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Abstract	
 
 
 
 
 
 
 

Proteins	are	often	produced	using	microbial	cell	factories	for	academic	

or	 industrial	 purposes.	 Protein	 production	 is	 however	 not	 an	 open-

and-shut	procedure.	Production	yields	often	vary	 in	an	unpredictable	

and	 context	 dependent	 manner,	 limiting	 the	 rational	 design	 of	 a	

straightforward	production	experiment.		

	

This	 thesis	 gives	 an	 overview	 of	 how	 proteins	 are	 biosynthesised	 in	

bacterial	 cells	 and	 how	 this	 knowledge	 is	 used	 to	 produce	 proteins	

recombinantly	 in	a	host	organism	such	as	Escherichia	coli.	 In	the	pre-

sent	investigation,	we	reason	that	unpredictable	and	poor	protein	pro-

duction	 yields	 could	 result	 from	 incompatibility	 between	 the	 vector	

derived	5’	UTR	and	the	5’	end	of	the	cloned	CDS	which	leads	to	an	une-

volved	translation	initiation	region	(TIR).	Data	presented	in	this	thesis	

show	 that	 an	 unevolved	 TIR	 could	 work	 more	 efficiently	 and	 yield	

more	produced	protein	if	subjected	to	synthetic	evolution.	Clones	with	

an	 engineered	 synthetically	 evolved	 TIR	 showed	 enhanced	 protein	

production	 in	both	small-	and	 large-scale	production	setups.	This	en-

gineering	 method	 could	 lower	 production	 expenses,	 which	 in	 turn	

would	 result	 in	 increased	 functional	 determination	 of	 proteins	 and	

expanded	availability	of	protein-based	medicine	to	people	globally.							
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Proteins	and	protein-based	drugs	

	

Proteins	were	first	described	in	1838	1.	Since	then,	we	have	discovered	

that	proteins	fulfil	essential	functions	for	all	forms	of	life.	Understanding	

the	 function	 of	 these	molecules	 in	 depth	 gives	 us	 insight	 into	 how	 life	

has	begun	and	how	it	has	evolved.	A	deeper	understanding	also	allows	

for	 effective	 pharmaceutical	 intervention	 to	 restore	 cellular	 health,	 as	

dysfunction	or	absence	of	proteins	due	 to	alterations	 in	 the	 coding	 se-

quence	 often	 leads	 to	 pathologies.	 Examples	 of	 such	 mutation-caused	

diseases	 include	diabetes	 2,	 amyotrophic	 lateral	 sclerosis	 3	 and	 sudden	

death	among	young	people	due	to	heart	failure	4.	Patients	suffering	from	

such	diseases	are	often	 treated	with	protein-based	drugs	 for	both	pre-

ventive	 and	 therapeutic	 purposes.	 Since	 proteins	 are	 such	 essential	

molecules,	 their	production	and	analysis	 is	a	major	activity	 for	numer-

ous	academic,	industrial	and	pharmaceutical	research	laboratories.	Cur-

rently,	 the	 global	market	 for	 protein-based	drugs	 exceeds	 $157	billion	

per	annum	5,6	and	is	expected	to	grow	~4%	yearly	7.	In	addition,	indus-

trial	enzymes	used	within	our	homes	(e.g.	detergents,	textile,	paper	and	

pulp,	and	personal	care	products)	as	well	as	in	industrial	processes	(e.g.	

agriculture	 feeds,	 enzymes	 used	 in	 brewing,	 baking	 and	 in	 producing	

oils	and	 fats)	are	estimated	 to	have	a	market	value	over	$4	billion	per	

annum	8.		
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Since	 the	emergence	of	biotechnology	and	recombinant	DNA	 technolo-

gies	(gene	and	protein	engineering)	in	the	early	1970’s,	protein	produc-

tion	 has	 extensively	 been	 carried	 out	 using	 cells	 as	 protein	 factories.	

