular	 tools	

become	 available	 which	 can	 be	 used	 as	 reliable	 and	 predictable	 component	 parts	 for	

implementing	 advanced	 gene	 regulation.	 Advancement	 in	 the	 field	 would	 accelerate	 through	

developing	methods	for	multiplexed	engineering	and	fast	measurement	at	scale,	as	such	methods	

have	 recently	 accelerated	 the	 engineering	 of	 microbes.	 Current	 methods	 for	 screening	 part	

variants	in	high	throughput	for	mammalian	purposes	are	tedious	and	limited,	thus	there	is	a	need	

for	new	experimental	approaches.	Especially	the	slow	growth	of	mammalian	cells	and	the	need	

for	a	highly	controlled	environment	with	set	humidity,	gases	and	temperature	impose	technical	

limitations	for	scaling	protocols.	As	a	solution,	a	CFPS-based	method	is	proposed	and	developed	

for	 semi-automated	 measurements.	 The	 central	 hypothesis	 of	 this	 work	 is	 that	 CFPS	 is	 an	

appropriate	model	for	gene	expression	in	mammalian	cells.	
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Many	typical	molecular	tools	were	chosen	to	establish	that	diverse	modes	of	regulation	may	be	

reproduced	 in	 the	 CFPS	 model.	 Sequence	 variants	 for	 altered	 level	 of	 constitutive	 gene	

expression,	transcription	repression,	translation	repression	and	DNA	cleavage	were	identified.	

Two	 regulatory	 modules	 were	 chosen	 for	 further	 characterisation	 and	 demonstration	 of	 the	

capabilities	 of	 the	 prototyping	 platform	 in	 this	 work.	 Specifically,	 these	 were	 CRISPR/dCas9	

transcription	regulation	and	the	L7Ae	RNA	binding	protein	 for	 translation	repression.	Both	of	

these	types	of	regulators	are	popular	tools	in	the	synthetic	biology	community	and	importantly,	

they	are	continuously	being	developed	further	so	there	is	a	need	for	prototyping	platforms	for	

the	measurement	and	prediction	of	their	functionalities	at	high	throughput.	Therefore,	these	two	

basic	types	of	regulatory	mechanism	were	identified	as	ideal	for	the	proof	of	concept	validation	

of	the	CFPS	platform	presented	in	this	work.	Novel	insights	were	gained	into	the	biochemistry	of	

these	proteins.	

1.6.3 Aims 

1:	In	vitro	characterised	RNA	binding	proteins	(MS2	and	L7Ae),	in	a	suitable	cell	line,	according	

to	the	requirements	of	a	state	of	the	art	characterisation	workflow	and	obtain	transfer	functions	

suitable	for	empirical	modelling.	The	results	could	be	used	to	design	genetic	circuits	based	on	this	

data.	

2:	 Described	 basic	 characteristics	 of	 a	 chosen	 mammalian	 CFPS	 system	 and	 explored	 its	

biochemical	 boundaries,	 towards	 extending	 the	 application	 space	 for	 the	method.	Alternative	

modes	of	translation	initiation	(cap-dependent	and	IRES-dependent)	and	alternative	promoter	

types	 (cytoplasmic	 T7	 or	 nuclear	 CMV)	 were	 tested.	 Differential	 levels	 of	 transcription	 and	

translation	were	detected	using	different	constitutive	sequence	variants.	

3:	 Tested	 and	 reproduced	 a	 diverse	 set	 of	 molecular	 regulation,	 including	 L7Ae	 translation	

regulation	module	and	CRISPR/dCpf1	transcription	regulation	and	CRISPR/Cas9	DNA	cleavage	

as	proof	of	concept	for	CFPS	measurement.	It	was	shown	that	CFPS	can	be	used	to	measure	these	

molecular	interactions.	

4:	Once	it	was	proven	that	CFPS	is	an	appropriate	model	for	gene	expression	in	mammalian	cells,		

the	developed	benchtop	method	in	(2)	was	adapted	to	high	throughput	automation	via	acoustic	

liquid	 handling.	 Automation	 software	 was	 developed	 to	 support	 the	 method	 and	 generate	

instruction	 files	 for	 the	 liquid	 handling	 machine,	 scientist	 carrying	 out	 the	 experiment	 and	

downstream	data	analysis.	

5:	 Investigated	 the	 reproducibility	of	 the	automated	CFPS	method	 through	a	 large	number	of	

independently	repeated	experiments.	Gained	novel	insights	into	the	biochemical	dynamics	of	a	
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several	types	of	regulators,	including	constitutive	promoters,	IRES	sequences,	dCas9	for	protein-

mediated	repression	via	DNA	binding	and	L7Ae	for	protein-mediated	repression	via	RNA	binding.		

6:	Measured	 the	 dynamics	 of	 transcription	 as	well	 as	 GFP	 expression	 and	 used	 this	 data	 for	

establishing	an	ODE	based	biochemical	model	for	CFPS	gene	expression.	This	allowed	insights	

into	RNA	production	and	degradation	dynamics	which	are	 important	 for	measuring	objective	

promoter	strength.	  
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2 METHODS 

Materials	are	listed	in	the	Appendix	section.	

2.1 DNA MANIPULATION METHODS 

2.1.1  Cloning of pCMV-EGFP mammalian expression constructs  
DNA	backbones	were	amplified	using	PCR	with	outward	facing	primers	to	introduce	mutations	

or	aptamers.	High	fidelity	Phusion	polymerase	was	used	for	the	PCR,	according	to	manufacturer’s	

specifications.	 After	 the	 PCR	 the	 template	 was	 digested	 with	 DpnI	 to	 remove	 plasmid	

contamination.	The	PCR	product	was	PCR	purified,	phosphorylated	using	T4	PNK,	 ligated	and	

transformed	into	NEB5-alpha	chemically	competent	E.coli	cells.		

The	 pEGFP-C3	 vector	 was	 modified	 by	 changing	 the	 Multiple	 Cloning	 Site	 (MCS).	 Additional	

cloning	sites	were	inserted	resulting	in	the	plasmid	pCMV-EGFP,	using	primers	in	.	The	pCMV-

EGFP	 backbone	 was	 used	 as	 template	 to	 generate	 the	 plasmid	 containing	 the	 Kt	 and	 MS2	

aptamers.	

2.1.2 Cloning of mKate2, MS2, L7Ae and EBFP2 mammalian expression plasmids 
The	 synthetic	 DNA	 fragment	 mKate_GSG_2A_GSG_MS2_flag	 and	 the	 pcDNA-TO	 were	 both	

digested	 with	 AflII	 and	 ApaI	 and	 ligated	 to	 resulting	 in	 plasmid	 pcDNA-mKate2-MS2.	

Subsequently	this	plasmid	was	digested	with	NheI	and	ApaI	to	remove	the	MS2	CDS,	gel-purified	

and	 dephosphorylated.	 The	 synthetic	 fragment	 L7Ae_H.sapiens_flag	 was	 correspondingly	

digested	with	NheI	and	ApaI,	PCR	purified	 (to	 remove	 the	enzymes)	and	 ligated	with	pcDNA-

mKate2	 to	 result	 in	 pcDNA-mKate2-L7Ae.	 (See	 section	 6.2.3	 in	 Appendix	 for	 	 Synthetic	 DNA	

fragment	sequences.)	

The	plasmids	encoding	constitutively	expressed	red	and	blue	fluorescent	proteins,	pCMV-mKate2	

and	pCMV-EBFP2,	were	also	cloned	with	a	similar	approach.	The	mKate2	and	EBFP2	were	PCR	

amplified	with	overhangs	containing	ApaI	and	NheI	from	the	templates	pcDNA-mKate2-MS2	and	

pCAG-EGFP2	respectively	with	primers	 listed	 in	 .	These	 inserts	were	 ligated	 into	 the	digested	

(ApaI	 and	 NheI)	 and	 dephosphorylated	 pCMV-GFP	 backbone	 where	 the	 GFP	 CDS	 had	 been	

removed	by	gel	purification.	

2.1.3 Cloning pT7-IRES-GFP CFPS plasmids 
Backbones	were	amplified	using	inverse	PCR	to	introduce	mutations	or	aptamers.	High	fidelity	

Phusion	polymerase	was	used	for	the	PCR,	according	to	manufacturer’s	specifications.	After	the	

PCR	the	template	was	digested	with	DpnI	to	remove	plasmid	contamination.	The	PCR	product	
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was	 PCR	 purified,	 phosphorylated,	 ligated	 and	 transformed	 into	 NEB5-alpha	 chemically	

competent	E.coli	cells.		

The	pCFE-GFP	positive	control	plasmid	was	used	as	a	template	to	generate	T7	and	IRES	variants,	

changing	either	the	promoter	or	IRES	in	any	one	plasmid.		

2.1.4 Cloning of Malachite Green mammalian plasmid 
A	synthetic	DNA	fragment	(GFP-mGapt)	was	synthesised	by	IDT	and	inserted	into	the	pCFE-GFP,	

replacing	the	GFP	region.	The	plasmid	and	synthetic	DNA	fragment	(GBlock)	were	digested	with	

NdeI	and	BglII,	PCR	purified	and	ligated.	

2.1.5 Cloning of Cas9 and Cpf1 sensor plasmids  
Medium	 length	 (50-100bp)	sequence	alterations,	 such	as	 insertion	of	 two	binding	sites	of	 the	

Cas9	and	Cpf1	promoters	were	introduced	on	annealed	DNA	oligos.	A	total	of	four	oligos	including	

both	binding	sites	and	the	T7WT	promoter	are	listed	in		for	each	variant	and	they	were	annealed	

by	heating	to	80◦C	for	10	minutes,	cooled	to	room	temperature	slowly	over	three	hours	by	turning	

off	 the	heat	 block.	 Importantly,	 all	 four	 oligos	 corresponding	 to	 one	 construct	were	 annealed	

together	in	the	same	reaction.	The	oligos	were	phosphorylated	and	ligated	into	the	previously	

dephosphorylated	 and	 digested	 (SacI	 and	 BamHI)	 pPT7T-	 IREST-GFP	 backbone.	 The	 design	

cloning	of	the	dCas9	plasmids	was	done	by	B.	Goetzmann,	undergraduate	student	in	the	lab	at	the	

time.	

2.1.6 Cloning of L7Ae E.coli expression plasmid  
The	pT7-RBS-L7Ae-6His	(used	for	L7Ae	expression	in	E.coli	and	protein	purification)	was	cloned	

from	 the	Level	0	parts,	 including	 synthetic	DNA	 fragments	encoding	L7Ae	coding	 sequence,	 a	

fragment	encoding	T7promoter	-	RBS	-	hexahistidine	tag	-	stop		codon	and		L7Ae_E.coli_pur	on	

16ABILHP_1898700,	 a	T7-RBS-His	part	 and	 the	pTU1-A	backbone.	The	Level0	plasmids	were	

mixed	with	BsaI	restriction	enzyme.	Linkers	for	DNA	assembly	were	designed	and	the	reaction	

carried	out	according	to	the	specifications	and	standards	previously	published	(Moore,	Lai,	et	al.,	

2016).	

2.1.7 Restriction Enzyme Digestion 
	1000	 ng	 plasmid	 DNA	 was	 digested	 with	 10	 units	 of	 NEB	 enzymes,	 in	 the	 manufacturer’s	

recommended	 buffer.	 The	 NEB	 double	 digest	 finder	 online	 tool	 was	 used	 to	 determine	 the	

conditions	 for	 double	 digests.	 Fragments	were	 analysed	 on	 an	 agarose	 gel,	 purified	using	 gel	

extraction	method.	

2.1.8 Dephosphorylation of DNA  
Digested	DNA	backbones	were	treated	with	Antarctic	Phosphatase	(NEB),	for	half	an	hour	at	37◦C	

to	reduce	self-ligation	according	to	the	manufacturer`s	instructions.		
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2.1.9 Phosphorylation of DNA 
DNA	was	treated	with	T4	Polynucleotide	Kinase	for	half	an	hour	at	37◦C.	Typically	10U	of	enzyme	

was	added	in	a	25µL	total	reaction	volume	containing	100-200ng	DNA.	

2.1.10 Polymerase Chain Reaction (PCR) 
Reactions	were	assembled	in	50µL	total	volume	with	1U	of	polymerase,	200nM	dNTPs,	200nM	of	

each	primer	and	1-5ng	DNA	template.	The	reaction	consisted	of	an	initial	denaturation	step	at	

95C	followed	by	30	cycles	of	annealing	for	30s,	extension	at	72C	for	15s/kb	and	denaturation	at	

95C	for	30sec,	a	final	extension	at	72C	for	2	min	to	finish	extension	of	unfinished	products.	The	

annealing	temperature	was	determined	using	NEB’s	online	Tm	calculator	tool.	Fragments	were	

subsequently	analysed	on	an	agarose	gel	and	purified	using	a	PCR	purification	kit.	Colony	PCR	

was	performed	to	identify	if	plasmids	contained	the	correct	insert	after	ligations.	Colonies	were	

picked	with	sterile	tips	and	put	into	20uL	PBS,	2uL	of	which	was	used	as	template	for	the	reactions	

and	also	for	subsequent	inoculation	if	the	PCR	was	positive.	The	DreamTaq	Green	2x	PCR	Master	

Mix	was	used	to	set	up	reaction	of	25µL	total	volume.	The	results	were	analysed	on	agarose	gels.		

2.1.11 Ligation 
Typically,	a	1:3	molecular	ratio	of	backbone	to	insert	was	used	and	a	total	amount	of	100-200	ng	

DNA,	with	1	Unit	of	enzyme	added.	Ligation	reactions	were	carried	out	using	T4	ligase	and	its	

buffer	at	room	temperature	for	2-4	hours	or	at	16◦C	over	night	in	10	µL	total	volume	reactions.		

2.1.12 Transformation and bacterial cell growth 
The	ligation	reactions	were	transformed	into	NEB-5-alpha	chemically	competent	cells.	10-50ng	

DNA	was	carefully	mixed	with	cells	by	flicking	the	tube,	 incubated	on	ice	for	10	minutes,	heat	

shocked	at	42°C	for	45°C	days	transferred	back	to	ice	for	10minutes.	500	µL	SOC	media	(without	

antibiotics)	was	added	and	cells	were	recovering	at	37°C,	sharing	horizontally	for	1	hour.	Next,	

10-100µL	 of	 the	 cell	 culture	 was	 plated	 onto	 LB-Agar	 plates	 containing	 antibiotics	 at	 the	

concentrations	in	Table	2.1	and	grown	over	night	at	37°C.	Colonies	were	picked	the	next	day	and	

grown	in	5	mL	LB	with	appropriate	antibiotics	at	below	concentrations	overnight.	For	midiprep,	

2	ml	cultures	were	inoculated	in	the	morning	and	500mL	cultures	were	set	up	using	100-500	µL	

of	this	started	culture	for	inoculation.	For	maxipreps,	two	500	mL	culture	flasks	were	inoculated.		

Table	2.1:	Concentrations	of	antibiotics	used.	

Antibiotic	 Concentration	in	LB	/	LB	Agar	(μg/ml)	

Ampicillin	 100	

Kanamycin	 50	

Chloramphenicol	 34	
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2.1.13 DNA Purification 
Minipreps	 were	 prepared	 from	 5mL	 cultures	 using	 the	 Qiagen	 Miniprep	 Kit	 according	 to	

manufacturer’s	specifications.	Midipreps	were	prepared	from	100mL	cultures,	using	the	QIAGEN	

Plasmid	Plus	MidiPrep	Kit	with	a	vacuum	manifold,	according	to	manufacturer’s	specifications.		

Maxipreps	were	prepared	from	two	100mL	cultures,	using	the	Qiagen	Maxiprep	Kit	and	further	

purified	using	isopropanol	precipitation	for	increased	efficiency.	

The	DNA	concentration	of	samples	were	measured	via	the	spectrophotometric	method,	using	a	

Nanodrop	instrument	thrice,	in	a	way	that	the	all	samples	were	measured	consecutively	and	the	

whole	set	measured	again	(the	measurements	were	not	taken	directly	following	each	other.)	The	

orange	 bars	 represent	 the	 average	 and	 the	 error	 bars	 represent	 standard	 deviation	 of	 the	

measurements	taken	with	the	Nanodrop	instrument.	The	same	samples	were	quantified	with	the	

dsDNA	specific	PicoGreen	fluorescent	dye	and	each	sample	was	measured	three	times	within	the	

same	measurement	run.	A	standard	curve	was	obtained	using	purified	genomic	λ	phage	DNA	for	

unit	conversion	to	absolute	units	from	arbitrary	fluorescence.		

2.1.14 Isopropanol Precipitation 
NaCl	 solution	 was	 added	 to	 the	 DNA	 samples	 after	 maxiprep	 to	 0.2	 M	 concentration,	

0.7Volume/Volume	isopropanol	was	added,	and	the	mixture	centrifuged	at	14000	g	for	30	min.	

The	pellet	was	resuspended	in	70%	ethanol	twice,	air	dried	and	then	resuspended	in	nuclease	

free	water.	

2.1.15 Sequencing 
The	companies	Source	Bioscience	(Nottingham,	UK)	or	Eurofins	Genomics	(Ebersberg,	Germany)	

carried	 out	 sequencing.	 The	 samples	 were	 sent	 to	 Source	 at	 100ng/µL	 concentrations	 and	

primers	were	 supplied	 at	 3.2µM	 For	 Eurofins,	 15µL	 plasmid	 at	 100ng/µL	 concentration	was	

premixed	with	10µM	primer.	

2.1.16 Glycerol stocks 
50%	Glycerol	was	added	to	liquid	over	night	(O/N)	LB	cultures	to	1:1	ratio	and	stored	at	-80°C.	

2.1.17 DNA gel electrophoresis 
1%	agarose	gels	were	prepared	using	TAE	buffer	and	SYBR®	Safe	10,000X	concentrate	in	DMSO.	

The	DNA	samples	were	loaded	with	buffer	and	run	for	30min	at	200V.	The	gels	were	imaged	with	

UV	transillumination	and,	if	applicable,	cut	under	a	Blue	Box.	A	far-blue	illumination	and	orange	

plastic	UV-filter	was	used	for	safety.	

2.1.18 DNA quantification 
The	 concentration	 of	 DNA	 samples	 was	 measured	 using	 a	 NanoPhotometer®	 P-Class	 P300	

(Implen)	 or	 using	 the	NanoDrop	 2000/2000c	 UV-Vis	 system.	 The	 PicoGreen	 Kit	was	 used	 to	
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measure	the	DNA	concentration	and	the	protocol	was	adapted	to	be	run	at	the	ECHO	550	and	252	

liquid	handlers	instead	of	the	manual	steps	recommended	by	the	manufacturer.	50nL	PicoGreen	

reagent	was	added	to	wells	of	a	black	384	well	plate	with	flat	clear	bottom,	then	19900nL	TE	was	

added	and	100nL	DNA	sample.	The	plate	was	centrifuged	briefly	to	mix	to	reagents	and	kept	in	

the	dark	for	an	additional	3	minutes.	Fluorescence	was	measured	using	485nm	excitation	and	

520nm	emission	wavelength	settings	on	a	SynergyMX	Biotek	plate	reader.	A	standard	curve	was	

obtained	by	 transferring	 serial	 dilutions	 of	 genomic	 λ	 phage	DNA	 standard	 and	used	 for	 unit	

conversion.	

2.1.19 PCR purification 
PCR	 products	were	 purified	 using	 a	 Qiagen	 PCR	 purification	 Kit	 according	 to	manufacturer’s	

instructions.	

2.1.20 DNA extraction from gel 
Gel	 fragments	were	cut	and	then	DNA	was	purified	using	Qiagen	Gel	Purification	Kit,	with	the	

NaAc	step	always	included,	according	to	manufacturer’s	specifications.	

2.2 RNA MANIPULATION METHODS 

2.2.1 Cas9 sgRNA synthesis 
The	sgRNA	synthesis	 for	Cas9	guides	was	carried	out	using	 the	sgRNA	Synthesis	Kit	 (Thermo	

Fisher	Scientific)	according	to	manufacturer’s	specifications	using	oligos	in	.			The	sgRNA	products	

were	purified	using	GeneJET™	purification	columns	according	to	manufacturer’s	specifications.	

2.2.2 Cpf1 sgRNA synthesis 
The	DNA	 template	 for	 sgRNA	synthesis	was	assembled	using	synthetic	oligos	 ()	 including	 the	

scaffold	annealed	80°C	for	10	min	and	cooled	to	room	temperature	slowly	over	about	an	hour	by	

turning	off	the	heat	block	and	leaving	the	samples	in	it.	Then	sgRNA	was	synthesised	using	the	

sgRNA	Synthesis	Kit	(Thermo	Fisher	Scientific).	

2.2.3 mRNA synthesis 
Capped	mRNA	was	generated	using	 the	mMESSAGE	mMACHINE®	Kit	 (T7)	 from	a	 linear	DNA	

template	amplified	from	the	pCMV-Kt-EGFP	including	a	T7	promoter	instead	of	CMV	promoter.	

Reagents	 were	 thawed	 on	 ice	 and	 assembled	 once	 melted.	 0.4	 µg	 DNA	 was	 mixed	 with	 the	

provided	reaction	buffer	and	dNTP	mix	and	nuclease	free	water	was	used	to	mke	up	the	solution	

to	a	total	of	40µl	volume.	The	reaction	was	incubated	at	37°C	for	1	hour	and	TURBO	DNase	was	

added	and	incubated	at	37°C	for	15	minutes	to	remove	the	template	before	purification.	The	cap	

analog	 [m7G(5')ppp(5')G]	was	 included	 in	 the	 Kit	 and	 incorporated	 at	 the	 3`	 position	 of	 the	

transcribed	 RNA.	 The	 RNA	 was	 subsequently	 purified	 using	 MEGAclear™	 Kit	 according	 to	

manufacturer`s	specifications,	quantified	and	visualised	on	an	RNA	gel.	For	the	RNA	calibration	
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in	CFPS,	no	cap	analogue	was	added	and	only	standard	dNTPs	were	used,	as	the	transcript	was	

not	intended	for	subsequent	translation.	

2.2.4 RNA quantification 
The	concentration	of	RNA	samples	was	either	measured	using	NanoPhotometer®	P-Class	P300	

according	to	manufacturer’s	instructions	or	with	the	Qubit™	RNA	HS	Assay	Kit	according	to	the	

manufacturer’s	instructions.	

2.2.5 Annealing synthetic sgRNA oligos 
Synthetic	crRNA	and	tracrRNA	oligos	in		were	annealed	at	1:1	molecular	ratio	according	to	Alt-R	

CRISPR-Cas9	System	specifications	(IDT).	

2.2.6 RNA gel electrophoresis 
Denaturing	urea	RNA	gels	were	prepared	with	8	molar	urea,	5%	acrylamide,	0.17%	APS	and	0.1%	

TEMED	were	prepared	 in	TBE	buffer.	 RNA	 samples	were	mixed	with	 loading	buffer	 (2x	RNA	

loading	dye	NEB),	heated	to	80°C	and	immediately	placed	back	on	ice	before	loading	the	gel.	The	

separation	was	carried	out	in	PAGE	system	at	180V	for	30minutes.	After	completion,	the	RNA	gel	

was	stained	in	SYBR	Safe	in	water	and	the	results	were	visualised	using	with	a	Molecular	Imager®	

Gel	Doc™	(BioRad).	

2.3 PROTEIN EXPRESSION AND PURIFICATION 

2.3.1 Protein expression 
KRX	E.coli	cells	transformed	with	the	pT7-RBS-L7Ae-6His	plasmid	were	used	to	express	the	L7Ae	

protein.	 A	 10	 ml	 starter	 culture	 was	 grown	 overnight	 in	 LB	 medium	 with	 antibiotics.	 The	

overnight	culture	was	diluted	1:100	in	1L	LB	media	containing	0.1%	Rhamnose	and	grown	for	5	

hours	at	37°C	(shaking)	and	then	transferred	to	a	25°C	shaking	incubator	over	night.	In	the	first	

phase	of	the	growth,	the	cells	multiply	and	metabolise	glucose.	In	the	second	phase	of	growth,	

when	glucose	is	used	up,	the	cells	switch	to	Rhamnose	as	a	carbon	source	which	in	turn	induces	

the	expression	of	the	genomic	integrated	T7	RNA	polymerase	and	the	L7Ae	under	its	control.		

2.3.2 Protein purification 
Cells	were	harvested	by	centrifugation	at	2500	rpm	for	20	minutes	and	resuspended	in	Binding	

buffer	 (Table	 2.2).	 The	 cells	 were	 sonicated	 for	 2	 seconds	 on,	 2	 seconds	 off,	 50%	 amplitude	

repeatedly	at	4minute	intervals	until	all	pellet	was	visibly	destroyed	for	about	15	minutes.	After	

sonication,	the	lysate	was	incubated	at	85°C	for	20	min	to	denature	other	endogenous	proteins.	

L7Ae	is	a	heat	resistant	archeal	protein,	therefore	withstands	the	heat	treatment.	Following	the	

heat	treatment,	the	lysate	was	loaded	on	a	Nickel	column.	The	column	was	prepared	by	washing	

with	10mL	water,	applying	10mL	NiSO46H2O	at	0.1M	concentration,	washed	with	10mL	water	

and	10mL	Binding	buffer.	The	supernatant	was	then	applied	to	the	column,	then	the	column	was	
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washed	with	20mL	binding	buffer,	10mL	Wash	buffer	I,	10mL	Wash	buffer	II	and	finally	with	5mL	

Elute	buffer	(Table	2.2).	The	fractions	from	the	elution	step	were	all	collected.		

Table	2.2:	Composition	of	protein	purification	buffers	

Buffer	 Tris-HCl	pH	8.0	 NaCl	 Imidazole	(mM)	

Binding	buffer	

20	mM	 500	mM		

5	

Wash	Buffer	I	 30	

Wash	Buffer	II	 70	

Elute	Buffer	 400	

	

The	 fractions	 containing	 the	 purified	 protein	were	 dialyzed	 against	 buffer	 containing	 20	mM	

HEPES-KOH	(pH	7.5),	150	mM	KCl,	1.5	mM	MgCl2,	and	5	%	glycerol	using	Maxi	GeBaFlex	tube	

soaked	and	stirred	at	16°C	over	night.		

2.3.3 Protein Analysis and quantification 
The	dialysed	sample	was	concentrated	for	2-3	hours	and	quantified	using	a	spectrophotometer	

NanoPhotometer®	 P-Class	 P300	 (Implen)	 at	 280nm	 using	 a	 molar	 extinction	 coefficient	 of	

5240M−1	cm−1.	The	concentration	was	further	confirmed	by	Bradford	assay.	10µl	protein	was	

incubated	with	1mL	1X	Bradford	reagent	for	10minutes	and	measured	at	595nm	absorbance.	A	

standard	curve	for	unit	conversion	was	obtained	by	incubating	serial	dilutions	of	10µL	lysozyme	

with	Bradford	reagent.	

2.3.4 Protein storage 
Concentrated	and	quantified	L7Ae	was	diluted	in	storage	buffer	(20	mM	HEPES-KOH	(pH	7.5),	

150	mM	KCl,	1.5	mM	MgCl2,	and	40%	glycerol),	snap	frozen	in	liquid	nitrogen	and	stored	at	-80°C.	

2.4 TISSUE CULTURE 

2.4.1 Mammalian cell line growth maintenance 
U2OS-TRex	 cells	 were	 grown	 in	 T25	 flasks	 in	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM)	

supplemented	with	10%	FCS	 (foetal	 calf	 serum),	2	mM	glutamine,	50	 IU/ml	penicillin	and	50	

mg/ml	streptomycin	(Life	Technologies).	Cells	were	passaged	every	3-4	days	by	removing	media	

washed	with	PBS,	incubated	with	Trypsin-EDTA	for	~3	minutes	(0.05%	Trypsin,	0.5	mM	EDTA)	

before	adding	complete	growth	media	 to	 inactivate	 trypsin.	Cells	were	diluted	1:5-1:20	 times	

with	each	passage	 to	a	density	of	5	000	cells	per	mL.	The	dilutions	were	calculated	based	on	

manually	counting	with	a	chamber	on	a	slide.	
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2.4.2 Freezing of cell lines 
Confluent	cells	were	washed	with	PBS	and	incubated	with	trypsin-EDTA	(0.05%	Trypsin,	0.5	mM	

EDTA)	for	~3	minutes	and	complete	growth	medium	was	used	to	inactivate	the	trypsin.	Then,	

cells	were	centrifuged	at	1000	rpm	and	the	pellet	was	resuspended	in	5	mL	DMEM	containing	

10%	DMSO	and	divided	into	5	cryogenic	tubes	(Nunc).	The	vials	were	wrapped	in	tissue	paper	

and	kept	at	-80°C	for	two	days	in	order	to	ensure	slow	freezing.	The	tubes	were	then	transferred	

to	liquid	nitrogen	for	long-term	storage.	

2.4.3 Thawing of cell lines 
The	 quick	 thawing	 of	 cell	 lines	 was	 ensured	 by	 transferring	 the	 vials	 to	 a	 37°C	 water	 bath	

immediately	after	removing	them	from	liquid	nitrogen	storage.	Then	cells	were	transferred	to	

pre-warmed	medium	and	centrifuged	for	5	minutes	at	1000rpm.	The	media	was	replaced	with	

DMEM	and	the	cells	were	grown	in	T25	flasks.	

2.4.4 Transient transfection 
The	U2-OS	cells	were	plated	the	day	before	transfection	at	a	40	000	per	well	density)	in	wells	of	

a	24-well	plate	 I	 complete	growth	medium.	The	 transfection	complex	was	prepared	using	 the	

Fugene	 transfection	 reagent	 (Thermo	 Fisher).	 Doxycycline	 added	 to	 the	 media	 at	 various	

concentrations	(see	individual	experiments)	was	used	to	induce	expression	of	RBP.	

2.4.5 Flow Cytometry 
Fluorescence	was	measured	with	 flow	cytometry	2	days	after	 transfection.	Cells	were	washed	

with	 PBS,	 incubated	 with	 trypsin-EDTA	 (0.05%	 Trypsin,	 0.5	mM	 EDTA)	 for	 ~3	minutes	 and	

resuspended	with	complete	media	to	inactivate	trypsin.	Cells	were	centrifuged	at	1000rpm	and	

the	pellet	resuspended	in	PBS	for	Flow	Cytometry.	An	LSR	Fortessa	X-20	machine	was	used	to	

measure	the	fluorescence,	see	Table	2.3	for	the	settings	used	for	each	fluorescent	protein.	Gating	

on	cells	was	carried	out	based	on	side	and	forward	scatter	and	5%	compensation	was	applied	to	

correct	for	bleed-through	from	the	green	channel	into	the	red	channel	based	on	single-fluorescent	

controls.	

	

Table	2.3:	Fortessa	X-20	flow	cytometer	settings	

Protein	 Channel	name	 laser	excitation	(nm)	 filter	emission	(nm)	
mKate2	 PE-Cy5	 561	 670/30	
EGFP	 sfGFP	 488	 525/20	
EBFP2	 Pacific	Blue	 405	 450/50	
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2.5 CELL-FREE PROTEIN SYNTHESIS (CFPS) 
All	CFPS	reactions	were	run	using	the	1-Step	Human	Coupled	IVT	Kit,	at	various	ratios	of	reagents	

and	various	composition.	The	possible	components	of	the	CFPS	reaction	are	summarised	in	Table	

2.4.	The	protein-guide	complexes	were	assembled	at	a	1:1	molecular	ratio	just	before	being	added	

to	 the	CFPS	 reactions,	 in	 Cas9	buffer	 (provided	by	NEB	 for	 Cas9	work)	 and	 incubated	 for	 10	

minutes	at	room	temperature.	

Table	2.4:	Constant	and	optional	components	of	the	CFPS	reactions	

Component	 molecules	 origin	

HeLa	lysate	 lysate	of	HeLa	cells	 IVT	 Kit	 components,	

Thermo	 Fisher	 Scientific,	

always	 included	 in	

reactions	at	a	ratio	of	5:1:2	

with	respect	to	each	other		

Accessory	proteins	
proprietary	 composition,	 T7	

polymerase	included	

Energy	mix	
proprietary	 composition,	 NTPs	

included	

DNA	template	in	water	 linear/plasmid	DNA	samples		

midipreps,	 purified	 PCR	

products	 or	 plasmid	

supplied	 by	 the	

manufacturer	

mRNA	in	water	
purified	 capped	 or	 uncapped	

mRNA	

prepared	 as	 described	 in	

the	 RNA	 manipulation	

section	(Section	2.2)	

Regulatory	 molecules	 in	

their	respective	buffers	

purified	proteins	(L7Ae)	

sgRNA-protein	 complex	 (Cas9-

sgRNA,	 dCas9-sgRNA,	 dCpf1-

sgRNA)	

purified	as	described	in	the	

protein	 expression	 and	

purification	 section	

(Section	2.3)	

Malachite	Green	in	water	
small	molecule	binding	to	the	MG	

apt	RNA	aptamer	
Sigma-Aldrich	

	

The	 10uL	 total	 volume	 reactions	 assembled	 by	 hand	were	 directly	 scaled-down	 from	 the	

recommended	25	µL	reactions	of	the	IVT	Kit`s	manufacturers`	specifications.	The	reaction	IVT	Kit	

components	were	pre-mixed	in	a	test	tube,	and	then	mixed	with	the	rest	of	the	components	(DNA,	

proteins	or	RNA)	in	wells	of	a	flat	bottom	black,	clear	bottom	384	well	plates.	Plates	were	sealed	

with	a	Breath	Easy	seal,	and	briefly	centrifuged	before	the	measurements	at	30°C.	The	reactions	

were	monitored	at	10	minute	intervals	in	an	Omega	Clariostar	using	settings	in		

Table	2.5.	
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Table	2.5:	Clariostar	plate	reader	settings	

protein/channel	 Excitation	(nm)	 Emission	(nm)	

GFP	 470-15	 515-20	

mKate2	 580-15	 640-20	

	

2.5.1 Nuclear extract combined CFPS reaction 

Reactions	containing	nuclear	extract	(HeLaScribe®)	were	used	in	combination	with	the	IVT-Kit	

based	CFPS.	25	µL	reactions	were	set	up	so	that	they	contained	3	µL	nuclear	extract	 from	the	

HeLaScribe®	Kit,	12.2	µL	Lysate	 from	the	One	Step	Coupled	IVT	Kit,	2.5	µL	accessory	proteins	

from	the	One	Step	Coupled	IVT	Kit,	5	µL	energy	mix	from	the	One	Step	Coupled	IVT	Kit	and	2	µL	

DNA	at	500ng/µL	concentration.	Reactions	were	set	up	in	duplicates	and	run	at	30°C.	

Table	2.6:	IVT	Kit	batches	used	for	experiments.		

T7_lib	and	IRES_lib	are	the	characterisation	experiments	for	constitutive	T7	promoter	and	EMCV	

IRES	mutants	respectively.	dCas9	and	L7Ae	experiments	are	characterisation	experiments	for	the	

corresponding	 regulatory	 modules.	 RNA	 experiments	 are	 experiments	 for	 measuring	 RNA	

transcription	dynamics.	

Experiment	 Batch	

T7_lib_I	 SD251354	

T7_lib_II	 SA248525	

IRES_lib_I	 SD251354	

IRES_lib_II	 SA248525	

dCas9_I	 SI259124	

dCas9_II	 SD251354	

L7Ae_I	 RH238559	

L7Ae_II	 SD249720	

RNA_I	 SD251354	

RNA_II	 SI259124	

	

2.6 CFPS AUTOMATION 
The	protocol	for	automation	using	acoustic	liquid	handling	was	substantially	modified	for	high	

throughput.	The	optimisation	chapter	describes	many	 intermediate	reaction	conditions	which	

are	not	detailed	here,	only	the	final	optimised	method	is	described	below.	
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The	2µl	 total	volume	reactions,	were	prepared	using	a	master	mix	of	 the	 IVT	Kit	 components	

(lysate,	accessory	proteins,	energy	mix).	Dilutions	of	the	other	components	such	as	DNA,	protein	

or	RNA	were	prepared	in	384	Poly	Propylene	plates	and	equal	volumes	of	these	diluted	samples	

were	transferred	to	the	384	V-bottom	destination	plate	to	achieve	a	range	of	concentrations.	The	

transfers	were	performed	in	a	way	that	the	position	of	reactions	on	the	plate	was	random	so	that	

replicates	of	the	same	reaction	were	in	non-adjacent	wells.	The	list	of	transfers	was	generated	

using	Python	 scripts.	The	DNA,	protein	and	RNA	components	were	 transferred	 first,	 typically	

using	the	AQ_BP	setting	of	the	Echo252	machine.	Then,	the	master	mix	was	transferred	using	the	

GSPA	setting	and	the	plate	was	briefly	centrifuged	for	mixing,	sealed	with	a	non-breathing	seal	to	

minimise	evaporation	and	put	into	a	plate	reader	pre-heated	to	37°C.	The	plate	reader	used	was	

BioTek	Synergy	MX,	at	the	settings	in	Table	2.7	and	bottom	optic	reading,	normal	read	speed,	100	

msec	delay,	10	measurements	and	8	mm	read	height.	

Table	2.7:	Synergy	MX	plate	reader	settings	

protein/channel	 Excitation	(nm)	 Emission	(nm)	

GFP	 470-17	 515-17	

RNA	(Malachite	Green)	 610-17	 650-20	

	

2.6.1 Automation software 
The	CherryPick	software	from	Labcyte	requires	a	comma	separated	values	(CSV)	file	with	a	list	

of	 liquid	 transfer	 steps	 to	 carry	 out.	 This	 file	was	 generated	by	method-specific	 code	written	

especially	 for	 CFPS	 experiments	 that	 takes	 high-level	 parameters	 such	 as	 the	 number	 of	

replicates,	DNA	constructs,	range	of	concentrations,	protein	or	RNA	samples.	The	experiments	

were	designed	so	that	each	given	DNA	construct	was	tested	in	combination	with	all	the	regulators,	

at	 all	 the	 specified	 concentrations.	 Blank	 reactions	without	DNA	 and	positive	 controls	with	 a	

specified	DNA	concentration	were	also	automatically	added	to	the	list	of	reaction	types.	A	key	

feature	 was	 that	 each	 CFPS	 reaction	 is	 randomly	 assigned	 to	 a	 well	 on	 a	 384	 well-plate	 to	

distribute	error	evenly	across	the	plate	and	counter	any	potential	position	associated	effects.	The	

last	row	of	the	plate	was	reserved	for	optional	FITC	green	fluorescein	standards,	which	could	be	

added	for	MEFL	(Molecules	of	Equivalent	Fluorescein)	unit	conversion.	Finally,	the	amounts	of	

the	 reagents	 needed	 for	 a	 given	 experiment	 were	 calculated	 by	 the	 algorithm.	 The	 output	

included	three	files.	One	contained	instructions	for	the	biologist	about	how	to	prepare	the	source	

plate	containing	the	reagents.	The	second	contained	machine	instructions	for	the	liquid	transfer	

steps	and	the	third	stored	all	the	information	about	the	given	experiment	for	downstream	data	

analysis.		
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2.7 UNIT CONVERSION 

2.7.1 Fluorescent unit conversion 
The	 arbitrary	 fluorescent	 units	 were	 converted	 to	 molecules	 of	 equivalent	 fluorescein	 level	

(MEFL)	(FITC)	and	GFP	units	using	standards	and	unit	conversion	curves.	MEFL	is	molecules	of	

equivalent	fluorescein	levels	and	1296.8	blank	corrected	a.u.	was	identified	to	be	equivalent	to	1	

µM	FITC	based	on	the	average	of	four	standard	curves	obtained	on	different	days	using	the	same	

instrument	settings	(Figure	2.1).	

FITC	was	dissolved	in	PBS	to	a	final	concentration	of	500	μM,	heated	to	42°C	and	vortexed	several	

times	until	completely	dissolved.	Serial	dilutions	were	prepared	in	a	2	μL	total	volume	in	PBS,	

using	 acoustic	 liquid	 handling.	 The	 standards	 were	 measured	 together	 with	 experimental	

samples	and	repeated	several	times	to	establish	a	standard	curve.		