Microbial	cells	such	as	Escherichia	coli	are	frequently	used	by	academic	

and	industrial	laboratories	to	obtain	protein	of	interest	rapidly	without	

the	need	of	either	natural	sources	of	animal	or	plant	tissue	or	large	vol-

umes	of	biological	body	fluids.	Although	protein	production	in	microbes	

has	been	optimised	in	the	past	decades,	expression	yields	still	vary	in	an	

unpredictable	and	context	dependent	manner.	This	impedes	the	rational	

design	 of	 protein	 production	 using	 recombinant	 sources	 and	 leads	 to	

increased	 costs	 and	 complications	 in	 subsequent	 isolation	 steps.	 To	

tackle	this	problem	and	gain	insight	into	how	proteins	can	be	made	in	a	

reliable	way,	I	present	a	new	method	for	harnessing	E.	coli	as	an	efficient	

protein	 production	 platform.	 The	 method	 enhances	 translation	 initia-

tion	 efficiency,	 which	 is	 the	 rate-limiting	 step	 in	 protein	 biosynthesis	

and	ultimately	has	a	direct	impact	on	protein	production	yields.		

	

This	 thesis	will,	 in	 the	 first	 half,	 give	 a	 detailed	molecular	 overview	of	

what	is	known	about	protein	biosynthesis	in	E.	coli,	an	organism	exten-

sively	used	during	my	PhD	studies.	How	this	knowledge	is	harnessed	for	

recombinant	 protein	 production	 purposes	 is	 described	 in	 the	 second	

half.				
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Protein	synthesis	in	E.	coli		

In	a	bacterium	 like	E.	 coli,	 large	macromolecular	machines	 called	 ribo-

somes	 catalyse	 the	 synthesis	 of	 proteins.	Ribosomes	 are	 able	 to	 trans-

late	 the	 genetic	 code	 preserved	 in	 the	 messenger	 ribonucleic	 acid	

(mRNA)	 into	 an	 amino	 acid	 polymer	 in	 a	 process	 termed	 translation.	

The	 ribosomes	 are	 made	 up	 of	 both	 ribosomal	 RNA	 (rRNA)	 and	 pro-

teins.	The	E.	coli	ribosome	is	composed	of	a	large	50S	subunit	(circa	30	

proteins,	 23S	 rRNA	 and	 5S	 rRNA)	 and	 a	 smaller	 30S	 subunit	 (21	 pro-

teins	and	16sRNA)	 that	 together	assemble	 into	 the	70S	particle	 9.	Each	

70S	complex	contains	three	binding	sites	for	transfer	RNA	(tRNA)	–	the	

molecules	harbouring	the	aminoacyl	moieties	that	become	incorporated	

into	the	growing	polypeptide	chain.	The	binding	sites	are	designated	the	

aminoacyl	(A),	peptidyl	(P)	and	exit	(E)	sites.	The	A-site	acts	as	an	entry	

spot	 for	 incoming	aminoacyl-tRNA,	 the	P-site	holds	the	elongating	nas-

cent	 polypeptide	 chain	 bound	 to	 a	 tRNA	 whilst	 uncharged	 tRNAs	 get	

ejected	through	the	E-site.	The	30S	subunit	interacts	with	the	mRNA	and	

the	anticodon	stem-loop	of	the	tRNA	whilst	the	50S	subunit	binds	accep-

tor	 arms	 of	 tRNA	 and	 catalyses	 peptide	 bond	 formation	 between	 the	

tRNAs	bound	to	the	A	and	P-sites	10.	The	tRNA	molecules	and	the	mRNA	

move	concomitantly	by	the	length	of	three	bases,	allowing	in	frame	de-

coding	for	the	next	codon	11.	The	translation	process	as	a	whole	can	be	

divided	into	three	major	phases	titled	initiation,	elongation	and	termina-

tion	(release	and	recycle)	(Figure	1).		
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Figure	 1. Schematic	 overview	 of	 the	 main	 phases	 in	 bacterial	
translation.	Details	about	translation	 initiation,	elongation	and	 ter-
mination	(release	and	recycle)	are	described	in	the	text.	Figure	taken	
from	10.		Reprinted	with	permission.			
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Translation	initiation		

 

Although	all	steps	in	translation	contribute	to	protein	synthesis,	transla-

tion	initiation	is	considered	to	be	the	rate-limiting	step	12,13.	 	The	initial	

phases	of	translation	initiation	begins	with	the	binding	of	two	initiation	

factors	 (IF1	 and	 IF3)	 to	 the	 30S	 subunit.	 IF3	 prevents	 premature	 70S	

formation	while	 IF1	blocks	 the	A-site	 thus	preventing	entrance	of	ami-

noacyl-tRNA.	 In	 parallel,	 the	 initiator	 tRNA	 carrying	 formylated	 and	

aminoacylated	methionine	(fMet-tRNAfMet)	binds	to	the	P-site	with	assis-

tance	 from	 initiation	 factor	 IF2.	 The	 30S	 pre-initiation	 complex	 (30S	

PIC)	carrying	the	initiation	factors,	mRNA	and	fMet-tRNAfMet	 is	then	re-

arranged	and	stabilised	in	a	way	that	favours	AUG	codon-CAU	anticodon	

complementary	 interactions	between	 the	mRNA	and	 the	 fMet-tRNAfMet.	

Such	rearrangements	generate	the	30S	initiation	complex	(30S	IC).	Up-

on	formation	of	the	30S	IC,	IF1	and	IF3	are	ejected,	whereas	IF2	is	eject-

ed	after	50S	subunit	docking	on	the	30S	IC,	generating	a	70S	IC	set	 for	

dipeptide	formation	14.	These	initial	phases	of	translation	require	energy	

derived	 from	 hydrolysis	 of	 guanosine-triphosphate	 (GTP)	 which	 is	

bound	to	the	initiation	factor	IF2	14,15.	The	order	in	which	fMet-tRNAfMet	

and	mRNA	interact	with	the	30S	subunit	is	still	unclear,	but	reports	sug-

gest	that	binding	occurs	stochastically	16.	The	newly	formed	70S	IC	hold-

ing	 a	 fMet-tRNAfMet	 in	 the	 peptidyltransferase	 centre	 (located	 on	 50S	

subuinit)	is	ready	for	the	elongation	phase	of	translation.	

	 	



 12 

Translation	initiation	region	

	

E.	 coli	 expresses	 circa	 4200	 genes	 17.	 The	 translation	 initiation	 region	

(TIR)	 localised	 towards	 the	5’	end	of	each	CDS	differs	 in	sequence	and	

structure	 for	 each	 gene.	 Per	 definition,	 the	mRNA	 region	 that	 binds	 to	

the	 30S	 subunit	 during	 the	 early	 events	 of	 translation	 initiation	 is	 de-

fined	as	the	TIR.	The	TIR	covers	roughly	15	nucleotides	on	either	side	of	

the	 start	 codon	 18,19.	 Therefore,	 the	 number	 of	 possible	 TIR	 nucleotide	

combinations	 are	 up	 to	 430,	 i.e.	 circa	 a	 quintillion	 (1018)	 permutations.	

Transcriptome-wide	 experiments	 have	 revealed	 that	 mRNA	 are	 often	

folded	into	complex	structures	in	vivo	20,21.	The	nucleotide	sequence	con-

stituting	the	TIR	has,	however,	during	the	course	of	evolution	been	se-

lected	 to	 have	 a	 relaxed	mRNA	 structure	 around	 the	 AUG	 start	 codon	
22,23.	 Most	 likely,	 such	 a	 relaxed	 structure	 facilitates	 ribosome-mRNA	

interactions	 during	 the	 initial	 phases	 of	 translation,	 with	 the	 overall	

effect	 contributing	 to	 maintenance	 of	 cellular	 fitness	 24.	 Based	 on	 this	

evolutionary	 selection,	 one	 could	 hypothesise	 that	 some	 information	

about	 translation	 efficiency	 has	 been	 embedded	 in	 this	 region	 of	 the	

mRNA.		

	
	

The	 mRNA	 together	 with	 tRNA,	 the	 30S	 subunit	 and	 three	 IFs	 play	 a	

critical	role	 in	protein	synthesis	during	the	 initial	phases	of	translation	

as	 described	 previously.	 Interestingly	 though,	 all	 factors	 involved	 in	

translation	 initiation	 remain	 constant	 except	 the	 mRNA,	 which	 is	 the	

only	 variable	 differing	 in	 sequence	 and	 structure	within	 the	 TIR.	 This	

region	contains	the	Shine-Dalgarno	(SD),	spacer	and	the	first	six	codons,	

which	together	are	considered	to	be	influential	for	translation	initiation	

(Figure	2).	
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The	 SD	 forms	 complementary	 interactions	 with	 the	 16s	 rRNA	 and	 is	

considered	to	be	a	major	determinant	for	translation	efficiency	in	E.	coli	
25.	 The	 length	 of	 the	 purine-rich	 SD	 sequence	 can	 vary	 between	 genes	

and	 bacterial	 species	 26,27.	 The	 core	 consensus	 5’-AGGA-3’	 sequence	 is	

however	 conserved	 in	 E.	 coli	 transcripts,	 as	 it	 forms	 hydrogen	 bonds	

with	 the	3’-AUUCCUCCA-5’	bases	 located	on	 the	3’	 end	of	16s	 rRNA	 28.	