	 	

	 	

Figure	2.1:	MEFL	unit	conversion	

Standard	curves	obtained	on	four	different	days,	using	the	same	instrument	settings.	Measurements	

were	carried	out	in	triplicate	wells,	were	blank	corrected	and	the	equation	forced	through	0.	Average	

of	these	was	used	for	unit	conversion	and	1296.8	blank	corrected	a.u.	was	identified	to	be	equivalent	

to	1	µM	FITC.	Error	bars	represent	standard	deviation.	

2.7.2 GFP unit conversion 
Recombinant	turboGFP,	a	variant	of	GFP,	encoded	in	the	CFPS	expression	plasmids	(pCFE-T7-

GFP)	was	used	as	a	standard	for	the	unit	conversion.	Dilutions	of	the	recombinant	turboGFP	were	

prepared	 in	 the	 Source	Plate	 and	 equal	 volumes	 transferred	 to	 blank	2	 μM	 total	 volume	CFP	

reactions.	The	degradation	of	GFP	was	monitored	and	the	fluorescent	values	at	the	0	timepoint	
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were	used	for	plotting	the	unit	conversion	curve.	Blank	correction	was	applied,	and	the	linear	

curve	 fitted.	 Purified	 turboGFP	 was	 added	 to	 blank	 reactions	 and	 was	 stable	 over	 a	 6-hour	

timespan	(Figure	2.2A).	One	nM	GFP	was	calculated	as	equivalent	to	66.4	blank	corrected	a.u.	of	

fluorescence	(Figure	2.2B).	

A	 B		

	 	
Figure	2.2:	GFP	Unit	conversion	

A:	Purified	turboGFP	spiked	into	blank	CFPS	reactions	and	monitored	over	time.		B:	Unit	conversion	

standard	curve	based	on	measurements	at	timepoint	0.	Fluorescent	measurements	in	triplicate	wells	

were	 blank	 corrected	 and	 the	 equation	 was	 forced	 through	 0.	 Error	 bars	 represent	 standard	

deviation.	

2.7.3 RNA unit conversion 
Units	of	arbitrary	fluorescence	were	converted	to	equivalent	nano	molar	RNA.	This	was	done	by	

expression	and	purification	of	RNA	using	the	pT7-RBS-GFP-MGapt	construct.	Purified	RNA	was	

quantified	and	on	a	gel	 for	 test	 integrity	and	spiked	 into	blank	CFPS	 reactions	containing	MG	

molecule	at	125	µM.	The	reaction	was	monitored	at	1	minute	intervals	and	an	initial	spike	around	

4-5	minutes	was	 observed.	 This	 is	 thought	 to	 be	 because	 of	 the	 time	 taken	 for	 the	 RNA	 and	

aptamer	to	bind.	Therefore,	exponential	functions	were	fitted	to	the	appropriate	section	of	the	

time	 course	 to	 extrapolate	 expected	 starting	 a.u.	 where	 a	 spike	 was	 observed	 in	 the	 first	 4	

minutes,	in	order	to	account	for	the	delay	in	signal	due	to	the	MG	binding.	

RNA	 containing	 the	 Malachite	 Green	 RNA	 aptamer	 was	 transcribed	 using	 the	 mMESSAGE	

mMACHINE®	 Kit	 (T7)	 without	 cap-analog	 and	 using	 pT7-RBS-GFP-MGapt	 as	 a	 template,	

according	to	manufacturer`s	specifications.	The	product	was	purified	using	the	Mega	Clear	RNA	

Purification	kit.	Serial	dilutions	of	the	RNA	were	prepared	in	water	in	a	384	PolyPropelene	Source	

Plate	and	spiked	into	CFPS	pre-mixed	with	125	µM	final	concentration	of	Malachite	Green	at	2020	

nM,	1010	nM	and	202	nM	final	RNA	concentrations.			
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A	 B	

	 	

Figure	2.3:	RNA	unit	conversion	

A:		Time	course	measurement	of	purified	RNA	in	blank	CFPS	reactions	containing125	µM	Malachite	

Green.	B:	Calibration	curve	for	the	conversion	of	blank	corrected	arbitrary	fluorescent	units	to	nM	

RNA	 (t=0).	 Values	 at	 t=0	 were	 calculated	 based	 on	 extrapolating	 an	 extrapolating	 from	 an	

exponential	 curve	 fitted	 to	 the	 data	 at	 the	 10min-30min	 time	 interwall.	 Error	 bars	 represent	

standard	deviation.	

2.8 DATA ANALYSIS OF FLOW CYTOMETRY DATA 
For	flow	cytometry	data,	the	FlowJo	software	(FlowJo	LLC)	was	used	for	gating	and	the	calculation	

of	geometric	means	from	the	dataset.	Fluorescence	compensation	was	applied	using	the	inbuilt	

methods.	 The	 TASBE	 analysis	 was	 used,	 for	 plotting	 transfer	 functions	 for	 L7Ae	 repression	

dynamics	(Beal,	Weiss,	Densmore,	et	al.,	2012).	The	experimental	data	was	formatted	according	

to	 the	 specifications	 for	 the	 online	 version	 of	 the	 TASBE	 data	 analysis	 tool	 available	 at			

https://synbiotools.bbn.com	 but	 the	 analysis	 was	 done	 with	 the	 most	 recent	 version	 of	 the	

software	not	yet	released,	in	collaboration	with	Jacob	Beal	who	ran	the	datasets	and	sent	back	the	

figures	and	analysis	results.	

2.9 DATA ANALYSIS OF CFPS DATA 
For	CFPS	experiments,	 typically,	 the	endpoint	 fluorescence	at	5	hours	was	chosen	as	 the	 time	

point	 for	data	analysis.	The	collected	values	were	blank	subtracted	using	 the	value	of	a	blank	

sample	containing	IVT	Kit	components	and	water.	For	the	automated	experiments,	the	analysis	

was	 done	 in	 an	 automated	 pipeline	 using	 Python’s	 scipy	 and	 pandas	modules.	 Figures	 were	

plotted	and	statistics	were	calculated	using	Graphpad	Prism,	Microsoft	Excel	and	the	Matplotlib	

and	Seaborn	Python	packages.	
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2.10 ILLUSTRATIONS 

Some	of	the	icon	parts	of	Figure	3.12,	Figure	3.28	and			

Figure	3.29	were	sourced	from	Openclipart	(joede	and	oksmith)	or	Flaticon	(scientist	icon	made	

by	Freepik).	Images	about	instruments,	related	technology	and	plates	were	downloaded	from	the	

instrument	manufacturer`s	websites	(Greiner,	Labcyte,	Omega).	

Illustrations	of	genetic	parts	comply	with	the	SBOLv	standard	where	possible	(Galdzicki	et	al.,	

2014).	Parts	of	DNA	construct	illustrations	were	generated	using	the	DNAplotlib	python	package	

(Der	et	al.,	2017).	  
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3 RESULTS 

3.1 RNA BINDING PROTEINS CAN REPRESS GENE EXPRESSION IN MAMMALIAN CELLS 

3.1.1 Introduction, motivation and aim 

The	 ultimate	 motivation	 for	 the	 work	 in	 this	 chapter	 was	 to	 establish	 a	 new	 measurement	

approach	so	that	it	may	be	used	for	extending	the	repertoire	of	well-characterised	molecular	tools	

available	for	engineering	regulation	in	mammalian	cells.	Two	RNA	aptamer	binding	proteins,	the	

viral	MS2	and	archeal	L7Ae	were	chosen	for	the	establishment	of	a	new	characterisation	method	

for	measuring	 the	 behaviour	 of	 RNA	binding	 proteins.	 By	 taking	well-known	proteins,	 it	was	

possible	 to	build	on	previous	 research	and	 focus	on	method	development.	The	novelty	of	 the	

approach	 presented	 here	 was	 the	 adaptation	 of	 a	 three-plasmid	 characterisation	 setup	 and	

corresponding	data	analysis	methods	which	were	developed	for	obtaining	transfer	functions	for	

transcription	regulation.	Through	this,	it	was	possible	to	gain	insight	into	the	behaviour	of	L7Ae	

repression	at	a	detail	that	has	not	been	achieved	before	and	obtain	results	which	could	be	used	

for	modelling	purposes	according	to	engineering	design	principles.		Towards	achieving	this	goal,	

first	a	simple	2-plasmid	system	was	implemented	to	reproduce	RBP	repression	according	to	a	

previously	established	method.	Then,	in	the	next	step	this	system	was	extended	to	a	3-plasmid	

co-transfection	protocol	which	was	used	to	obtain	transfer	functions.	

Summary	of	aims:	

• Reproduce	MS2	and	L7Ae	mediated	repression	in	U2OS	cells.	

• Develop	a	synthetic	biology	characterisation	workflow	for	RNA	binding	proteins	and	use	

it	to	obtain	transfer	function	for	L7Ae	repression	module	in	mammalian	cells.	

	

3.1.2 Design for measuring fold-repression via RNA aptamer binding 

First,	the	aim	was	to	establish	a	simple	experimental	system	where	fold-repression	by	an	RBP	can	

be	measured.	This	was	an	 important	 first	 step	 towards	 later	 increasing	 the	 complexity	of	 the	

experimental	 system	 so	 that	 not	 only	 fold	 repression	 but	 also	 concentration	 dependent	

repression	 can	 also	 be	 measured.	 The	 plasmid	 constructs	 for	 reproducing	 repression	 in	

mammalian	cells	were	designed	based	on	the	methods	described	previously	(Endo	&	Saito,	2014).	

The	design	of	the	sensor	and	regulator	constructs	are	illustrated	on	Figure	3.1.	As	in	the	cited	

study,	the	repressor	proteins	were	co-expressed	as	a	fusion	protein	with	a	fluorescent	reporter	

so	that	the	appropriate	fluorescent	channel	can	be	used	for	gating	the	populations	with	the	same	

range	of	RBP	expression	level.	



48	

	

A	 B	

	

	
	

Figure	3.1:	The	variants	of	the	sensor	and	regulator	constructs	

A:	Sensors	Constitutive	GFP	expressing	sensor	plasmids	which	express	mRNA	containing	a	Kt	and	

an	MS2	aptamers.	Constitutive	CMV	promoter	(Pcmv)	drives	transcription.	B:	Regulators	Inducible	

constructs	for	expressing	RBP-2A-mKate2	fusion	proteins	and	negative	control	construct	expressing	

mKate2	only.	The	Pta	tetracycline	(or	doxycycline)	inducible	promoter	drives	expression.	

The	mKate2	far-red	fluorescent	protein	was	selected,	because	of	its	distinct	spectrum	compared	

to	GFP	used	as	 reporter	 for	 the	sensor	construct	 (Figure	3.2).	 It	 is	 important	 to	minimise	 the		

bleed-through	by	choosing	markers	that	have	well	separated	excitation	and	emission	spectra	and	

the	choice	of	mKate2	(Evrogen)	was	an	improvement	compared	to	the	red	fluorescent	protein	

dsRed	used	in	previous	work	(Endo	&	Saito,	2014).	The	third	marker	chosen	for	the	three-plasmid	

experiments	 was	 EBFP2,	 an	 enhanced	 blue	 fluorescent	 protein.	 The	 excitation	 and	 emission	

spectra	of	 the	 three	proteins,	 together	with	 the	 lasers	and	 filters	used	 for	 flow	cytometry	are	

summarised	in	Figure	3.2.	The	protein	sequence	of	mKate2	was	codon	optimised	for	human	cell	

line	 expression	 and	 was	 ordered	 as	 a	 synthetic	 DNA	 fragment.	 The	 used	 GFP	 and	 EBFP2	

sequences	were	already	optimised.	Codon	optimisation	is	the	adjustment	of	synonymous	codon	

frequency	in	a	gene	to	that	of	the	corresponding	tRNA	frequency	in	the	cell	type	where	the	gene	

is	 to	 be	 expressed.	 The	 algorithm	 used	was	 that	 of	 the	 gene	 synthesis	 company	 IDT	 and	 the	

restriction	sites	used	for	cloning	were	given	as	forbidden	sequences.	
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Figure	3.2:	Spectral	properties	of	fluorescent	proteins	and	flow	cytometry		

The	colours	of	the	lines	indicate	fluorescent	proteins,	blue:	EBFP2,	green:	EGFP	and	red:	mKate2.	On	

the	top	graph,	excitation	wavelengths	are	shown	and	flow	cytometer	laser	settings	corresponding	

to	 each	 fluorescent	 protein	 are	 shown	 by	 vertical	 lines.	 Bottom	 graph	 represents	 emission	

wavelengths	corresponding	to	each	fluorescent	protein,	filter	settings	are	indicated	by	horizontal	

lines.	(Screenshot	from	Evrogen	Spectra	viewer.)	

A	further	difference	from	the	design	by	Endo	et	al.	was	that	a	2A	self-cleaving	peptide	sequence	

was	inserted	between	the	fluorescent	protein	and	the	RNA	binding	proteins	instead	of	expression	

as	a	continuous	fusion	protein.	The	2A	peptide	was	previously	used	in	designs	for	characterising	

zinc-finger	 (Lohmueller,	 Armel,	 &	 Silver,	 2012)	 and	 TALE	 (Li	 et	 al.,	 2015)	 transcriptional	

regulators	 in	 mammalian	 cells	 in	 an	 architecture	 where	 the	 regulator	 protein	 was	 at	 the	 N-

terminus	 and	 the	 fluorescent	 protein	 at	 the	 C-terminal	 end,	 hence	 this	 order	was	 adopted.	 A	

flexible	Glycine-Serine-Glycine	linker	was	included	on	either	side	of	the	2A	peptide	to	ensure	no	

interference	with	the	folding	or	correct	function	of	either	protein.	This	design	ensured	that	the	

red	fluorescence	level	in	cells	is	proportional	to	the	amount	of	RNA	binding	protein,	while	the	

cleavage	 allows	 the	 separation	 of	 the	RBP	 from	 the	marker	 and	does	 not	 interfere	with	RNA	

binding.	 The	 MS2	 and	 L7ae	 RBPs	 were	 expected	 to	 function	 correctly	 as	 continuous	 fusion	

proteins	(Endo	&	Saito,	2014),	but	this	design	was	implemented	considering	that	it	may	be	used	

for	 new	 RBPs	 and	 the	 separation	 of	 the	 protein	 regions	 ensures	 the	 flexibility	 and	 wider	

applicability.		
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The	Pta	promoter	was	used	 to	drive	 expression	of	RBP-2A-mKate2	 fusion	protein	when	 fully	

induced	with	100	ng/mL	Doxycycline	added	24h	post-transfection	in	all	experiments.	Induction	

levels	were	tested	and	it	was	found	that	100	ng/mL	Doxycycline	in	the	culture	media	resulted	in	

maximal	expression,	An	inducible	promoter	was	chosen	because	in	the	second	set	of	experiments	

with	3	plasmids,	intermediate	concentrations	were	used	to	obtain	a	range	of	expression	levels	for	

ultimately	plotting	the	transfer	function.	A	negative	control	without	RBP	and	mKate2	only,	under	

the	control	of	Pta	promoter	was	used	as	a	negative	control	plasmid.		

Constitutively	expressed	enhanced	GFP	(EGFP)	was	used	as	the	reporter	protein	on	the	sensor	

constructs	on	a	different	plasmid	where	either	the	MS2	or	Kt	aptamers	were	inserted	in	the	UTR	

region	 on	 the	mRNA	 preceding	 the	 start	 codon.	 Therefore,	 a	 decrease	 of	 green	 fluorescence	

indicates	repression	of	translation	in	the	presence	of	RBPs	(Figure	3.3).	A	two-plasmid	system	

was	 chosen	 as	 opposed	 to	 constructs	where	both	 sensor	 and	 regulator	 are	on	 the	 same	DNA	

plasmid	because	of	 the	 advantage	 that	 combinations	of	 plasmids	 can	 thus	be	 transfected	 and	

there	is	no	need	to	separately	clone	many	variants.	The	disadvantage	of	the	approach	is	that	the	

two	plasmids	may	not	be	transfected	at	exactly	the	same	copy	number	and	there	may	be	variation	

in	the	relative	amounts	of	sensor	and	regulator	genes	in	the	cell	population.	

	

Figure	3.3:	Biochemical	mechanism	of	repression	by	RBPs. 
The	biochemical	mechanism	of	repression	in	the	experimental	setup	involves	the	binding	of	the	RBP	

an	 aptamer	 placed	 upstream	 of	 a	 GFP	 coding	 sequence.	 The	mKate2	 red	 fluorescent	 protein	 is	

separated	from	the	RBP	by	a	self-cleaving	2A	peptide.		The	cap	used	for	translation	initiation	on	the	

mRNA	is	indicated	with	a	dot.	

The	 sequence	 designs	 Endo	 et	 al.	 for	 L7Ae	 and	MS2	 sensor	 constructs	 are	 compared	 to	 the	

constructs	used	in	this	work	on	Figure	3.4	and	Figure	3.5.	(Endo	&	Saito,	2014).	The	19	nucleotide	

distance	between	the	aptamers	and	the	start	codon	was	used	in	our	design	based	on	this	work.	In	

our	design,	the	aptamers	were	inserted	at	about	80	nucleotides	from	the	5’	end	of	mRNA,	in	the	

designs	by	Endo	et	al.,	they	were	only	at	18	nucleotides.	The	reason	for	the	80	nucleotides	was	

the	starting	DNA	backbone	into	which	the	Kt	aptamer	was	inserted.	The	length	of	the	5’	UTR	might	

influence	RNA	degradation	rates.	
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A	
L7Ae	sensor	by	Endo	et	al.	

…GAUCUGGGGCGUGAUCCGAAAGGUGACCCGGAUCCACCGGUCGCCACCAUG	

B	
L7Ae	sensor	in	this	work	

…GCUAGCGGGCGUGAUCCGAAAGGUGACCCCUUAAGACCGGUCGCCACCAUG	

Figure	3.4:	L7Ae	sensor	designs.		

RNA	sequence	is	shown.	Kt	aptamer	sequence	is	highlighted	in	teal	and	the	start	codon	is	underlined.	

A:	Sensor	design	used	in	previous	work.	(Endo,	Stapleton,	et	al.,	2013).	B:	L7Ae	sensor	design	used	

for	transfection	experiments	in	this	work.	

A	
MS2	sensor	by	Endo	et	al.	

…GGAUCCGGUGAGGAUCACCCAUCGAGAUCCACCGGUCGCCACCAUG	

B	
MS2	sensor	in	this	work	

…GCUAGCGGUGAGGAUCACCCAUCGCUUAAGACCGGUCGCCACCAUG	

Figure	3.5:	MS2	sensor	designs	

RNA	 sequence	 is	 shown.	MS2	 aptamer	 sequence	 is	 highlighted	 in	 yellow	 and	 the	 start	 codon	 is	

underlined.	A:	Sensor	design	used	in	previous	work.	(Endo,	Stapleton,	et	al.,	2013).	B:	MS2	sensor	

design	used	for	transfection	experiments	in	this	work.	

	

3.1.3 MS2 and L7Ae repress translation 

First,	the	repression	by	MS2	and	L7Ae	RNA	binding	proteins	was	measured	by	quantifying	the	

interaction	with	their	cognate	and	non-cognate	sensor	constructs.	U2OS	cells	were	transfected	

with	combinations	of	sensor	and	regulator	plasmids.	U2OS	cells	are	a	human	osteosarcoma	cell	

line	which	grows	adherent	to	the	flask	and	is	a	commonly	used	as	a	model	for	mammalian	cells	

(Pontén	&	Saksela,	1967).	Red	 fluorescence	 indicated	the	expression	 level	of	 the	RNA	binding	

protein	and	green	fluorescence	indicated	translation	from	the	sensor	construct	according	to	the	

biochemical	mechanism	illustrated	on	Figure	3.3.	Control	transfections	without	RBP	contained	

mKate2	only	on	the	regulator	plasmid.	Flow	cytometry	analysis	showed	that	the	population	of	
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cells	co-transfected	with	 the	MS2	aptamer	and	MS2	protein	as	well	as	 the	population	with	Kt	

aptamer	and	L7Ae	protein	appear	‘below’	their	respective	control	populations	without	the	RBPs,	

indicating	decreased	green	fluorescence	and	repression	of	translation	(Figure	3.6).	Meanwhile,	

when	the	non-cognate	pairs	of	MS2-aptamer	and	L7Ae	protein	or	the	combination	of	Kt-aptamer	

and	MS2	protein	were	co-transfected,	there	was	no	change	in	the	distribution	of	green	fluorescent	

cells.	

To	quantify	the	decrease	in	translation	efficiency,	a	gate	of	intermediate	red	fluorescence	level	

was	 selected	 and	 the	 population	 of	 cells	 within	 the	 defined	 thresholds	 were	 used	 for	 the	

calculation	(indicated	‘fluorescent’	on	Figure	3.6)	.	Then,	the	geometric	mean	of	the	population	

transfected	with	RBP	was	divided	by	the	mean	of	the	control	population	without	RBP	to	obtain	

translation	efficiency,	following	the	methods	suggested	by	Endo	et	al.	(Endo	&	Saito,	2014).	Based	

on	this	normalised	measure,	the	repression	by	MS2	was	2-fold	and	repression	by	L7Ae	about	15-

fold,	given	the	decrease	in	translation	efficiency	(Figure	3.7).	

	

Figure	3.6:	Flow	cytometry	analysis	of	repression	by	L7Ae	and	MS2	

U2OS	cells	co-transfected	with	combinations	of	sensor	constructs	and	regulator	constructs	(Figure	

3.1).	Sensors	were	either	encoding	MS2-aptamer	or	the	L7Ae	aptamer	as	indicated	above	the	panel.	

Regulators	DNA	constructs	encoded	L7Ae-2A-mKate2,	MS2-2A-mKate2	fusion	proteins	or	mKate2	

only	(-MS2	or	-L7Ae	control	transfections	coloured	in	blue).	The	presence	or	absence	of	regulator	

proteins	is	indicated	on	the	plots	with	colour	corresponding	to	the	cell	populations.	A	segment	of	

each	population	was	selected	for	further	analysis	(marked	‘fluorescent’),	based	on	selecting	a	level	
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of	 red	 fluorescence	 corresponding	 to	 a	 sub-population	with	 a	 similar	 intermediate	 level	 of	 RNA	

binding	 protein	 expression.	 Error	 bars	 represent	 standard	 deviation	 calculated	 based	 on	 three	

replicates.	

	

𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛	𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	 = 	
𝑔𝑒𝑜	𝑚𝑒𝑎𝑛	𝐺𝐹𝑃	(𝑋	𝑎𝑝𝑡𝑎𝑚𝑒𝑟	𝑌	𝑝𝑟𝑜𝑡𝑒𝑖𝑛)
𝑔𝑒𝑜	𝑚𝑒𝑎𝑛	𝐺𝐹𝑃	(𝑋	𝑎𝑝𝑡𝑎𝑚𝑒𝑟	𝑁𝑜	𝑝𝑟𝑜𝑡𝑒𝑖𝑛)

	

	

Figure	3.7:	Effect	of	MS2	and	L7Ae	on	translation	efficiency	

Translation	efficiencies	were	calculated	from	the	flow	cytometry	data	on	Figure	3.6,	using	the	sub-

population	of	cells	falling	into	the	gate	labelled	‘fluorescent’.	The	formula	for	translation	efficiency	

for	a	given	aptamer-protein	combination	is	defined	by	dividing	the	mean	green	fluorescence	of	the	

cell	population	co-transfected	with	the	sensor	plasmid	and	the	regulator	plasmid	(blue	population	

on	 Figure	 3.6)	 by	 the	mean	green	 fluorescence	 of	 the	 population	 co-transfected	with	 the	 sensor	

plasmid	and	mKate2	control	(red	coloured	population	on	Figure	3.6).	Data	from	average	of	three	

replicate	transfections	is	shown,	one	representative	replicate	of	these	is	plotted	on	Figure	3.6.	

3.1.4 Design and construction of transfer function experiments 

The	L7Ae	module	was	chosen	for	further	work	to	measure	concentration	dependent	repression	

and	obtain	the	transfer-function	for	its	behaviour.	A	transfer	function	is	a	description	of	the	level	

of	output	gene	expression	from	the	sensor	construct	(GFP	in	this	case),	as	a	function	of	input	RBP	

concentration.	 Information	 about	 the	maximum	 and	minimum	 expression	 levels,	 fold-change,	

steepness	 of	 repression	 curve	 and	 regulator	 concentration	 at	 half-repressed	 state	 are	 all	

important	parameters	which	are	useful	measures	for	describing	gene	regulation.	Once	a	transfer	

function	is	experimentally	measured,	a	mathematical	formula	may	be	used	to	describe	the	data,	

which	is	indispensable	for	modelling	the	behaviour	of	a	regulatory	module	for	the	design	of	larger	

systems.	In	order	to	obtain	such	transfer	functions,	the	experimental	setup	was	extended	to	three	

plasmids,	 based	 on	 previous	methods	 implemented	 to	 characterise	 transcriptional	 regulators	

(Kiani	et	al.,	2014;	Li	et	al.,	2015).	The	inducible	Pta	promoter	was	especially	selected	for	this	
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purpose	in	the	initial	design	for	RBP	expression	so	that	they	can	be	expressed	at	intermediate	

levels	in	a	controlled	fashion.	The	sensor	construct	with	Kt-aptamer	upstream	of	GFP	was	used	

as	the	output.	The	third	new	component	of	the	system	was	a	constitutively	expressed	enhanced	

blue	 fluorescent	 protein	 (EBFP2),	 on	 the	 third	 plasmid.	 This	 provided	 the	 blue	 fluorescent	

channel	as	an	independent	point	of	reference	transfection	marker.		

In	addition,	a	further	three	plasmids	were	used	for	colour	experiments.	The	occasional	overleap	

in	 the	 excitation	 and	 emission	 spectra	 of	 the	 fluorescent	 proteins	 (Figure	 3.2)	 causes	 bleed-

through	of	fluorescent	signal	into	the	channels	intended	to	measure	the	presence	of	a	different	

fluorescent	 protein.	 In	 order	 to	 correct	 for	 this	 effect,	 each	 fluorescent	 protein	 used	 (EBFP2,	

mKate2	and	EGFP)	was	cloned	 into	a	constitutive	expression	construct	 in	 the	same	backbone	

under	 the	 CMV	minimal	 promoter	 (Figure	 3.8).	 These	 constitutive	 plasmids	were	 transfected	

individually	as	well	as	in	all	combinations	of	pairs	and	the	compensation	matrix	was	calculated	

from	this	dataset.		A	compensation	matrix	described	the	percent	of	fluorescence	measured	in	one	

channel	which	 is	 also	 unintentionally	 detected	 in	 an	 other	 channel	 optimised	 to	measuring	 a	

different	 fluorescent	molecule.	 Using	 the	matrix,	 the	 bleed-through	 fluorescence	 can	 thus	 be	

subtracted	from	the	signal.	

Unit	conversion	was	obtained	based	on	fluorescent	beads	into	pseudo-MEFL	because	the	exact	

number	of	fluorescent	molecules	on	the	beads	is	unknown.	The	behaviour	of	genetic	constructs	

is	dependent	on	 the	copy	number	of	plasmids	 in	 the	cell	and	 in	 transfection	experiments,	 the	

plasmids	are	not	evenly	distributed	across	the	population.	The	assumption	was	made	that	cells	

that	are	better	transfected	contain	greater	amounts	of	each	co-transfected	plasmid	compared	to	

less	efficiently	transfected	cells	that	contain	fewer	copies	of	all	plasmids.	This	is	apparent	in	the	

correlation	of	 fluorescence	 levels	when	multiple	 fluorescent	markers	are	present	on	 separate	

plasmids	as	in	Figure	3.6	for	example.	In	order	to	take	this	difference	in	transfection	efficiency	

into	account,	the	population	in	this	experiment	was	segmented	based	on	blue	fluorescence	level,	

as	the	EBFP2	constitutive	expression	plasmid	was	used	in	equal	amounts	across	all	experimental	

conditions.	
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Figure	3.8:	Constitutive	expression	constructs	used	for	fluorescence	colour	experiments	

The	 constitutive	 pCMV	 promoter	was	 used	 for	 constitutive	 expression	 of	 fluorescent	 proteins	 in	

colour	experiments.	Such	experiments	provided	data	to	calculate	correction	matrix	for	fluorescent	

signal	bleed	through	between	channels	and	fluorescent	proteins.	

The	flow	cytometry	data	was	analysed	to	obtain	the	transfer	function	for	L7Ae	repression	using	

the	TASBE	Flow	Analytics	method	and	associated	software	tool	(Beal,	2015;	Beal,	Weiss,	Yaman,	

Adler,	&	Davidsohn,	2012)	also	available	online	(github.com/TASBE/TASBEFlowAnalytics).	This	

analysis	 tool	 was	 born	 out	 of	 the	 project	 “A	 Tool-Chain	 to	 Accelerate	 Synthetic	 Biological	

Engineering”,	hence	the	name.	This	flow	cytometry	analysis	method	is	especially	designed	for	the	

interpretation	of	data	from	mammalian	synthetic	biology	experiments	for	the	characterisation	of	

regulatory	modules.	It	was	previously	used	to	obtain	transfer	functions	for	transcription	factors,	

and	the	results	were	successfully	used	for	predictive	design	of	composite	systems	(Davidsohn	et	

al.,	 2015a).	 	 In	 engineering,	 a	 transfer	 curve	 describes	 the	 relationship	 between	 input	 levels	

(L7Ae)	 and	 output	 (GFP)	 produced	 in	 response.	 The	 steps	 of	 the	 analysis	 include	

autofluorescence	 and	 colour	 compensation,	 unit	 conversion,	 segmentation	 of	 the	 population	

based	on	 transfection	 levels	and	normalised	 to	per	plasmid	behaviour.	The	analysis	 steps	are	

illustrated	on	the	flowchart	(Figure	3.9).			
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Figure	3.9:	Analysis	steps	in	the	TASBE	method	for	obtaining	transfer	curves		

(Beal,	Weiss,	Densmore,	et	al.,	2012)	

3.1.5 Transfer function of L7Ae repression module 

In	contrast	to	previous	experiments	described	in	Section	3.1.3,	the	Pta	promoter	was	induced	at	

variable	levels	using	a	range	of	Doxycycline	concentrations	to	vary	expression	levels	of	the	L7Ae	

regulator	protein	(Figure	3.10A).	The	red	fluorescent	marker	mKate2	is	used	as	marker	for	L7Ae	

expression	 level	 and	 decrease	 in	 GFP	 indicates	 repression	 of	 translation,	 as	 in	 the	 2-plasmid	

setup.	EBFP2	 is	used	as	marker	 for	 transfection	efficiency.	The	 corresponding	 three	plasmids	

were	co-transfected	at	a	1:1:1	molecular	ratio	in	U2OS	cells	and	the	Doxycycline	for	induction	

was	added	to	the	media	at	the	time	of	the	transfection.	Cells	were	analysed	by	flow	cytometry	72	

hours	post-transfection	which	was	enough	 time	 to	obtain	high	expression	without	 loss	of	 cell	

viability.	Simultaneously,	colour	experiments	were	carried	out	within	the	same	experimental	run.	

The	constitutive	marker	constructs	were	transfected	on	their	own	and	in	pairwise	combinations	

(EBFP2-mKate2,	EBFP2-EGFP,	mKate2-EGFP).	SpheroTech	ACF-50-5	fluorescent	beads	were	run	

together	at	the	same	time	as	the	experimental	samples	under	the	same	flow	cytometer	settings.	

First,	the	data	obtained	was	analysed	with	FlowJo	software.	The	cell	population	was	gated	so	that	

all	 blue	 fluorescent	 cells	 were	 gated	 into	 one	 and	 analysed	 together.	 Histograms	 show	 the	

increase	 in	 red	 fluorescence	 with	 increasing	 Doxycycline	 induction	 levels	 (Figure	 3.10B).	

Correspondingly,	a	decrease	in	GFP	expression	was	observed	at	high	induction	levels	where	L7Ae	

expression	was	high	(Figure	3.10C),	indicating	repression	of	translation.		
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Figure	3.10:	Concentration	dependent	repression	by	L7Ae	

A:	DNA	constructs	used	for	measuring	concertation	dependent	repression	y	L7Ae	Three	DNA	

plasmids	were	co-transfected,	a	plasmid	encoding	a	LA7e-2-mKate2	fusion	under	the	control	of	a	

doxycycline	 (Dox)	 inducible	Pta	 promoter,	 a	 sensor	 plasmid	 containing	 the	Kt	 aptamer	and	 one	

encoding	 a	 constitutively	 expressed	 blue	 fluorescent	 protein	 (EBFP2).	 B	 and	 C:	 U2OS	 cells	 co-

transfected	with	the	three	plasmids	on	panel	A.	Various	concentrations	of	Doxycycline	were	added	

to	 the	culture	media	at	 the	 time	of	 transfection.	Cells	were	gated	according	 to	side	and	 forward	

scatter-	the	transfected	population	was	gated	based	on	blue	fluorescence.	B:	Distribution	of	mKate2	

expression	indicative	of	RBP	levels	in	the	population	of	blue	fluorescent	cells	at	different	Dox	inducer	

concentrations.	 C:	 Distribution	 of	 GFP	 expression	 in	 the	 population	 of	 blue	 fluorescent	 cells	 at	

different	Dox	inducer	concentrations.	

To	gain	more	quantitative	insight,	the	data	was	analysed	through	the	TASBE	analysis	method.	The	

flow	 cytometry	 experimental	 data	 on	 (Figure	 3.10B-C)	 was	 analysed	 by	 Jacob	 Beal	 in	 a	
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collaboration,	along	with	colour	experiments	and	fluorescent	bead	calibration	data	for	analysis.	

The	latest	most	up	to	date	version	of	the	software	tools	were	used	for	analysis	in	contrast	with	

the	older	version	available	through	the	web	interface	(Beal,	Weiss,	Densmore,	et	al.,	2012).	The	

analysis	results	were	received	in	graphical	form,	as	shown	in	Figure	3.11.	A	300-fold	induction	

was	achieved	in	the	expression	of	RBPs	(Figure	3.11A).	Based	on	the	segmentation	by	the	blue	

transfection	marker	into	‘bins’,	there	is	a	variation	in	the	dose	response-curve	and	only	a	3-fold	

repression	is	detected	in	the	low	marker	bins	(low	transfection	and	protein	expression),	while	a	

30-fold	repression	can	be	observed	at	high	fluorescent	bins	(high	transfection).	
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A	
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Figure	3.11:		TASBE	analysis	of	L7Ae	repression	

The	 cell	 population	 was	 segmented	 into	 bins	 based	 on	 blue	 marker	 fluorescence,	 the	 bins	 are	

indicated	with	the	colouring	from	light	blue	to	purple	in	increasing	blue	marker	fluorescence.	Units	

were	converted	to	pseudo-MEFL	from	arbitrary	units,	using	calibration	with	SpheroTech	ACF-50-5	

fluorescent	beads.	The	beads	do	not	have	known	MEFL	conversion	units,	hence	pseudo	MEFL.	A:	L7Ae	

expression	 at	 increasing	 Doxycycline	 concentrations.	 Red	 fluorescence	 is	 indicative	 of	 L7Ae	

expression,	as	a	 function	of	Doxycycline	concentration	 in	the	culture	media.	B:	Raw	fine	transfer	

curve,	 coloured	by	 constitutive	bins	 (blue	 fluorescence).	Green	 fluorescence	 from	GFP	with	a	Kt-

aptamers	in	the	5’	UTR,	specifically	binding	L7Ae.	Figures	were	generated	by	Jacob	Beal	using	the	

TSBE	analysis	method	(Beal,	Weiss,	Densmore,	et	al.,	2012).	
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3.1.6 Summary of results and conclusions 

Repression	of	translation	in	mammalian	cells	by	the	MS2	and	L7Ae	proteins	was	reproduced	with	

a	similar	approach	 to	a	previously	described	method	 in	 the	 literature	 (Ausländer	et	al.,	2012;	

Endo,	Stapleton,	et	al.,	2013).	The	experimental	design	was	improved	upon	by	the	use	of	a	self-

cleaving	 peptide	 and	 far-red	 fluorescent	 protein.	 Furthermore,	 a	 3-plasmid	 system	 was	

successfully	adapted	to	obtain	transfer	functions	for	RBPs,	which	was	originally	developed	for	

measurement	 of	 transcription	 regulation.	 The	 L7Ae	 repression	 was	 quantified	 and	 transfer	

functions	obtained	across	a	range	of	transfection	efficiencies	in	collaboration	with	Jacob	Beal	who	

contributed	 to	 data	 analysis.	 Similarly	 to	 when	 this	 characterisation	 method	 was	 applied	 to	

transcription	 factors,	 multiple	 transfer	 curves	 were	 obtained	 corresponding	 to	 various	

transfection	levels	(Beal,	Weiss,	Densmore,	et	al.,	2012).	This	fine-grained	data	can	be	used	by	

appropriate	models	that	also	take	the	variability	of	DNA	copy	number	into	account	(Davidsohn	et	

al.,	2015b).	

Summary:	

• Specific	and	orthogonal	repression	by	MS2	and	L7Ae	was	reproduced	in	cells.	

• The	 TASBE	 characterisation	workflow,	 previously	 only	 used	 to	measure	 transcription	

factors,	was	adapted	to	the	characterisation	of	RBPs.		

• The	transfer	curve	for	L7Ae	was	obtained.	
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3.2 GENE EXPRESSION IN CFPS RESEMBLES CYTOPLASMIC EXPRESSION IN CELLS 

3.2.1 Introduction, motivation and aim 

The	transfection	and	flow	cytometry	based	method	presented	in	Section	3.1	was	found	to	be	slow	

and	take	several	days,	therefore	alternatives	need	to	be	sought	after	for	the	development	of	new	

modules	 and	 their	 characterisation	 at	 scale.	 An	 approach	 could	 be	 to	 use	 microfluidic	

technologies	 to	 automate	 transfection	 (Woodruff	 &	Maerkl,	 2016).	 Furthermore,	 the	 transfer	

curves	are	dependent	on	the	transfection	efficiency,	and	it	is	difficult	to	build	mechanistic	models	

from	such	measurements.	An	experimental	approach	with	a	controlled	environment	that	scales	

in	 sample	 throughput	would	 be	more	 desirable	 for	 synthetic	 biology	 applications.	 Therefore,	

instead	of	optimising	tissue	culture	methods	and	starting	the	measurement	of	many	new	RBPs,	

the	direction	of	the	work	moved	towards	method	development.w	

A	method	is	proposed	without	the	need	for	transfection,	CFPS.	Compared	to	conventional	tissue	

culture	methods	and	flow	cytometry	measurements,	cell-free	protein	synthesis	(CFPS)	has	the	

potential	to	considerably	increase	speed	and	throughput	of	testing	genetic	devices,	especially	due	

to	the	potential	to	automate	the	method.	In	addition,	it	may	be	a	better	solution	for	measurement	

as	it	consists	of	a	well-controlled	biochemical	environment	in	contrast	to	the	heterogenous	cell	

population	 in	 a	 transfection	 experiment.	 In	 this	 section,	 the	 proof	 of	 concept	 groundwork	 is	

presented	and	the	possibility	of	measuring	mammalian	gene	regulation	using	CFPS	is	established.	

First,	 a	 basic	 experimental	 setup	 is	 established	 in	 multiwell	 plates	 and	 the	 dynamics	 of	 the	

reaction	 are	 described.	 The	 effect	 of	 DNA	 template	 concentration	 in	 the	 reaction	 is	 also	

established.	

If	 CFPS	 is	 to	 be	 used	 for	measuring	 genetic	 regulation,	 it	 is	 crucial	 that	 differential	 levels	 of	

transcription	 and	 translation	 activity	 can	 be	 detected.	 Promoter	 and	 IRES	 sequence	 variants	

known	 to	 have	 different	 activity	 in	 cells	 were	 chosen	 as	 a	 way	 to	 establish	 this	 possibility.	

Therefore,	sequence	variants	for	constitutive	gene	expression	constructs	were	tested.	

Lastly,	 the	 constraints	 of	 the	 molecular	 system	 were	 explored.	 One	 of	 the	 limitations	 of	

mammalian	 CFPS	with	 respect	 to	 cell-based	 characterisation	methods	 is	 its	 reliance	 on	 viral	

elements	 for	 gene	expression.	Modification	of	 the	 system	could	expand	 the	application	 space.	

Towards	reaching	this	goal,	modified	experimental	setups	for	nuclear	promoter	expression	and	

cap-dependent	translation	initiation	were	designed	and	tested.	