Nucleotide	modifications	 affecting	 this	 interaction	 have	 been	 reported	

to	influence	gene	expression	levels	by	several	orders	of	magnitude	29–32.	

The	 distance	 separating	 the	 AUG	 start	 codon	 and	 the	 SD	 is	 called	 the	

spacer	region.	The	number	of	nucleotides	separating	the	start	codon	and	

SD	 differ	 across	mRNA	 transcripts,	 however	 9	 nt	 spacing	 is	 most	 fre-

quently	 found	 in	E.	 coli	 26.	 Although	 the	 spacer	 region	 is	 often	 left	 un-

modified	during	overexpression	experiments,	it	has	been	shown	to	have	

a	significant	influence	on	expression,	both	in	terms	of	optimal	distance	33	

and	composition	34–36.	Most	likely,	nucleotide	modifications	to	the	spacer	

region	alter	the	5’	mRNA	secondary	structure	and	stability	which	in	turn	

affects	 the	 efficiency	 of	 translation	 initiation	 23,37,38.	Work	 presented	 in	

this	thesis	has	investigated	the	influence	of	the	spacer	region	in	expres-

sion	 vectors	 and	 supports	 the	mentioned	 postulations	 that	 the	mRNA	

secondary	 structure	 and	 stability	 are	determinants	 for	 expression	effi-

ciency	(see	paper	I).	Posterior	to	the	spacer	region	is	the	actual	CDS	to	

be	expressed.	The	CDS	has	a	start	codon	at	its	proximal	5’	end,	and	the	

most	efficient	and	representative	bacterial	start	codon	is	the	AUG	triplet,	

coding	 for	methionine	 39,40.	However,	 the	 efficiency	 of	 ribosomal	 selec-

tion	of	mRNA	with	different	 initiation	 triplets	has	been	 reported	 to	be	

coupled	 to	 temperature	 changes	 41.	 The	 region	 coding	 for	 N-terminal	

amino	acids	following	the	start	codon	is	also	an	integral	part	of	the	TIR	

and	 several	 reports,	 including	 studies	 in	 this	 thesis	 (paper	 II),	 have	

shown	that	codon	changes	immediately	downstream	of	the	start	codon	
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can	influence	expression	levels	37,42–44.	Nucleotide	changes	in	the	coding	

sequence	 (CDS)	 could	 both	 alter	 the	 secondary	 structure	 of	 the	 TIR	

and/or	change	initial	elongation	rates.	Interestingly	though,	rare	codons	

are	enriched	near	the	N-terminus	of	genes	23,45,	and		the	reason	for	this	

has	been	correlated	with	 reduced	mRNA	structure	around	 the	 transla-

tion	start	site	and	not	codon	rarity	itself	46.		

 
 

Another	region	believed	to	be	important	for	translation	initiation	is	the	

enhancer	 region,	 an	 adenine	 and	 uracil	 (AU)	 rich	 sequences	 usually	

found	 in	 the	untranslated	 region	 (UTR)	upstream	of	 the	SD	and	 there-

fore	outside	the	TIR.	This	sequence	 is	believed	to	be	recognised	by	the	

ribosomal	 protein	 SI	 during	 early	 phases	 of	 translation	 initiation	 47,48	

and	 several	 studies	 have	 shown	 that	 the	 presence	 of	 such	 an	 AU-rich	

sequence	in	the	UTR	increases	translation	efficiency	and	yields	elevated	

protein	levels	26,49,50.		

	

	

	

	

 
 
  

Figure	 2. An	 illustration	 of	 the	 translation	 initiation	
region	(TIR)	together	with	its	elements	localised	on	the	
5’	 end	of	 a	bacterial	mRNA.	 The	 ribosomal	 footprint	 (i.e.	
TIR)	covers	circa	15	nucleotides	on	either	 side	of	 the	AUG	
start	codon	(yellow	ovoid).	The	SD,	spacer	and	the	outmost	
5’	CDS	are	all	part	of	the	TIR	and	influential	for	translation	
initiation.		