Aims:	

• Tested	if	mammalian	CFPS	can	produce	measurable	signal	from	reactions	run	in	multiwell	

plates	and	continuously	monitored	in	plate	readers.	
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• Validated	 if	 transcription	 and	 translation	 activity	 can	 be	measured	 using	 constitutive	

sequence	variants	or	T7	promoter	and	EMCV	IRES	translation	initiation	sequence.	

• Explored	 the	biochemical	boundaries,	 towards	extending	 the	application	space	 for	 the	

method	to	capped	RNA	translation	and	nuclear	promoters.	This	was	done	using	capped	

RNA	as	template	nucleic	acid	and	by	adding	nuclear	extract	to	CFPS.	

	

 
A	

	

B	

	
	

Figure	3.12:	Methods	for	measuring	mammalian	gene	regulation	

A:	Typical	transfection	experiments	involve	manual	tissue	culturing	steps	to	prepare	the	cells,	the	

process	of	transfection	in	order	to	transfer	DNA	into	the	cells,	as	well	as	sample	preparation	before	

flow	cytometry.	The	whole	workflow	takes	about	4	days	from	start	to	finish.	B:	Assembly	of	CFPS	

experiments	is	quick	from	frozen	components,	1	hour	is	indicated	to	account	for	the	thawing	and	

preparation	 of	 starting	 reagents	 as	 well	 as	 pipetting	 into	 the	 multiwell	 plate	 where	 reactions	

happen.	Output	fluorescence	is	continuously	measured	over	the	course	of	the	reaction,	lasting	only	

5	hours	until	saturation,	in	a	fluorescent	plate-reader.	

3.2.2 Design of the experimental system and the positive control 

The	specific	CFPS	system	chosen	 for	 this	work	 is	 the	1-Step	Human	Coupled	 IVT	Kit	 (Thermo	

Fisher	 Scientific)	which	 is	 based	 on	 lysate	 extracted	 from	human	HeLa	 cell	 line.	 This	 protein	

synthesis	kit	is	ideal	for	the	synthesis	of	mammalian	proteins	that	often	fail	in	E.coli	expression	
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because	of	the	need	for	the	endogenous	human	protein	modification	machinery	such	as	enzymes,	

phosphoproteins,	 glycoproteins	 and	 membrane	 proteins	 (Mikami	 et	 al.,	 2006).	 A	 yield	 of	

expression	 of	 up	 to	 100	 µg/mL	 protein	 expression	 was	 reported	 by	 the	 manufacturer.	 	 The	

expression	vector	provided	as	part	of	 the	kit	 is	an	optimised	construct	driven	by	constitutive	

variants	of	T7	viral	promoter	and	EMCV	IRES	element.	These	variants	are	labelled	T7-T	and	IRES-

T	(for	Thermo)	throughout	this	thesis	and	it	is	important	to	note	that	they	are	not	equivalent	to	

the	wild	 type	 (WT).	 	 A	 polyA	 signal	 ensures	 the	 RNA	 stability	 on	 the	 positive	 control	 vector	

expressing	 TurboGFP	 green	 fluorescent	 protein,	 and	 a	 T7	 terminator	 ensures	 correct	

transcription	termination.	The	positive	control	vector	pCFE-GFP	is	the	starting	backbone	for	most	

DNA	templates	used	in	this	chapter,	except	from	the	case	of	linear	templates,	where	specified.	The	

transcription	and	translation	initiation	elements	on	the	pCFE-GFP	vector	are	used	in	cytoplasmic	

mammalian	expression	vectors	in	vivo	(Elroy-Stein	&	Moss,	1990;	Ghassemi	et	al.,	2017).	

3.2.3 Characteristics of CFPS gene expression reaction 

First,	the	protocol	recommended	using	Eppendorf	tubes	was	altered	to	fit	the	need	for	continuous	

monitoring.	The	CFPS	reaction	setup	recommended	by	the	manufacturer	was	scaled	down	to	a	

10µl	reaction	volume	from	25µl	and	run	in	wells	of	a	384	flat	clear	bottom	black	microwell	plate	

sealed	with	a	Breathe-Easy®	sealing	membrane	instead	of	the	recommended	Eppendorf	tube.	In	

In	the	published	synthetic	biology	literature,	 	10	µl	bacterial	CFPS	reactions	are	typically	used	

(Takahashi	et	al.,	2014).	This	reaction	setup	enabled	more	reactions	to	be	prepared	from	the	same	

amount	 of	 reagents	 used	 and	 the	 continuous	 monitoring	 in	 a	 fluorescent	 plate	 reader.	 The	

positive	control	pCFE-GFP	vector	gave	an	about	300-fold	fluorescent	signal	above	the	background	

level	 (700-750	 a.u.)	 at	 10nM	 template	 concentration	 (Figure	 3.13A).	 An	 initial	 decrease	 in	

fluorescence	was	typically	observed	at	10	minutes	followed	by	rapidly	increasing	GFP	expression	

starting	from	30minutes	onward.	The	reaction	stopped	and	saturated	after	about	5	hours	(Figure	

3.13A).	The	6	hour	timepoint	was	used	as	an	endpoint	measurement	in	later	experiments.	

A	DNA	template	concentration	dependent	expression	was	observed	(Figure	3.13B).	The	highest	

expression	 level	was	achieved	at	10nM	concentration	of	 the	pCFE-GFP	template	and	 inhibited	

expression	was	observed	at	higher	concentrations.	The	expression	level	dropped	to	less	than	half	

of	the	maximum	activity	at	high	DNA	concentrations	above	30nM.	
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A	 B	

	
Figure	3.13:.	Properties	of	GFP	expression	in	CFPS	using	pCFE-GFP	positive	control	

A:	 Typical	 time	 course	 of	 GFP	 expression	 at	 10nM	 template	 DNA.	Measurements	were	 taken	 in	

triplicate	wells.	 	B:	Endpoint	 fluorescence	 levels	across	a	range	of	 template	DNA	concentrations.	

Mean	blank	corrected	fluorescence	of	3	replicates	is	shown,	error	bars	indicate	standard	deviation.	

3.2.4 Design and construction of constitutive promoter and IRES variants 

Once	the	reaction	conditions	and	measurement	protocol	were	established,	it	was	tested	if	altered	

levels	of	transcription	and	translation	can	be	detected	in	CFPS.	Known	sequence	variants	of	the	

T7	 promoter	 and	 EMCV	 IRES	 were	 introduced	 into	 the	 positive	 control	 construct,	 always	

changing	only	 either	 the	promoter	 or	 the	 IRES	 in	 a	 single	 experiment.	Both	 the	 transcription	

initiation	part	(T7	promoter)	and	the	translation	initiation	part	(EMCV	IRES)	found	in	the	positive	

control	 plasmid	 have	 known	 sequence	 variants	 that	 were	 previously	 published	 with	 altered	

activity	(Temme,	Hill,	Segall-Shapiro,	Moser,	&	Voigt,	2012;	Koh	et	al.,	2013).	In	the	EMCV	IRES	

RNA	 sequence,	 there	 are	 12	 AUG	 codons	 present	 in	 the	 region	 responsible	 for	 translation	

initiation	and	the	10th,	11th	and	12th	AUGs	are	known	to	be	sites	where	translation	 is	 initiated	

from.	These	three	codons	were	mutated	in	a	previous	study	in	order	to	yield	the	library	of	IRESs	

with	 varied	 strengths	 and	 the	mutant	 AUG	 codons	were	 expected	 to	 retain	 some	 translation	

initiation	activity	similarly	to	some	non-AUG	codons	which	are	known	to	initiate	cap-dependent	

translation	(Koh	et	al.,	2013).	

Variants	 of	 the	 T7	 promoter	 have	 been	 used	 for	metabolic	 engineering	 purposes,	 where	 the	

promoters	with	different	activity	are	used	to	drive	expression	of	different	enzymes	in	lycopene	

and	deoxychromoviridans	pathways	(Temme	et	al.,	2012).	Three	of	the	promoter	variants	were	

chosen,	along	with	the	wild	type	(WT)	promoter	for	characterisation	in	CFPS	(Figure	3.14A).		

Variants	of	 the	EMCV	IRES	have	been	published	 in	 the	context	of	driving	expression	of	multi-

subunit	proteins	where	the	domains	need	to	be	produced	at	different	stochiometric	amounts.	For	

example	the	production	of	IgG,	a	monoclonal	antibody	composed	of	a	heavy-chain	and	light-chain	
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subunit	was	optimised	in	CHO	cells	(Koh	et	al.,	2013).	24	EMCV	IRES	variants	were	generated	for	

the	purpose	and	four	of	them	were	selected	to	demonstrate	the	unchanged	ranking	order	across	

diverse	mammalian	cell-lines	(Koh	et	al.,	2013).	Four	of	the	IRES	variants	were	chosen,	along	with	

the	 wild	 type	 (WT)	 IRES	 for	 characterisation	 in	 CFPS	 (Figure	 3.15A).	 All	 the	 variants	 had	

mutations	at	the	terminus	of	the	IRES,	proximal	to	or	in	the	start	codon,	therefore	it	was	possible	

to	introduce	them	as	primer	overhangs	via	PCR.	

3.2.5 Constitutive promoter and IRES variants show differential expression 

The	 endpoint	 fluorescence	 at	 6h	 was	 used	 as	 a	 measure	 of	 GFP	 expression	 and	 to	 calculate	

promoter/IRES	strength	as	a	percentage	of	WT.	The	low	activity	variants	from	the	literature	were	

also	low	in	activity	in	CFPS.	However,	the	observed	ranking	order	of	promoters	is	different	from	

that	reported	in	literature	in	that	the	WT	sequence	underperformed	in	CFPS	compared	to	E.coli		

(Figure	3.14B)	(Jones	et	al.,	2015;	Temme,	Hill,	et	al.,	2012).	The	IRES	variants	showed	the	same	

relative	ranking	order	in	CFPS	as	they	did	in	CHO	cells	and	a	significant	correlation	between	the	

two	datasets	were	found	(R2=0.94)	(Figure	3.15B)	(Koh	et	al.,	2013).	This	means	that	the	IRES	

variants	behave	similarly	in	CFPS	and	in	cells.	
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Expression	from	T7	promoter	variants	in	CFPS	

	

A	 B	

	
	

	
C	 D	

	

	

	

	
Figure	3.14:	Expression	from	T7	Promoter	variants	in	CFPS		

A:	 Sequences	 of	 the	 promoter	 variants	 chosen	 for	 testing.	 Mutations	 compared	 to	 the	 WT	 are	

indicated	with	teal	highlight.	B:	Comparison	between	measurements	in	HeLa	CFPS	and	in	E.coli	cells	

(Temme,	Hill,	et	al.,	2012).	(R2	=	0.0007,	not	significant	correlation.)	C:	Time	course	measurement	of	

GFP	expression	in	CFPS.	Blank	corrected	fluorescence	measured	at	10	minutes	intervals	at	7.6	nM	

DNA	template	concentration	D:	Blank	corrected	fluorescence	at	6h,	normalised	to	WT.	Error	bars	

represent	standard	deviation.	
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Expression	from	EMCV	IRES	variants	in	CFPS	

	

A	 B	
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Figure	3.15:	Expression	from	EMCV	IRES	variants	in	CFPS	

A:	Sequences	of	IRES	variants	chosen	for	testing.	Mutations	compared	to	the	WT	are	indicated	with	

teal	highlight.	B:	Comparison	between	measurements	 in	HeLa	CFPS	and	 in	CHO	cells	 (Koh	et	al.,	

2013).	(R2	=	0.94,	significant	correlation.)	C:	Time	course	measurement	of	GFP	expression	in	CFPS.	

Blank	 corrected	 fluorescence	 measured	 at	 10	 minutes	 intervals	 at	 7.6	 nM	 DNA	 template	

concentration	 D:	 Blank	 corrected	 fluorescence	 at	 6h,	 normalised	 to	 WT.	 Error	 bars	 represent	

standard	deviation.	

3.2.6 Design and construction of alternative gene expression mechanism in CFPS 

The	T7	promoter	and	corresponding	RNA	polymerase	are	of	viral	origin	and	they	can	be	used	for	

cytoplasmic	 expression	 in	 mammalian	 cells	 (Elroy-Stein	 &	 Moss,	 1990).	 In	 contrast,	 human	

genomic	promoters	are	by	definition	expressed	in	the	nucleus,	so	are	some	other	viral	promoters	

such	as	the	cytomegalovirus	(CMV)	promoter.		It	would	widen	the	application	space	of	CFPS	to	
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expand	 its	 capabilities	 to	 expression	 from	 nuclear	 promoters	 and	 not	 only	 the	 cytoplasmic	

promoters.	This	way,	 the	CFPS	could	be	applied	 to	prototyping	nuclear	elements	as	well.	The	

nucleus	is	removed	during	preparation	of	the	lysate	for	the	IVT	kit.	Therefore,	a	commercially	

available	 HeLaScribe®	 Nuclear	 Extract	 (Promega)	 was	 used	 to	 transcribe	 RNA	 from	 a	 CMV	

promoter	template	in	the	same	reaction.		

The	majority	of	 endogenous	mRNA	 in	 the	cell	 are	 translated	using	a	 cap-initiated	mechanism	

instead	of	an	IRES.	With	the	purpose	of	being	able	to	prototype	mammalian	regulation	as	closely	

as	possible,	reproducing	this	mechanism	would	be	advantageous.	A	PCR	reaction	was	carried	out	

to	add	the	T7	promoter	sequence	just	preceding	the	start	codon	of	GFP	and	thus	removing	the	

IRES	sequence.	This	DNA	template	was	then	used	for	capped	mRNA	synthesis	in	vitro,	then	the	

RNA	product	was	used	for	CFPS.	

3.2.7 Alternative gene expression mechanism in CFPS 

A	mix	of	IVT-Kit	and	the	HeLa	scribe	nuclear	extract	kit	were	prepared	and	the	positive	control	

pCFE-GFP	and	the	pCMV-GFP	(previously	used	for	tissue	culture	work	in	Section	3.1)	plasmids	

were	added.	The	positive	control	pCFE-GFP	produced	a	clear	signal,	the	Nuclear	extract	did	not	

inhibit	gene	expression.	Only	background	level	fluorescence	was	detected	and	no	GFP	expression	

was	observed	from	the	endogenous	CMV	promoter	when	a	mixture	of	Nuclear	Extract	and	CFPS	

systems	 was	 used.	 This	 experiment	 was	 repeated	 in	 a	 way	 that	 the	 HeLaScribe	 extract	 was	

incubated	first	for	an	hour	with	the	template	DNA	and	the	IVT-Kit	components	were	added	only	

later,	in	order	to	eliminate	any	inhibition	of	the	IVT-Kit	components	on	the	nuclear	transcription	

system.	However,	no	GFP	expression	signal	was	detected	in	reactions	containing	the	pCMV-GFP	

template	 in	the	sequential	experimental	setup	either.	Which	means	that	the	nuclear	promoter	

was	not	transcribed.	

A	linear	PCR	product	(which	did	not	encode	and	IRES)	was	used	to	transcribe	capped	RNA,	and	

the	cap	analogue	[m7G(5')ppp(5')G]	was	incorporated	at	the	3`	position	of	the	transcribed	RNA.	

RNA	was	purified,	quantified	and	run	on	a	gel	for	quality	control	before	use	in	CFPS	(Figure	3.17)	

and	was	 found	 to	be	of	good	 integrity	and	not	degraded.	A	 faint	GFP	signal	was	observed	 for	

purified	capped	mRNA,	at	a	much	lower	intensity	than	the	positive	control	DNA	template	which	

reached	the	maximum	sensitivity	level	of	the	instrument	at	the	set	gain	within	an	hour.	The	GFP	

expression	from	mRNA	was	observed	earlier	than	from	the	DNA	template,	and	saturated	already	

at	about	30	minutes	from	the	start	of	the	reaction.	This	means	that	some	GFP	was	expressed	from	

the	RNA	template,	within	a	shorted	timespan	compared	to	a	DNA	template.	
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Figure	3.16:	Alternative	modes	of	transcription	and	translation	initiation	

	A:	 Nuclear	 promoter	 expression	 GFP	 expression	 from	 plasmids	 containing	 the	 nuclear	

transcribed	 Cytomegalovirus	 (CMV)	 promoter	 (pCMV-GFP)	 and	 positive	 control	 plasmid	 (pCFE-

GFP)	in	CFPS	complemented	with	HeLaScribe®	Nuclear	Extract.	Reactions	were	run	in	triplicate	

wells.	B:	Capped	RNA	expression	Capped	RNA	added	to	CFPS	reaction	at	48	nM	concentration.	

Positive	control	plasmid	DNA	(pCFE-GFP)	added	at	8nM.	The	upper	detection	limit	of	the	instrument	

is	at	100	000	a.u..	Error	bars	represent	standard	deviation.	
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Figure	3.17:	Integrity	of	capped	RNA	

Lane	1	contains	Low	Range	ssRNA	Ladder.	Lane	2	contains	purified,	capped	mRNA	encoding	GFP.	

3.2.8 Summary of results and conclusions 

Cell-free	 production	 of	 GFP	 could	 be	 measured	 in	 small	 volume	 (10	 µL)	 mammalian	 CFPS	

reactions	within	a	384	well	plate	based	format.	Therefore,	this	setup	is	capable	of	measuring	gene	

expression	and	for	rapid	prototyping	of	DNA-based	parts.	DNA	template	concentrations	above	

10nM	were	found	to	inhibit	expression	at	high	concentrations	and	the	optimum	was	identified	

for	 the	 positive	 control	 pCFE-GFP	 plasmid.	 This	 concentration	 was	 used	 in	 consecutive	

experiments.	Differential	expression	from	T7	promoter	and	EMCV	IRES	sequence	variants	was	

observed,	indicating	that	the	CFPS	is	a	suitable	method	for	detecting	differential	transcription	and	

translation	 activity.	 The	 relative	 IRES	 activity	 measured	 in	 CFPS	 correlated	 with	 results	

previously	measured	in	CHO	cells	(Koh	et	al.,	2013).	Some	T7	promoter	variants	ranked	similarly	

high	 or	 low	 as	 they	 did	 in	 previous	 characterisation	 experiments	 in	E.coli,	 but	 the	wild	 type	

variant	 produced	 relatively	 less	 GFP	 in	 CFPS	 compared	 stationary	 phase	 expression	 levels	

obtained	 in	 bacterial	 cells	 (Temme,	Hill,	 et	 al.,	 2012).	 Therefore,	more	 characterisation	 of	 T7	

variants	was	needed	to	gain	comprehensive	understanding	of	their	behaviour	across	a	range	of	

template	DNA	concentrations,	as	the	reaction	conditions	used	for	CFPS	might	not	reflect	those	of	

a	bacterium	in	stationary	phase.	In	further	work,	it	would	be	of	interest	to	measure	expression	

strength	in	HeLa	cells.	

The	 application	 of	 the	 method	 to	 nuclear	 transcription	 and	 cap-dependant	 translation	 was	

proposed	and	experimental	methods	were	designed	in	the	direction	of	making	such	applications	

possible.	
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Results:	

• CFPS	can	be	run	and	monitored	continuously	at	10µL	in	multiwell	plates.	

• Differential	 levels	of	transcription	and	translation	can	be	measured	using	T7	promoter	

and	EMCV	IRES.	

• The	application	space	of	CFPS	could	be	expanded	further	to	other	sequence	elements	such	

as	capped	RNA	as	measurable	GFP	signal	was	produced	using	such	templates.	

• Expression	 from	 the	 Pcmv	 nuclear	 promoter,	 using	 a	 nuclear	 extract	 system	was	 not	

successful.	
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3.3 DNA CLEAVAGE AND REGULATORY MODULES FUNCTION IN CFPS AS THEY DO IN CELLS 

3.3.1 Introduction, motivation and aim 

The	 T7	 and	 EMCV	 elements	 were	 chosen	 as	 core	 transcription	 and	 translation	 elements	 for	

further	experiments,	 as	 the	optimisation	of	nuclear	promoters	and	cap-dependent	 translation	

would	have	extended	beyond	the	scope	and	timescale	of	this	work.	This	choice	allowed	moving	

the	 work	 forward	 in	 the	 direction	 of	 increasing	 molecular	 complexity	 and	 expanding	 the	

application	of	CFPS	to	prototyping	regulatory	modules	and	DNA	editing.	Gene	regulatory	modules	

are	 the	 most	 basic	 building	 blocks	 of	 genetic	 circuits.	 In	 a	 module,	 	 a	 sequence	 element	 is	

specifically	regulated	(repressed	or	activated)	 in	 trans	by	a	protein	and/or	RNA	and/or	other	

small	molecule.	The	measurement	of	the	function	of	such	modules	is	a	potential	application	space	

for	the	CFPS	method.	Three	different	biochemical	mechanisms	of	gene	regulation	were	chosen	

for	proof-of-concept,	all	three	have	been	previously	validated	in	other	studies	and	were	known	

to	function	in	cells.	One	of	these	is	the	L7Ae	translation	repression	module,	which	was	presented	

and	characterised	in	cells	in	Section	3.1	of	this	work.	The	L7Ae	module	was	the	first	model	system	

that	was	used	while	developing	the	method	and	alternative	protocols	were	explored	including	

the	 expression	 of	 the	 regulator	 from	 DNA	 template	 in	 CFPS	 and	 the	 addition	 of	 purified	

components	to	the	reaction.	

The	other	two	regulatory	modules	chose	for	proof-of	-concept	experiments	in	this	chapter	were	

CRISPR/dCpf1	 transcription	 regulation,	 and	 CRISPR/Cas9	 DNA	 cleavage.	 In	 addition,	

CRISPR/dCas9	 regulation	 was	 tested	 by	 a	 master`s	 student	 in	 the	 Freemont	 lab	 who	 I	

collaborated	 with,	 Bruno	 Goetzmann	 (Goetzmann,	 2016).	 These	 regulatory	 modules	 are	

molecular	tools	of	great	interest	in	the	synthetic	biology	community.	With	current	methods,	when	

protein	controlled	gene	regulation	is	measured	inside	cells,	the	precise	concentration	of	regulator	

proteins	is	unknown	and	only	empirical	transfer	functions	can	be	obtained	which	represent	the	

output	as	a	function	of	the	inducer	concentration	rather	than	as	a	function	of	the	regulator	protein	

(assuming	that	a	known	amount	of	small	molecule	is	used	to	induce	expression	of	the	regulator).	

Such	empirical	characterisation	data	may	only	be	used	to	design	composite	genetic	circuits	within	

the	context	of	the	same	cell	type	under	the	same	experimental	conditions	as	the	characterisation	

data	was	obtained	under	(Davidsohn	et	al.,	2015a).	In	contrast,	the	concentration	of	regulators	is	

precisely	known	in	CFPS	as	they	can	be	directly	input	into	the	reaction.	

Aims:	

• Established	measurement	of	translation	regulation	by	L7Ae.	

• Explored	alternative	experimental	setups	including	expression	of	regulator	protein	from	

DNA	template	or	using	purified	protein	using	the	L7Ae	module.	
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• Established	measurement	of	transcription	regulation	by	CRISPR/dCpf1	systems.	

• Established	measurement	of	DNA	editing	by	CRISPR/Cas9	system.	

	

3.3.2 Design and construction of RNA binding protein regulation 

The	first	regulatory	module	to	be	tested	was	L7Ae	translation	repression.		This	module	was	also	

used	 to	explore	alternative	experimental	setups.	For	all	CFPS	experiments,	a	sensor	construct	

similar	to	that	used	in	U2OS	mammalian	cells	in	Section	3.1		was	designed	containing	the	aptamer	

which	 L7Ae	 binds	 to	 (Figure	 3.18).	 The	 difference	 between	 the	 sequence	 designs	 used	 for	

transfection	 experiments	 and	 for	 CFPS	 experiments	 are	 illustrated	 in	 Figure	 3.19.	 The	mRNA	

product	in	transfection	experiments	is	translated	in	a	cap-initiated	process	while	mRNA	in	CFPS	

reactions	is	translated	using	the	IRES	for	initiation.	The	Kt	aptamer	was	inserted	into	the	pCFE-

GFP	plasmid	upstream	of	the	GFP	coding	sequence	by	PCR	cloning,	following	the	IRES	element.	

Two	nucleotides	(AU)	between	the	aptamer	and	the	start	codon	on	the	mRNA	because	cytidines	

are	 known	 to	 decrease	 translation	 initiation	 in	 combination	with	 the	 EMCV	 IRES	 (Chamond,	

Deforges,	 Ulryck,	 &	 Sargueil,	 2014).	 This	 sensor	 plasmid	 pT7T-IREST-Kt-GFP	 was	 used	 for	

detecting	repression	of	translation	in	the	presence	of	L7Ae	and	pCFE-GFP	(without	Kt	aptamer)	

was	used	as	the	negative	control.		
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A	

	
B	

	
C	

	
Figure	3.18:	L7Ae	mediated	repression	of	translation	

A:	Biochemical	mechanism	of	repression	Binding	of	the	L7Ae	protein	to	an	RNA	aptamer	inhibits	

translation	(inhibition	is	indicated	by	blunt	ended	arrow).	The	Kit	is	placed	in	between	the	IRES	and	

CDS	on	mRNA	(RNA	is	indicated	by	wavy	line).	B:	RNA	sequences	On	the	mRNA	sequences	of	the	

L7Ae	sensor	pT7-IRES-Kt-GFP	construct,	Kt	aptamer	is	inserted	between	the	IRES	and	GFP	coding	

sequence	 (+Kt).	On	 the	 control	 construct	pCFE-GFP,	 IRES	directly	 followed	by	GFP.	The	aptamer	

sequence	is	indicated	with	teal	and	the	start	codons	are	underlined.	C:	Pairwise	alignment	of	the	

RNA	 sequences	 transcribed	 from	 pT7-IRES-Kt-GFP	 and	 pCFE-GFP.	 Algorithm:	 CLUSTAL	 O(1.2.4)	

multiple	sequence	alignment	(European	Biotechnology	Institute).	

	 	

pCFE-GFP: UAAUAUGGCCACCACCCAUAUG
pT7-IRES-Kt-GFP:     UAAUAUGGCCACCACGGGCGUGAUCCGAAAGGUGACCCAUAUG

pCFE-GFP: UAAUAUGGCCACCACCCAUAUG
pT7-IRES-Kt-GFP:     UAAUAUGGCCACCACGGGCGUGAUCCGAAAGGUGACCCAUAUG
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A	
cap-Kt-Kozak-EGFP	(transfection	construct)	

…GCUAGCGGGCGUGAUCCGAAAGGUGACCCCUUAAGACCGGUCGCCACCAUG	

B	
IRES-Kt-TurboGFP	(CFPS	construct)	

…CACCACGGGCGUGAUCCGAAAGGUGACCCAUAUG	

C	

	

Figure	3.19:	5’	UTR	sequences	surrounding	the	Kt	aptamer		

Kt	aptamer	is	highlighted	in	teal,	and	the	start	codon	is	underlined.	A:	RNA	sequence	surrounding	

the	 Kt	 aptmater	 expressed	 from	 the	 pCMV-EGFP-Apta(Kt)	 plasmid	 used	 for	 transfection	

experiments.	B:	RNA	sequence	surrounding	the	Kt	aptmater	expressed	from	the	pPT7T-	IRES-Kt-GFP	

plasmid	used	for	CFPS	experiments.	C:	Sequence	alignment	of	5’	UTR	sequences.	

The	most	convenient	experimental	setup	was	tested	first,	which	was	to	express	both	the	sensor	

construct	and	the	regulator	proteins	in	the	CFPS	reaction	simultaneously	from	DNA	templates.	

This	approach	carries	the	advantage	of	not	needing	extra	steps	for	the	preparation	of	purified	

components	and	would	therefore	scale	well	for	prototyping	many	regulator	proteins	in	parallel.	

Linear	DNA	templates	were	constructed	using	the	CDSs	described	in	the	first	chapter	including	

MS2-2A-mKate2	and	L7Ae-2A-mKate2	fused	to	T7-IRES	instead	of	the	CMV	promoter	used	for	

tissue	culture	experiments.	The	 linear	DNA	was	prepared	via	PCR	according	 to	 the	 suggested	

specifications	by	the	manufacturer	of	the	IVT	Kit.	The	T7-IRES	sequence	and	the	protein	coding	

sequences	(with	poly	A	tail)	were	first	amplified	separately,	with	a	sequence	region	overlapping	

between	them.	Then,	the	fragments	were	annealed	and	amplified	to	yield	a	whole	T7-IRES-RBP-

2A-mKate2-polyA	template	fragment	where	the	RBP	is	either	L7Ae	or	MS2.	MS2	was	used	as	the	

negative	orthogonal	control	as	it	was	already	established	that	it	does	not	bind	the	Kt	aptamer	in	

Section	3.1	and	in	other	previous	work	(Ausländer	et	al.,	2012).	In	the	second	experimental	setup,	

recombinant	purified	L7Ae	was	added	to	CFPS	reactions	containing	plasmids	with	or	without	Kt	

aptamer	inserted.		
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3.3.3 Co-expression of L7Ae sensor and regulator construct from DNA templates 

First,	 it	 was	 tested	 if	 L7Ae	 repression	 can	 be	 achieved	 by	 co-expressing	 the	 protein	 in	 CFPS	

simultaneously	with	the	L7Ae	sensor	plasmid	expressed	in	the	same	reaction.	In	the	experimental	

setup,	either	L7Ae-2A-mKate2	or	MS2-2A-mKate2	 fusion	proteins	were	expressed	 from	linear	

DNA	templates	in	CFPS	reactions.	The	relative	expression	level	of	L7Ae	or	MS2	was	assumed	to	

be	proportional	to	red	fluorescence.	

The	 level	 of	GFP	expression	 from	 the	 sensor	plasmid	 containing	 the	aptamer	was	 lower	 than	

without	 the	 aptamer,	 suggesting	 an	 inhibition	 of	 basal	 translation	 efficiency	 because	 of	 the	

aptamer	(Figure	3.20B).	A	decrease	of	GFP	expression	was	detected	from	the	sensor	construct	

(+Kt)	 in	 the	 presence	 of	 L7Ae	 template	 compared	 to	 the	 presence	 of	 MS2	 (Figure	 3.20B),	

indicating	 sequence	 specific	 repression.	 Presence	 of	 MS2	 template	 also	 decreased	 GFP	

expression,	which	may	be	due	to	the	shared	gene-expression	resources.	Meanwhile,	there	was	no	

change	in	GFP	expression	in	case	of	the	control	GFP	expression	construct	without	aptamer	(-Kt)	

between	L7Ae	and	MS2	containing	reactions.	However,	mKate2	expression	levels	were	different	

across	the	combination	of	sensor-regulator	pairings	Figure	3.1C)	and	an	inverse	relationship	was	

observed	 between	 sensor	 and	 regulator	 expression	 levels	 (Figure	 3.20D).	 	 This	 relationship	

suggests	 that	 the	 regulator	 protein	 and	 reporter	 GFP	 levels	 were	 co-dependent.	 Therefore,	

purified	L7Ae	was	prepared	so	that	repression	may	be	measured	independent	of	gene	expression,	
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A	

	

B	

	

C	

	

D	

	
Figure	3.20:	Co-expression	of	the	sensor	construct	and	regulator	proteins	

A:	An	overview	of	the	constructs	used	for	detecting	repression.	Kt	aptamer	is	either	present	(+Kt)	or	

absent	(-Kt)	on	the	sensor	plasmid	construct.	Either	the	L7Ae	or	the	MS	repressor	is	used,	MS2	as	a	

control,	on	the	linear	DNA	on	the	regulator	construct.	B:	Time	course	of	GFP	expression	in	the	CFPS	

reactions.	C:	Time	course	of	regulator	and	mKate2	expression.	D:	GFP	and	mKAte2	expression	are	

simultaneously	represented	by	green	fluorescence	(x	axis)	and	red	fluorescence	(y	axis).	Endpoint	

blank	corrected	green	and	red	fluorescence	is	shown	at	6h.	One	marker	represents	a	single	replicate	

of	a	reaction	and	the	colouring	corresponds	to	the	combination	of	DNA	templates	used,	as	indicated	

on	the	legend.	
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3.3.4 Purified L7Ae represses gene expression in CFPS 

An	experimental	system	where	the	sensor	expression	level	is	not	influenced	by	the	expression	of	

any	other	component	was	desirable	and	an	alternative	experimental	setup	was	designed	where	

L7Ae	 protein	 is	 not	 co-expressed	 with	 the	 sensor	 construct	 in	 CFPS	 but	 is	 instead	 added	 to	

reactions	in	purified	form.	Specific	repression	was	measured	using	the	pT7-Kt-IRES-GFP	sensor	

construct	and	pCFE-GFP	as	a	negative	control	without	Kt	aptamer.	L7Ae	sequence	was	optimised	

for	E.coli	expression,	synthesised	and	cloned	into	a	T7	regulated	and	terminal	his-tag	containing	

expression	vector	using	the	EcoFlex	standard	and	appropriate	component	parts	(Moore,	Lai,	et	

al.,	2016).	The	purification	protocol	was	carried	out	based	on	previously	published	protocols	and	

included	an	80◦C	 incubation	step	 for	10	minutes	 for	denaturation	of	other	proteins	 (Huang	&	

Lilley,	2013).	L7Ae	originates	from	a	thermophile	bacterium,	Archaeoglobus	fulgidus,	and	could	

therefore	withstand	this	high	temperature	treatment.	The	integrity	of	the	protein	and	the	purity	

of	the	sample	was	analysed	on	a	Coomassie	Blue	stained	Gel	(Figure	3.21)	and	the	quantity	was	

measured	via	Bradford	assay	and	spectrophotometry.	The	gel	was	non-denaturing	and	as	L7Ae	

is	heat-resistant,	some	of	its	secondary	structure	may	have	been	preserved,	hence	it	did	not	run	

exactly	as	expected	based	on	the	protein	ladder	and	was	detected	at	only	13-14kDa	instead	of	

15kDa.	L7Ae	samples	were	defrosted	from	-80◦C	storage	directly	before	the	setup	of	experiments	

and	were	added	to	CFPS	reactions	with	different	DNA	constructs.	

	

Figure	3.21:	L7Ae	purification,	Coomassie	stain	

Lanes	1-7:	sonicated	lysate	and	wash	fractions.	Lane	8:	PageRuler™	Plus	Prestained	Protein	Ladder,	

Lanes	9-13:	elution	fractions	containing	L7Ae	(15	kDa)	indicated	by	arrow.	
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The	addition	of	purified	L7Ae	to	the	CFPS	reaction	did	not	have	an	effect	on	GFP	expression	and	

no	significant	difference	was	found	in	the	case	of	expression	from	pCFE-GFP	control	construct	(-

Kt)	(Figure	3.22A).	L7Ae	repression	was	also	efficient	and	clearly	detectable	in	CFPS,	a	decrease	

to	about	7.5%	of	the	background	level	was	observed	(Figure	3.22B).	This	result	means	that	L7Ae	

represses	gene	expression	in	a	sequence	specific	manner	in	CFPS.	In	the	case	of	no	aptamer,	there	

was	 no	 repression.	 It	 is	 notable	 that	 the	 background	 level	 expression	 from	 the	 construct	

containing	 the	 aptamer	was	 considerably	 decreased	 compared	 to	 the	 control	 as	 also	 seen	 in	

Figure	3.20,	this	effect	is	not	shown	on	Figure	3.22	because	the	data	was	normalised	to	expression	

without	 L7Ae	 for	 each	 construct.	 This	 decrease	 in	 basal	 expression	 level	 may	 be	 caused	 by	

decreased	translation	efficiency	in	presence	of	the	Kt	aptamer.	

A	

	

B	

	
Figure	3.22:	Repression	by	purified	L7Ae	

L7Ae	regulation	at	30nM	L7Ae	in	reaction	(+L7Ae)	(1:15	molecular	ratio).	Green	fluorescence	shown	

normalised	 to	 the	 background	 level	 without	 L7Ae	 in	 the	 reaction	 (-L7Ae)	 respective	 to	 each	

construct	set	to	100%.	Reactions	were	set	up	in	triplicates	and	error	bars	show	standard	deviation.	

A:	Expression	from	pCFE-GFP	control	construct	not	containing	Kt	aptamer	(-Kt).	B:	Expression	from	

pT7-IRES-Kt-GFP	construct	containing	Kt	aptamer	(+Kt).	Error	bars	represent	standard	deviation	

based	on	three	replicates.	

3.3.5 Design and construction of CRISPR/dCpf1 regulation 

In	order	to	establish	if	transcriptional	regulation	can	be	prototyped	in	CFPS,	the	CRISPR/dCpf1	

was	used.	dCpf1	 is	a	 catalytically	 inactivated	Cpf1,	with	mutation	 introduced	 in	 its	RuvC	DNA	
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cleavage	domain	and	inhibits	transcription	by	steric	hindrance	(Yamano	et	al.,	2016).	Small	guide	

RNAs	in	complex	with	dCpf1	target	DNA	regions	with	sequence	complementarity	to	the	guide.	A	

constant	scaffold	region	of	the	sgRNA	is	specific	to	dCpf1	and	mediates	the	guide-protein	complex	

formation.	 This	 scaffold	 region	 is	 distinct	 from	 the	 sgRNA	 scaffold	 binding	 Cas9/dCas9.	 Two	

promoters	were	designed	with	orthogonal	binding	sites	so	that	it	was	possible	to	test	sequence	

specific	repression.	The	two	orthogonal	sites	are	sequences	with	no	complementarity	between	

them.	 The	 protospacer	 adjacent	motif	 (PAM)	 is	 a	 short	 sequence	 element	 recognised	 by	 the	

proteins	is	found	at	a	specific	position	with	respect	to	the	target	sequence.	The	PA		is	different	for	

Cpf1	and	Cas9	and	it	is	ATTT	downstream	of	the	sgRNA	target	site	for	Cpf1	and	it	is	TGG	upstream	

of	the	target	site	for	Cas9	(Figure	3.23).	In	each	promoter	design,	two	outward	facing	binding	sites	

were	 placed	 on	 either	 side	 of	 the	 core	 WT	 T7	 promoter	 (Figure	 3.24B).	 In	 previous	 work,	

alternative	orientation	of	binding	sites	were	tested	in	cells	including	inwards,	outwards	forward	

and	reverse	facing	binding	sites	surrounding	a	core	promoter	and	the	outward	facing	orientation	

was	found	to	be	the	most	efficient	design	for	dCas9	repression	(Gilbert	et	al.,	2013).	Therefore,	

this	design	was	used	for	the	architecture	of	Cpf1	and	also	later	for	Cas9	promoter	designs	(Figure	

3.23).	

A	

	
B	

	
C	

	
Figure	3.23:	CRISPR	promoter	design	

A:	General	promoter	architecture	used	for	CRISPR	promoter	design.	Core	promoter	was	the	WT	T7	

promoter,	PAM	sequences	are	underlined.	B:	General	Cpf1	promoter	architecture.	C:	General	dCas9	

promoter	architecture.	

The	orthogonal	binding	sites	were	designed	by	J.	MacDonald	and	M.	Crone	using	the	R2O	software	

through	the	gDesigner	pipeline	(Casini	et	al.,	2014).	R2O	is	a	software	tool	for	the	design	of	short	
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neutral	 nucleotide	 sequences	 and	 the	 underlying	 algorithm	 used	 a	 stochastic	 simulation	 to	

generate	the	optimal	sequences	that	have	similar	thermodynamic	properties	and	are	orthogonal	

in	sequence	to	each	other	as	well	as	distinct	from	the	following	forbidden	sequences.	The	human	

genome	and	commonly	used	synthetic	parts	found	in	the	iGEM	Registry	of	Standard	Biological	

Parts	(http://parts.igem.org/Main_Page	)	were	given	as	forbidden	sequences.	The	software	can	

be	used	to	generate	DNA	assembly	linkers,	barcodes	or	neutral	 insulator	sequences.	Its	use	to	

design	 CRISPR	 binding	 sites	 was	 a	 new	 application.	 The	 gDesigner	 pipeline	 is	 available	 at	

https://github.com/jmacdona/gDesigner.			