	



 15 

Translation	elongation	

 

The	formation	of	a	70S	IC	with	a	P-site	bound	initiator	tRNA	is	required	

for	initiating	the	elongation	phase	during	translation.	Once	the	70S	IC	is	

formed,	 incoming	charged	aminoacylated-tRNA	encoded	by	 the	second	

codon	binds	to	the	vacant	A-site	together	with	an	elongation	factor	EF-

Tu.	EF-Tu	contains	a	nucleotide-binding	site	for	GTP	which	upon	its	hy-

drolysis	leads	to	the	donation	of	the	methionine	from	the	initiator	tRNA	

to	 the	α-amino	 group	 of	 the	 aminoacyl-tRNA	 encoded	 by	 the	 second	
mRNA	codon.	At	this	point,	EF-Tu	and	GDP	are	released.	This	reaction	is	

catalysed	by	the	23S	rRNA	and	results	in	a	dipeptidyl-tRNA	in	the	A	site	

and	 a	 deacetylated-tRNA	 in	 the	 P	 site.	 Upon	 this,	 the	 deacylated-tRNA	

tilts	in	a	way	so	it	spans	the	P/E-sites	while	the	dipeptidyl-tRNA	tilts	so	

that	it	spans	the	A/P	sites.	Hydrolysis	of	GTP,	and	catalysis	promoted	by	

EF-G	 provide	 the	 energy	 required	 to	 completely	 move	 deacetylated-

tRNA	 and	 dipeptidyl-tRNA	 to	 the	 E-	 and	 P-site	 respectively	 while	 the	

mRNA	is	moved	with	respect	to	the	30S	subunit	10.	This	leaves	the	A-site	

unoccupied	for	a	new	incoming	aminoacyl-tRNA	to	extend	the	polypep-

tide	during	a	new	round	of	elongation.	

	

Translation	termination	

 

The	elongation	phase	continues	until	a	stop	codon	is	encountered	within	

the	A-site.	Unlike	decoding	of	sense	codons,	stop-codon	recognition	re-

lies	on	release	factors	(RFs)	which,	in	contrast	to	tRNAs,	trigger	the	re-

lease	of	the	polypeptide	chain.	There	are	two	classes	(1	and	2)	of	RFs	in	

bacteria,	and	their	recruitment	depends	on	the	nature	of	the	stop	codon	
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triplet.	 UAG	 and	 UGA	 stop	 codons	 are	 recognised	 by	 RF1	 and	 RF2	 re-

spectively	 whilst	 the	 UAA	 stop	 codon	 can	 be	 recognised	 by	 both	 RFs.	

The	binding	of	RF	1	or	2	 to	a	 stop	codon	 in	 the	A-site	 leads	 to	 the	hy-

drolysis	 and	 release	of	 the	polypeptide	 chain	 from	 the	 tRNA.	Once	 the	

polypeptide	 chain	 has	 been	 released,	 RF-3	 binds	 and	 promotes	 rapid	

release	of	deacyl-tRNA	and	RF	1	or	2	at	the	expense	of	GTP	hydrolysis.	

Then,	the	70S	complex	is	disassembled	into	its	smaller	subunits	through	

a	ribosomal	recycling	factor,	EF-G	via	GTP	hydrolysis	51.	At	this	point,	the	

mRNA	 is	 released	 and	 can	 undergo	 a	 new	 round	 of	 translation.	 It	 has	

been	 estimated	 that	 a	 single	 amino	 acid	 addition	 to	 the	 growing	 poly-

peptide	chain	requires	 four	GTP	molecules	 52	making	protein	synthesis	

energy	 demanding.	 Protein	 biosynthesis	 is	 therefore	 tightly	 regulated	

and	responsive	to	different	conditions.		

A	 deeper	 understanding	 of	 the	 underlying	 principles	 that	 govern	

the	efficiency	of	translation	events	are	highly	coveted.	Attempts	of	mak-

ing	it	more	efficient	could	have	a	large	overall	impact,	not	least	for	large-

scale,	energy	demanding	protein	production	setups.		
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Protein	trafficking	in	E.	coli	

	

In	order	to	fulfil	their	function,	proteins	need	to	be	translocated	to	their	

final	 destination.	 Bacterial	 proteins	 reside	 in	 four	 different	 compart-

ments	(in	gram-negative	bacteria	such	as	E.	coli)	(Figure	3).	These	four	

compartments	are	known	as	 the	 cytoplasm,	 the	 inner	membrane	 (IM),	

the	 periplasm	 and	 the	 outer	 membrane	 (OM).	 The	 three	 latter	 com-

partments	 form	 a	 cell	 envelope	 to	 encapsulate	 and	 protect	 the	 cyto-

plasm,	where	most	 of	 the	 proteins	 are	 localised	 together	with	 the	 ge-

nome.	The	cell	envelope	is	composed	of	three	main	layers	in	E.	coli	that	

act	 as	 a	 barrier	 against	 potentially	 hostile	 extra-cellular	 molecules	 53.	