As	the	use	of	purified	regulator	components	(as	opposed	to	co-expression	from	DNA)	was	found	

to	be	a	better	measurement	approach	previously	in	L7Ae	experiments,	therefore	it	was	chosen	

for	dCpf1	characterisation.	Both	the	proteins	and	the	sgRNA	were	purified	and	assembled	into	a	

complex	by	 incubation	before	being	added	 to	CFPS	 reactions.	 	An	experimental	design	where	

sgRNA	was	 expressed	 in	 the	 CFPS	 reaction	 from	DNA	 templates	was	 tested	 but	 inconsistent	

results	were	measured	(results	not	shown),	therefore	the	pre-incubation	with	synthetic	sgRNA	

was	found	to	be	an	important	step	in	the	protocol.	

	

A	

	

B	

	
Figure	3.24:	CRISPR/dCpf1	mediated	transcription	regulation	

A:	dCpf1-sgRNA	complex	binds	both	target	sites	on	either	side	of	the	core	T7-WT	promoter	and	thus	

inhibit	transcription	via	steric	hindrance	(indicated	by	blunt	ended	arrows).	B:	Sequence	design	of	

orthogonal	promoter	pairs	used	in	dCpf1	experiments.	Target	sites	are	indicated	in	orange,	they	are	

in	 outward	 facing	 opposite	 orientation,	 hence	 the	 underlined	 PAM	 site	 is	 on	 opposite	 ends.	 The	

uncoloured	sequence	is	the	T7-WT	core	promoter.	Plasmids	incorporating	these	designs	are	pCpf1A-

PT7WT-Cpf1A-IREST-GFP	and	pCpf1B-PT7WT-Cpf1B-IREST-GFP.	
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3.3.6 Purified dCpf1 represses gene expression in CFPS 

Sequence	specific	repression	by	dCpf1	was	established	previously	(Liu	et	al.,	2017)	and	it	was	

tested	if	this	biochemical	mechanism	of	regulation	can	be	reproduced	in	CFPS.	Regulator	protein	

dCpf1	was	added	to	CFPS	reactions	in	purified	form.	The	protein-sgRNA	complex	was	assembled	

from	purified	dCpf1	protein	and	purified	sgRNA.	The	protein	was	purified	by	expression	in	E.coli	

followed	by	his-tag	purification	in	nickel	columns	and	was	a	gift	from	M.	Crone.	The	sgRNA	were	

synthesised	using	the	sgRNA	synthesis	kit,	from	DNA	oligos	designed	in	a	way	so	that	they	encode	

the	sequences	complementary	to	the	binding	sites.	CFPS	reactions	were	run	containing	plasmid	

DNA	preparations	of	plasmids	with	construct	designs	on	Figure	3.24	B	and	C	inserted	into	the	

pCFE-GFP	vector.		

In	case	of	the	negative	control	promoter	B	construct,	 the	expression	level	was	the	same	when	

Cpf1	with	 negative	 sgRNA	 (sgRNA	neg)	 or	 orthogonal	 sgRNA	 (sg	RNA	A)	was	 added	 to	 CFPS	

reactions	(Figure	3.25A).	“Negative	RNA”	contained	Cas9	scaffold	instead	of	Cpf1	scaffold	region	

and	 sgRNA	 A	 contained	 a	 targeting	 region	 orthogonal	 to	 promoter	 B	 and	 complementary	 to	

binding	sites	in	Cas9	Promoter	A.	An	efficient	repression	of	Cas9	promoter	A	was	detected	using	

dCpf1-sgRNA	 A	 complex	 to	 about	 10%	 of	 the	 basal	 activity	 (Figure	 3.25B).	 This	 means	 that	

purified	dCPF1	efficiently	represses	gene	expression	in	HeLa	CFPS.	
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A	

	

B	

	
Figure	3.25:	Repression	by	dCpf1	

Data	represents	normalised	blank	corrected	green	fluorescence,	normalised	to	the	background	level	

of	GFP	expressed	from	each	construct	in	presence	of	Cpf1	and	negative	sgRNA	(sgRNA	neg).	Negative	

sgRNA	is	Cas9	specific	RNA	that	contains	a	scaffold	region	different	from	Cpf1	specific	sgRNA.	SgRNA	

A	 is	 a	 Cpf1	 specific	 guide	 RNA	 containing	 the	 scaffold	 region	 for	 Cpf1	 and	 the	 targeting	 region	

complementary	to	promoter	A	target	sites.		Measurements	were	taken	at	2nM	sensor	DNA	plasmid	

concentration	and	at	6h	 timepoint.	A	1:20	molecular	 excess	of	 the	pre-incubated	dCfp1	protein-

sgRNA	complex	was	added.	A:	Cpf1	promoter	B	expression	(using	pCpf1B-PT7WT-Cpf1B-IREST-GFP)	

in	presence	of	Cpf1	pre-incubated	with	either	negative	sgRNA	(sgRNA	neg)	or	orthogonal	Cpf1	guide	

RNA	(sgRNA	A).	Error	bars	represent	standard	deviation	based	on	three	replicates.	B:	Expression	

form	pCpf1A-PT7WT-Cpf1A-IREST-GFP	in	presence	of	Cfp1	and	negative	sgRNA	or	Cpf1	incubated	with	

sgRNA	 A	which	 incorporates	 a	 sequence	 complementary	 to	 Promoter	 A	 target	 sites.	 Error	 bars	

represent	standard	deviation	based	on	three	replicates.	
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3.3.7 Design of CRISPR/Cas9 cleavage 

The	last	biochemical	mechanism	to	be	tested	in	CFPS	was	CRISPR/Cas9	cleavage.	A	pair	of	dCas9	

regulated	promoters	were	designed	analogous	to	the	dCpf1	associated	results	described	above.		

The	same	plasmid	constructs	were	then	used	to	investigate	Cas9	mediated	cleavage,	hence	the	

plasmid	design	where	promoters	are	used	as	cleavage	targets.	

Two	promoters	were	designed	containing	orthogonal	binding	sites,	similar	to	Cpf1	designs	Figure	

3.26.	Purified	protein	and	sgRNA	were	used	for	investigating	DNA	cleavage.	Cas9	protein	binds	

and	 cleaves	DNA	 sequences	with	 target	 sites	 complementary	 to	 its	 associated	 sgRNA	 (Figure	

3.26).	 The	 plasmid	 is	 cleaved	 at	 the	 promoter	 site	 and	 a	 decreased	 GFP	 expression	 is	 to	 be	

expected	 in	 the	 case	 of	 this	 event,	 as	 the	 transcription	will	 not	 be	 initiated	 from	 the	 cleaved	

template.	

A	

	
B	

	
Figure	3.26:	Cleavage	by	CRISPR/Cas9	

A:	Biochemical	mechanism	Cas9-sgRNA	complex	specifically	recognises	and	cleaves	both	target	

sites	(indicated	by	scissors)	on	the	template	DNA	and	thus	prevents	GFP	expression.	B:	Sequence	

design	Target	sites	are	indicated	in	yellow,	they	are	in	outward	facing	opposite	orientation,	hence	

the	underlined	PAM	site	is	on	opposite	ends.	The	uncoloured	sequence	is	the	T7-WT	core	promoter.	

Plasmids	incorporating	these	designs	are	pCas9A-PT7WT-Cas9A-IREST-GFP	and	pCasB-PT7WT-Cas9B-

IREST-GFP.	

	

	



85	

	

3.3.8 Cas9 cleaves DNA in CFPS 

The	 Cas9	 protein	 was	 purchased	 in	 purified	 form	 from	 NEB	 manufacturer.	 sgRNA	 were	

synthesised	and	purified	and	the	protein-sgRNA	complex	was	assembled	prior	to	setting	up	CFPS	

reactions.	Efficient	cleavage	of	template	DNA	was	observed	using	Cas9	in	complex	with	specific	

sgRNA.	Compared	to	the	control	where	the	orthogonal	sgRNA	is	used,	decrease	to	0-10%	of	the	

GFP	expression	activity	was	detected	(Figure	3.27).		This	means	that	Cas9	can	efficiently	cleave	

DNA	in	HeLa	CFPS.	

A	

	

B	

	
Figure	3.27:	DNA	cleavage	by	Cas9-sgRNA	complex	

Data	 represents	 normalised	 blank	 corrected	 green	 fluorescence,	 normalised	 to	 the	 control	 with	

orthogonal	 repressor	 of	 respective	 plasmids.	 Measurements	 are	 at	 2nM	 sensor	 DNA	 plasmid	

concentration	and	taken	at	6h	timepoint.	A	1:20	molecular	excess	of	the	pre-incubated	Cas9-sgRNA	

complex	was	added.	All	sgRNA	are	Cas9	specific	guide	RNAs	with	Cas9	specific	scaffold	region.	A:	

GFP	 expression	 from	 pCas9A-PT7WT-Cas9A-IREST-GFP	 in	 presence	 of	 Cas9	 incubated	 either	 with	

orthogonal	 guide	 RNA	 (sgRNA	B)	 or	matching	 guide	 (sgRNA	A).	 Error	 bars	 represent	 standard	

deviation	 based	 on	 three	 replicates.	 B:	 GFP	 expression	 from	 pCas9B-PT7WT-Cas9B-IREST-GFP	 in	

presence	of	Cas9	incubated	either	with	orthogonal	guide	RNA	(sgRNA	A)	or	matching	guide	(sgRNA	

B).	Error	bars	represent	standard	deviation	based	on	three	replicates.	
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3.3.9 Summary of results and conclusions 

The	 experimental	 setup	 of	 expressing	 both	 the	 sensor	 construct	 and	 regulator	 protein	

simultaneously	 in	 CFPS	 was	 tested	 using	 L7Ae	 and	 an	 inverse-correlation	 relationship	 was	

established	for	the	reporter	and	regulator.	The	regulatory	proteins	were	then	purified	for	better	

controlled	 measurement	 and	 improvement	 of	 the	 experimental	 setup	 for	 characterisation	

purposes	and	the	latter	approach	was	implemented	for	further	work.	A	diverse	set	of	regulatory	

modules	were	tested	and	found	to	be	functional	in	CFPS.	Repression	of	translation,	repression	of	

transcription	and	DNA	cleavage	were	all	clearly	detectable	and	measurable.	This	means	that	HeLa	

CFPS	is	an	appropriate	model	system	to	further	study	these	types	of	genetic	regulation.	

Results:	

• Inverse-correlation	 relationship	 was	 found	 when	 sensor	 and	 regulator	 are	 expressed	

simultaneously	 and	 the	 use	 of	 purified	 regulator	 molecule	 was	 found	 to	 be	 a	 better	

alternative.	

• Four	 regulatory	 modules	 were	 functional	 in	 CFPS,	 namely	 L7Ae	 regulation,	 dCpf1	

regulation	and	Cas9	cleavage.	
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3.4 SEMI-AUTOMATED CFPS MEASUREMENT METHOD 

3.4.1 Introduction, motivation and aim 

After	diverse	regulatory	mechanism	were	found	to	be	functional	and	measurable	in	CFPS,	the	next	

step	was	to	establish	a	protocol	scalable	for	increased	throughput.	With	high	throughput	(HTP)	

methods,	known	modules	can	be	characterised	in	more	detail	and	new	genetic	elements	can	be	

screened.	The	challenge	was	twofold,	-	to	further	minimise	the	amount	of	reagents	required	per	

reaction	 and	 to	 automate	 the	 liquid	 transfer	 steps.	 Small	 volumes	 are	 ideal	 because	 more	

reactions	can	be	setup	from	the	same	amount	of	expensive	reagents	and	because	acoustic	liquid	

handlers	can	transfer	smaller	volumes	faster	than	larger	volumes.	

There	 are	 several	 alternative	 approaches	 to	 CFPS	 automation.	 Reactions	 can	 be	 run	 in	

microplates	(Marshall	et	al.,	2018),	on	paper	(Pardee	et	al.,	2014),	microchip	(Ueno	et	al.,	2015)	

or	microfluidic	chambers	(Jackson,	Jin,	&	Fan,	2015;	Niederholtmeyer	et	al.,	2015;	Norred	et	al.,	

2015).	 Acoustic	 liquid	 handling	 with	 microplates	 is	 a	 plausible	 choice	 as	 it	 transfers	 small	

volumes	 of	 reagents	 in	 the	 nL	 range	 to	minimise	 the	 cost	while	 also	 provides	 a	 very	 flexible	

platform	for	design	automation	(Moore	et	al.,	2018).	Furthermore,	CFPS	can	accept	linear	DNA,	

as	well	 as	plasmid	 templates,	which	can	 replace	 the	 tedious	 steps	of	 cloning	by	a	 simple	PCR	

reaction	for	the	preparation	of	DNA	templates	(Sun,	Yeung,	Hayes,	Noireaux,	&	Murray,	2014).		

	

A	 B	

	 	

Figure	3.28:	Acoustic	liquid	handling	technology	

A:	Echo	acoustic	liquid	handler	(Labcyte,	https://www.labcyte.com).	The	machine	takes	source	
plates	and	destination	plates	through	the	slot	in	the	front.	The	liquid	transfers	are	performed	at	a	
set	position	and	the	plates	are	positioned	with	respect	to	each	other	according	to	the	specified	
instructions	to	achieve	the	transfers	from	and	to	the	correct	wells	to.		B:	Illustration	of	the	Acoustic	
Droplet	Ejection	(ADE)	technology	A	droplet	of	liquid	is	shot	upwards	from	the	surface	of	the	liquid	
in	the	source	well	to	the	destination	well	using	the	energy	of	supersonic	acoustic	waves	Different	
liquid	types	require	different	settings	for	successful	separation	on	consistent	droplets.	(Labcyte,	
https://www.labcyte.com)	
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In	 general,	 when	 a	 lab	 bench	 protocol	 is	 automated,	 challenges	 associated	 with	 hardware,	

wetware,	software	and	the	intersection	of	these	need	to	be	addressed.	The	hardware	optimisation	

includes	choice	of	plate	types,	seals,	dealing	with	evaporation	and	oxygenation	considerations	

related	 to	 the	 reaction	 volume.	 Wetware	 optimisation	 includes	 optimising	 dilutions,	 mixing,	

centrifugation,	 sample	quality	 control	and	 identifying	molecular	 sources	of	variability	or	bias.	

Software	challenges	are	generation	of	experiment	instructions	from	high	level	specifications	and	

output	of	machine	readable	files	for	liquid	handling	as	well	as	calculation	and	output	of	reagent	

preparation	 requirements	 for	 the	 human	 preparing	 the	 experiment	 and	 the	 design	 of	 a	 user	

interface.		

The	above	considerations	about	lab	protocol	automation	were	all	relevant	and	can	all	be	applied	

to	automating	 the	CFPS	method	 for	 characterising	mammalian	gene	 regulatory	elements.	The	

associated	challenges	and	solutions	will	be	presented	in	the	following	section.	Once	the	method	

was	 complete	 it	 was	 applied	 to	 establish	 the	 behaviour	 of	 the	 promoter	 and	 IRES	 mutants	

described	in	the	previous	chapter	at	a	range	of	concentrations	to	obtain	transfer	functions	for	

regulatory	modules,	which	will	be	presented	in	section	3.5.	

Aims:	

• Designed	 a	 semi-automated	 workflow	 using	 liquid	 handling	 automation	 which	

incorporates	unit	conversion	

• Minimised	the	IVT	Kit	component	reagent	in	the	reaction	while	maintaining	a	good	signal	

• Measured	GFP	expression	dynamics	in	the	new	reaction	setup	

• Established	sample	quality	requirements	such	as	DNA	sample	preparation	

• Developed	experimental	design	automation	software	

• Developed	a	graphical	interface	through	which	the	software	tools	can	be	used	

3.4.2 Design of the semi-automated workflow 

Acoustic	liquid	handling	was	chosen	for	automation	because	of	the	advantages	of	high	accuracy	

and	 no	 need	 for	 consumable	 tips	 as	well	 as	 speed	 over	 traditional	 tip-based	 liquid	 handling.	

Compared	to	microfluidics,	acoustic	liquid	handling	has	the	advantage	that	it	uses	microplates.	

Microplates	are	a	benefit	because	it	is	possible	to	troubleshoot	experiments	by	hand,	and	because	

measurement	 can	 be	 done	 in	 plate	 readers,	 allowing	 for	 time-course	 measurement	 in	 a	

temperature	controlled	environment.	

Bacterial	 CFPS	 experimental	 systems	 have	 been	 previously	 automated	 using	 acoustic	 liquid	

handling	 in	 the	 Murray	 Lab	 (associated	 software	 tools	 available	 online	
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https://github.com/biocircuits/murraylab_tools)	 and	were	 used	 also	 by	 the	 Freemont	 lab	 for	

example	(Moore	et	al.,	2018).	This	previous	experience	from	the	bacterial	CFPS	domain	is	useful	

for	mammalian	work	where	the	experimental	setup	is	similar.	A	difference	is	that	the	reaction	

size	 was	 decreased	 further	 compared	 to	 automated	 bacterial	 CFPS.	 The	 underlying	 Acoustic	

Droplet	Ejection	(ADE)	technology	developed	by	Labcyte	uses	soundwaves	to	transfer	2.5	or	5nL	

droplets	from	the	surface	of	a	liquid	in	a	source	well	and	shoots	it	upwards	into	a	destination	well	

(Figure	3.28B).	Accordingly,	the	source	plate	contains	such	source	wells	and	the	destination	plate	

contains	the	destination	wells	with	CFPS	reactions.	The	acoustic	liquid	handlers	Echo252	which	

transfer	transfers	25nL	droplets,	and	Echo550	which	transfers	2.5nL	droplets	were	used	in	this	

work.		

The	semi-automated	workflow	comprises	some	steps	carried	out	by	hand-held	pipetting,	steps	

carried	out	by	automated	liquid	handling	and	the	manual	transfer	of	plates	between	instruments	

(Figure	3.29).	At	the	heart	of	the	process,	various	software	tools	are	used	and	aid	the	experimental	

process	at	multiple	points.	The	relative	composition	of	the	reaction	components	and	hardware	

used	 for	 the	 experiments	 were	 altered	 to	 suit	 the	 semi-automated	 protocol.	 	 The	 pCFE-GFP	

positive	control	construct	was	used	for	the	optimisation	of	the	automated	workflow.	The	IVT	Kit	

components	were	pre-mixed	and	transferred	from	large	6-well	plates	where	one	well	contained	

enough	volume	for	the	maximum	of	384	CFPS	reactions	in	one	experimental	run.	This	uniform	

transfer	does	not	require	specialised	planning	and	can	be	easily	done	through	the	user	interface	

of	 the	 liquid	 handler	 and	 therefore	 generation	 of	 instructions	 for	 the	 transfer	 of	 the	 IVT-Kit	

component	was	not	included	in	the	software.	Furthermore,	transferring	IVT	Kit	components	from	

large	wells	carries	the	additional	advantage	of	not	requiring	a	centrifugation	step	to	achieve	a	flat	

liquid	 surface.	 This	 is	 an	 advantage	 because	 it	was	 observed	 that	 this	mixture	 is	 sensitive	 to	

centrifugation.	The	DNA	and	other	samples	such	as	regulatory	molecules	were	transferred	from	

384	well	source	plates	and	the	automation	software	was	designed	for	these	transfers.	
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Figure	3.29:	Semi-automated	CFPS	workflow	

Instruction	 files	are	generated	using	design	automation	software	 from	experiment	 specifications	

such	as	number	of	replicates	and	DNA	samples	to	test.	The	source	plate	is	prepared	by	a	scientist	

and	this	plate	is	used	for	liquid	transfers	to	set	up	CFPS	reactions	via	acoustic	liquid	handling.	Icons	

were	 sourced	 from	 Openclipart	 and	 Flaticon.	 Images	 of	 instruments	 sourced	 from	 the	

manunfacturer`s	websites	(Labcyte,	Greiner,	Omega).	

Fist,	 a	 source	 plate	 is	 prepared	 manually,	 which	 contains	 starting	 materials	 for	 subsequent	

acoustic	liquid	transfers.	The	contents	of	the	source	plate	include	all	samples	(DNA,	RNA,	protein,	

buffer,	water)	except	from	the	IVT	Kit	components.	The	position	of	the	samples	on	the	source	

plate	 can	 either	 be	 specified	 by	 the	 scientist	 and	 the	 information	 entered	 into	 the	 program	

through	 the	 script	 or	 if	 the	 locations	 are	 not	 specified,	 the	 program	 will	 allocate	 wells	

automatically	starting	from	A1.	Optionally	a	different	starting	well	can	be	given,	in	case	row	A	has	

already	been	used,	B1	can	be	specified	as	the	first	empty	well	on	the	plate	and	the	program	will	

allocate	samples	to	source	wells	accordingly.	The	amount	of	sample	needed	is	calculated	based	

on	the	experimental	design	by	adding	together	all	liquid	transfers	of	one	sample	based	on	the	list	

of	transfers	and	excess	volume	for	taking	into	account	variation	in	volume.	If	this	total	is	>40µl,	

then	multiple	wells	are	allocated	for	a	sample.	A	‘dead	volume’	of	20	µl	is	added	to	each	source	

well	from	the	reagent	that	it	contains	because	the	liquid	handlers	are	only	able	to	separate	and	

eject	a	droplet	from	the	surface	of	a	sufficiently	high	liquid	column.	A	list	of	source	wells,	their	

constituent	samples	and	the	volume	of	samples	needed	is	collected	in	a	list	which	then	can	be	
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saved	 into	 a	 text	 file.	 Throughout	 this	work,	 this	 text	 file	was	 printed	 and	 used	 in	 the	 lab	 to	

manually	prepare	the	source	plate.	

Next,	 acoustic	 liquid	 handling	 is	 carried	 out	 using	 an	 Echo252	machine.	 The	 liquid	 handler’s	

software	interface	reads	a	file	with	a	list	of	all	liquid	transfers	to	carry	out.	The	generation	of	this	

instruction	 file	 relies	 on	 software	 for	 outputting	 specific	 instructions	 from	 high	 level	

specifications	 such	as	 the	number	of	 replicates	and	 list	of	 samples	 to	be	 tested	 (Figure	3.29).	

Finally,	the	plate	containing	CFPS	reactions	is	briefly	centrifuged	without	seal	in	order	to	mix	the	

components,	sealed	by	a	non-breathable	seal	(to	reduce	evaporation)	and	placed	in	a	plate	reader	

for	 continuous	monitoring.	A	 limitation	on	 the	monitoring	 frequency	 is	 the	 read	 speed	of	 the	

instrument.	Using	 the	settings	 in	 this	work,	 the	shortest	 interval	 for	measurements	was	1.5-2	

minutes	using	4	readings	and	384	wells.	

3.4.3 Optimised reaction setup and measurement 

In	 the	previous	 sections,	 reactions	were	 set	up	at	 a	 total	of	10µL	volume,	 as	described	 in	 the	

published	literature	(Takahashi	et	al.,	2014,	2015).	A	5-fold	reduction	was	achieved	from	10µL	to	

2µL	thanks	to	modified	hardware	and	the	precise	liquid	handling	technology.	Using	a	plate	with	

LowVolumeTM	wells	 instead	of	 the	conventional	 flat-bottom	wells	was	key,	as	 it	has	a	 smaller	

bottom	surface	area	and	 it	was	 found	 that	2	µL	 is	enough	 to	consistently	cover	 it.	 Such	small	

volumes	are	especially	sensitive	to	evaporation	and	indeed,	this	was	a	problem	when	using	the	

breath-easy	seal	conventionally	used	for	CFPS	experiments	to	ensure	oxygenation.	Using	a	non-

breathable	seal	did	not	inhibit	the	reaction	(and/or	GFP	fluorescence	as	it	was	measured	at	high	

level)	but	stopped	evaporation	sufficiently	as	illustrated	on	Figure	3.30A.	

Second,	 the	 relative	 composition	 of	 the	 reaction	was	 changed	 so	 that	 the	 IVT	Kit	 component	

(lysate,	 accessory	proteins,	 energy	mix)	was	 further	decreased	 from	80%	 to	60%	of	 the	 total	

reaction	volume,	keeping	the	5:1:2	ratio	of	the	components	respectively.	This	alteration	of	the	

reaction	composition	allowed	0.8µL	volume	for	other	components	(DNA,	RNA,	proteins)	 to	be	

added	 to	 a	 CFPS	 reaction	 (Figure	 3.30A).	 To	 evaluate	 the	 minimum	 proportion	 of	 IVT	 Kit	

component	needed,	a	range	of	reaction	compositions	were	tested	with	varying	percentage	of	IVT	

Kit	 component	 (10%-80%).	 Furthermore,	 multiple	 DNA	 template	 concentrations	 were	 also	

tested	under	various	conditions	(0.5	–	10nM).	Because	the	percent	compositions	were	altered,	

the	background	was	not	the	same	for	the	different	conditions,	hence	the	fold-change	compared	

to	background	was	assessed	as	opposed	to	blank	corrected	fluorescence.	At	 least	60%	IVT	Kit	

component	 was	 needed	 to	 obtain	 an	 at	 least	 30-fold	 increase	 in	 signal	 compared	 to	 blank	

reactions	at	a	range	of	DNA	concentrations	(Figure	3.30B).	
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Figure	3.30:	Optimised	2	µL	CFPS	reaction		

A:	Details	of	the	CFPS	reaction	in	the	automated	protocol	Reactions	are	2uL	total	volume,	run	

at	30C	(later	this	was	changed	to	37◦C),	and	60%	IVT	Kit	component	is	used.	B:	IVT	Kit	component	

optimisations	Various	composition	of	CFPS	reactions	across	a	range	of	DNA	concentrations.	Signal	

was	calculated	by	dividing	the	endpoint	raw	fluorescence	(a.u.)	of	the	samples	containing	pCFE-GFP	

with	the	values	of	blanks	corresponding	to	each	specific	mixture.		One	marker	represents	a	single	

datapoint.	

Blank	reactions	with	no	DNA	and	positive	control	reactions	with	10nM	pCFE-GFP	were	included	

in	all	experimental	runs	in	the	coming	chapters	using	the	semi-automated	method	(Figure	3.31).	

This	 data	 validates,	 with	 hindsight	 that	 the	 signal	 quality	 remained	 consistently	 good	 across	

subsequent	experiments.	A	considerable	variation	in	the	raw	positive	signal	was	found	and	the	

lowest	was	at	approximately	20,000	arbitrary	units	while	the	highest	expressing	batch	gave	a	

55,000	endpoint	raw	fluorescence	using	the	same	positive	control.	A	measure	of	assay	quality	

used	in	screening	 is	 the	z-factor	which	 is	a	statistical	measure	reflecting	both	the	assay	signal	

dynamic	range	and	the	data	variation	(Zhang,	Chung,	&	Oldenburg,	1999).	A	z-factor	between	0.5	

and	1	is	considered	an	excellent	assay	where	0.5	indicates	12	standard	deviations	between	the	

means	of	the	negative	control	and	positive	controls.	The	z-factor	calculated	using	an	online	tool	

(screening	unit	FMP)	from	the	blank	and	positive	controls	was	found	to	be	consistently	close	to	

0.5	for	each	of	the	experiments,	indicating	a	consistently	good	signal	(Table	3.1).	
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Figure	3.31:	Signal	quality	across	CFPS	experiments	

	The	 fluorescence	 of	 blank	 (B)	 and	 positive	 control	 (P)	 samples	 across	 experiments.	 Blank	 CFPS	

reactions	 contain	 500nL	water,	 positive	 reactions	 contain	 500nL	DNA	 pCFE-GFP,	 at	 10nM	 final	

concentration	in	the	reaction.	Raw	fluorescence	is	given	in	arbitrary	units	(a.u.)	of	fluorescence	at	

the	5	hours	timepoint.	This	data	was	used	to	calculate	z’	values	in	Table	3.1	below.	

Table	3.1:	Quality	of	the	CFPS	measurement	method	based	on	the	positive	controls	

	Z'	 is	 a	 statistical	 measure	 of	 a	 signal	 which	 takes	 into	 account	 both	 the	 fold-change	 and	 the	

variability	of	an	assay.	It	is	calculated	given	replicate	measurements	of	a	blank	(or	negative	control)	

and	that	of	the	sample	(or	positive	control).	Its	value	can	be	0-1	and	an	assay	is	commonly	accepted	

as	 excellent	 above	 z’=0.5.	 The	 online	 tool	 used	 for	 the	 calculations:	 http://www.screeningunit-

fmp.net/tools/z-prime.php.	

Experiment	 Z’	standard	

RNA_GFP_I	 0.664	

RNA_GFP_II	 0.805	

T7_lib_I	 0.590	

T7_lib_II	 0.763	

IRES_lib_I	 0.803	

IRES_lib_II	 0.837	

dCas9_I	 0.622	

dCas9_II	 0.578	

L7Ae_I	 0.612	

L7Ae_II	 0.756	
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3.4.4 Unit conversion 

Fluorescent	 measurements	 by	 plate	 readers	 or	 flow	 cytometers	 are	 output	 as	 arbitrary	

fluorescent	 units,	 which	 are	 dependent	 on	 the	 instrument	 and	 the	 settings,	 for	 example	

gain/voltage,	 used	 (Beal	 et	 al.,	 2016).	 Such	 arbitrary	 units	 are	 not	 comparable	 across	

experiments,	instruments	and	labs.	Absolute	units	for	fluorescence	can	be	given	as	molecules	of	

equivalent	fluorescein	(MEFL).	The	fluorescein	used	for	quantification	of	green	fluorescence	from	

GFP	is	the	FITC	molecule,	and	other	fluorescent	proteins	have	their	generally	associated	chemical,	

which	can	be	used	as	a	standard	under	the	given	excitation-emission	settings.	MEFL	units	are	

only	 dependent	 on	 the	 fluorophore	 and	 tend	 to	 be	 less	 sensitive	 to	 unavoidable	 factors	 such	

temperature	or	degradation.	Plotting	a	standard	curve	of	MEFL	allows	the	conversion	of	arbitrary	

fluorescence	 from	a	given	 instrument	 to	absolute	MEFL	units,	which	 can	be	 compared	across	

experiments,	instruments	and	labs.		

The	desired	unit	of	measure	for	modelling	purposes	is	the	molar	amount	of	molecule	of	interest.	

This	 can	 be	 obtained	 by	 spiking	 in	 known	 amounts	 of	 purified	 molecule	 (GFP	 or	 RNA)	 and	

calculating	 unit	 conversion.	 Units	 of	 GFP	 (or	 other	 fluorescent	 protein)	 molar	 equivalent	

fluorescence	 is	 considered	 less	 accurate	 compared	 to	 MEFL	 because	 the	 fluorescence	 of	 the	

molecule	depends	on	 the	biochemical	 context	and	protein	variant.	Arbitrary	 fluorescent	units	

obtained	using	the	semi-automated	CFPS	characterisation	method	were	converted	to	nM	GFP	or	

RNA	equivalent	units	and	following	results	will	be	presented	accordingly.	

3.4.5 GFP expression dynamics 

In	 addition	 to	 the	 above	 specifications,	 the	 temperature	 that	 the	 reactions	 were	 run	 at	 was	

changed	 from	 30◦C	 to	 37◦C	 in	 order	 to	 better	 represent	 the	 cellular	 environment	 and	 GFP	

expression	reached	saturation	already	at	3-4	hours,	compared	to	4-5	hours	when	reactions	were	

run	at	10µL	and	30◦C	(Figure	3.32).	Accordingly,	the	end	timepoint	for	analysis	was	changed	from	

6	hours	to	5	hours.	It	was	also	observed	that	the	reaction	did	not	yet	reach	saturation	at	10nM	

DNA	concentration	using	the	pCFE-GFP	positive	control	construct.		
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Figure	3.32:		The	dynamics	of	the	2	µL	reactions	assembled	via	acoustic	liquid	handling	

A:	Positive	control	construct	pCFE-GFP.	B:	Time	course	GFP	expression	at	10nM	DNA	concentration.	

Data	was	converted	to	MEFL	and	GFP	equivalent	units	according	to	unit	conversion	described	in	

Supplementary	Results.	C:	Concentration	dependent	GFP	expression.	Endpoint	fluorescence	levels	at	

5h	timepoint.	Error	bars	represent	standard	deviation	from	5	replicates.	

3.4.6 DNA purification and quantification 

Traditionally,	spectrophotometry	is	used	to	quantify	nucleic	acids	as	it	is	a	convenient	method	-

samples	can	be	directly	measured	without	addition	of	dyes,	as	nucleic	acids	absorb	at	260nm	

wavelength	which	is	distinct	from	most	other	biochemical	molecules.	However,	there	are	many	

disadvantages	of	 this	method,	 including	 that	 it	does	not	distinguish	single	or	double	stranded	

DNA	 and	RNA	which	 causes	 some	 inaccuracy	 (Invitrogen,	 2014).	 Furthermore,	measurement	

with	spectrophotometers	used	for	this	purpose	typically	are	used	in	a	way	that	1-5µl	droplets	of	

sample	are	loaded	onto	the	sensor	part	of	the	instrument	by	hand.	This	is	a	step	which	cannot	be	

automated	and	does	not	scale	for	high	throughput.		

An	alternative	DNA	quantification	method	is	the	use	of	the	PicoGreen	double	stranded	DNA	dye.	

This	molecule	becomes	fluorescent	when	bound	to	dsDNA	and	by	plotting	a	standard	curve,	the	

DNA	 concentration	 can	 be	 inferred	 from	 the	 fluorescence	 of	 the	 measured	 samples.	 When	

implemented	by	hand,	this	method	may	be	slower	than	a	quick	spectrophotometric	measurement	
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as	there	is	no	need	to	plot	transfer	functions	or	add	reagents.	But	the	Pico	Green	based	method	

can	be	automated	and	does	scale	for	high	throughput	as	the	liquid	transfer	steps	can	all	be	carried	

out	by	a	liquid	handler	and	the	samples	can	be	put	in	a	multiwell	plate	and	read	by	a	fluorescent	

plate	reader.	Therefore,	in	case	of	many	samples,	the	PicoGreen	method	is	actually	faster	than	

spectrophotometry	and	it	is	possible	to	conceptualise	an	automated	solution	which	includes	the	

dilution	 of	 samples	 to	 a	 target	 concentration	 without	 any	 human	 intervention.	 Lastly,	 an	

additional	advantage	 is	 that	 the	PicoGreen	method	can	be	 implemented	via	 the	same	acoustic	

liquid	handling	transfer	as	the	transfer	of	DNA	in	CFPS	experiments.	This	means	that	it	can	be	

tested	if	the	samples	are	transferred	from	the	source	into	the	destination	wells	correctly.	If	DNA	

samples	are	too	viscous,	the	soundwaves	applied	by	the	machine	may	not	have	enough	force	to	

separate	and	transfer	a	droplet.	Therefore,	it	is	important	to	check	if	the	settings	of	the	machine	

are	appropriate	for	the	samples	used,	and	that	the	samples	are	transferred	correctly.	If	a	DNA	

sample	 is	not	 transferred,	 that	will	 result	 in	a	very	 low	concentration	measurement	using	 the	

PicoGreen	method.	When	this	happens,	that	is	a	sign	for	the	person	running	the	assay	that	further	

troubleshooting	needs	to	be	carried	out	to	solve	issues	with	potential	errors	in	sample	transfer.	

These	further	analysis	may	include	quantification	by	spectrophotometry	or	PicoGreen	assay	by	

hand,	checking	the	integrity	of	the	DNA	on	a	gel	for	any	genomic	DNA	contamination,	sequence	

analysis	to	detect	potential	secondary	structure	and	testing	of	alternative	machine	settings	that	

may	be	available	for	more	viscous	liquids.	

Furthermore,	it	was	tested	if	including	an	isopropanol	precipitation	step	in	addition	to	midiprep	

purification	 of	 DNA	 could	 increase	 sample	 purity	 and	 thus	 gene	 expression	 level.	 This	 extra	

purification	step	does	was	found	to	increase	expression	in	mammalian	transfection	experiments,	

therefore	it	was	tested	if	the	same	is	true	for	CFPS.	No	difference	in	expression	levels	was	found	

between	the	DNA	preparation	performed	by	the	manufacturer,	the	DNA	produced	by	midiprep	

purification	and	that	produced	by	further	isopropanol	precipitation	(Figure	3.33A).		

The	DNA	preparations	throughout	the	following	work	were	diluted	to	the	same	concentration	

and	checked	by	PicoGreen	quantification.	Retrospectively,	the	CFPS	measurements	obtained	from	

the	same	constructs	under	same	conditions	using	different	DNA	preparations	were	calculated	to	

have	a	DNA	preparation	to	DNA	preparation	correlation	of	R2=0.97	within	the	same	experimental	

runs	by	implementing	the	strict	DNA	quantification	measures	(Figure	3.33B).	The	commonly	used	

spectrophotometric	quantification	of	DNA	was	replaced	by	a	Picogreen	dsDNA	specific	dye-based	

method.	The	manufacturer’s	protocol	was	adapted	to	be	run	using	the	Echo	550	and	525	liquid	

handlers.	The	Echo	550	instrument	transfers	2.5nL	droplets	while	the	Echo525	transfers	25nL	

droplets.	Therefore,	each	machine	functions	at	a	different	resolution.	Occasionally,	a	more	than	

2-fold	 variation	 in	 spectrophotometric	 Nanodrop	 measurement	 was	 found	 between	
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measurements	 of	 the	 same	 samples	 diluted	 to	 the	 same	 concentrations,	 highlighting	 the	

differences	between	the	two	quantification	methods	(Figure	3.33C).		Therefore,	PicoGreen	was	

found	 more	 accurate	 and	 the	 samples	 were	 diluted	 to	 100ng/µl	 concentration	 based	 on	

PicoGreen	measurement.	
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Figure	3.33:	Optimising	DNA	purity	and	quantification	method		

A:	 Endpoint	 fluorescence	 of	 CFPS	 reactions	 setup	 with	 DNA	 preparations	 provided	 by	 the	

manufacturer	of	the	IVT	Kit,	purified	using	a	Quiagen	Midi	Plus	kit,	further	purified	with	Isopropanol	

(IP)	 Precipitation.	B:	 The	 correlation	 between	 DNA	 sample	 preparations	 used	 within	 the	 same	

experiment.	Data	from	the	testing	of	T7	promoter	and	EMCV	IRESs	with	the	automated	setup	(in	the	

next	 section,	 3.4).	 Datapoints	 represent	 average	 endpoint	 measurements,	 in	 nM	 GFP	 units.	 C:	

Quantification	of	DNA	preparations.	DNA	samples	were	diluted	to	100ng/uL	target	concentrations	

based	on	previous	measurement	using	 the	Picogreen	method.	One	preparation	 for	 each	plasmid	

variant	is	marked	‘1’	the	other	‘2’.	

y = 0.99x
R² = 0.9739

0

200

400

600

800

1000

0 200 400 600 800 1000

m
id

ip
re

p
sa

m
pl

es
 (2

)

midiprep samples (1)

0

50

100

150

200

250

300

DN
A 

co
nc

en
tr

at
io

n 
(n

g/
uL

)

Nanodrop Pico Green



99	

	

3.4.7 Design of automation software 

The	reaction	conditions	were	optimised	in	parallel	with	developing	the	associated	software	tools,	

as	 the	 number	 of	 reactions	 run	 and	 the	 complexity	 of	 experiments	 gradually	 increased	

throughout	the	process.	Acoustic	liquid	handlers	can	take	instructions	in	the	form	of	a	list	of	liquid	

transfers	of	given	volume	from	given	source	wells	(e.g.	A1	on	a	384	well	source	plate)	to	given	

destination	wells	(e.g.	B3	on	a	384	well	destination	plate)	in	the	comma	separated	value	(CSV)	

file	 format.	 Such	a	 list	 can	be	generated	using	Microsoft	Excel	 (or	other	programs	 for	 editing	

tabular	data),	and	exported	in	the	CSV	format.	However,	generating	instructions	manually	has	

many	pitfalls.	The	manual	entry	of	data	 is	error	prone,	 time-consuming	and	does	not	 scale	 to	

producing	large	scale	experiments	for	high	throughput.	Especially	in	the	case	of	combinatorial	

experimental	design,	the	manual	solution	does	not	scale	,	for	example,	many	DNA	constructs	need	

to	be	tested	in	combination	with	many	protein	regulators	across	a	range	of	concentrations.	The	

most	plausible	solution	is	to	implement	computer	code	which	automatically	generates	a	list	of	

liquid	transfer	instructions	from	higher	level	specifications.		

The	software	tools	that	were	written	for	CFPS	automation	do	not	only	produce	instructions	for	

the	scientist	and	the	machine,	but	have	the	following	additional	important	functionalities	(Figure	

3.34).	A	common	problem	can	be	that	specifications	for	a	 large	experiment	are	entered	which	

would	not	fit	on	a	384	well	plate.	To	overcome	this	problem,	a	checking	of	the	experimental	design	

was	 implemented.	 In	 this	 case	 there	 would	 be	 more	 reactions	 than	 384,	 the	 program	 is	

interrupted	and	a	warning	message	is	displayed.	The	random	allocation	of	samples	on	a	larger	

multiwell	plate	is	generally	considered	good	practice	for	minimising	any	artefacts	that	may	arise	

from	 layout	 related	 effects.	 This	 function	 could	 not	 be	 implemented	 manually	 but	 the	

programmatic	 approach	 to	 generating	 machine	 instructions	 allowed	 me	 to	 incorporate	 this	

feature.		

The	code	was	implemented	in	Python	language	in	the	form	of	a	library	of	functions.	Functions	are	

a	concept	in	programming	defined	as	a	piece	of	code	that	perform	a	specific	task.	These	tasks	can	

be,	 for	example,	 the	calculation	of	 the	amount	of	 reagent	needed	 for	an	experiment	given	 the	

reactions	to	be	performed,	or	writing	a	machine	instruction	file	given	the	information	that	needs	

to	be	contained	in	it.		The	function	for	the	task	of	calculating	reagents	takes	the	list	of	all	liquid	

transfer	steps	as	an	argument,	adds	the	amounts	for	each	reagent	type	and	returns	a	list	of	volume	

needed	for	each	reagent	type.	The	code	 library	was	separated	 into	a	module	 for	experimental	

design	(generate_protocol.py)	and	two	modules	for	outputting	files	(output_instructions.py	and	

picklist.py).	The	library	of	functions	for	CFPS	experimental	design	be	accessed	and	used	in	two	

alternative	ways.	 The	most	 flexible	way	 is	 writing	 code	 scripts	 that	 contains	 the	 experiment	
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specifications	and	run	them	in	Python.	A	script	is	a	piece	of	code	that	is	meant	to	be	used	for	a	

very	specific	purpose,	any	general	functionalities	are	defined	as	functions	in	the	library.		

The	alternative	use	is	through	a	web	application	interface	where	the	user	can	enter	experiment	

parameters	in	an	online	form	and	download	the	generated	files.	As	not	all	biologists	are	familiar	

with	writing	Python	scripts	and	using	code	libraries,	the	GUI	was	designed	to	make	the	automated	

method	more	accessible.	A	preview	of	the	experimental	design	is	built	into	the	interface,	so	there	

is	no	need	to	download	and	open	the	instruction	files	to	check	the	most	important	information	

about	the	intended	design.	

	

Figure	3.34:	Semi-automated	workflow	and	corresponding	software	features	

The	automated	CFPS	workflow	relies	on	custom	software	to	generate	both	the	human	readable	and	

the	machine	instructions	for	carrying	out	an	experiment.	

3.4.8 Combinatorial experimental design 

The	software	tools	take	in	experimental	parameters	that	are	specified	either	in	a	script	or	through	

a	GUI	in	the	web	application	interface	(Figure	3.34).	These	parameters	include	integers	such	as	

number	of	replicates,	lists	such	as	the	number	of	DNA	constructs	to	test	and	boolean	options	such	

as	 random	 or	 non-random	 allocation	 of	 wells	 on	 the	 destination	 plate	 (integers	 are	 whole	
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numbers,	lists	are	a	datatype	for	storing	a	list	of	items	in	Python,	booleans	are	a	data	type	that	is	

either	True	or	False).	The	most	important	aspect	of	the	experimental	design	automation	is	the	

combinatorial	generation	of	the	reactions	based	on	DNA	samples,	regulators	and	volumes.	There	

are	two	alternative	approaches	to	obtain	a	concentration	range,	the	first	is	to	use	the	same	stock	

sample	at	different	volumes	in	the	reactions	and	the	other	is	to	pre-dilute	the	stock	and	use	it	at	

the	same	volume	in	the	reactions.	The	latter	approach	was	used	in	this	work	in	the	next	chapter	

because	it	is	considered	a	better	practice	for	acoustic	liquid	handling.	Adding	equal	total	volumes	

of	reagents	keeps	the	variability	associated	with	the	transfer	technology	(number	of	individual	

droplets	transferred)	at	the	same	level	for	all	dilutions.	Nevertheless,	both	design	approaches	are	

possible	using	the	software.	

In	order	to	achieve	the	combinatorial	design,	nested	‘for’	loops	were	implemented	in	python.	A	

for	loop	is	used	to	repeat	the	instructions	in	a	code	block	a	certain	times,	here	it	is	used	to	iterate	

through	 the	elements	 (eg.	DNA	or	protein)	 lists	 and	carry	out	 the	 instruction	of	 adding	 these	

elements	to	a	dictionary	in	a	defined	way.	A	dictionary	is	a	data	type	in	python	where	associated	

keys	(here,	the	ID	of	a	reaction	here)	and	values	(here,	the	contents	of	that	reaction)	can	be	stored.	

Each	combination	of	DNA	sample	in	the	list	of	DNA_samples	at	volumes	given	in	list	DNA_volumes	is	

combined	with	each	regulator	in	the	list	of	REG_samples	at	volumes	given	in	list	REG_volumes	(Code	

snippet	1).	Each	of	the	combinations	is	assigned	a	unique	ID	(ID_item)	and	is	added	to	a	dictionary	

(ID_content_dictionary).	The	needed	volume	of	buffer	(‘BUF’)	for	a	given	combination	(ID_item)	

is	 calculated	 to	make	 up	 for	 a	 constant	 ‘cargo	 content’	 (DNA,	 protein	 and	 RNA)	 in	 the	 CFPS	

reaction	and	added	to	the	contents	associated	with	that	ID.		

    for DNA_sample in DNA_samples: 

        for DNA_volume in DNA_volumes: 

            for REG_sample in REG_samples: 

                for REG_volume in REG_volumes: 

                    ID_item[REG_sample] = REG_volume 

                    ID_item[DNA_sample] = DNA_volume 

                    ID_item['BUF'] = cargo_content-DNA_volume-REG_volume 

                    ID_content_dictionary['ID_'+str(x).zfill(2)]= ID_item 

                    x = x+1 

Code	section	1:	Nested	‘for’	loops	used	for	combinatorial	experimental	design.	

At	the	end	of	the	loop,	an	ID_content_dictionary	is	generated,	which	contains	the	combinations	of	

all	the	given	test	conditions.	Finally,	CFPS	reactions	for	blank	and	positive	control	are	added	to	

the	 ID_content_dictionary.	 The	 resulting	 ID_content_dictionary	 contains	 the	 key	 information	

about	the	CFPS	reaction	types	and	it	is	used	in	the	following	steps	of	experimental	design.	
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3.4.9 Random assignment of destination wells 

For	evenly	distributing	any	potential	position	associated	bias	 in	the	data,	a	 feature	was	added	

which	 can	 randomise	 the	 location	 of	 samples	 on	 the	 multiwell	 plate.	 Differences	 between	

reactions	may	arise	because	of	the	difference	in	timing	as	it	takes	a	couple	of	minutes	to	transfer	

all	the	liquids	while	setting	up	384	CFPS	reactions	via	acoustic	liquid	handling.	Therefore,	some	

reactions	will	start	sooner	and	evaporate	more.	The	destination	wells	are	assigned	to	each	ID	

from	a	list	of	potential	wells	(DEST_list = [‘A1’, ‘A2’, ‘A3’ …]).	The	DEST_list	can	optionally	be	

set	to	start	from	a	well	other	than	‘A1’	so	that	a	previously	used	plate	can	be	re-used	in	case	part	

of	it	is	still	empty.		The	number	of	replicates	is	given	as	a	variable	when	the	experiment	is	specified		

and	the	according	number	of	wells	are	assigned.	Before	the	assignment	of	wells,	the	feasibility	of	

the	experiment	is	checked	during	this	step	and	the	program	will	exit	with	a	warning	if	more	wells	

would	be	needed	than	are	available	on	a	384	destination	plate.	

An	important	feature	of	the	software	library	is	that	the	wells	can	be	assigned	randomly	at	this	

step	if	the	variable	shuffle	 is	marked	as	True	 in	the	experiment	specification	(Code	snippet	2).	

This	 randomisation	 method	 does	 not	 take	 into	 account	 the	 geometry	 of	 the	 plate	 wen	

randomising	 the	well	position	and	all	wells	have	equal	probability	of	being	assigned	to	an	 ID,	

independent	of	any	other	wells	already	assigned	to	 it.	This	part	of	 the	code	uses	the	 ‘random’	

Python	 module	 which	 uses	 the	 AS	 183	 algorithm	 to	 generate	 pseudo-random	 numbers	

(Wichmann	&	Hill,	1982).	

        for ID in ID_content_dictionary: 

            for i in range (replicates): 

                if shuffle == True: 

                    well= random.choice(DEST_list) 

                    wells.append(well) 

                    DEST_list.remove(well) 

                else: 

                    wells.append(DEST_list[m]) 

                    m = m+1 

            ID_position_dictionary[ID] = wells 

wells = [] 

Code	section	2:	Optional	randomisation	feature	

A	new	dictionary,	ID_position_dictionary	is	generated	which	contains	the	list	of	wells	assigned	

to	each	type	of	CFPS	reaction.		
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3.4.10 Calculation of reagents needed 

In	order	 to	 calculate	 the	 amount	of	 reagents	needed	 for	 an	 experiment,	 the	 information	both	

about	the	contents	of	each	reaction	(stored	in	ID_content_dictionary)	and	the	number	of	times	

each	reaction	will	be	executed	(stored	in	ID_position_dictionary)	is	used.	Therefore,	the	function	

to	generate	the	Sourcewells_content_dictionary	(containing	the	information	about	the	volume	of	

each	reagent	needed)	takes	both	the	ID_content	and	ID_position	dictionaries	as	arguments	(Code	

snippet	3).		

A	dead	volume	 is	set	as	 the	starting	volume	and	 the	requirements	 for	each	CFPS	reaction	are	

considered	in	addition	to	this	volume.	For	the	Echo525	machine,	the	dead	volume	was	set	to	20µl.	

This	is	important	because	the	acoustic	liquid	handler	uses	sound	waves	which	are	only	capable	

of	separating	a	droplet	from	the	surface	of	a	sufficiently	high	amount	of	liquid	in	a	source	well.	An	

important	property	of	a	dictionary	is	that	a	key	can	only	be	present	once.		

    dead_volume = 20000 

    SourceWell_volume_dictionary = {} 

    for ID in ID_content_dictionary: 

        contents = ID_content_dictionary[ID] 

        for content in contents: 

            for i in range (len(ID_position_dictionary[ID])): 

                volume = contents[content] 

                SourceWell_volume_dictionary[content] = 
SourceWell_volume_dictionary.get(content, dead_volume) + volume 

 

Code	section	3:	Calculation	of	source	well	contents	

The	position	of	 the	source	wells	can	either	be	entered	 in	 the	script	or	can	be	assigned	by	 the	

program	and	is	stored	in	the	SourceWell_position_dictionary variable.		

3.4.11 Generation of instruction files 

The	above	described	three	dictionaries,	the	ID_content_dictionary,	ID_position_dictionary and	

SourceWell_position_dictionary	are	combined	to	output	the	list	of	liquid	transfer	steps	in	a	CSV	

file	 for	the	machine	(Code	snippet	4).	The	get_transfer	 function	 looks	up	and	returns	a	 liquid	

transfer	step	given	an	ID,	the	component	reagent	and	destination	well	and	these	transfers	are	

written	as	a	line	in	the	picklist.csv	output	file.	

	

    for ID in sorted(ID_content_dictionary.keys()): 

        components = ID_content_dictionary[ID] 
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        wells = ID_position_dictionary[ID] 

        for well in wells: 

            for component in components: 

                transfer = picklist.get_transfer(ID, component, well, 
ID_content_dictionary, SW_position_dictionary) 

picklist.write_to_picklist('picklist.csv', transfer) 

Code	section	4:	Writing	a	picklist	machine	instruction	file	

Finally,	 the	 SourceWell_content_dictionary	 and	 SourceWell_position_dictionary	 are	 used	 to	

output	 the	 instructions	 for	 the	 scientist	 in	 table.	 All	 four	 dictionaries	 (ID_content_dictionary,	

ID_position_dictionary,	 SourceWell_content_dictionary	 and	 SourceWell_position_dictionary)	

are	saved	in	the	experiment	design	file	(dictionaries.txt)	for	records	and	data	analysis.	

The	scripts	that	were	used	to	generate	the	experimental	designs	in	the	following	chapters	and	

dependencies	are	described	in	the	appendix	and	code	library	for	CFPS	automation	is	available	on	

Github	(https://github.com/margaritakop/CFPS_echo).	

3.4.12 Graphical User Interface 

A	Graphical	User	Interface	(GUI)	was	implemented	in	the	form	of	a	web	application	built	on	top	

of	the	Python	library	presented	above.	This	interface	allows	the	generation	of	experiment	files	

without	a	script	and	knowledge	of	any	programming	(Figure	3.35).	The	Python	package	Flask	was	

used	 for	 implementing	 the	 interface,	 Twitter	Bootstrap	 for	 formatting	html	 elements	 and	 the	

application	is	running	on	Heroku	servers	at	the	address:	http://experimentr.herokuapp.com/.		

On	the	front	page,	the	Plan	option	takes	the	user	to	a	form	where	they	can	enter	the	high	level	

specifications	of	their	experiment	in	a	form	(Figure	3.36)	and	then,	to	a	page	where	the	resulting	

files	can	be	downloaded.		

The	analyse	option	takes	the	user	to	a	page	where	they	can	upload	their	data	and	the	experiment	

design	 file	 (dictionaries.txt).	 Then	 they	 can	 download	 the	 data	 re-organised	 and	 grouped	

according	to	ID.	
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Figure	3.35:	Web	application	for	CFPS	automation	

The	instruction	files	and	dictionary	file	containing	information	about	the	experimental	details	can	

be	downloaded.	The	dictionary	file	can	be	uploaded	together	with	experimental	data	for	analysis.	

	

Figure	3.36:	Form	for	entering	experiment	specifications	

The	form	is	filled	out	with	the	experimental	parameters	given	in	the	above	examples.	The	Replicates,	

total	volume	and	Shuffling	the	plate	layout	are	optional	parameters.	
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Figure	3.37:	Output	of	generating	an	experiment	through	the	GUI	

	The	 result	 is	 summarised	 in	a	 table	and	 the	 instruction	 files	 can	be	downloaded	by	 clicking	 the	

appropriate	buttons.	The	picklist	file	refers	to	the	software	“Cherry	Pick”	which	reads	this	machine	

instruction	file.	

	

Figure	3.38:	Uploading	experimental	data	for	analysis	

Two	 files	 are	 required	 for	 analysis,	 the	 measured	 experimental	 data	 and	 a	 file	 containing	 the	

experiment	specifications.	

3.4.13 Summary of results and conclusions 

A	 semi-automated	 workflow	 using	 384	 wells	 was	 developed	 to	 enable	 high	 throughput	

experiments.		The	reaction	conditions	were	optimised,	and	the	expensive	IVT-Kit	component	was	

decreased	to	15%	of	the	total	volume	of	ITK	kit	component	used	per	reaction,	compared	to	that	

in	the	previously	 	carried	out	by	hand	as	described	in	Section	3.2.	DNA	sample	quality	control	
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measures	were	identified	and	spectrophotometric	DNA	quantification	was	replaced	by	a	semi-

automated	dye-based	PicoGreen	method.	Automation	software	was	implemented	to	support	the	

method	which	is	made	available	through	a	Python	library	and	web	application.	Retrospectively,	

the	quality	of	CFPS	signal	assessed	by	examining	the	z-factor	and	the	DNA	preparation	to	DNA	

preparation	reproducibility	were	consistently	good.		The	characterisation	experiments	using	the	

method	will	be	presented	in	the	next	chapter.	

Results:	

• Reactions	were	minimised	with	respect	to	the	IVT	Kit	component.	

• PicoGreen	was	established	as	an	optimal	choice	for	DNA	quantification.	

• Software	was	 implemented	with	 key	 features	 including	 combinatorial	 design,	 random	

allocation	of	reactions	on	the	plate,	calculation	of	reagents	needed	and	checkpoints	for	

feasibility.		

• A	Graphical	User	Interface	was	designed	as	an	alternative	way	to	use	the	software	for	non-

programmer	users.	
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3.5 NOVEL INSIGHTS INTO THE BIOCHEMICAL DYNAMICS OF GENE REGULATION USING THE 

NOVEL SEMI-AUTOMATED MEASUREMENT METHOD 

3.5.1 Introduction, motivation and aim 

After	the	semi-automated	protocol	was	optimised,	four	of	the	constructs	and	regulatory	modules	

tested	in	sections	3.2	and	3.3	were	characterised	in	more	detail	with	the	semi-automated	method.	

The	motivation	was	to	both	gain	insight	into	their	behaviour	and	characterise	them	in	more	detail	

and	to	demonstrate	the	capabilities	of	the	newly	developed	semi-automated	method.	

After	the	measurement	of	expression	from	constitutive	promoter	and	IRES	variants	in	the	10µL	

total	 volume	 reactions	 at	 a	 single	 concentration	 point,	 it	 became	 possible	 to	 investigate	 the	

behaviour	of	these	parts	across	a	wider	range	of	conditions	using	the	semi-automated	method.	

As	the	promoter	strengths	did	not	all	match	the	ranking	order	which	was	measured	previously	in	

the	literature,	it	was	proposed	that	their	behaviour	may	be	dependent	on	the	concentration	of	

template	DNA	in	the	reaction.	Understanding	the	behaviour	of	these	elements	may	be	of	interest	

for	optimising	protein	expression	in	CFPS.		

In	 result	 sections	3.1	and	3.3,	new	details	of	 the	L7Ae	 repression	module	were	uncovered	by	

obtaining	transfer	functions	in	cells	and	reproducing	the	interaction	in	CFPS	context.	Therefore,	

this	 module	 was	 chosen	 for	 further	 work.	 In	 section	 3.3	 CRISPR/dCpf1	 and	 CRISPR/Cas9	

regulation	was	studied.	The	dCas9	repression	module	was	also	found	to	be	functional	in	the	CFPS	

experimental	setup	carried	out	by	B.Goetzmann,	in	collaboration.	Furthermore,	the	dCas9	system	

was	also	reproduced	and	studies	in	a	bacterial	cell-free	context	in	a	work	independent	from	ours	

which	was	published		recently	(Marshall	et	al.,	2018).	By	measuring	the	maximum	repression	and	

identifying	 the	 concentration	 where	 half-repression	 is	 achieved,	 it	 would	 be	 possible	 to	 fit	

repression	curves	and	obtain	parameters	such	as	fold-repression	and	the	half	maximal	inhibitory	

concentration	(IC50),	where	the	concertation	of	regulator	where	half	repression	occurs.	These	

measurements	could	then	be	used	for	modelling	the	modules	and	predicting	their	behaviour	in	

larger	context	of	a	synthetic	system.	

Furthermore,	 the	 characterisation	 experiments	 provided	 an	 opportunity	 to	 investigate	 the	

robustness	of	the	semi-automated	CFPS	measurement	method	itself.	Variability	was	considered	

across	replicates,	DNA	preparations	and	IVT	Kit	batches.	

Aims:	

• Characterised	constitutive	promoter	and	IRES	libraries	across	a	range	of	DNA	template	

concentrations.	
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• Characterised	repression	dynamics	of	the	dCas9	and	L7Ae	modules.	

• Assessed	the	reproducibility	of	the	semi-automated	CFPS	as	a	measurement	method.	

	

3.5.2 Design of constitutive parts characterisation experiments  

In	section	3.2,	it	was	demonstrated	that	it	is	possible	to	detect	different	levels	of	transcription	or	

translation	activity	in	CFPS.	A	handful	of	promoter	variants	were	tested	at	one	concentration	for	

these	preliminary	experiments.	This	set	was	extended	to	include	five	variants	of	each	element,	

the	previously	used	names	and	reported	strengths	and	source	of	the	variants	is	summarised	in	

Table	3.2.	The	original	names	used	in	the	source	publications	(Koh	et	al.,	2013),	Temme,	Hill,	et	

al.,	2012;	Temme,	Zhao,	&	Voigt,	2012)	were	changed	to	a	naming	system	where	the	numbering	

is	ascending	with	increasing	strengths	for	both	IRES	and	T7	promoter	variants	in	order	to	help	

understanding.		

Once	the	semi-automated	CFPS	method	was	established,	it	became	possible	to	characterise	the	

variants	across	a	range	of	DNA	concentrations.	 	Five	promoter	variants	and	five	IRES	variants	

were	measured	across	seven	DNA	concentrations	in	CFPS.	Five	replicates	were	always	prepared,	

in	a	way	that	their	location	was	randomly	defined	on	a	384	well	plate	and	therefore	they	were	

non-adjacent	 to	 each	other.	The	dilutions	of	DNA	 samples	were	done	 in	 a	way	 that	DNA	was	

diluted	 by	 hand	 in	 the	 source	 plate	 and	 different	 source	 wells	 were	 used	 for	 different	

concentrations	of	the	same	DNA	sample.	Therefore,	any	variability	arising	from	the	technicalities	

of	acoustic	liquid	handling,	which	is	proportional	to	the	number	of	droplets	transferred,	was	the	

same	independent	of	the	DNA	concentration	as	equal	volumes	of	DNA	were	transferred	for	each	

concentration.	Each	DNA	plasmid	was	tested	in	a	way	that	two	independent	sample	preparations	

were	run	concurrently	in	the	same	experiment,	to	gain	insight	into	the	variability	associated	to	

DNA	sample	purity	or	accuracy	of	quantification.	Lastly,	each	experiment	was	repeated	twice	on	

different	days,	using	different	freshly	thawed	batches	of	IVT-Kit	(Appendix	Table	2.6).	This	way,	

the	 batch-to	 batch	 variability,	 as	 well	 as	 temporal	 variability,	 of	 the	 CFPS	 system	 could	 be	

investigated.	
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Table	3.2:	Naming,	reported	strength	and	source	of	constitutive	sequence	elements	

The	names	of	the	sequence	variants	in	this	work	reported	by	others	are	listed.	IRES	names	were	given	

in	descending	order	of	strengths	across	a	library	of	24	variants	(v),	five	of	which	were	chosen	for	this	

work.	 The	 IRES	 strengths	were	 previously	 reported	 as	 a	%	 of	 wild	 type	 (Koh	 et	 al.,	 2013).	 The	

promoter	strengths	were	reported	in	relative	promoter	units	(REU),	which	is	defined	relative	to	the	

constitutive	E.coli	reference	promoter	J23100.	The	names	of	T7	promoters	in	the	associated	in	the	

SynBERC	Registry	for	Biological	Parts,	http://registry.synberc.org	also	indicated.	

Name	in	this	work	 other	names	 reported	
strength	 source	

IRES-WT	 WT	 100	±	0.0	%	

(Koh	et	al.,	2013)	

IRES-1	 v21	 0.58	±	0.09	%	

IRES-2	 v13	 9.47	±	1.9	%	

IRES-3	 v5	 45.18	±	2.12	%	

IRES-4	 v3	 83.59	±	1.72	%	

T7-WT	 WT,	SBa_000443	 0.450	±	0.051	REU	 (Temme,	Hill,	et	al.,	
2012;	Temme,	Zhao,	&	
Voigt,	2012)	

T7-1:		 P1,	SBa_000444	 0.01	±	0.09	REU	

T7-2:		 P2,	SBa_000445	 0.084	±	0.037	REU	

T7-3:		 P6,	SBa_000449	 0.160	±	0.043	REU	
(Smanski	et	al.,	2014)	

T7-4:		 P7,	SBa_000447	 0.162	±	0.055	REU	
	

3.5.3 Characterisation of constitutive mutants 

The	promoter	and	IRES	sequence	variant	in	Figure	3.39B	and	Figure	3.40B	were	mutated	on	the	

pCFE-GFP	plasmid	by	PCR.	(Most	of	the	mutants	were	already	prepared	for	Section	3.2	but	some	

of	them	are	new.)	Therefore,	the	characterised	promoters	were	all	in	combination	with	IRES-T	

(for	‘Thermo’,	variant	on	pCFE-GFP)	and	the	characterised	IRESs	were	in	combination	with	T7-T.	

The	 plasmids	 encoding	 the	 different	 promoter	 and	 IRES	 variants	 were	 purified	 twice	

independently,	and	both	preparations	for	each	plasmid	were	adjusted	to	the	same	concentration	

(100ng/µL)	 based	 on	 quantification	 using	 the	 PicoGreen	 dsDNA	 dye.	 All	 data	 represented	 in	

Figure	3.39	and	Figure	3.40	were	each	collected	at	the	same	time	in	one	experimental	run	on	the	

same	multiwell	plate.	One	positive	control	was	included	on	each	plate	using	one	DNA	preparation	

at	the	highest	tested	10nM	concentration	in	5	replicates.	An	entire	384	well	plate	was	used	for	a	

promoter	or	IRES	characterisation	experiment	(Table	3.3).	Except	for	the	wells	used	for	obtaining	

MEFL	 unit	 conversion	 curve,	 all	 CFPS	 wells	 were	 randomly	 allocated	 on	 the	 plate.	 The	

randomisation	was	repeated	again	when	the	experiment	was	repeated,	so	that	identical	reactions	

were	placed	at	different	locations	upon	the	second	experimental	run.	
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Table	3.3:	Wells	used	for	promoter	and	IRES	characterisation	

characterisation	 5	DNA	constructs	x	2	preps	x	7	concentrations	x	5	replicates	=	350	wells	

controls	 (pCFE-GFP	at	10nM	concentration	+	blank	CFPS)		x	5	replicates	=	10	wells	

unit	conversion	 6	FITC	standards	x	4	replicates	=	24	wells	

total	 =	384	wells	

	

The	 relative	 activity	 of	 T7	 promoter	 variants	 was	 found	 to	 be	 dependent	 on	 the	 DNA	

concentration	 in	 the	 reaction.	 Some	 of	 the	 promoters	 (variants	 T7-1,	 -2	 and	 -3)	 exhibited	

gradually	increasing	activity	across	the	tested	concentration	range.	In	contrast,	variant	T7-4	and	

T7-WT	reached	their	peak	activity	at	5nM	concentration	and	demonstrated	less	GFP	expression	

at	higher	concentrations.	The	maximum	overall	GFP	expression	was	produced	by	the	T7-3	variant	

at	10nM	DNA	concentration,	a	variant	which	only	exhibited	relatively	intermediate	expression	

levels	at	<5nM	DNA	concentrations	compared	to	T7-4	and	-WT.	

IRES	sequence	variants	on	the	other	hand,	had	the	same	ranking	order	at	all	tested	DNA	template	

concentrations.	Maximum	expression	was	achieved	by	the	IRES-WT	variant,	which	also	ranked	

as	the	highest	expressing	variant	through	the	whole	tested	concentration	range.	Overall,	more	

variability	was	observed	within	replicates	and	between	DNA	preparations	of	IRES	variants	than	

T7	promoter	variants,	especially	at	high	concentrations.		
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A	

	

B	

	

	

	

	
Figure	3.39:	T7	library	characterisation	

A:	Schematic	overview	of	the	DNA	construct	used	for	testing	T7	promoter	variants.	B:	T7	promoter	

sequence	variants.	C-I:	Expression	from	the	pT7-IRES-GFP	construct	at	various	DNA	concentrations	

using	a	range	of	T7	promoter	strengths.	Data	points	represent	two	plasmid	DNA	preparations	(1	

and	2).	The	measurement	marked	P	indicates	the	positive	control	at	10nM	DNA	concentration.	Error	

bars	represent	standard	deviation	from	all	10	replicates.		J:	Summary	of	expression	patterns	from	

figures	C-I.	The	endpoint	fluorescence	for	the	reactions	(C-I)	is	converted	to	GFP	units.		
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Figure	3.40:	IRES	library	characterisation	

A:	 Schematic	 overview	 of	 the	 DNA	 construct	 used	 for	 testing	 the	 IRES	 variants.	B:	 EMCV	 IRES	

variants.	C-I:	Expression	from	the	pT7-IRES-GFP	construct	at	various	DNA	concentrations	using	a	

range	 of	 IRES	 strengths.	 Data	 points	 represent	 two	 plasmid	 DNA	 preparations	 (1	 and	 2).	 The	

measurement	 marked	 P	 indicates	 the	 positive	 control	 at	 10nM	 DNA	 concentration.	 Error	 bars	

represent	standard	deviation	from	all	10	replicates.	J:	Summary	of	expression	pattern	from	figures	

C-I.	The	endpoint	florescence	for	reactions	(C-I)	is	converted	to	GFP	units.	
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3.5.4 Design of characterisation experiments for regulatory modules 

In	 results	 section	 3.3,	 two	 alternative	 experimental	 approaches	were	 tested,	 one	was	 the	 co-

expression	of	regulators	 in	CFPS	with	corresponding	sensor	constructs	and	the	other	was	 the	

addition	 of	 purified	 regulators	 to	 CFPS.	 The	 latter	 was	 found	 more	 appropriate	 for	

characterisation	and	measurement	of	the	regulatory	modules.	Therefore,	this	latter	approach	was	

used	in	this	chapter	as	well.	The	same	molecular	components	were	used	as	in	Chapters	2	and	3	

except	for	the	purified	sgRNA.	In	contrast	with	sgRNA	in	Chapter	3,	sgRNA	here	was	not	purified	

in	 house	 but	 purchased	 in	 the	 form	 of	 2	 fragments	 annealed	 as	 described	 in	 materials	 and	

methods.		

As	 in	 the	 work	 above	 about	 characterising	 constitutive	 variants,	 two	 independent	 DNA	

preparations	were	used	within	each	experiment,	and	the	experiments	were	repeated	twice	using	

different	batches	of	IVT	Kit.	

3.5.5 Characterisation of repression dynamics 

The	 expression	 level	 from	 promoters	 with	 orthogonal	 binding	 sites	 did	 not	 change	 at	 75nM	

complex	concentration,	which	was	the	 level	where	 full	repression	was	achieved	 in	the	case	of	

promoters	with	the	matching	target	site.	No	further	decrease	of	GFP	expression	was	measured	

beyond	 the	 full	 repression	 level	of	75nM	complex.	Sequence-specific	 repression	was	achieved	

starting	from	1:30	molar	ratio	of	DNA	target	to	dCas9-sgRNA	complex	(Figure	5).		CRISPR/dCas9	

repression	using	single	binding	sites	is	known	to	be	non-cooperative	(Nielsen	&	Voigt,	2014)	and	

has	been	modelled	accordingly	(Clamons	&	Murray,	2017).	However,	the	design	used	in	this	work	

incorporates	two	binding	sites,	and	there	is	evidence	for	the	possibility	of	cooperative	binding	of	

DNA	even	without	direct	protein-protein	interaction	between	regulators	(Morgunova	&	Taipale,	

2017).	Therefore,	a	model	with	variable	Hill	Slope	which	allows	for	potential	cooperativity	was	

used.	Hill	functions	were	fitted	to	the	experimental	data	to	obtain	repression	curves	and	a	steep	

Hill	Slope	of	7.3	(standard	error	2.382)	was	calculated	for	repression	of	sequence	variant	A,	while	

only	a	Hill	Slope	of	1.5	was	obtained	for	variant	B	(Table	3.4).	The	IC50	values,	which	represent	

the	concentration	of	regulator	where	half-activity	is	obtained,	were	35	and	28	for	variant	A	and	

B	respectively.		

	

	

	

	

	



115	

	

	

Figure	3.41:	dCas9	modules	characterisation	

A:	Synthetic	promoters	A	and	B	contain	two	outward	facing	sgRNA	target	sites	(orange)	and	a	T7	

core	 promoter	 (no	 highlight).	B	 and	 D:	GFP	 expression	 from	 constitutive	 expression	 constructs	

containing	Promoters	A	or	B	at	background	level	and	in	presence	of	dCas9-sgRNA	A	or	B	complex.		

75nM	dCas9-sgRNA	complex	was	added	in	the	CFPS	reactions	and	2.5nM	DNA	concentration	was	

used.	C	and	E:	Influence	of	dCas9-sgRNA	A	and	B	complex	concentration	on	GFP	expression	detected	

using	 DNA	 constructs	 incorporating	 corresponding	 promoters.	 Error	 bars	 represent	 standard	

deviation	calculated	from	5	replicates.	
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Table	3.4:	Best	fit	values	of	curves	fitted	to	dCas9	repression	data.	

Fitting	was	carried	out	using	Graphpad	Prism	with	the	inbuilt	function	[Inhibitor]	vs.	response	--	

Variable	slope	(four	parameters).		
	

Cas9	promoter	A	 Cas9	promoter	B	
	

Best-fit	values	 Std.	Error	 Best-fit	values	 Std.	Error	

Bottom	 1.158	 14.11	 -59.22	 70.28	

Top	 221.5	 6.216	 218.2	 11.36	

Hill	Slope	 7.268	 2.382	 1.461	 0.5337	

IC50	 35.07	 1.519	 28.24	 11.62	

logIC50	 1.545	
	

1.451	
	

Span	 220.3	 15.61	 277.4	 75.22	

	

The	addition	of	L7Ae	did	not	change	the	expression	level	from	the	control	construct	without	the	

aptamer,	while	a	17.5-fold	sequence	specific	repression	was	observed	in	the	case	of	the	aptamer	

containing	construct.	Cooperative	binding	of	L7Ae	protein	variants	has	been	previously	observed	

(in	Methanococcus	jannashii	and	Haloferax	volcanii)	and	it	was	suggested	that	initial	binding	of	

L7Ae	helps	to	stabilise	the	aptamer	structure	for	binding	at	the	main	site,	therefore	an	equation	

allowing	 for	cooperativity	was	used	(Bortolin,	Bachellerie,	&	Clouet-d’Orval,	2003;	Tran	et	al.,	

2003).	Concentration	dependent	repression	was	measured,	and	after	 fitting	the	Hill	 inhibition	

function,	an	IC50	of	4.9	was	obtained	(Table	3.5).	
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Figure	3.42:	L7Ae	module	characterisation	

	A:	The	L7Ae	RNA	binding	protein	binds	 the	Kt	aptamer	placed	upstream	of	 the	start	codon	and	

inhibits	translation	via	steric	hindrance.	B:	GFP	expression	from	DNA	constructs	with	or	without	the	

Kt	aptamer,	 in	the	presence	or	absence	of	25nM	L7Ae	in	the	CFPS	reaction.	C:	The	effect	of	L7Ae	

concentration	on	expression	from	Kt	DNA	construct	containing	a	Kt	aptamer.	Error	bars	represent	

standard	deviation	calculated	from	5	replicates.	

Table	3.5:	Best	fit	values	of	curves	fitted	to	L7Ae	data.	

Fitting	was	carried	out	using	Graphpad	Prism	with	the	inbuilt	function	[Inhibitor]	vs.	response	--	

Variable	slope	(four	parameters).		

Best-fit	values	 L7Ae	 Std.	Error	

Bottom	 0.701	 2.596	

Top	 12.31	 2.327	

Hill	Slope	 3.143	 1.623	

IC50	 4.875	 0.6493	

logIC50	 0.688	 	

Span	 11.6	 3.758	
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3.5.6 Batch to batch variability 

Experiments	were	repeated	twice,	using	different	batches	of	IVT	Kits	(the	number	was	written	

on	the	sample	tubes),	on	different	days,	using	the	same	DNA,	RNA	and	protein	samples.	The	plate	

layout	was	randomised	again	between	the	repeats.	The	measurements	were	analysed	in	a	way	

that	an	average	value	from	4-6	replicates	obtained	on	one	day	was	represented	on	the	x	axis	and	

the	average	from	another	day	on	the	y	axis	of	x-y	plots.	Through	this	analysis,	 it	 is	possible	to	

quantify	 and	 visualise	 the	 correlation	 between	 two	 repeats	 of	 an	 experiment	 and	 assess	

reproducibility.	 Perfect	 reproducibility	 would	 manifest	 as	 a	 linear	 correlation	 with	 a	 high	

correlation	coefficient	(R2	=1).	The	four	experimental	datasets	analysed	in	such	a	way	included	

characterisation	experiments	of	T7	promoters,	IRESs,	dCas9	and	L7Ae	presented	above	within	

this	section.	Overall,	some	level	of	correlation	was	found	between	CFPS	measurements	across	all	

experiments.	Less	variation	was	found	in	experiments	investigating	translational	regulation	(R2	

=	0.84	and	R2	=	0.97),	but	more	variation	in	experiments	measuring	transcriptional	regulation	(R2	

=	0.59	and	R2	=	0.66)	(Figure	3.43).	This	could	be	because	transcription	might	happen	in	a	burst-

like	fashion	and	may	be	therefore	less	deterministic,	while	translation	may	be	closely	dependent	

on	 the	 amount	 or	 RNA	 template	 available	 and	 is	 therefore	 more	 predictable.	 A	 burst-like	

transcription	dynamic	was	recently	observed	in	mammalian	CFPS	(Wang,	Majumder,	Emery,	&	

Liu,	2018).			

The	experiment	characterising	T7	promoter	variants	was	the	least	reproducible	(R2=0.59).	It	is	

apparent	that	some	of	the	high	expression	measurements	in	the	experiment	represented	on	the	

x	axis	were	measured	relatively	lower	in	the	experiment	represented	on	the	y	axis	(Figure	3.43A).	

Furthermore,	the	measurements	clustered	together	by	sequence	variant	(Figure	3.44A).	This	is	

why	 Relative	 Promoter	 Units	 are	 often	 used	 as	 a	measure	 of	 promoter	 strength.	 In	 contrast,	

characterisation	 data	 from	 IRES	 measurements	 did	 not	 cluster	 on	 the	 plot	 analysing	

reproducibility	 (Figure	 3.44B)	 and	 showed	 better	 correlation	 (R2	 =	 0.84).	 The	 three	

measurements	falling	markedly	above	the	linear	line	of	correlation	correspond	to	GFP	expression	

levels	from	the	IRES-WT	and	IRES-3	variants	at	maximum	DNA	concentration	(10nM),	which	did	

not	reach	comparably	high	levels	in	both	experiments	(Figure	3.44B).		

The	overall	correlation	between	the	two	repeats	of	the	dCas9	characterisation	experiment	was	

R2	 =	 0.66.	 A	 remarkable	 variability	 was	 found	 in	 the	 intermediate	 GFP	 expression	 range	

corresponding	to	20-60nM	dCas9-sgRNA	in	reactions.	Meanwhile,	measurements	at	low	or	high	

regulator	concentration	were	close	to	the	linear	line,	thus	more	reproducible.		This	was	expected	

as	it	is	the	intermediate	range	where	a	small	difference	in	regulator	concentration	results	in	a	big	
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difference	 in	 GFP	 expression,	 Out	 of	 the	 four	 analysed	 experiments,	 the	 best	 correlation	was	

found	between	the	two	repeats	of	the	L7Ae	repression	experiment,	with	an	overall	correlation	of	

R2=0.97	(Figure	3.43D).		This	means	that	translation	regulation	was	the	most	reproducible	type	

of	regulation	in	CFPS.	

	

A	 B	

	 	
C	 D	

	 	
	

Figure	3.43:	Reproducibility	

Correlation	between	repeat	measurements	of	the	same	experiment	on	different	days	using	different	

batches	of	IVT	Kit.	One	experiment	is	marked	as	I	on	the	x	axis	and	the	other	as	II	on	the	y	axis.	Data	

points	represent	mean	of	5	replicates	from	one	experimental	condition	and	one	DNA	preparation.	

An	 experimental	 condition	 is	 defined	 as	 a	 particular	 concentration	 of	 template	 DNA	 and/or	

regulator	protein	tested.	A:	T7	library	characterisation,	one	experimental	run	is	also	presented	on	

Figure	3.39.	B:	IRES	library	characterisation,	one	experimental	run	is	also	presented	on	Figure	3.40.	

C:	dCs9	characterisation	experiment,	one	run	is	also	presented	in	Figure	3.41.	D:	L7Ae	repression	

characterisation	experiment,	also	presented	on	Figure	3.42.	
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Figure	3.44:	Reproducibility	of	CFPS	measurements,	by	sequence	variant	

Each	 dot	 represents	 the	 average	 measurement	 corresponding	 to	 one	 DNA	 preparation	 at	 one	

concentration	and	one	sequence	variant.	Measurement	from	one	experimental	run	are	represented	

on	the	x	axis,	and	corresponding	measurements	obtained	in	a	repeated	experiment	from	a	different	

day	 using	 a	 different	 IVT	 Kit	 batch	 are	 represented	 on	 the	 y	 axis.	 	 A:	 T7	 promoter	 variants,	

experiment	 corresponding	 to	 Figure	 3.39.	B:	EMCV	 IRES	 variants,	 experiment	 corresponding	 to	

Figure	3.40.	

3.5.7 Summary of results and conclusions 

Constitutive	 variants	 were	 characterised,	 and	 inhibition	 of	 expression	 was	 observed	 at	 high	

concentration	 using	 strong	 promoter	 variants.	 The	 tested	 IRES	 variants	 retained	 the	 same	

ranking	order	independent	of	the	test	concentration.	Repression	dynamics	were	characterised	

for	a	transcription	and	a	translation	regulatory	modules	dcas9	and	L7Ae	and	inhibition	functions	

were	fitted	to	the	data.		

Results:	

• Constitutive	 variants	 of	 T7	 promoter	 and	EMCV	 IRES	were	 characterised	 and	 relative	

promoter	strength	was	found	to	be	dependent	on	the	DNA	template	concentration	

• L7Ae	and	dCas9	repression	modules	were	characterised	including	inhibition	curve	fitting	

and	it	was	found	that	both	exhibit	cooperative	binding	dynamics	

• The	reproducibility	of	 the	characterisation	method	was	 investigated	by	repeating	each	

characterisation	experiment	twice	and	translation	regulation	measurement	was	found	to	

be	more	reproducible	than	transcription	
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3.6 INSIGHTS INTO TRANSCRIPTION VIA MODELLING 

3.6.1 Introduction and aim 

In	order	to	use	the	newly	adapted	HeLa	lysate	based	CFPS	method	for	characterisation,	building	

a	base	model	about	the	dynamics	of	the	gene	expression	reaction	would	be	of	interest	because	

none	exists	yet.	Knowing	the	basic	kinetics	and	parameters	of	transcription,	translation,	resource	

sharing	 and	 limiting	 factors	would	 allow	 to	 decipher	 the	properties	 of	 the	 synthetic	modules	

measured	in	the	CFPS	context.	Using	a	base	model	which	takes	the	CFPS	context	into	account,	the	

biochemical	parameters	of	the	regulation	may	be	inferred	and	used	for	design	in	other	contexts	

outside	of	CFPS,	in	cells	for	example.	

First,	a	previously	published	mathematical	model	of	gene	expression	in	CFPS	was	selected	which	

was	developed	 for	bacterial	work.	Then,	 initial	values	of	parameters	were	 identified	 from	the	

literature,	related	to	the	specific	molecular	components	of	the	mammalian	system.	Next,	the	RNA	

production	was	measured	alongside	GFP	production	in	real	time	and	this	data	was	used	to	infer	

the	parameters	of	the	model	from	experimental	data.	

Aims:	

• Obtained	mathematical	model	for	mammalian	CFPS	and	identified	relevant	parameters	

values.		

• Measured	time	course	RNA	production	in	CFPS	at	multiple	DNA	template	concentrations.	

• Measured	time	course	GFP	production	in	CFPS	at	multiple	DNA	template	concentrations.	

• Inferred	model	parameters	form	RNA	and	GFP	data.	

• Used	model	simulations	to	understand	the	CFPS	model	system.	

3.6.2 CFPS model 

A	coarse	grained	Ordinary	Differential	Equation	(ODE)	based	mathematical	model	was	used,	the	

core	of	which	has	previously	been	used	for	studying	gene	regulation	in	the	context	of	bacterial	

cell-free	systems	(Karzbrun,	Shin,	Bar-Ziv,	&	Noireaux,	2011;	Reyes,	Kuruma,	&	Tsuda,	2017).	The	

model	is	illustrated	on	Figure	3.45	and	ODEs	1-4	are	capturing	the	mathematical	relationships	

between	 the	 biochemical	 species.	 The	 model	 incorporates	 four	 molecular	 species	 and	 seven	

parameters	 in	 total.	 Gene	 expression	 is	 represented	 by	 single	 terms	 for	 transcription	 and	

translation	and	degradation	functions	account	for	the	decay	of	DNA,	RNA	and	protein.	Available	

resources	are	represented	by	a	single	carrying	capacity	term	(K).	A	GFP	maturation	function	was	

added	 to	 the	 original	 model	 in	 order	 to	 account	 for	 the	 delay	 between	 GFP	 production	 and	

detected	green	fluorescent	signal	(Reyes	et	al.,	2017).		
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Figure	3.45:	CFPS	gene	expression	model	

Molecular	species	are	represented	in	light	green	rectangles,	reactions	are	represented	by	arrows.	

The	negative	regulation	by	the	Carrying	Capacity	is	indicated	by	blunt	ended	arrow.	Crossed	circles	

represent	degradation.	

The	change	in	abundance	of	the	four	biochemical	species	on	Figure	3.45	is	described	by	the	four	

following	equations	describing	the	following	processes:	

(1) DNA	degradation	equation:	

𝑑[DNA]
𝑑𝑡

= −dB[DNA]	

(2) Transcription	and	RNA	degradation	equation:	

𝑑[𝑅𝑁𝐴]
𝑑𝑡

= +k_TX[DNA] − d_R[RNA]	

(3) Translation	and	GFP	maturation	equation:	

𝑑[𝐺𝐹𝑃]
𝑑𝑡

= +k_TL[RNA] L1 −
[GFP] + [GFP_mat]

𝐾 U − k_M[GFP]	

(4) GFP	maturation	and	GFP	degradation	equation:	

𝑑[GFP_mat]
𝑑𝑡

= +k_M[GFP] − d_P[GFP_mat]	

The	parameters	of	the	model	described	above	and	their	initial	values	(before	inference	from	data)	

are	detailed	in	Table	3.6.	
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Table	3.6:	Table	of	parameters	of	the	CFPS	model	

Transcription	rate	was	calculated	by	dividing	43	nt	s–1	(Skinner	et	al.,	2004)	by	the	length	of	the	

mRNA	transcribed	(43	nts	s–1	/810	nts	=0.053	RNA	s–1).	Translation	rate	was	calculated	by	dividing	

2aa	s–1	typical	eukaryotic	translation	rate	(Milo,	Jorgensen,	Moran,	Weber,	&	Springer,	2010)	by	

the	length	of	GFP	(2	aa	s–1	/245	aa	=	0.0082	GFP	s–1).	The	maturation	rate	of	GFP	was	set	according	

to	 biochemical	measurements	 and	as	 documented	 on	 the	manufacturer’s	website	 corresponding	

specifically	to	TurboGFP		(Evdokimov	et	al.,	2006).	Degradation	rates	and	the	carrying	capacity	

were	estimated	based	on	inferred	parameters	of	a	similar	cell-free	model	(Reyes	et	al.,	2017).	

Symbol	 Parameter	 Initial	Parameter	

k_TX	 Transcription	rate	 0.053	RNA	s–1	

k_TL	 Translation	rate	 0.0082	GFP	s–1	

k_M	 GFP	maturation	rate	 0.000472	s–1	

d_D	 DNA	degradation	rate	 0.0001	s–1	

d_R	 RNA	degradation	rate	 0.0001	s–1	

d_P	 Protein	degradation	rate	 1e-7	s–1	

K	 Carrying	capacity	 1E-6	M	

	 	 	

3.6.3 Design of constructs and measurement of RNA 

A	 construct	 expressing	 RNA	 encoding	 the	Malachite	 Green	 aptamer	 was	 used	 for	measuring	

transcription	in	CFPS.	Malachite	Green	(MG)	is	a	small	molecule	(Figure	3.46A)	which	is	bound	

by	a	short	38	nt	long	synthetic	RNA	aptamer	(MG	aptamer)	(Figure	3.46C)	(Kolpashchikov,	2005).	

In	the	unbound	state,	MG	is	green	coloured	and	in	the	bound	state	it	is	fluorescent	its	spectral	

properties	compatible	with	GFP	(MG:	610	excitation	and	650	emission)	(Figure	3.46C).	Therefore,	

the	MG	molecule	can	be	used	to	detect	RNA	production	in	almost	real	time	(the	folding	of	RNA	

and	binding	causes	some	delay).	MG	is	known	to	have	a	very	 low	background	signal	and	high	

sensitivity	but	it	is	cytotoxic	to	mammalian	cells,	therefore	it	is	not	used	for	in	vivo	studies	and	

alternatives	such	as	the	spinach	system	are	common	methods	for	in-vivo	imaging	(Wang	&	Ray,	

2012).	MG	has	been	successfully	used	on	bacterial	CFPS	systems	and	it	was	therefore	chosen	for	

this	work.	The	aptamer	was	inserted	in	the	3’	UTR,	downstream	of	the	stop	codon,	before	the	

polyA	 tail	 on	 the	 pCFE-GFP	 construct	 (Figure	 3.47A)	 based	 on	 a	 previous	 Spinach	 design	

(Kolpashchikov,	 2005).	 However,	 this	 construct	 failed	 and	 no	 RNA	 transcript	 was	 detected,	

therefore	a	bacterial	plasmid	encoding	MGapt	was	used	instead.	The	bacterial	construct	was	still	

useful	to	established	if	the	MG	molecule	based	detection	of	RNA	is	possible	and	if	the	biochemical	
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environment	of	the	mammalian	CFPS	inhibits	the	interaction.	The	bacterial	MGapt	construct	is	

driven	by	a	WT	T7	promoter,	therefor	transcription	is	uninterrupted.	The	promoter	is	followed	

by	a	bacterial	RBS	and	a	bacterial	codon	optimised	GFP	sequence,	no	polyA	sequence	and	finally	

a	T7	terminator	(Figure	3.47B).	Because	of	its	bacterial	elements,	GFP	expression	is	not	expected	

from	this	construct	(pT7-RBS-GFP-MGapt).	

A	

	

B	

	
C	

	
Figure	3.46:	Malachite	Green	based	detection	of	RNA	

A:	Structure	of	MG	molecule.	B:	Biochemical	mechanism	of	RNA	detection	at	650	nm	light	emitted	

by	the	bound	MG.	C:	Sequence	of	Malachite	Green	(MG)	RNA	aptamer.	

A	
>	pCFE-GFP-MGapt	(partial	sequence)	
…GCAGATGCCGGTGAAGAACTCGAGCACCATCACCATCACCACTGATGAATTCGCGGCCGCATGCTC
GATATAGCAATACGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATCCCCAGGCATCAAATAA
AACGAAAGGCTCAGTCGAAAGATCTGACTGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTTTA
AACACTAGTCCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTT
TTTG…	
	
GFP-His-tag-stop	codon-linker1-MG	aptamer-linker2-polyA-T7	terminator	

B	
>	pT7WT-RBS-GFP-MGapt	(partial	sequence)	
…GATGAGCTCTACAAATAATCGATATAGCAATACGGATCCCGACTGGCGAGAGCCAGGTAACGAAT
GGATCCCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTT
GTTTGTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCG…	
	
Cycle3GFP-stop	codon-linker1-MG	aptamer-linker2-rrnB	T1	terminator-T7Te	terminator	
	
Figure	3.47:	Sequence	designs	of	MG	aptamer	encoding	constructs	

A:	The	MG	aptamer	inserted	into	the	pCFE-GFP	positive	control	plasmid	between	the	stop	codon	and	

the	polyA	sequence.	B:	The	MG	aptamer	 in	the	pT7WT-RBS-GFP-MGapt	bacterial	construct,	which	

was	used	for	measurement	of	RNA	transcription.	
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3.6.4 Design of experimental setup for detection of RNA 

The	Malachite	 Green	molecule	 was	mixed	with	 the	 IVT	 Kit	 components	 so	 that	 all	 reactions	

uniformly	 contained	 MG.	 The	 lower	 limit	 of	 the	 read	 speed	 was	 approximately	 2	 minutes	

assuming	384	wells	and	2	fluorescent	read	settings	where	the	time	taken	for	all	readings	was	the	

limiting	factor.	RNA	expression	demonstrated	faster	dynamics	than	GFP	expression,	therefore	the	

setting	 of	 the	 instrument	was	 set	 to	 account	 for	 this	 and	 read	 samples	more	 frequently.	 The	

measured	arbitrary	fluorescent	units	were	converted	to	nM	RNA	based	on	a	unit	conversion	curve	

obtained	using	purified	RNA.	The	RNA	used	for	unit	conversion	was	expressed	from	the	same	

bacterial	construct	used	for	experiments.	

3.6.5 Dynamics of RNA and GFP expression in CFPS 

GFP	expression	was	uninterrupted	in	presence	of	the	Malachite	Green	molecule	from	the	positive	

control	plasmid	pCFE-GFP,	therefore	the	MG	molecule	did	not	inhibit	the	CFPS	reaction	(Figure	

3.48A).	GFP	was	also	expressed	from	the	MG	aptamer	containing	construct,	surprisingly	at	higher	

level	than	the	positive	control,	showing	that	the	insertion	of	the	aptamer	did	not	interrupt	gene	

expression	or	decrease	RNA	stability	Figure	3.48A.	However,	no	MG	fluorescence	was	detected	

from	 the	 pCFE-GFP-MGapt	 plasmid	 and	 therefore	 this	 construct	 was	 unsuitable	 to	 measure	

transcription	dynamics.	In	contrast,	the	bacterial	construct	pT7WT-RBS-MGapt	did	produce	a	clear	

RNA	 signal	 (Figure	 3.48B).	 No	 GFP	 expression	 was	 detected	 from	 the	 pT7WT-RBS-MGapt	

construct,	 as	 expected,	 because	 it	 is	 a	 bacterial	 expression	 construct	 (Figure	 3.48A).	 The	 T7	

promoter	variant	T	(or	Thermo,	for	the	manufacturer)	is	present	in	the	pCFE-GFP	construct	and	

therefore	the	T7-WT	variant	was	used	instead	of	the	positive	control	for	further	analysis	of	gene	

expression	dynamics.		
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A		
Time	course	GFP	expression	

B	
Time	course	RNA	transcription	

	 	
Figure	3.48:	Dynamics	of	GFP	and	RNA	production	from	various	constructs	

DNA	templates	were	added	at	5nM	concentration	and	fluorescence	is	shown	as	raw	arbitrary	units.	

Blank	 reactions	 contain	 water	 instead	 of	 DNA	 and	 all	 reactions	 contain	 Malachite	 Green.	

Measurements	were	run	in	triplicate	wells.	A:	GFP	production	time	course.	B:	RNA	production	time	

course.	Error	bars	are	standard	deviation	calculated	from	three	replicates.	

3.6.6 RNA production in CFPS across a range of template concentration 

Once	 it	was	established	 that	 the	pT7WT-RBS-GFP-MGapt	 construct	was	 suitable	 to	detect	RNA	

production	in	CFPS,	a	unit	conversion	curve	was	established	for	measurement	of	absolute	amount	

of	RNA	produced.	The	molecular	amounts	of	RNA	production	were	used	to	infer	gene	expression	

parameter	 values	 via	 modelling.	 In	 order	 to	 obtain	 the	 most	 insight	 into	 RNA	 production	

dynamics,	time	course	RNA	production	was	measured	at	a	range	of	DNA	template	concentrations.	

Protein	expression	in	the	HeLa	CFPS	reaction	takes	5-6	hours	to	saturate,	when	expressing	GFP	

(Figure	3.49D).	In	contrast,	transcription	happens	in	a	burst-like	fashion	with	a	peak	at	1.5	hours	

(Figure	3.49B).	RNA	expression	in	mammalian	CFPS	was	(Wang	et	al.,	2018).	RNA	transcription	

continuously	increased	with	the	addition	of	increasing	amount	of	DNA	template	present	in	the	

tested	range.	In	contrast,	GFP	expression	is	optimal	at	about	2.5nM	DNA	template	using	the	T7-

WT	promoter	(Figure	3.49C),	which	means	that	counterintuitively,	less	DNA	template	may	result	

in	more	RNA	produced.	
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Figure	3.49:	RNA	transcription	and	GFP	expression	from	T7WT		

A	and	B:	Transcription	only,	 from	a	bacterial	construct	with	WT	T7	promoter	(pT7WT-RBS-GFP-

MGapt)	but	no	protein	expressed.	C	and	D:	The	GFP	expression	dynamics	measured	with	the	same	

IVT	Kit	in	the	same	experiment	using	a	different	construct	with	a	T7WT	promoter.	Error	bars	are	

standard	deviation	calculated	from	three	replicates.	

3.6.7 Parameter estimation 

Once	the	experimental	data	was	obtained	about	RNA	production	and	GFP	production	dynamics,	

it	was	used	to	refine	the	parameters	further	and	fit	the	model	to	the	data.	The	assumption	that	

the	 RNA	 products	 degrade	 at	 the	 same	 rate	 and	 that	 transcription	 and	 translation	 happen	

independently	were	taken	in	order	to	carry	out	the	preliminary	analysis.	This	assumption	had	to	

be	 taken	 so	 that	 any	 analysis	 can	 be	 done	 but	 introduces	 some	 uncertainty.	 The	 data	 was	

formatted	according	to	the	requirements	of	the	modelling	software	COPASI	(COmplex	PAthway	

Simulator)	and	datasets	for	RNA	and	GFP	measurements	across	a	range	of	DNA	concentration	

were	 used	 simultaneously.	 An	 evolutionary	 programming	 algorithm	 was	 used	 to	 infer	 all	 7	

parameters	of	the	model.	This	algorithm	scans	a	range	of	different	parameter	values	to	find	one	

possible	 optimal	 combination.	 The	 resulting	 combination	 of	 parameters	 produced	 model	
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simulations	closely	matching	the	experimentally	observed	RNA	data	(Figure	3.50).	However,	the	

expression	pattern	of		GFP	was	overestimated	by	the	model	at	low	DNA	concentrations	(Figure	

3.51A	and	B)	and	underestimated	at	high	DNA	concentrations	(Figure	3.51C	and	D).		The	model	

could	 not	 explain	 the	 drop	 in	 GFP	 expression	 at	 high	 DNA	 concentration	 which	 was	

experimentally	 observed.	 The	 resulting	 inferred	 parameters	 are	 summarised	 in	 Table	 3.7	

alongside	the	starting	parameters	for	comparison.	Some	parameters	were	estimated	to	be	lower	

than	 the	starting	value	set	based	on	 the	 literature	and	the	bacterial	model.	Transcription	was	

inferred	to	be	faster	than	it	is	in	cells	and	translation	was	estimated	to	be	slower.	The	maturation	

rate	of	GFP	was	calculated	to	be	twice	as	fast	based	on	the	experimental	data	as	it	was	measured	

in	biochemical	assays.	

Table	3.7:	Parameters	inferred	from	data.	

The	starting	values,	upper	and	 lower	bound	are	also	 indicated.	Lower	and	upper	bounds	are	the	

minimum	and	maximum	values	that	the	parameter	can	be	assigned	by	the	inference	algorithm.		

Symbol	 Parameter	 Initial	Parameter	 Inferred	Parameters	

k_TX	 Transcription	rate	 0.053	RNA	s–1	 0.180	s–1	

k_TL	 Translation	rate	 0.0082	GFP	s–1	 0.00042	s–1	

k_M	 GFP	maturation	rate	 0.000472	s–1	 0.00022	s–1	

d_D	 DNA	degradation	rate	 0.0001	s–1	 0.00027	s–1	

d_R	 RNA	degradation	rate	 0.0001	s–1	 0.00020	s–1	

d_P	 Protein	degradation	rate	 1e-7	s–1	 3.8	e-08	s–1	

K	 Carrying	capacity	 1E-6	M	 4.99	e-07	M	
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Figure	3.50:	RNA	data	and	model	simulations	

Model	(line)	fitted	to	experimental	data	(crosses)	from	RNA	time	course	data	at	various	DNA	

template	concentrations.	The	concentration	of	template	DNA	in	the	reaction	is	shown	above	the	

panels.	
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Figure	3.51:	GFP	data	and	model	simulations	

Model	 (line)	 fitted	 to	 experimental	 data	 (crosses)	 from	 GFP	 time	 course	 data	 at	 various	 DNA	

template	concentrations.	The	concentration	of	 template	DNA	 in	 the	reaction	 is	 shown	above	 the	

panels.	

	

3.6.8 Simulation of gene expression 

After	parameter	inference,	the	updated	model	was	used	to	study	the	dynamics	of	CFPS	reaction.	

The	time	course	of	simulation	of	gene	expression	at	low	DNA	template	concentration	(1nM)	and	

at	high	DNA	concentration	(10nM)	was	carried	out	to	further	look	into	the	model	prediction.	Less	

RNA	is	produced	than	GFP	at	low	DNA	template	concentration	(Figure	3.52A)	while	much	more	

RNA	is	produced	at	high	amount	of	DNA	template	in	the	reaction	(Figure	3.52B).		
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Figure	3.52:	Time	course	simulation	of	gene	expression	

Time	course	simulation	of	molecular	species	according	to	the	updated	CFPS	model	at	low	1nM	(A)	

and	high	10nM	(B)	DNA	concentration.	Simulations	were	run	to	cover	6	hours	timespan	using	the	

parameter	values	inferred	from	experimental	data.	

3.6.9 Summary of results and conclusion 

The	dynamics	of	RNA	production	were	found	to	be	burst-like	in	CFPS	and	did	not	saturate	at	the	

concentrations	where	GFP	production	did,	using	the	same	promoter.	An	ODE	based	model	 for	

CFPS	was	updated	with	mammalian	CFPS	specific	parameters	and	the	data	obtained	about	RNA	

production	 and	 GFP	 productions	 was	 used	 to	 further	 refine	 the	 model.	 However,	 it	 will	 be	

essential	 to	measure	both	RNA	and	GFP	 from	 the	 same	construct	 simultaneously	 in	 the	 same	

reactions.	 Therefore,	 the	 results	 presented	 here	 using	 different	 constructs	 for	 RNA	 and	 GFP	

measurements	are	very	preliminary	and	the	establishment	of	a	reliable	and	accurate	model	for	

mammalian	CFPS	still	remains	a	challenge.		

Results:	

• Transcription	dynamics	were	measured	in	CFPS	and	evidence	was	found	that	total	GFP	

expression	may	not	be	representative	of	promoter	activity	in	CFPS	

• A	previously	constructed	ODE	model	was	adapted	for	modelling	the	IVT-Kit	system	

• Parameters	were	inferred	from	experimental	data		

• Simulations	of	the	updated	model	were	carried	out	
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4 DISCUSSION 

4.1 CHARACTERISATION OF RNA BINDING PROTEINS IN CELLS 

At	 the	 start	 of	 the	 PhD	work,	 the	 aim	was	 defined	 as	 to	 develop	 foundational	 technology	 for	

mammalian	 synthetic	biology	applications.	This	was	narrowed	down	 to	developing	molecular	

tools	 for	 translation	 regulation,	 RNA	 binding	 proteins	 more	 specifically.	 RBPs	 are	 of	 special	

interest	 because	 they	 can	 be	 implemented	 for	 the	 regulation	 of	 translation	 (independent	 of	

transcription)	and	encompass	a	diverse	array	of	proteins	with	different	RNA	recognition	rules	

that	 can	be	used	 in	CFPS	 (Kopniczky	et	 al.,	 2015).	Therefore,	 two	RBPs,	MS2	and	L7Ae,	were	

chosen	for	the	establishment	of	protocols	and	measurement	methods	which	are	needed	for	later	

developing	a	larger	set	of	regulators.	The	aim	was	to	establish	methods	which	are	both	applicable	

to	screen	large	combinatorial	libraries	and	also	applicable	to	generate	characterisation	data	that	

can	be	used	for	modelling	synthetic	systems.	First,	an	experimental	protocol	for	measuring	fold-

repression	by	RNA	binding	proteins	was	slightly	modified	and	implemented	which	may	be	used	

for	 screening	 variants.	 Secondly,	 the	 protocol	 was	 extended	 to	 a	 three-plasmid	 system	 for	

obtaining	transfer	functions	of	RNA	binding	protein	regulation.	

4.1.1 MS2 and L7Ae repression in mammalian cells 

Repression	 of	 translation	 by	 MS2	 and	 L7Ae	 RNA	 aptamer	 binding	 proteins	 was	 successfully	

implemented	in	U2OS	cells.	An	experimental	system	using	two	co-transfected	plasmids	was	used,	

where	regulator	proteins	were	expressed	from	one	plasmid,	and	sensor	RNA	was	expressed	from	

a	different	plasmid.	The	disadvantage	of	the	approach	is	that	it	is	not	possible	to	ensure	precisely	

equal	amounts	of	transfected	plasmid	copy	numbers.	However,	having	two	plasmids	enabled	the	

testing	 combinations	 of	 control	 and	 orthogonal	 sensor	 ad	 RBP	 regulator	 constructs.	 This	

experimental	 system	was	 inspired	by	previous	work	using	a	 similar	 two-plasmid	 transfection	

(Endo,	 Stapleton,	 et	 al.,	 2013).	 In	 this	 protocol,	 RBP	 is	 expressed	 as	 a	 fusion	 protein	 with	 a	

fluorescent	 reporter	 and	 a	 sensor	 RNA	 construct	with	 a	 different	 fluorescent	 protein	 output.	

Improvements	on	the	previously	implemented	experimental	design	where	the	use	of	a	2A	self-

cleaving	peptide	to	separate	the	fluorescent	marker	from	the	RBP	and	the	use	of	mKate2	instead	

of	DsRed	red	fluorescent	marker.	The	self-cleaving	linker	ensures	that	there	is	no	interference	

between	the	RBP	and	the	marker	which	could	inhibit	either	the	fluorescence	of	the	marker	or	the	

binding	and	folding	of	the	RBP.	This	design	ensures	that	the	method	can	be	extended	to	testing	

new	 RBPs	 with	 lower	 risk	 of	 such	 interference.	 mKate2	 can	 be	 considered	 a	 better	 marker	

because	 its	 fluorescent	properties	are	better	separated	from	GFP,	as	 it	 is	a	 far-red	fluorescent	

(588	nm	excitation	and	633	nm	emission).	Compared	to	this,	DsRed	excitation	maximum	is	at	
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554nm	and	emission	maximum	at	586	nm.	Therefore,	there	is	less	bleed-through	fluorescence	

between	channels,	which	reduces	noise	and	increases	sensitivity.	

Repression	was	measured	as	the	fold	decrease	in	translation	efficiency	and	it	was	calculated	as	

0.06	 and	 0.54	 for	 L7Ae	 and	MS2	mediated	 repression	 respectively.	 This	means	 that	 efficient	

repression	by	these	proteins	was	detected.	The	values	that	Endo	et	al.	obtained	were	0.017	for	

the	L7Ae-Kt	sensor	and	0.48	for	the	MS2	sensor	–	MS2	protein	(Endo,	Stapleton,	et	al.,	2013).	The	

similarity	between	the	two	results	to	the	previous	results	of	Endo	et	al.	gave	us	confidence	that	

the	two-plasmid	experimental	setup	was	consistent	with	previous	research	and	it	was	possible	

to	move	on	to	extending	the	experimental	system	further	to	three	plasmids.	

4.1.2 L7Ae transfer functions 

The	 design	 for	 obtaining	 L7Ae	 transfer	 functions	 was	 inspired	 by	 an	 experimental	 system	

originally	 developed	 for	 characterising	 translation	 regulators	 (Beal,	 Weiss,	 Densmore,	 et	 al.,	

2012).	Importantly,	data	obtained	from	such	experiments	was	successfully	used	for	predictive	

forward-engineering	in	mammalian	cells	(Davidsohn	et	al.,	2015a).	It	was	proposed	that	similar	

measurement	 approaches	 could	 be	 applied	 to	 characterising	 RBPs	 as	 well.	 The	 two-plasmid	

system	was	designed	with	this	goal	in	mind,	containing	an	inducible	promoter	for	RBP	expression.	

The	 extension	 to	 three-plasmids	 was	 successful	 because	 all	 three	 fluorescent	 markers	

corresponding	to	each	plasmid	were	detectable	at	sufficiently	high	levels	using	flow	cytometry	of		

transfected		U2OS	cells.	The	colour	compensation	built	into	the	TASBE	data	analysis	workflow	

was	also	successfully	applied	to	clean	signals	 from	bleed-through	and	transfer	 functions	were	

plotted.	It	was	found	that	fold-repression	was	dependent	on	the	transfection	efficiency	and	about	

an	order	of	magnitude	difference	was	found	for	the	fold	change	from	no	repression	to	maximum	

repression	 between	 lowest	 and	 highest	 levels	 of	 transfected	 cells.	 This	 difference	 in	 fold-

repression	 was	 expected	 based	 on	 	 similar	 findings	 when	 transcription	 regulators	 were	

characterised	with	the	TASBE	method	(Beal,	Weiss,	Yaman,	et	al.,	2012).	

The	transfection	efficiency	which	was	very	low,	only	about	10-20%	of	cells	were	transfected	and	

therefore	few	fluorescent	cells	were	measured.	This	would	be	especially	important	to	optimise	as	

the	population	is	further	segmented	into	sub-populations	based	on	the	constant	marker,	and	only	

a	few	cells	fell	into	each	bin	using	this	analysis	method	which	question	the	accuracy	of	the	results.	

Other	optimisation	would	include	changing	induction	levels	to	a	range	centred	around	the	half-

repression	point	in	order	to	increase	accuracy.	Furthermore,	fluorescent	beads	with	known	MEFL	

calibration	should	be	used,	so	that	arbitrary	units	can	be	converted	to	absolute	MEFL	units	of	

equivalent	FITC	for	green,	and	adequate	other	fluorophores	for	blue	and	red	channels.	Other	than	
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optimising	the	experimental	procedure,	 it	would	be	useful	to	characterise	the	L7Ae	module	in	

different	cell	types	other	than	U2OS,	so	that	any	dependence	on	the	host	is	investigated.		

As	 the	 cell-culture	 based	 approach	 to	 RBP	 characterisation	 proved	 to	 be	 difficult	 and	 time-

consuming,	the	focus	of	the	project	became	to	explore	other	alternative	experimental	methods	

that	 would	 scale	 to	 the	 throughput	 needed	 for	 synthetic	 biology	 applications.	 The	 forward-

engineering	 paradigm	 in	 synthetic	 biology	 requires	 detailed	 characterisation	 of	 individual	

genetic	parts	and	devices	for	accurate	kinetic	modelling	and	prediction	of	their	behaviour	in	a	

larger	composite	system.	Whereas	the	semi-rational	and	multiplex	engineering	approaches	rely	

on	testing	at	scale	 for	 the	selection	of	 ideal	designs	 from	a	combinatorial	 library.	Such	testing	

methods	are	becoming	prevalent	in	microbial	research	(Rogers	&	Church,	2016)	but	are	lacking	

from	the	repertoire	of	mammalian	measurement	techniques.	Therefore,	a	new	method	which	is	

both	scalable	for	high	throughput	as	well	as	well-controlled	for	quantitative	measurements	was	

sought	for	mammalian	synthetic	biology.		

4.1.3 Alternatives to traditional tissue culture 

There	 is	 a	wide	 range	 of	 possible	 approaches	 to	 tackle	 the	 problems	 surrounding	 traditional	

tissue	culture	techniques.	One	is	the	improvement	and	automation	of	cell-based	methods	and	the	

other	is	the	development	of	fundamentally	different	experimental	systems.	

Microfluidics	 technologies	 have	 a	 great	 potential	 in	 automating	 and	 scaling	 up	 tissue	 culture	

methods.	Recently,	a	microfluidic	chip	was	realised	where	up	to	280	separate	transfections	can	

be	 carried	 out	 in	 separately	 controlled	 chambers	 which	 allows	 differential	 induction	 level	

(Woodruff	&	Maerkl,	2016).	This	system	was	also	 integrated	with	microscopic	 imaging	which	

enables	continuous	measurement	over	time.	Therefore,	it	is	conceptually	possible	to	implement	

the	above	discussed	3-plasmid	characterisation	setup	 in	such	microfluidic	chips,	which	would	

considerably	speed	up	the	characterisation	workflow.	However,	transfection	experiments	result	

in	heterogenous	populations	and	only	produce	empirical	data.	There	are	methods	available	for	

quantification	of	total	protein	expression	levels	inside	the	cell	which	generally	involve	internal	

standards	 and	 extra	 preparation	 steps	 in	 the	 protocol	 (Cherkas	 et	 al.,	 2018;	 Dundr,	McNally,	

Cohen,	 &	 Misteli,	 2002).	 Therefore,	 methods	 without	 transfection	 and	 heterogeneous	 cell	

populations	were	considered.	

CFPS	 has	 already	 been	 used	 for	 the	 screening	 as	 well	 as	 forward-engineering	 for	 bacterial	

synthetic	biology	and	it	has	the	potential	 to	become	a	tool	 to	accelerate	mammalian	synthetic	

biology	as	well.	More	examples	of	the	use	of	mammalian	CFPS	may	soon	follow,	in	addition	to	

existing	examples	 such	as	a	FRET	biosensor	 in	mammalian	CFPS	 (Pardee	et	al.,	2014)	and	an	

autogene	in	mammalian	CFPS	(Davidson,	Meyer,	Ellefson,	Levy,	&	Ellington,	2012).		Microfluidic	
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tissue	culture	methods	could	be	complementary	to	CFPS,	as	each	have	different	advantages	and	

disadvantages.	On	one	hand,	the	microfluidics	approach	uses	cells	and	therefore	results	obtained	

are	directly	applicable	and	relevant	to	real	life	applications,	in	contract	to	the	CFPS	model	system.	

On	the	other	hand,	CFPS	is	a	well-controlled	homogeneous	molecular	environment	which	allows	

detailed	quantification	in	absolute	units.	Therefore,	CFPS	may	be	ideal	for	developing	novel	parts	

and	characterising	simple	regulatory	modules	in	isolation,	while	microfluidics	could	be	applied	

to	testing	more	complex	genetic	circuits	where	a	 living	cell	 is	required	for	meaningful	results.	

First,	the	CFPS	protocol	recommended	by	the	manufacturer	of	the	chosen	IVT-Kit	was	adapted	to	

gene	 expression	 measurement	 instead	 of	 protein	 production,	 in	 10µL	 reactions	 in	 384	

microplates.	Then,	the	possibility	of	measuring	gene	expression	was	established,	but	these	results	

will	be	discussed	in	the	next	section	together	with	the	associated	detailed	characterisation	data	

for	each	genetic	element.	I	will	only	discuss	the	alternative	experimental	approaches	that	were	

tested	and	discuss	why	the	chosen	approach	was	preferable.	In	the	second	phase	of	work,	once	it	

was	established	that	CFPS	can	be	used	for	detecting	the	molecular	interactions	of	interest,	the	

method	 was	 partially	 automated	 for	 high	 throughput	 applications.	 In	 this	 section,	 the	 basic	

properties	 of	 the	 reaction,	 the	 technicalities	 of	 the	 semi-automated	 method	 and	 the	

reproducibility	will	be	discussed.	

4.2 A CFPS IS AN APPROPRIATE MODEL FOR GENE EXPRESSION IN MAMMALIAN CELLS  

4.2.1 Advantages of CFPS reaction as a simple assay 

A	commercially	available	CFPS	kit,	the	One	Step	Coupled	IVT	Kit	(IVT	Kit)	from	Thermo	Fisher	

Scientific	was	 chosen	 as	 the	 chassis	 for	 this	work.	This	 kit	was	developed	 and	 is	 sold	 for	 the	

purpose	 of	 the	 production	 of	 difficult	 to	 express	 mammalian	 proteins	 and	 accordingly,	 the	

instructions	of	the	protocol	are	optimised	for	high	yield	expression.	As	this	kit	was	used	for	a	

different	purpose	in	this	work,	the	measurement	of	gene	regulation,	the	priorities	were	different	

and	 the	 protocol	 was	 modified	 accordingly.	 Instead	 of	 the	 recommended	 25µL	 total	 volume	

reactions,	only	10	µL	were	used	for	reactions	assembled	by	hand	and	then	only	2	for	reactions	

assembled	via	automated	liquid	handling.	This	reduction	allowed	us	to	decrease	the	cost	of	one	

reactions	 to	 below	 £1	 while	 maintaining	 consistently	 good	 signal	 for	 measurement.	 In	 the	

automated	 reaction	 setup,	 not	 only	 the	 total	 reaction	 volume	was	 decreased	 but	 the	 IVT-Kit	

component	 was	 also	 more	 dilute	 than	 what	 is	 recommended	 by	 the	 manufacturer	 and	 the	

temperature	was	 increased	 to	 37°C	 to	 better	 represent	 the	 cellular	 environment	 because	 the	

temperature	of	the		human	body	is	37°C.	Interestingly,	it	was	found	that	the	GFP	production	does	

not	only	saturate	with	DNA	template	concentration	but	an	inhibition	of	expression	was	observed	

at	 high	 (7.5-10nM)	 DNA	 template	 levels.	 This	 could	 be	 because	 the	 energy	 resources	 for	
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transcription	and	translation	are	shared	in	CFPS	and	most	ATP	may	be	used	for	transcription	and	

less	may	be	left	for	translation.	

Several	 classes	 of	 molecules	 can	 be	 detected	 in	 the	 CFPS	 context.	 GFP	 expression	 was	

continuously	measured	using	a	fluorescent	plate	reader	as	well	as	red	fluorescent	protein	mKate2	

expression	was	also	detectable.	An	RNA	aptamer	based	detection	method	was	applied	to	measure	

RNA	production	in	the	reaction	in	real	time,	which	may	provide	interesting	data	for	modelling	the	

reaction	dynamics.	In	terms	of	nucleic	acid	templates,	expression	was	successfully	obtained	at	

various	levels	from	plasmid	DNA	miniprep,	midiprep	linear	PCR	DNA	and	purified	capped	mRNA	

samples.	The	diversity	of	measured	molecules	and	templates	used	demonstrates	the	flexibility	of	

the	system	and	its	potential	as	a	measurement	method.	The	DNA	preparation	to	DNA	preparation	

variability	was	decreased,	utilising	the	PicoGreen	quantification	method.	However,	some	sources	

of	the	experiment	to	experiment	variability	could	not	be	identified	and	eliminated.		

4.2.2 The biochemical mechanism of expression in mammalian CFPS is similar to cytoplasmic 

expression in mammalian cells 

In	order	 to	use	CFPs	as	a	model	 system	of	 the	cell,	 it	 is	 important	 to	consider	 the	differences	

between	the	two.	In	CFPS,	the	nucleus	is	removed	and	so	associated	molecular	functions	are	lost.	

For	transcription	to	happen,	viral	T7	polymerase	is	supplemented,	which	transcribes	DNA	from	

templates	containing	the	associated	promoter	and	terminates	transcription	at	the	T7	terminator	

sequence.	 Therefore,	 as	 it	 stands	 now,	 the	 CFPS	 system	 is	 only	 able	 to	 express	 genes	 from	

transgenic	and	not	from	nuclear	promoters	which	are	also	often	used	in	synthetic	gene	constructs	

(Black	et	al.,	2017).	This	is	a	major	limitation	of	mammalian	CFPS	and	therefore,	alternative	DNA	

sequence	 designs	 and	 correspondingly	 altered	 CFPS	 compositions	were	 tested	 to	 expand	 the	

CFPS	application	space.	As	these	attempts	were	unsuccessful,	it	was	decided	to	restrict	the	genetic	

designs	to	T7	and	IRES	driven	expression.		

An	alternative	experimental	procedure	was	proposed	where	a	nuclear	extract	was	used	together	

with	 the	 IVT	 Kit	 components.	 The	 nuclear	 extract	 did	 not	 inhibit	 any	 step	 of	 the	 viral	 gene	

expression	mechanism	and	a	high	signal	of	GFP	was	detected	from	the	positive	control.	However,	

no	expression	was	detected	from	the	nuclear	CMV	promoter.	This	may	be	because	of	the	lack	of	

appropriate	translation	initiation.	The	capping	mechanism	normally	happens	in	cells	associated	

to	RNA	Polymerase	II	in	the	nucleus.	Capping	occurs	co-transcriptionally	at	the	stage	when	the	

transcript	is	25	nucleotides	long	and	it	is	mediated	by	guanylyltransferase	and	methyltransferase	

enzymes.	 	 However,	 the	 capping	machinery	may	 be	 dysfunctional	 in	 the	 nuclear	 extract	 and	

therefore	it	may	be	possible	that	even	if	RNA	was	correctly	produced,	capping	was	incomplete	or	

very	 inefficient	 and	 that	 was	 the	 reason	why	 no	 GFP	was	 detected.	 In	 order	 to	 address	 this	
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question,	the	RNA	could	be	extracted	post-reactions	and	analysed	on	gels	to	test	if	transcription	

is	uninterrupted.	Then,	the	construct	could	be	redesigned	to	include	and	an	IRES	sequence	could	

be	inserted	into	the	5’	UTR	to	solve	potential	translation	initiation	problems.	

A	different	solution	could	be	that	cap	analogues	could	be	added	to	the	reaction	to	replace	the	

endogenous	 capping	mechanism.	 There	 are	many	 analogues	 and	 they	 could	 be	 tested	 across	

concentration	 ranges	 to	 identify	 the	 optimal	 molecule	 and	 composition	 for	 cap-dependent	

translation	in	CFPS.	However,	capped	RNA	is	still	expected	to	be	translated	less	efficiently	as	IRES	

containing	RNAs	in	CFPS	because	according	to	the	kit	manufacturer,	there	is	a	3-fold	decrease	in	

translation	efficiency	(Thermo	Fisher	Scientific	datasheet).	Indeed,	in	section	3.2,	a	very	low	level	

GFP	signal	was	detected	from	capped	mRNA	but	it	was	not	possible	to	make	a	direct	comparison	

to	GFP	produced	in	the	positive	control	because	the	amount	of	RNA	transcribed	in	unknown.	

The	use	of	nuclear	extract	together	with	restored	capping	may	enable	the	testing	of	promoter	

sequence	 used	 typically	 in	 cells	 for	 nuclear	 expression	 in	 synthetic	 constructs	 and	 natural	

regulation.	

4.2.3 Regulatory modules can be measured in CFPS 

The	second	optimisation	challenge	was	to	identify	a	reaction	setup	adequate	for	measuring	gene	

regulation.	 The	most	 plausible	 approach	 from	 the	 perspective	 of	 scaling	 the	method	 for	 high	

throughput	would	be	the	expression	of	regulator	molecules	(protein	or	RNA)	within	the	reaction	

from	template	DNA.	However,	 this	was	 found	 to	be	a	disadvantage	 for	measurement	 reasons.	

Thus,	 the	protocol	was	changed	to	a	reaction	setup	where	the	regulators	are	purified	prior	to	

being	added	to	CFPS	and	used	this	second	approach	in	all	following	work.	The	disadvantage	of	

this	approach	is	that	it	is	less	scalable	because	additional	sample	preparation	steps	are	needed	

compared	to	of	using	DNA	templates	directly	expressed	in	to	CFPS.	

The	key	finding	of	this	experiment	was	that	the	regulator	protein	and	reporter	GFP	levels	were	

co-dependent	which	makes	 it	 difficult	 to	 obtain	 transfer	 functions	or	 investigate	 their	 kinetic	

characteristics.	This	is	because	it	is	unknown	how	much	active	regulator	there	is	in	the	reaction	

at	any	one	timepoint.	This	is	because	the	maturation	rate	of	the	fluorescent	marker	and	the	RBP	

may	be	different,	especially	mKate2	is	known	to	have	a	slow	maturation	(maturation	half-time:	

<20	min	(Evrogen)).	The	co-expression	setup	may	be	good	for	screening	but	alternative	reaction	

setups	were	needed	where	the	amount	of	regulator	molecules	can	be	controlled	and	assumed	

constant	 through	 the	 reaction.	 Such	 a	 controlled	 setup	 is	 desirable	 for	 synthetic	 biology	

characterisation	experiments.	

A	paper	 investigating	 the	CRISPR/Cas9	system	 in	bacterial	CFPS	was	published	very	recently,	

which	contained	research	independent	from	out	work	(Marshall	et	al.,	2018).	It	was	found	that	
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expression	of	dCas9	or	dCpf1	and	their	respective	guide	RNAs	also	repressed	gene	expression	in	

CFPS	both	 in	purified	 form	and	when	co-expressed	from	DNA	templates.	When	the	regulators	

were	expressed	in	CFPS,	a	time	delay	was	observed	in	the	inhibition	and	the	authors	associated	

this	 delay	 with	 the	 expression	 of	 regulator	 proteins	 as	 well	 as	 the	 sgRNA-guide	 complex	

formation.	 To	 address	 this	 delay,	 Marshall	 et	 al.	 proposed	 an	 experimental	 setup	 where	 the	

regulator	proteins	were	pre-expressed,	which	successfully	shortened	the	delay	 thus	achieving	

better	repression.	

Throughout	this	work,	purified	regulator	molecule	components	were	used.	Importantly,	sgRNA	

and	Cas9/dCas9/dCpf1	complexes	were	assembled	prior	to	setting	up	reactions.	Expression	of	

sgRNA	from	DNA	templates	was	tested	but	results	were	inconsistent	and	less	repression	because	

of	the	time	taken	for	the	assembly	of	the	complex.	This	would	not	only	introduce	delay	but	also	

variability	 and	 bias	 associated	with	 the	 timing	 of	 the	 liquid	 transfer	 steps.	 In	 acoustic	 liquid	

handling,	there	is	typically	about	1-3	minutes	time	difference	between	the	first	and	last	sample	

added	to	well	if	assume	384	wells	are	assumed	and	the	transfer	of	0.5-1.5	µL	volume	of	reagents	

into	each	well.	This	time	is	not	negligible	for	complex	assembly	and	the	order	of	liquid	transfer	

may	therefore	introduce	bias	into	the	data.		

4.2.4 Semi-automated method 

To	develop	the	prototyping	platform,	a	number	of	key	parameters	were	explored	that	could	affect	

reproducibility,	one	of	which	was	DNA	quantification.	Using	a	PicoGreen	dye-based	assay,	it	was	

possible	 to	 transfer	 our	 target	 DNA	 plasmids	 via	 acoustic	 liquid	 handling	 and	measure	 their	

concentrations	 using	 a	 plate	 reader.	 As	 the	 liquid	 transfers	 for	 assembling	 the	 CFPS	 reaction	

mixtures	use	the	same	liquid	handling	platform,	any	issues	that	may	cause	problematic	sample	

transfers	 (e.g.	 genomic	DNA	 contamination),	 can	be	detected	 and	 addressed	 at	 the	PicoGreen	

quantification	stage.	If	a	DNA	sample	does	not	transfer	correctly,	it	will	appear	as	an	outlier	low	

measurement	in	the	PicoGreen	assay	and	the	problem	will	also	be	highlighted	on	the	error	log	of	

the	Echo	instrument.	Then,	a	new	preparation	of	the	DNA	can	be	made	before	testing	the	DNA	

construct	in	CFPS.			

Another	important	aspect	was	the	ability	to	reduce	the	cost	of	the	IVT	Kit	by	reducing	the	volume	

of	assays.	A	25-fold	reduction	was	achieved	through	reducing	total	reaction	volume	as	well	as	

relative	 composition	 reducing	 the	 cost	 per	 reaction	 to	 <£1.	 To	 facilitate	 high	 throughput	

experimentation,	 Python	 modules	 accessible	 through	 scripts	 were	 developed	 that	 generate	

machine	 instructions	 as	 well	 as	 experimental	 instructions	 to	 carry	 out	 semi-automated	

experiments.	The	core	functionality	of	the	software	is	the	combinatorial	design	where	the	DNA	

constructs	are	 tested	 in	combination	with	given	regulators,	which	 is	key	 for	 implementing	an	
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approach	which	scales	well	for	large	number	of	variants	and	experimental	conditions.	The	input	

specifications	for	experimental	design	include	lists	of	DNA	samples	and	regulator	samples	to	test,	

the	number	of	replicates	and	options	on	randomisation	of	positions	of	reactions	on	the	plate	and	

on	inclusion	of	standards	for	unit	conversion.	We	also	implemented	a	graphical	user	interface	to	

make	 the	 corresponding	 design	 automation	 accessible.	 The	Web	 application	 Izzy	 is	 available	

online	to	make	lab	automation	easy	(http://experimentr.herokuapp.com/).	In	terms	of	hardware,		

CFPS	reactions	were	optimised	using	384	well	plates	but	1536	plates	have	similar	sized	wells	so	

the	method	can	be	easily	scaled	upwards	in	throughput	if	necessary.			

4.2.5 Potential improvements to the Software 

The	software	tools	could	be	developed	further	in	many	aspects.	For	the	experimental	design,	it	

could	be	possible	to	overcome	the	limitation	of	384	wells	and	plan	experiments	which	are	carried	

out	across	multiple	plates	 in	multiple	runs.	Positive	control	CFPS	reactions	and	references	 for	

measurement	(for	example	FITC	standard)	would	need	to	be	present	on	each	plate,	so	that	data	

measured	on	different	plates	can	be	analysed	jointly.	There	could	be	multiple	files	generated,	and	

each	would	specify	the	transfers	for	one	whole	384	well	plate.	

A	web	interface	was	chosen	for	GUI,	as	opposed	to	a	locally	run	program	as	it	does	not	have	the	

need	for	installation	and	initial	setup.	This	lowers	the	barrier	for	trying	the	tool	easily	for	first	

time	 users.	 For	 online	 data	 analysis,	 statistical	 analysis	 and	 data	 visualisation	 could	 be	

implemented.	 Some	 functions	 for	 blank	 corrections,	 unit	 conversions	 and	 normalisations	 are	

already	implemented	for	my	analysis	pipeline	but	they	are	not	part	of	the	python	library	and	web	

application	 yet.	 Furthermore,	 a	 data	 visualisation	 and	 quick	 analysis	 tool	 could	 be	 especially	

useful	for	the	GUI	Interface	so	that	new	users	can	easily	interpret	their	data.	Transfer	functions	

such	as	those	plotted	through	the	TASBE	application	could	be	plotted	and	presented	to	the	user	

in	the	browser	as	well	as	a	downloadable	report	could	be	generated.	

4.3 BEHAVIOUR OF REGULATORY PARTS AND MODULES IN CFPS RESEMBLES TO THEIR 

CELLULAR BEHAVIOUR 

Five	alternative	types	of	molecular	tools	were	tested	in	CFPS.	These	included	sequence	variants	

of	constitutive	gene	expression	elements	and	regulators	of	gene	expression.		

Variants	of	the	promoter	and	IRES	elements	and	the	positive	control	expression	construct	(pCFE-

GFP)	were	tested	first	using	the	manual	10µL	reaction	volume	experimental	protocol	(Section	

3.2)	and	then	characterised	in	detail	across	a	range	of	DNA	plasmid	concentrations	(Section	3.5).	

These	 variants	 can	 be	 considered	 cis	 regulatory	 as	 they	 regulate	 the	 expression	 of	 the	 genes	

directly	 associated	 with	 them	 on	 the	 same	 stretch	 of	 DNA.	 Trans	 elements	 are	 encoded	
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independently	 of	 the	 target	 which	 they	 regulate.	 Considering	 the	 trans	 regulatory	 elements	

(proteins	or	protein-RNA	complexes),	some	were	only	briefly	tested	and	their	behaviour	was	only	

reproduced	 through	 the	manual	 protocol,	 others	were	 extensively	 characterised	 through	 the	

semi-automated	method.	L7Ae	and	dCas9	regulation	were	chosen	for	detailed	characterisation	

because	they	represent	two	distinct	classes	regulation.	

4.3.1 Constitutive libraries 

Similar	studies	of	 the	same	regulators	promoter	and	 IRES	elements	have	been	carried	out	 	 in	

living		cells		(Koh	et	al.,	2013;	Smanski	et	al.,	2014;	Temme,	Hill,	et	al.,	2012)		and	I	was	interested	

to	see	how	our	cell-free	extract	results	compared.	Notably,	our	measurements	of	the	T7	promoter	

variants	at	an	intermediate	DNA	concentrations	showed	similar	relative	strengths	and	rank	order	

to	measurements	in	E.coli	(Jones	et	al.,	2015;	Temme,	Hill,	et	al.,	2012).		

The	 T7	 promoter	 is	 used	 in	 mammalian	 constructs	 for	 cytoplasmic	 expression,	 typically	 in	

combination	with	 the	 EMCV	 IRES,	 but	 no	 quantitative	 assessment	 of	 T7	 variants	 is	 available	

(Elroy-Stein	&	Moss,	1990;	Ghassemi	et	al.,	2017;	H	Shi	et	al.,	2014).	The	EMCV	IRES	variants	in	

CFPS	 measurements	 show	 similar	 relative	 strengths	 and	 rank	 order	 of	 repression	 to	

measurements	 in	 CHO	 cells	 (Koh	 et	 al.,	 2013).	 Furthermore,	 the	 relative	 rank	 order	 of	 IRES	

variants	is	cell-type	independent	as		measurements	in	CHO	K1,	HEK293,	BHK,	373	and	COS7	cells	

were	 similar	 (Koh	 et	 al.,	 2013).	 In	 terms	 of	 reproducibility,	 characterisation	 of	 IRES	 variants	

showed	 the	most	 robustness	across	experimental	 repeats.	This	may	be	because	 translation	 is	

known	 to	 be	 inherently	 less	 noisy	 than	 transcription,	 meaning	 that	 the	 majority	 of	 intrinsic	

variation	in	protein	 levels	was	found	to	be	attributed	to	variation	 in	transcription	rather	than	

translation	(in	bacterial	cells)	(Thattai	&	van	Oudenaarden,	2001).	In	contrast,	measurements	of	

promoter	variants	showed	the	most	variability	with	saturation	of	GFP	expression	for	each	variant	

reached	at	different	DNA	concentrations	and	in	different	batches	of	IVT	Kit	on	different	days.	The	

difference	 across	 days	 using	 the	 same	 batches	 may	 be	 attributed	 to	 the	 difference	 in	 the	

temperature	and	humidity	in	the	laboratory	as	these	parameters	are	especially	important	when	

working	 at	 such	 a	 small	 volume	 as	 2µL	due	 to	 easy	 evaporation.	 These	 results	 underline	 the	

importance	of	understanding	the	capacity	of	the	CFPS	extract	as	well	as	assessing	the	behaviour	

of	different	CFPS	extracts	preparations.	The	application	of	detailed	modelling	 techniques	may	

also	improve	the	ability	to	compare	results	across	different	experimental	replicates	by	inferring	

and	comparing	biochemical	parameters	(for	example	transcription	and	translation	rates)	rather	

than	expression	levels	(Moore	et	al.,	2018).	
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4.3.2 Translation repression by Archaeoglobus fulgidus L7Ae may be the result of cooperative 

binding 

In	 the	 L7Ae	 translational	 repression	 assays	 an	 IC50	 =	 4.9	 was	 measured	 for	 L7Ae-RNA	

binding,	which	is	in	in	the	same	range	of	magnitude	comparable	to	published	measurements	

of	 	1.6	nM	 	using	 	Surface	Plasmon	Resonance	(Stapleton	et	al.,	2012).	18-fold	repression	was	

calculated	 based	 on	 CFPS	 data,	 and	 10-fold	 repression	 was	 reported	 in	 cells	 using	 an	 L7Ae	

repression	module	of	similar	design	to	those	in	this	work	(Endo,	Stapleton,	et	al.,	2013).	Evidence	

was	found	for	cooperativity	as	a	Hill	Coefficient	of	3.1	was	measured	for	L7Ae	repression	kinetics.	

This	is	in	contrast	to	what was observed in the case of non-cooperative Pyrococcus	L7Ae	binding	

(Nolivos,	Carpousis,	&	atrice	Clouet-d,	2005)	but	in	accordance	with	findings	about	cooperative	

other	archeal	L7Ae	homologs	(Bortolin	et	al.,	2003).		RNA	binding	proteins	are	versatile	tools	and	

it	might	be	possible	to	use	other	RNA	binding	proteins	and	establish	programmable	RNA	binding	

modules	similar	to	TALE	and	Zinc-finger	regulators	(Chen	&	Varani,	2013;	Filipovska	&	Rackham,	

2012;	Filipovska,	Razif,	Nygård,	&	Rackham,	2011).	RNA	binding	proteins	that	are	known	to	have	

engineerable	domains	for	sequence-specific	recognition	would	be	of	special	interest	(Filipovska	

et	 al.,	 2011).	 Measurements	 for	 L7Ae	 repression	 were	 also	 highly	 reproducible	 and	 that	

prototyping	of	RNA	binding	proteins	may	be	an	interesting	and	feasible	CFPS	application.	The	

insertion	 of	 the	 Kt	 aptamer	 into	 the	 mammalian	 construct	 did	 not	 change	 base	 level	 GFP	

expression	while	it	did	substantially	decrease	it	in	the	CFPS	construct.	This	may	be	because	IRES	

initiated	translation	initiation	is	more	sensitive	to	sequence	alterations	in	the	5’UTR	than	cap-

dependent	 translation	 initiation.	 This	 would	 be	 plausible	 because	 IRES	 sequences	 function	

correctly	by	adopting	specific	secondary	structure	(Thompson,	2012).	

4.3.3 Modular and portable CRISPR system 

Three	 alternative	 versions	 of	 CRISPR	 regulation	 were	 investigated	 in	 the	 CFPS	 context.	

CRISPR/dCas9	 regulation	 was	 characterised	 using	 the	 semi-automated	 method	 while	

CRISPR/dCpf1	and	CRISPR/Cas9	were	tested	using	the	manual	CFPS	protocol.	

Using	the	semi-automated	HeLa	CFPS	assays,	it	was	possible	to	show	dCas9	repression	using	two	

sgRNA	binding	sites	in	the	promoter	design,	the	IC50	of	the	fitted	inhibition	curves	were	35±2	

nM	and	28±12	nM.	IC50	is	the	concertation	of	repressor	where	half-expression	from	the	sensor	

is	 expected.	 The	 Kd	 values	which	 describe	 the	 system	 from	 a	 biochemical	 perspective	 in	 the	

literature	are	typically	~0.5-1	nM		which	is	different	than	the	IC50	was	observed	in	CFPS	assays	

(Mekler,	Minakhin,	Semenova,	Kuznedelov,	&	Severinov,	2016;	Sternberg,	Redding,	Jinek,	Greene,	

&	Doudna,	2014).	It	is	known	that	the	binding	affinity	is	sequence	dependent	and	that	the	CFPS	

assay	may	not	fully	represent	the	binding	conditions	for	purified	components.	The	concentration	
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of	many	cellular	components	is	different	in	cells	and	CFPS	and	the	intracellular	compartment	of	

cells	 are	 not	 present	 in	 CFPS.	 However,	 various	 models	 have	 been	 developed	 for	 predicting	

dCas9/sgRNA	binding	to	DNA	(Boyle	et	al.,	2017;	Farasat	&	Salis,	2016)	and	the	CFPS	method	

could	 be	 applied	 to	 test	 and	 refine	 these	 models.	 In	 terms	 of	 reproducibility	 the	 dCas9	

measurements	showed	significant	variability	in	intermediate	expression	levels,	although	under	

these	conditions	partial	repression	was	observed	and	thus	GFP	expression	levels	will	be	sensitive	

to	 small	 differences	 in	 repressor	 concentration.	 The	 CRISPR	 regulation	 was	 based	 on	

CRISPR/dCas9	designs	very	similar	to	those	in	this	work	which	have	been	tested	in	mammalian	

cells	before.	Specifically,	the	outward	facing	target	site	design	was	based	on	previous	work,	where	

the	 core	 promoter	was	 the	 nuclear	 expressed	 CMV	 promoter	 (Gilbert	 et	 al.,	 2013).	 The	 fold-

repression	observed	in	vivo	was	15-fold	(using	a	dCas9-KRAB	fusion	protein),	compared	to	full	

repression	achieved	 in	CFPS	context.	 It	 is	 important	 to	 consider	 that	CRISPR	regulation	 takes	

place	 in	the	nucleus	and	CFPS	is	a	cytoplasmic-like	environment,	which	may	contribute	to	the	

difference.	Furthermore,	in	contrast	to	plasmid	templates	used	in	CFPS,	human	genomic	DNA	is	

tightly	packaged	around	histones	which	need	to	be	removed	for	efficient	DNA	editing,	hence	the	

dCas9	and	Cas9	fusions	with	activator	proteins	carrying	out	such	function	(Agne	et	al.,	2014).	

Complete	inhibition	of	gene	expression	was	measured	in	case	of	Cas9	cleavage	for	target	A	and	a	

decrease	to	about	10%	for	target	B	plasmid	DNA.	These	results	suggest	very	efficient	cleavage	of	

the	template	DNA.	The	molecular	ratio	of	Cas9-sg	complex	suggested	by	the	manufacturer	(1:10)	

for	complete	cleavage	was	twice	as	much	as	used	 in	this	work	(1:20).	However,	 in	our	design	

there	 were	 two	 target	 sites	 per	 DNA	 plasmid,	 this	 should	 be	 taken	 into	 account	 if	 cleavage	

efficiency	was	to	be	calculated	from	such	results.	However,	the	sgRNA	used	for	these	experiments	

was	 purified	 using	 the	 sgRNA	 synthesis	 kit	 and	 quantified	 using	 a	 spectrophotometer.	 These	

methods	are	not	as	clean	or	as	accurately	quantified	as	the	purified	RNA	oligos	used	for	the	semi-

automated	experiments.		

In	summary,	the	CFPS	approach	to	prototyping	CRISPR	/dCas9	or	/dCpf1	regulation	could	have	

many	uses.	The	method	presented	here	is	appropriate	for	assessing	the	relative	affinity	of	binding	

sites	to	CRISPR	regulator	proteins	and	to	assess	orthogonality	between	the	tested	sites.	This	could	

not	only	be	important	to	assess	orthogonality	in	terms	of	target	sites	but	also	in	terms	of	CRISPR	

proteins	and	PAM	sites.	One	important	topic	in	the	further	development	of	CRISPR	technology	is	

the	 discovery	 and	 characterisation	 of	 new	CRISPR	 proteins	 and	 their	 associated	 design	 rules	

(Pineda,	Moghadam,	Ebrahimkhani,	&	Kiani,	2017).		
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4.4 RNA MEASUREMENT AND MODELLING UNCOVERS OBJECTIVE PROMOTER STRENGTH 

The	motivation	behind	establishing	a	base	CFPS	model	were	twofold:	to	understand	the	dynamics	

of	the	reaction	itself	in	order	to	identify	limiting	factors	and	optimise	reaction	conditions	and	to	

provide	 a	modelling	 framework	where	parameters	 of	 a	measured	 regulatory	modules	 can	be	

inferred,	given	the	mathematically	described	CFPS	environment.	Currently,	only	apparent	Kds	of	

the	 regulatory	modules	were	 identified	 and	modelling	may	 allow	more	precise	measurement	

later,	once	the	base	CFPS	model	is	consolidated.	An	ODE	based	mathematical	model	of	CFPS	was	

taken	which	was	 originally	 developed	 for	modelling	 bacterial	 CFPS	 (Reyes	 et	 al.,	 2017),	 This	

model	 represents	 gene	 expression	 at	 a	 high-level	 detail	 as	 a	 two-step	 reaction	 without	

incorporating	 the	 specifics	 bacterial	 or	 mammalian	 mechanism.	 The	 parameters	 for	 rate	 of	

transcription	by	T7	polymerase	and	rate	of	translation	by	mammalian	ribosomes	were	updated	

from	the	literature	to	make	the	model	appropriate	for	representing	mammalian	CFPS	as	closely	

as	 possible.	Next,	 transcript	 levels	were	measured	 and	 the	 data	was	 used	 to	 parametrise	 the	

model.	 Lastly,	 model	 simulations	 will	 be	 discussed	 and	 improvements	 to	 the	 model	 will	 be	

suggested.	

4.4.1 Burst-like RNA production 

The	model	was	updated	with	parameters	as	closely	matching	the	molecular	characteristics	of	the	

mammalian	HeLa	CFPS	system	(Table	3.6).	Then,	the	challenge	was	to	measure	RNA	production	

and	use	that	data	to	refine	the	model.	The	fast	degradation	of	RNA	was	already	indicated	by	the	

early	 saturation	 point	 reached	 in	 the	 experiment	 in	 Section	 3.2	 carried	 out	with	 capped	 and	

purified	 mRNA.	 In	 Section	 3.6,	 the	 dynamics	 of	 RNA	 degradation	 and	 transcription	 were	

investigated.	In	order	to	achieve	this,	a	construct	was	designed	where	an	aptamer	(MGapt)	was	

inserted	on	the	pCFE-GFP	plasmid	between	the	stop	codon	and	the	poly-A	site	for	the	detection	

of	 mRNA	 product.	 MGapt	 specifically	 binds	 a	 dye	 (Malachite	 Green,	 MG)	 which	 becomes	

fluorescent	upon	binding.	This	construct	was	tested	and	produced	uninhibited	GFP	expression,	

and	 therefore	neither	 the	MG	molecule	 itself	or	 the	presence	of	 the	aptamer	sequence	on	 the	

mRNA	 did	 not	 inhibit	 gene	 expression.	 The	 MG	 molecule	 is	 known	 to	 be	 toxic	 to	 live	 cells,	

therefore	this	was	an	important	result.	However,	the	plasmid	pPTWT-	IREST-GFP-MGapt	designed	

and	cloned	for	the	simultaneous	measurement	of	RNA	transcripts	and	GFP	did	not	produce	any	

detectable	 RNA	 signal.	 It	 was	 found	 that	 the	 HeLa	 based	 cell-free	 system	 used	 in	 this	 work	

manifests	 a	 burst-like	 RNA	 transcription	 pattern,	 more	 similar	 to	 E.coli	 crude	 extract	 based	

systems	rather	than	the	PURE	cell-free	system	which	 is	known	to	saturate	 in	RNA	production	

over	time	(Niederholtmeyer,	Xu,	&	Maerkl,	2013).	A	similar	pattern	was	observed	in	a	different	

HeLa	based	cell-free	system	using	RNA	probes	for	detection	(Wang	et	al.,	2018)	which	confirms	
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the	validity	of	our	results	and	suggests	that	T7	polymerase	driven	transcription	may	be	burst-like	

in	mammalian	cells	too.		

One	possible	reason	for	the	lack	of	RNA	signal	from	the	construct	designed	based	on	the	pCFE-

GFP	 template	was	 that	 the	MG	 aptamer	may	 not	 be	 folded	 correctly	 in	 the	mammalian	 CFPS	

environment	 and/or	 the	 binding	 of	 the	 fluorophore	may	 be	 inhibited.	 In	 order	 to	 test	 this,	 a	

construct	was	used	which	was	originally	designed	for	bacterial	expression	which	contained	a	T7	

promoter	 driven	 transcript	 including	MGapt.	 This	 construct	 (gift	 from	 S.	Moore)	 enabled	 the	

measurement	 of	 RNA	 production	 driven	 by	 the	WT	 T7	 promoter	 and	 it	 was	 found	 that	 the	

detection	was	possible,	and	therefore	the	folding	of	RNA	and	binding	of	MG	molecule	was	not	

inhibited	by	the	molecular	environment.	

As	 a	 next	 step,	 it	 was	 decided	 to	 use	 this	 bacterial	 construct	 for	 the	 quantification	 of	 RNA	

expression	dynamics	across	a	range	of	DNA	template	concentration.	No	translation	was	possible	

from	this	construct	and	no	GFP	was	detected,	but	the	T7WT-IREST-GFP	construct	could	be	used	for	

the	WT	T7	driven	GFP	expression	within	the	same	experimental	run.	Despite	the	experimental	

design	being	sub-optimal	as	 two	different	constructs	were	used	 for	measurement	of	RNA	and	

GFP,	this	preliminary	data	was	used	for	initial	parameter	estimation	for	the	CFPS	model.		Certain	

assumptions	had	to	be	taken	in	order	to	use	the	two	datasets	simultaneously	which	may	not	hold	

to	be	correct.	Equal	rate	of	RNA	degradation	and	transcription	termination	was	assumed,	which	

may	be	different	but	was	not	measured	or	inferred	independently.	No	translation	happened	in	

the	 reactions	 in	which	 the	 RNA	 production	was	measured,	 and	 by	 simultaneously	 using	 this	

dataset	alongside	the	GFP	expression	dataset,	it	was	assumed	that	translation	would	not	have	an	

effect	on	 transcription.	However,	 this	 is	not	generally	a	safe	assumption	as	 the	 two	processes	

share	resources	and	may	therefore	influence	each	other.	This	resource	sharing	could	be	modelled	

more	accurately	by	 introducing	 separate	 terms	 for	 shared	 resources	 (ATP	and	cofactors)	and	

resources	not	 shared	 (GTP,	CTP,	UTP,	 amino	acids,	 tRNA).	Then,	 the	 resource	 terms	 could	be	

included	in	the	transcription	equation	and	would	replace	the	one	carrying-capacity	term	in	the	

translation	equation	of	the	current	model.	

4.4.2 Parameter inference and modelling 

Initial	parameter	values	were	updated	based	on	 inference	 from	the	experimental	dataset.	The	

results	of	the	estimation	showed	that	some	parameters	were	inferred	to	be	higher	and	others	

lower	 than	 the	 initial	estimates.	This	could	be	partially	because	of	 the	cellular	or	biochemical	

environment	where	the	parameters	collected	from	the	literature	were	measured	is	different	to	

CFPS.	 Simulations	 demonstrated	 that	 RNA	 expression	 increases	 with	 DNA	 template	

concentration	 while	 GFP	 expression	 saturates.	 This	 suggests	 that	 the	 reaction	 is	 limited	 by	
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translation	and	not	transcription,	similarly	to	the	findings	reported	about	bacterial	CFPS	(Reyes	

et	al.,	2017).	Better	knowledge	of	initial	concentrations	of	the	molecular	species	in	CFPS	would	

help	to	obtain	a	better	and	more	detailed	model	incorporating	specific	components	such	as	ATP,	

Polymerase	and	Ribosomes	(Moore	et	al.,	2018).	Unfortunately,	the	exact	composition	of	the	IVT	

Kit	CFPS	system	 is	proprietary	and	 therefore	 the	starting	concentration	of	nucleotides,	amino	

acids,	 T7	 polymerase	 and	 ATP	 regeneration	 machinery	 is	 unknown.	 It	 would	 be	 possible	 to	

experimentally	measure	some	of	these	concentrations	and	use	the	obtained	values	for	modelling.	

T7	polymerase	concentration	could	be	estimated	by	running	the	accessory	protein	mix	of	the	IVT	

kit	and	quantifying	the	protein	amount	in	the	band	corresponding	to	the	size	of	the	protein.	ATP	

concentration	 could	be	 estimated	by	 assays	 such	 as	 the	 luminescent	ATP	 luciferase	 assay	 for	

example	(Sigma	Aldrich		213-579-1).	

Alternatively,	an	entirely	home-made	CFPS	system	could	be	established	from	scratch	where	the	

exact	 composition	 of	 the	 energy	 mix	 and	 supplementary	 proteins	 is	 known.	 However,	 some	

sources	of	variability	will	not	be	possible	to	eliminate	with	this	approach	either	as	they	might	

arise	from	the	lysate	itself	and	not	the	energy	mix	or	accessory	proteins.	Cells	harvested	in	slightly	

different	 phases	 of	 growth	 or	 the	 preparation	 carried	 out	 at	 slightly	 different	 temperatures	

through	 different	 timescale	may	 result	 in	 lysates	with	 different	 amounts	 of	 intact	 translation	

machinery	or	different	environment	for	RNA	stability.	Variation	arising	from	differences	in	cell-

growth	conditions	may	be	better	controlled	in	a	manufacturing	environment	than	in	an	academic	

laboratory.	Day-to-day	variation	was	observed	within	the	same	batches	of	IVT	Kit	even	when	only	

one	 thawing	 of	 the	 components	 was	 permitted.	 (The	 Kits	 were	 frozen	 in-house	 by	 the	

manufacturer	and	the	batch	numbers	were	indicated	on	each	box.)	

Furthermore,	the	evolutionary	programming	parameter	estimation	method	that	was	used	is	an	

inbuilt	function	of	COPASI	where	the	result	of	the	inference	was	a	single	value	of	each	inferred	

parameter.	However,	these	parameters	may	be	correlated	and	therefore	the	resulting	values	may	

be	inaccurate.	It	would	be	a	better	alternative	to	use	an	inference	method	which	can	appropriately	

deal	with	correlation	between	parameters	and	give	a	parameter	range	for	multiple	parameters	if	

they	are	correlated	instead	of	giving	potentially	inaccurate	results.	Such	an	alternative	is	Bayesian	

parameter	inference	method,	which	was	recently	applied	to	inferring	parameters	for	CFPS	base	

models	as	well	as	regulatory	modules	in	various	bacterial	CFPS	systems	(Moore	et	al.,	2018).	The	

result	 of	 Bayesian	 inference	 are	 likelihood	 functions	 for	 each	 parameter	 covering	 the	 entire	

possible	parameter	space	instead	of	single	potential	values	for	a	parameter.	
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4.5 IMPACT: POSSIBLE APPLICATIONS 

At	the	current	stage	of	development,	the	presented	CFPS	method	is	an	adequate	model	system	for	

prototyping	 cytoplasmic	 gene	 expression.	 Especially	 vector	 systems,	 which	 may	 or	 may	 not	

replicate	 in	 the	 cytoplasm,	 and	 use	 T7	 polymerase	 driven	 transcription	 (Elroy-Stein	 &	Moss,	

1990)	or	IRESs	driven	translation	(Ngoi	et	al.,	2004)	would	be	of	interest.	20	percent	(7067	out	

of	35426)	of	mammalian	plasmids	in	the	plasmid	database	Addgene	contain	a	T7	promoter	site	

(www.addgene.org).	Cytoplasmic	RNA	vectors,	both	synthetic	and	viral,	can	be	used	for	therapy	

(Schott,	Morgan,	Galla,	&	Schambach,	2016).	Other	systems	to	explore	could	be	the	regulation	of	

transcript	 expression	 from	RNA	only	 vectors	 (Schott	 et	 al.,	 2016).	 Both	 these	 types	 of	 vector	

systems	typically	use	IRES	elements	for	translation	initiation	which	is	ideal	for	CFPS	expression.	

Adapting	CFPS	for	being	used	as	a	model	for	cap	dependent	translation	and	nuclear	transcription	

would	require	further	optimisation.	Therefore,	the	applications	for	prototyping	such	endogenous	

elements	may	only	be	possible	only	after	further	substantial	improvements.	

4.5.1 Novel directions for scientific research of RNA binding proteins 

The	novel	findings	uncovered	new	details	of	the	biochemical	mechanism	of	repression	by	L7Ae	

clarify	certain	conjectures	in	the	literature.	It	was	also	proven	for	the	first	time	to	our	knowledge	

that	 IRES	 can	 be	 used	 as	 a	 context-independent	 tool	 in	 a	 mammalian	 CFPS.	 In	 terms	 of	

foundational	 technology,	CFPS	could	be	used	to	develop	better	molecular	 tools	 for	 translation	

regulation,	such	as	RNA	binding	proteins	(RBPs).	A	set	of	14	potentially	orthogonal	RNA	aptamer	

binding	proteins	and	their	corresponding	sensor	aptamers	have	been	identified,	which	could	be	

developed	as	a	toolkit	for	composing	synthetic	biology	circuits	(Table	4.1).	

Furthermore,	CFPS	could	be	used	to	establish	the	design	rules	for	modular	RNA	binding	proteins	

that	have	the	potential	to	target	any	RNA,	based	on	sequence	(Lunde,	Moore,	&	Varani,	2007).	

Such	proteins	have	great	potential	as	they	could	target	endogenous	and	not	only	synthetic	RNA.	

The	 ‘programming’	 of	 the	 recognition	 involves	 designing	 proteins	 from	 domains	 where	 one	

domain	corresponds	to	the	recognition	of	one	nucleotide.	The	design	rules	for	joining	the	domains	

and	the	rules	for	specific	recognition	have	not	yet	fully	been	established	(Chen	&	Varani,	2013).	

In	contrast,	the	engineering	of	sequence-specific	DNA	targeting	proteins	such	as	TALEs	is	already	

established	(Garg,	Lohmueller,	Silver,	&	Armel,	2012).	CFPS	could	be	a	key	technology	where	the	

prototyping	 of	 combinatorial	 RBP	 libraries	 would	 be	 possible	 at	 scale,	 which	 would	 help	 to	

establish	the	design	rules.	The	linker	sequences	between	proteins	would	need	to	be	tested	and	

optimised	and	 the	recognition	sites	would	need	 to	be	 tested	 for	specificity	 in	a	wide	range	of	

sequence	contexts.	
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One	other	aspect	of	foundational	technology	which	may	be	advanced	through	CFPS	prototyping	

is	vector	design.	Both	types	of	cytoplasmic	vectors,	RNA	only	or	cytoplasmic	DNA	vectors	could	

be	 functional	 in	 CFPS	 system	 in	 this	 work.	 For	 such	 vectors,	 the	 compactness	 of	 the	 genetic	

encoding	and	the	balancing	of	relative	expression	levels	are	important	challenges.	CFPS	could	be	

a	platform	where	libraries	with	alternative	designs	could	be	quickly	tested	for	these	two	aspects	

of	design.	For	example,	a	vector	producing	an	antibody	needs	to	express	equal	molar	ratios	of	

heavy	and	light	chain	protein	domains.	This	is	a	challenge	because	any	surplus	protein	produced	

of	only	one	chain	is	a	waste	of	resources.	It	is	difficult	to	predict	the	amount	of	protein	produced	

by	knowing	the	promoter	and	translation	initiation	element	only,	as	the	secondary	structure	of	

mRNA	and	the	amino	acid	composition	of	 the	protein	both	 influence	the	rate	of	 translation.	A	

solution	is	to	optimise	expression	levels	experimentally,	which	was	done	using	IRES	variants	in	

CHO	cells	(Koh	et	al.,	2013).	Such	an	optimisation	could	have	been	done	in	CFPS	first,	and	then	

the	most	promising	IRES	combinations	could	have	been	tested	in	cells	later.	

Table	4.1:	RNA	motif	binding	proteins	described	in	the	literature.	

Regulator	
Protein	

+	
RNA	motif	

Reference	and	application	 Source	Organism	

N	peptide	
+	

Box	B	

light	inducible	translation	(Cao	et	al.,	2013)	
Ribozyme	incorporating	BoxB,	combined	into	an	
AND	gate	with	L7Ae	element	(Ausländer	et	al.,	
2014)	

Coliphage	lambda,	
antitermination	
peptide	

MS2	(MCP)	
+	

MS2	Hairpin	

light	inducible	activation	(Cao	et	al.,	2013)		
inverter	module	(Endo,	Hayashi,	et	al.,	2013)	
simple	repressor	(Endo,	Stapleton,	et	al.,	2013)	(Nie	
&	Htun,	2006)	
simple	repressor	in	trypanosome	(Huafang	Shi	et	
al.,	2005)	
simple	repressor	in	plant	(Cerny	et	al.,	2003)	
control	of	alternative	splicing	(Culler,	Hoff,	&	
Smolke,	2010)			
CRISPR	with	RNA	scaffold	(Zalatan	et	al.,	2014)	
(Ausländer	et	al.,	2012)	->	logic	gates	
Alternative	splicing	(Culler	et	al.,	2010)	
miRNA	regulation	(Bloom,	Winkler,	&	Smolke,	
2014)		

MS2	Bacteriophage	
coat	protein	

L7Ae	
+	

kink	
turn	motif	(Kt)	

simple	translational	regulator	(Saito	et	al.,	2010)		
inverter	module	(Endo,	Hayashi,	et	al.,	2013)	->		
directed	evolution	(Hara,	Saito,	&	Inoue,	2013)	

Archaeoglobus	
fulgidus	
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alternative	
name:	C/D	box	

	

L7Ae	induced	cell	death	and	shRNA	that	binds	L7Ae	
for	ON	system	(Saito,	Fujita,	Kashida,	Hayashi,	&	
Inoue,	2011)	
Negative	Feedback	circuit	(Stapleton	et	al.,	2012)		
logic	gates	(Ausländer	et	al.,	2012)		
nanostructures	(Osada	et	al.,	2014)	

(L7Ae,	L7Ae–
KK,	L7Ae-K)		-		

K-turn	
mutants	of	above	(Stapleton	et	al.,	2012)	

mutants	of	the	
above	

S15	
+	

Fr15	
inverter	module	(Endo,	Hayashi,	et	al.,	2013)	

Bacillus	
stearothermophilus,	
ribosomal	protein	

BIV	Tat	peptide	
+	

BIV	TAR	
hairpin	

	
simple	translational	regulator	(Sudrik,	Arha,	Cao,	
Schaffer,	&	Kane,	2013)	
	

Bovine	
Immunodefficiency	
Virus	

TetR	
+	

Synthetic	
aptamer	

aTc		controlled	translation	repression	(Goldfless	et	
al.,	2012)	
plasmodium	(Goldfless,	Wagner,	&	Niles,	2014)	
localisation	(Belmont	&	Niles,	2012)	

E.coli	and	synthetic	

PCP	
+	
PP7	

(Lim	&	Peabody,	2002)		
CRISPR	system	with	RNA	scaffold	(Zalatan	et	al.,	
2014)	

RNA	phage	of	
Pseudomonas	,	Coat	
protein	

Com	
+	

Com	

CRISPR	system	with	RNA	scaffold	(Zalatan	et	al.,	
2014)	

Bacteriaophage	Mu	

Qβ	CP	
+	

Qβ	Hairpin	
simple	repressor	in	plant	(Cerny	et	al.,	2003)	

Coliphage	coat	
protein	

RPL32	
+	

RPL32	Hairpin	
simple	repressor	in	plant	(Cerny	et	al.,	2003)		

Yeast	ribosomal	
protein	

R17	CP	
+	

R17	Hairpin	

elF4G	fusion	as	translation	activator	(Boutonnet	et	
al.,	2004)	->		

Bacteriophage	R17	

TRAP	
+	

[(U/G)AGnn]11	
(TBS)	

simple	translational	regulator	(Nie	&	Htun,	2006)	

B.	Subtilis,	
tryptophan	RNA-	
binding	attenuation	
protein	

CNBP	or	La	
+	

TOP	(terminal	
oligopyrimi-	
dine	module)	

simple	activator	(Schlatter	&	Fussenegger,	2003)		 Xenopus	laevis	
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4.5.2 CFPS for prototyping intracellular biosensors 

The	treatment	of	cancer	and	viral	diseases	has	been	proposed	through	the	approach	of	genetically	

engineered	somatic	cells	(Schott	et	al.,	2016).	Such	treatments	often	propose	using	cytoplasmic	

vectors	which	do	not	integrate	into	the	genome,	the	functionality	of	which	may	be	reproduced	in	

CFPS,	as	discussed	above	(Sant	et	al.,	2015).		

More	specifically,	many	viruses	produce	RNA	binding	proteins	which	may	be	detected	similarly	

as	to	how	the	L7Ae	sensor	construct	was	designed.	Furthermore,	a	proof-of-concept	device	which	

activates	cell	death	in	the	presence	of	intracellular	L7Ae	has	already	been	reported	(Saito	et	al.,	

2011).	 Similarly,	 sensors	 could	 be	 designed	 for	 the	 detection	 of	 intracellular	 virus	 or	 cancer	

proteins	and	induce	cell	death	in	response.	A	gene	therapy	approach	could	be	especially	desirable	

for	the	treatment	of	viral	infections	which	are	persistent	in	the	human	body	such	as	HIV,	herpes	

viruses	or	hepatitis	viruses.	The	first	sensor	for	HIV	was	already	implemented	for	the	intracellular	

detection	 the	 virus	 based	 on	 an	 RNA	 aptamer	 which	 specifically	 binds	 the	 Tat	 viral	 peptide	

(Blakeley	&	McNaughton,	2014).		The	Kaposi	sarcoma	virus	ORF57	also	specifically	targets	viral	

RNA	motifs	 and	 a	 sensor	 could	 be	 designed	 taking	 advantage	 of	 this	 (Vogt	 &	 Bohne,	 2016).	

Furthermore,	most	RNA	viruses	generally	have	nucleocapsid	or	coat	proteins	(such	as	MS2	coat	

protein	in	this	work)	which	typically	recognise	specific	motifs	of	the	viral	RNA,	These	RBPs	are	

all	potential	targets	for	the	design	of	RNA	aptamer	based	sensors,	the	testing	of	which	may	be	

carried	out	in	mammalian	CFPS.	

In	 terms	of	optimising	the	design,	 it	 is	known	that	 the	distance	 from	the	5’terminus	and	copy	

number	of	the	target	RNA	motif	matters	in	mammalian	mRNA	expression	(Endo,	Stapleton,	et	al.,	

2013).	Therefore,	variants	with	different	spacer	sequences	and	copies	of	RNA	motifs	would	be	

generated	and	the	ideal	designs	would	be	chosen.	It	is	important	that	a	high	fold	repression	is	

achieved	while	not	damaging	the	background	translation	activity.	Such	designs	could	be	easily	

prototyped	 in	 CFPS.	 An	 interesting	 option	 for	 a	 sensor	 design	 is	 the	 inversion	 of	 repression	

through	a	‘bait’	upstream	open	reading	frame	(Endo,	Hayashi,	et	al.,	2013).	The	‘bait’	produces	a	

prematurely	 terminated	 short	peptide	and	 triggers	 the	degradation	of	 the	mRNA	 through	 the	

nonsense	mediated	decay	pathway.	The	inverter	design	was	demonstrated	to	work	for	L7Ae	and	

induce	 seven-fold	 activation	 in	 cells.	 For	 robust	 results,	 the	 combination	 of	 a	 repressor	 and	

activator	sensor	architecture	could	be	 integrated	together.	Such	dual	signal	 integration	would	

decrease	the	number	of	false	positives	while	maintaining	good	sensitivity.	
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5 CONCLUSION 

New	 and	 predictable	 molecular	 tools	 to	 control	 gene	 expression	 in	 mammalian	 cells	 are	

indispensable	for	the	application	of	Synthetic	Biology	for	therapeutic	purposes.	The	aim	of	this	

work	was	to	develop	new	foundational	technology	for	the	screening	and	characterisation	of	such	

molecular	tools,	and	it	was	hypothesised	that	CFPS	can	be	an	adequate	model	of	a	mammalian	

cell.	 A	 special	 emphasis	 was	 put	 on	 automation	 and	 on	 exploration	 of	 the	 robustness	 of	 the	

measurement	method,	as	these	are	key	aspects	for	industrial	and	engineering	applications.		

In	 the	 first	 section	 of	 this	work,	 the	 initial	 aim	was	 to	 further	 develop	RNA	binding	 proteins	

(RBPs)	as	a	molecular	tool	for	regulation	of	translation.	The	use	of	translational	regulation	and	

not	only	transcription	regulation	for	engineering	synthetic	gene	networks	is	important	to	reduce	

cellular	burden,	improve	the	speed	of	response	and	to	reduce	crosstalk.	A	tissue	culture	approach	

was	implemented	to	characterise	repression	of	translation	via	RNA	binding	proteins	using	the	

L7Ae	and	the	MS2	RBPs.	Transfer	 functions	 for	L7Ae-mediated	repression	were	obtained	 in	a	

format	that	may	be	used	to	predict	the	behaviour	of	large	composite	gene	networks	for	the	first	

time.	However,	it	was	found	that	the	protocol	would	not	scale	due	to	technical	limitations	of	the	

several	steps	requiring	direct	human	intervention.	Compared	to	microbial	methods,	working	with	

mammalian	 tissue	 cultures	 is	 especially	 slow	 and	 work-intensive,	 and	 the	 examples	 for	

automation	of	high	throughput	experimental	methods	are	rare.	Therefore,	instead	of	following	

the	original	aims	and	developing	more	RNA	binding	protein	tools	using	the	methods	in	the	first	

chapter,	 the	 scope	was	widened	 to	 the	 challenge	of	 exploring	a	new	and	completely	different	

prototyping	method	for	mammalian	gene	regulation	in	general.	The	cell-free	protein	synthesis	

(CFPS)	model	system	was	chosen	due	to	its	potential	for	automation.	CFPS	is	becoming	a	widely	

employed	tool	 for	microbial	synthetic	biology,	and	my	thesis	 lays	 the	groundwork	 for	a	semi-

automated	CFPS	measurement	method	for	mammalian	applications.		

First,	the	potential	of	mammalian	CFPS	was	established	for	the	measurement	of	transcription	and	

translation	activity.	This	was	done	through	the	measurement	of	relative	GFP	expression	levels	of	

GFP	 from	 constructs	 including	 variants	 of	 constitutive	 transcription	 and	 translation	 initiation	

sequences.	 Next,	 once	 the	 potential	 in	 measuring	 transcription	 and	 translation	 activity	 was	

established,	 various	modes	 of	more	 complex	 gene	 regulation	were	 tested.	 As	 a	 result,	 it	was	

established	 that	 sequence	 specific	DNA	 cleavage,	 inhibition	 of	 transcription,	 and	 inhibition	 of	

translation	can	be	reproduced	in	the	CFPS	molecular	context	and	measured	via	detection	of	GFP	

signal	 indicating	 gene	 expression	 activity.	 Furthermore,	 an	 attempt	was	made	 to	 expand	 the	

application	of	CFPS	beyond	viral	modes	of	T7	polymerase	driven	transcription	and	IRES	driven	

translation;	and	the	potential	of	expanding	the	measurement	method	to	alternative	mechanisms	
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of	transcription	and	translation	initiation	was	explored.	In	conclusion,	CFPS	was	established	as	a	

new	appropriate	model	for	gene	expression	in	mammalian	cells.	

After	the	hypothesis	that	CFPS	is	a	good	model	of	expression	in	cells	was	proven,	and	a		semi-

automated	 CFPS	workflow	was	 established,	 it	was	 used	 to	 characterise	 four	 distinct	 types	 of	

regulation	in	detail	and	uncover	novel	findings	about	their	biochemical	properties.	Specifically,	

GFP	expression	regulated	by	variants	of	the	T7	promoter	and	the	EMCV	IRES	translation	initiation	

element	were	measured	across	wide	concentration	ranges.	The	dCas9	and	L7Ae	proteins	were	

tested	for	repression	of	transcription	and	translation,	respectively	and	inhibition	functions	were	

fitted	 to	 the	 resulting	data.	Evidence	was	 found	 that	 they	both	exhibit	 cooperative	behaviour.	

These	characterisation	experiments	were	designed	so	 that	 they	 included	many	replicates	and	

repeats,	 and	 were	 also	 used	 to	 assess	 the	 reproducibility	 and	 robustness	 of	 CFPS	 as	 a	

measurement	method.	It	was	found	that	measurements	may	vary	considerably	between	repeats	

and	batches	of	cell	lysate.	At	the	current	state	of	development,	the	semi-automated	method	can	

be	 applied	 to	 screening	 variants	 of	 RBP	 sensors	 or	 other	 regulatory	 elements.	 However,	 the	

application	of	mammalian	CFPS	as	a	precise	measurement	tool,	whose	results	can	be	applied	for	

synthetic	biology	design,	remains	a	challenge.	

In	order	to	analyse	characterisation	data	concerning	regulation	and	infer	biochemical	parameters	

applicable	 outside	 of	 the	CFPS	 context,	 a	modelling	 framework	 is	 needed.	An	 ideal	modelling	

framework	would	be	suited	to	take	into	account	the	variability	of	CFPS	reactions	in	terms	of	gene	

expression	 dynamics	 and	 total	 protein	 expression	 capacity.	 Preliminary	 steps	 were	 taken	

towards	 the	 measurement	 of	 RNA	 production	 in	 real	 time	 in	 CFPS,	 and	 towards	 its	 use	 to	

parametrise	an	ODE	based	mathematical	model	describing	the	behaviour	of	mammalian	CFPS.		

Potential	 future	 applications	 of	 the	 novel	 CFPS	 method	 may	 have	 impact	 in	 the	 research	 of	

translation	regulation	and	biosensor	prototyping	in	the	field	of	mammalian	synthetic	biology.	 	
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6 APPENDIX 

6.1 MATERIALS 
	

Table	6.1:	Media	for	bacterial	growth	

LB	Broth	 1%	(w/v)	bactotryptone,	1%	(w/v)	NaCl,	0.5%	(w/v)	yeast	

extract	

SOC	 20	mM	glucose,	0.01	mM	MgCl2,	0.0025	mM	KCl,	2%	(w/v)	

bactotryptone,	0.05%	(w/v)	NaCl,	0.5%	(w/v)	yeast	extract	

LB-Agar	 LB	broth,	1%	(w/v)	agar	

Induction	media	 LB	broth,	0.1%	Rhamnose	

	

Table	6.2:	DNA	Gel	Electrophoresis	

TAE	Buffer	 40	mM	Tris-acetate,	1	mM	EDTA	

DNA	Gel	Loading	Dye	 NEB	DNA	loading	dye	(6X)	

TAE	Agarose	Gel	 1%	 agarose	 in	 TAE,	 0.0006%	 (v/v)	 SYBR	 Safe	 (Thermo	

#S33102)	

	

Table	6.3:	RNA	gel	electrophoresis	

Buffer	 0.1	M	Tris-base,	0.1	M	Boric	Acid,	1	mM	Na2EDTA	(pH	8.3)	

RNA	Gel	Loading	Dye	 NEB	RNA	Loading	dye	(2X)	

Gel	 5%	(w/v)	acrylamide,	8M	urea,	1x	TBE-buffer,	0.17%	(w/v)	

APS,	0.1%	(v/v)	TEMED	

	

Table	6.4:	Protein	gel	electrophoresis	

Buffer	 Composition	or	Source	

4x	Protein	Gel	Loading	Dye	 20%	SDS,	40%	glycerol,	0.4%	bromophenol	blue	

Gel	 Novex	Tris-Glycine	Gel	4-20%	

Coomassie	stain		 0.05%	(w/v)	Coomassie	Blue	R-250,	30%	(v/v)	Ethanol,	10%	

(v/v)	Acetic	acid	

Coomassie	destain	 30%	(v/v)	Ethanol,	10%	(v/v)	Acetic	acid	
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Table	6.5:	Molecular	markers	and	Ladders	

Reagent	 Source	

1Kb	Plus	DNA	Ladder	 Invitrogen	

Low	Range	ssRNA	Ladder	 New	England	Biolabs	Inc.	

HiMark™	 Pre-stained	 Protein	 Standard		

(High	MW)	
	Thermo	Fisher	Scientific	

PageRuler™	Plus	Prestained	Protein	Ladder,	

10	to	250	kDa	(Mid	MW)	
	Thermo	Fisher	Scientific	

	

Table	6.6:	Bacterial	Strains	

Strain	 Genotype	 Source	

NEB	5-alpha	

fhuA2	 Δ(argF-LacZ)U169	

phoA	gln44	

φ88Δ	 (lacZ)M15	 gyrA96	

recA1	relA1	

endA1	thi-1	hsdR17	

Chemical	competent	

New	England	Biolabs	Inc.	

KRX	

F´,	 traD36,	 ΔompP,	 proA+B+,	

lacIq,	 Δ(lacZ)M15]	 ΔompT,	

endA1,	 recA1,	gyrA96	(Nalr),	

thi-1,	 hsdR17	 (rk–,	 mk+),	

e14–	(McrA–),	relA1,	supE44,	

Δ(lac-proAB),	 Δ(rhaBAD)::T7	

RNA	polymerase.	

Promega	

	

Table	6.7:	Mammalian	cell	lines	

Cell	line	 Description	 Source	

U2OS	T-REx™	

Homo	sapiens	(human)	

adherent	osteosarcoma	

epithelial,	TetR	integrated	in	genome	

Invitrogen	
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Table	6.8:	Enzymes	

Reagent	 Source	

BamHI		 New	England	Biolabs	Inc.	

DpnI	 New	England	Biolabs	Inc.	

XhoI	 New	England	Biolabs	Inc.	

SacI	 New	England	Biolabs	Inc.	

BamHI	 New	England	Biolabs	Inc.	

AflII	 New	England	Biolabs	Inc.	

ApaI	 New	England	Biolabs	Inc.	

NheI	 New	England	Biolabs	Inc.	

BsaI	 New	England	Biolabs	Inc.	

T4	DNA	Ligase	 New	England	Biolabs	Inc.	

T4	Polynucleotide	Kinase	 New	England	Biolabs	Inc.	

Pfu	Ultra	II	DNA	Polymerase	 Agilent	

Taq	Polymerase	 New	England	Biolabs	Inc.	

Shrimp	Alkaline	Phosphatase		 Roche	Diagnostics	

	

Table	6.9:	Kits	

Reagent	 Source	

QIAprep	Spin	MiniPrep	Kit	 Qiagen	

QIAGEN	Plasmid	Plus	MidiPrep	Kit	 Qiagen	

QIAquick	Gel	Extraction	Kit		 Qiagen	

QIAquick	PCR	Purification	Kit	 Qiagen	

Quant-iT™	PicoGreen™	dsDNA	Assay	Kit	 Thermo	Fisher	Scientific	

Qubit™	RNA	HS	Assay	Kit	 Thermo	Fisher	Scientific	

HeLaScribe®	 Nuclear	 Extract	 in	 vitro	

Transcription	System	
Promega	

1-Step	Human	Coupled	IVT	Kit	 Thermo	Fisher	Scientific	

mMESSAGE	mMACHINE®	Kit	(T7)	 Ambion	

MEGAclear™	RNA	Purification	Kit	 Ambion	

GeneArt™	Precision	gRNA	Synthesis	Kit	 Thermo	Fisher	Scientific	
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Table	6.10:	Antibiotics	

Reagent	 Source	

Ampicillin	 Sigma-Aldrich	

Kanamycin	 Sigma-Aldrich	

Chloramphenicol	 Sigma-Aldrich	

Tetracycline	 Sigma-Aldrich	

Doxycycline	 Sigma-Aldrich	

	

Table	6.11:	Miscellaneous	reagents	

Reagent	 Source	

dNTPs	 Roche	Diagnostics	

Malachite	Green	 Sigma-Aldrich	

RNase	AWAY™	Decontamination	Reagent	 Thermo	Fisher	Scientific		

FITC	 Sigma-Aldrich	

Fluorescent	Beads	 SpheroTech	RCP-30-5A	beads	

Fluorescent	Beads	 Spherotech	ACF-50-5	beads	

purified	dCpf1	protein	 A	kind	gift	from	M.	Crone	

purified	rTurboGFP		 Evrogen		

purified	Cas9	Nuclease,	S.	pyogenes	 New	England	Biolabs	Inc.	

purified	dCas9,	S.	pyogenes	
A	kind	gift	from	M.	Crone	and	J.	MacDonald	

purified	SpCpf1		

dCas9	and	Cas9	buffer	

New	 England	 Biolabs	 Inc.	 (1x	 composition:	 20	

mM	HEPES,	100	mM	NaCl,	5	mM	MgCl2,	0.1	mM	

EDTA,	(pH	6.5	@	25°C))	

	

Table	6.12:	Tissue	culture	reagents	

Reagent	 Source	

DMEM	 Gibco®	

Foetal	Bovine	Serum	(FBS	or	FCS)	 Gibco®	

L-Glutamine	200	mM	100X	 Gibco®	

Penicillin	(50	IU/ml)/streptomycin	(50	μg/ml)	 Gibco®	

0.05%Trypsin-EDTA	 Gibco®	

dPBS	 Gibco®	
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Table	6.13:	Plates	and	Seals	

Hardware	 Source	

384	well,	flat	bottom,	µCLEAR®,	black	 Greiner	

384	well,	Small	Volume™,	LoBase,	PS,	Clear®,	black	 Greiner	

Breathe-Easy®	sealing	membrane	 Sigma	Aldrich	

Echo	Qualified	384-Well	Polypropylene	Microplate	 Greiner		

Echo	Qualified	384-Well	Low	Dead	Volume	Microplate	 Greiner	
	

Table	6.14:	Plasmids	for	E.coli	work	

Name	 Function	 Origin	

pT7-RBS-L7Ae-6His	

Recombinant	

expression	 of	 the	 L7Ae	

protein	for	purification	

	

16ABILHP_1898700	

Intermediate	 for	

cloning	 L7Ae	

expression	construct	

GeneArt		

pTU1-A	 Plasmid	vector	 A	kind	gift	from	S.	J.	Moore	

T7-RBS-His	 L0	plasmid	for	cloning	 A	kind	gift	from	S.	J.	Moore	

Terminator		 L0	plasmid	for	cloning	 A	kind	gift	from	S.	J.	Moore	

	

Table	6.15:	Plasmids	for	CFPS	work	

Name	 Function	 Origin	

pCFE-GFP		

(equivalent	to	pPT7T-	IREST-GFP)	
GFP	expression	

Positive	control	provided	with	the	1-

Step	 Human	 Coupled	 IVT	 Kit	 from	

Thermo	Fisher	Scientific	

pPT7WT-	IREST-GFP	
Measurement	 of	

promoter	

activity	 using	

GFP	as	an	output	
	

pPT71-	IREST-GFP	

pPT72-	IREST-GFP	

pPT73-	IREST-GFP	

pPT74-	IREST-GFP	

pPT7T-	IRES1-GFP	 Measurement	 of	

IRES	 strength	

using	 GFP	 as	 an	

output	

pPT7T-	IRES2-GFP	

pPT7T-	IRES3-GFP	

pPT7T-	IRES4-GFP	
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pPT7T-	IRES-Kt-GFP	 	

pCas9A-PT7WT-Cas9A-IREST-GFP	 	
A	kind	gift	from	B.Goetzmann	

pCas9B-PT7WT-Cas9B-IREST-GFP	 	

pCpf1A-PT7WT-Cpf1A-IREST-GFP	 	

	

pCpf1B-PT7WT-Cpf1B-IREST-GFP	 	

pPT7T-	IREST-GFP-MGapt	

designed	 for	

measurement	 of	

transcription	

(did	not	work)	

pT7WT-RBS-GFP-MGapt	
Measurement	 of	

transcription	
A	kind	gift	from	S.	J.	Moore	

	

Table	6.16:	Plasmids	for	mammalian	work	

Name Function	 Origin	

pCMV-EGFP	 GFP	expression	 Modified	version	of	pEGFP-C3	

(Clontech),	MCS	modified	

pCMV-EGFP-Apta(MS2)	 MS2	sensor	

	
pCMV-EGFP-Apta(Kt)	 L7Ae	sensor	

pCMV-mKate2 mKate2	expression	

pCMV-EBFP2 BFP	expression	

pcDNA™4/TO Plasmid	vector	 Thermo	Fisher	Scientific	

pcDNA-mKate2 Inducible	 mKate2	

expression	(control)	
	

pcDNA-mKate2-MS2 Inducible	 mKate2-MS2	

expression	
	

pcDNA-mKate2-L7Ae Inducible	mKate2-L7Ae	

expression	

pCAG-EBFP2 Template	 for	 cloning	

EBFP2	into	pCMV	

Addgene,	(#51790)	Weiss	lab	
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6.2 SEQUENCES 

	

6.2.1 Functional DNA parts 

Table	6.17:	Functional	DNA	parts.		

*	 =	 partial	 sequence,	 grey	 highlight	 =	mutations	 compared	 to	WT,	 underlined	 =	 Protospacer	

adjacent	motif	of	Cas9	and	Cpf1	binding	sites	

Name	 Function	
Reference	/	

Source	
Sequence	

T7-T	 Promoter	

Thermo	

Fisher	

Scientific	

TAATACGACTCACTATAGGGCGA	

T7-WT	 Promoter	

(Temme,	

Hill,	et	al.,	

2012)	

TAATACGACTCACTATAGGGAGA	

T7-1	 Promoter	 TAATACGACTCACTACAGGCAGA	

T7-2	 Promoter	 TAATACGACTCACTAGAGAGAGA	

T7-3	 Promoter	 TAATACGACTCACTAAAGGGAGA	

T7-4	 Promoter	 TAATACGACTCACTATTGGGAGA	

EMCV-T	 IRES	

Thermo	

Fisher	

Scientific	

*ATAATATGGCCACCACCCATATG	

EMCV-WT	 IRES	

(Koh	et	al.,	

2013)	

*ATGATAATATGGCCACAACCATG	

EMCV-1	 IRES	 *ATGATAATTTGGCCACAACCTTG	

EMCV-2	 IRES	 *ATGATAATCTGGCCACAACCCTG	

EMCV-3	 IRES	 *ATGATAATCTGGCCACAACCATG	

EMCV-4	 IRES	 *ATGATAATATGGCCACAACCGTG	

Kt	 Kt	RNA	aptamer	 (Wroblewsk

a	et	al.,	

2015)	

GGGCGTGATCCGAAAGGTGACCC	

dKt	
Mutant	Kt	RNA	

aptamer	
GGGCGTCATCCGAAAGGTGCCCC	

MG	aptamer	
Malachite	Green	

binding	RNA	aptamer	

(Kolpashchi

kov,	2005)	

GGATCCCGACTGGCGAGAGCCAGG	

TAACGAATGGATCC	

Cas9-A	
Synthetic	Cas9	

binding	site	

designed	by	

JM.	using	

R2O	

software	

GCTCGTAGGTGAAGCCGACGTGG	

Cas9-B	
Synthetic	Cas9	

binding	site	
CTTCGCACTCTGACGACGGGTGG	
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Cpf1-A	
Synthetic	Cpf1	

binding	site	

(Casini	et	al.,	

2014)	
ATTTACGATAGTTTTCACGCAGGCAGC	

Cpf1-B	
Synthetic	Cpf1	

binding	site	
ATTTTGTGGCACTGACGAACTCCTGTA	

L7Ae_E.coli	

RNA	aptamer	binding	

protein,	optimised	

for	expression	in	

E.coli		

GeneArtTM	
Highlighted	in	corresponding	synthetic	

DNA	fragment	below	

L7Ae_H.sapi

ens	

RNA	aptamer	binding	

protein,	optimised	

for	expression	in	

H.sapiens		

GeneArtTM	
Highlighted	in	corresponding	synthetic	

DNA	fragment	below	

MS2	

RNA	aptamer	binding	

protein,	optimised	

for	expression	in	

H.sapiens		

GeneArtTM	
Highlighted	in	corresponding	synthetic	

DNA	fragment	below	

mKate2	

Red	fluorescent	

protein,	optimised	

for	expression	in	

mammalian	cells		

GeneArtTM	
Highlighted	in	corresponding	synthetic	

DNA	fragment	below	

turboGFP	

Green	fluorescent	

protein	for	CFPS	

expression	

Thermo	

Fisher	

Scientific	

pCFE-GFP	(Thermo	Fisher	Scientific)	

EGFP	

Green	fluorescent	

protein,	optimised	

for	expression	in	

mammalian	cells	

Clontech	 pEGFP-C3	(Clontech)	

EBPF2	

Blue	fluorescent	

protein,	optimised	

for	expression	in	

mammalian	cells	

Addgene		 pCAG-EBFP2	#51790	Addgene	

2A	 self-cleaving	linker	
(Goedhart	et	

al.,	2011)	

GGCAGCGGCTCTGAGGGCAGAGGCA	

GCCTGCTGACATGTGGCGACGTGGAA	

GAGAATCCCGGCCCTGGCTCTGGCAG	

CGGATCT	
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6.2.2 DNA and RNA Oligonucleotides 

	

Table	6.18:	Oligos	used	for	cloning	variants	from	pEGFP-C3	for	mammalian	work	

Variant	 Forward	Primer	 Reverse	Primer	

modified	MCS	
GGGCCCGCCATACCACATTTGTAGA

GGTTTTACTTGC	

TCATCTAGAAATTCGAAGCTTGAG

CTCGAGATCTG	

MS2	
GTGATCCTCACCGCTAGCGGATCTG

ACGGTTCAC	

CCATCGCTTAAGACCGGTCGCCACC

ATG	

Kt	
TTCGGATCACGCCCGCTAGCGGATC

TGACGGTTCAC	

AGGTGACCCCTTAAGACCGGTCGCC

ACCATG	

	

Table	6.19:	Primers	used	to	amplify	mKate2	and	EBFP2.	

CDS	 Forward	Primer	 Reverse	Primer	

mKate2	
TCTCAGGCTAGCAACTTAAGTCGCC

ACCATGGTG	

TAGACTGGGCCCTCAGCTTCTCAGGCCAGAG

C	

EBFP2	
TCTCAGGCTAGCAAAAAGCAGCGCC

ACCATG	

TAGACTGGGCCCTTACTTGTACAGCTCGTCC

ATGC	

	

Table	6.20:	DNA	oligos	used	for	inverted	PCR	cloning	for	CFPS	work	

Variant	 Forward	Primer	 Reverse	Primer	

T7-WT	 GGAGAATTAATTCCGGTTATTTTCCACC	
CTATAGTGAGTCGTATTACAATTCACTG

GC	

T7-1	 GCAGAATTAATTCCGGTTATTTTCCACC	
CTGTAGTGAGTCGTATTACAATTCACTG

GC	

T7-2	 GGAGAATTAATTCCGGTTATTTTCCACC	
CTTTAGTGAGTCGTATTACAATTCACTG

GC	

T7-3	
CAATAGTGAGTCGTATTACAATTCACTG

GC	
GGAGAATTAATTCCGGTTATTTTCCACC	

T7-4	 GTAGAATTAATTCCGGTTATTTTCCACC	
CTATAGTGAGTCGTATTACAATTCACTG

GC	

IRES-WT	 ACAACCATGGAGAGCGACGAGAGCG	
GGCCATATTATCATCGTGTTTTTCAAAG

GAAAAC	

IRES-1	 ACAACCTTGGAGAGCGACGAGAGCG	
GGCCAAATTATCATCGTGTTTTTCAAAG

GAAAAC	
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IRES-2	 ACAACCCTGGAGAGCGACGAGAGCG	
GGCCAGATTATCATCGTGTTTTTCAAAG

GAAAAC	

IRES-3	 ACAACCATGGAGAGCGACGAGAGCG	
GGCCAGATTATCATCGTGTTTTTCAAAG

GAAAAC	

IRES-4	 ACAACCGTGGAGAGCGACGAGAGCG	
GGCCATATTATCATCGTGTTTTTCAAAG

GAAAAC	

Kt	
GATCACGCCCGTGGTGGCCATATTATCA

TCGTG	

CGAAAGGTGACCCATATGGAGAGCGAC

GAG	

dKt	
GATGACGCCCGTGGTGGCCATATTATCA

TCGTG	

CGAAAGGTGCCCCATATGGAGAGCGACG

AG	

	

Table	6.21:	DNA	oligos	used	for	cloning	Cas9	and	Cpf1	promoters	

Four	oligos	 (two	 forward	and	 two	reverse)	were	annealed	simultaneously	when	cloning	each	

variant.	

Variant	 Forward	Oligos	 Reverse	Oligos	

Cas9	target	A	

CCCAGCTCGTAGGTGAAGCCGAC

GTAATACGACTCACTATAG	

GTATTACGTCGGCTTCACCTACGAGCTGG

GAGCT	

GGAGACGTCGGCTTCACCTACGA

GCTGGG	

GATCCCCAGCTCGTAGGTGAAGCCGACGT

CTCCCTATAGTGAGTC	

Cas9	target	B	

CCCACTTCGCACTCTGACGACGG

GTAATACGACTCACTATAG	

GTATTACCCGTCGTCAGAGTGCGAAGTGG

GAGCT	

GGAGACCCGTCGTCAGAGTGCGA

AGTGGG	

GATCCCCACTTCGCACTCTGACGACGGGTC

TCCCTATAGTGAGTC	

Cpf1	target	A	 CGCTGCCTGCGTGAAAACTATCG

TTAAATAATACGACTCACTATAG	

GTATTATTTAACGATAGTTTTCACGCAGG

CAGCGAGCT	

GGAGATTTAACGATAGTTTTCAC

GCAGGCAGCG	

GATCCGCTGCCTGCGTGAAAACTATCGTT

AAATCTCCCTATAGTGAGTC	

Cpf1	target	B	 CCTCAGCCTATCCGTGGACGAAG

ATAAATAATACGACTCACTATAG	

GTATTATTTATCTTCGTCCACGGATAGGC

TGAGGAGCT	

GGAGATTTATCTTCGTCCACGGA

TAGGCTGAGG	

GATCCCTCAGCCTATCCGTGGACGAAGAT

AAATCTCCCTATAGTGAGTC	
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Table	6.22:	DNA	oligos	used	for	in	vitro	RNA	synthesis	

	 Forward	 Reverse	

Cas9-A	
TAATACGACTCACTATAGC	

GTCGGCTTCACCTACGAGC	

TTCTAGCTCTAAAACGCT	

CGTAGGTGAAGCCGACG	

Cas9-B	
TAATACGACTCACTATAGC	

CCGTCGTCAGAGTGCGAAG	

TTCTAGCTCTAAAACCTT	

CGCACTCTGACGACGGG	

Cpf1-A	

AATACGACTCACTATAGGAATTTCTAC

TCTTGTAGATACGATAGTTTTCACGCA

GGCAGC	

GCTGCCTGCGTGAAAACTATCGTATCT

ACAAGAGTAGAAATTCCTATAGTGAG

TCGTATT	

Cpf1-B	

AATACGACTCACTATAGGAATTTCTAC

TCTTGTAGATTCTTCGTCCACGGATAG

GCTGAG	

CTCAGCCTATCCGTGGACGAAGAATCT

ACAAGAGTAGAAATTCCTATAGTGAG

TCGTATT	
	

Table	6.23:		Synthetic	RNA	oligos	

	 Source	 Sequence	

Alt-R®	 CRISPR-

Cas9	tracrRNA	
IDT	 Proprietary	

crRNA_A	 IDT	
rCrGrUrCrGrGrCrUrUrCrArCrCrUrArCrGrArGrCrGrUrUrUrU

rArGrArGrCrUrArUrGrCrU/AlTR2	

crRNA_B	 IDT	
rCrCrCrGrUrCrGrUrCrArGrArGrUrGrCrGrArArGrGrUrUrUrU

rArGrArGrCrUrArUrGrCrU/AlTR2	

	

6.2.3 Synthetic DNA Fragments 

	

>mKate_GSG_2A_GSG_MS2_flag		

CTTAAGTCGCCACCATGGTGTCCGAGCTGATCAAAGAAAACATGCACATGAAGCTGTACATGGAAGGC

ACCGTGAACAACCACCACTTCAAGTGCACCAGCGAGGGCGAGGGCAAGCCTTACGAGGGCACCCAGAC

CATGCGGATCAAGGCCGTGGAAGGCGGCCCTCTGCCTTTCGCCTTTGACATCCTGGCCACCAGCTTTAT

GTACGGCAGCAAGACCTTCATCAACCACACCCAGGGCATCCCCGATTTCTTCAAGCAGAGCTTCCCCGA

GGGCTTCACCTGGGAGAGAGTGACCACCTACGAGGACGGCGGAGTGCTGACCGCCACCCAGGATACAA

GCCTGCAGGACGGCTGCCTGATCTACAACGTGAAGATCCGGGGCGTGAACTTCCCCAGCAACGGCCCCG

TGATGCAGAAGAAAACCCTGGGCTGGGAGGCCAGCACCGAGACACTGTATCCTGCCGATGGCGGCCTG

GAAGGCAGAGCCGATATGGCCCTGAAACTCGTGGGCGGAGGCCACCTGATCTGCAATCTGAAAACCAC

CTACCGGTCCAAGAAGCCCGCCAAGAACCTGAAGATGCCCGGCGTGTACTACGTGGACCGGCGGCTGG
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AACGGATCAAAGAGGCCGACAAAGAAACCTACGTGGAACAGCACGAGGTGGCCGTGGCCAGATACTGC

GACCTGCCTTCTAAGCTGGGCCACAGAGGCGGCGGAGGCTCTGGCCTGAGAAGCTCTAGAGGCAGCGG

CTCTGAGGGCAGAGGCAGCCTGCTGACATGTGGCGACGTGGAAGAGAATCCCGGCCCTGGCTCTGGCA

GCGGATCTGCTAGCATGGCCAGCAACTTCACCCAGTTCGTGCTGGTGGACAACGGCGGCACAGGCGAC

GTGACAGTGGCCCCTAGCAACTTCGCCAACGGAATCGCCGAGTGGATCAGCAGCAACAGCCGGTCCCA

GGCCTACAAAGTGACCTGCAGCGTGCGGCAGAGCAGCGCCCAGAACCGGAAGTACACCATCAAGGTGG

AAGTGCCCAAGGGCGCCTGGCGGAGCTACCTGAACATGGAACTGACCATCCCCATCTTCGCCACCAACA

GCGACTGCGAGCTGATTGTGAAGGCCATGCAGGGCCTGCTGAAGGACGGCAACCCTATCCCTTCTGCC

ATTGCCGCCAACAGCGGCATCTACGCCGACTACAAGGACGACGACGACAAATGAGGGCCC	

>L7Ae_H.sapiens_flag		

GCTAGCATGTACGTCAGATTCGAGGTGCCCGAGGACATGCAGAACGAGGCCCTGAGCCTGCTGGAAAA

AGTGCGCGAGAGCGGCAAAGTGAAGAAGGGCACCAACGAAACCACCAAGGCCGTGGAAAGAGGCCTGG

CCAAGCTGGTGTATATCGCCGAGGACGTGGACCCCCCTGAGATCGTGGCTCATCTGCCCCTGCTGTGCG

AAGAGAAGAACGTGCCCTACATCTACGTGAAGTCCAAGAACGACCTGGGCAGAGCCGTGGGCATTGAG

GTGCCATGTGCCAGCGCCGCCATCATCAATGAGGGCGAGCTGCGGAAAGAACTGGGCTCCCTGGTGGA

AAAGATCAAGGGCCTGCAGAAGGACTACAAGGACGACGACGACAAATGAGGGCCC	

>L7Ae_E.coli_pur		

GGTCTCACATATGTATGTGCGTTTTGAAGTTCCGGAAGATATGCAGAATGAAGCACTGAGCCTGCTGG

AAAAAGTTCGTGAAAGCGGTAAAGTTAAAAAAGGCACCAATGAAACCACCAAAGCAGTTGAACGTGG

TCTGGCAAAACTGGTTTATATTGCAGAAGATGTTGATCCGCCTGAAATTGTTGCACATCTGCCGCTGC

TGTGTGAAGAAAAAAATGTTCCGTATATCTATGTGAAAAGCAAAAACGATCTGGGTCGTGCAGTTGG

TATTGAAGTTCCGTGTGCAAGCGCAGCCATTATTAACGAAGGTGAACTGCGTAAAGAACTGGGTAGCC

TGGTTGAAAAAATCAAAGGTCTGCAGAAATAAGGATCCTCGAAGAGACC	

>GFP-MGapt	

TGCCCCATATGGAGAGCGACGAGAGCGGCCTGCCCGCCATGGAGATCGAGTGCCGCATCACCGGCACCC

TGAACGGCGTGGAGTTCGAGCTGGTGGGCGGCGGAGAGGGCACCCCCGAGCAGGGCCGCATGACCAAC

AAGATGAAGAGCACCAAAGGCGCCCTGACCTTCAGCCCCTACCTGCTGAGCCACGTGATGGGCTACGG

CTTCTACCACTTCGGCACCTACCCCAGCGGCTACGAGAACCCCTTCCTGCACGCCATCAACAACGGCGG

CTACACCAACACCCGCATCGAGAAGTACGAGGACGGCGGCGTGCTGCACGTGAGCTTCAGCTACCGCT

ACGAGGCCGGCCGCGTGATCGGCGACTTCAAGGTGATGGGCACCGGCTTCCCCGAGGACAGCGTGATC

TTCACCGACAAGATCATCCGCAGCAACGCCACCGTGGAGCACCTGCACCCCATGGGCGATAACGATCTG

GATGGCAGCTTCACCCGCACCTTCAGCCTGCGCGACGGCGGCTACTACAGCTCCGTGGTGGACAGCCAC

ATGCACTTCAAGAGCGCCATCCACCCCAGCATCCTGCAGAACGGGGGCCCCATGTTCGCCTTCCGCCGC
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GTGGAGGAGGATCACAGCAACACCGAGCTGGGCATCGTGGAGTACCAGCACGCCTTCAAGACACCGGA

TGCAGATGCCGGTGAAGAACTCGAGCACCATCACCATCACCACTGATGAATTCGCGGCCGCATGCTCG

ATATAGCAATACGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATCCCCAGGCATCAAATAAAAC

GAAAGGCTCAGTCGAAAGATCTGACTGAA	
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