The	IM	provides	an	impenetrable	innermost	barrier	to	polar	compounds	

and	molecules,	 consisting	of	a	 symmetric	bilayer	of	phospholipids.	No-

tably,	 approximately	 1000	 out	 of	 4288	 gene	 products	 (20-30	%)	 in	E.	

coli	are	predicted	to	fully	or	partly	reside	in	the	IM	54.	These	proteins	are	

labelled	 IM	 proteins	 and	 are	 involved	 in	 essential	 cellular	 processes	

such	as	cell	division,	cellular	respiration,	and	efflux	and	influx	transpor-

tation	and	represent	the	largest	mass	portion	of	the	IM	55.	On	the	exteri-

or	side	of	the	IM,	a	scaffold	polymer	of	amino	acids	and	sugars	make	up	

the	peptidoglycan	layer	which	together	with	proteins	provides	rigidity,	

cell	shape	and	protection	against	osmotic	pressure	56.	The	peptidoglycan	

is	mainly	 structured	 by	 linear	 glycan	 strands	 cross-linked	 to	 peptides.	

This	 structural	 feature	 exist	 in	 all	 bacterial	 organisms,	 although	 slight	

variations	 occur	 in	 the	 fine	 structure	 depending	 on	 the	 growth	 phase,	

growth	medium	and	presence	of	antibiotics.	The	periplasmic	proteome	

contains	circa	350	proteins	57,	 including	a	cluster	of	proteins	called	the	

penicillin-binding	proteins	(PBPs)	that	play	a	key	role	in	the	biogenesis	

of	 the	peptidoglycan	 layer.	Therefore,	 these	proteins	have	been	targets	

of	various	antibiotics	that	aim	to	inhibit	cell-wall	synthesis	and	promote	



 18 

cell	death	58.	Importantly,	the	environment	in	the	periplasm	is	oxidising	

(in	contrast	to	the	reducing	cytoplasm)	thus	enabling	proper	folding	of	

proteins	 that	 require	 disulphide-bond	 formation	 59.	 The	 periplasm	 is	

also	an	environment	rich	in	chaperones	and	with	relatively	low	protease	

levels,	 making	 it	 a	 suitable	 compartment	 for	 producing	 proteins	 with	

high	solubility	and	stability.	The	outermost	barrier	of	the	cell	 is	known	

as	 the	OM.	 It	 consists	 of	 two	 leaflets,	with	 the	 inner	 leaflet	 containing	

phospholipids	 and	 the	 outer	 leaflet	 comprised	 of	 lipopolysaccharides	

(LPS).	 The	 extent	 of	 permeability	 is	 different	 between	 the	OM	and	 the	

IM.	This	is	mainly	due	to	existence	and	structure	of	the	proteins	located	

in	the	OM.	The	presence	of	barrel-shaped	proteins	(i.e.	porins)	facilitates	

diffusion	of	small	non-polar	and	polar	molecules	60.		
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Figure	 3.	 Schematic	 representation	 of	 the	 four	different	 compart-
ments	in	E.	coli	including	the	inner	and	outer	membranes.	In	E.	coli,	
proteins	(depicted	in	grey)	perform	their	function	in	the	cytoplasm,	IM,	
periplasm	 or	 the	 OM.	 The	 IM	 contains	 IM	 proteins	 and	 separates	 the	
cytoplasm	from	the	periplasmic	space.	The	periplasm	includes	a	protein	
and	 a	 peptidoglycan	 layer	 that	 via	 lipoproteins	 is	 bridged	 to	 the	 OM	
whilst	the	OM	contains	OM	proteinss	and	LPS.	Figure	adapted	from	117.	
Reprinted	with	permission.			
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Protein	 insertion	and	 translocation	across	 the	 inner	

membrane	

	

Proteins	 residing	 in	 the	 IM,	 periplasmic	 space	 or	 the	 OM	 are	 actively	

translocated	 to	 their	 final	 destination.	 Insertion	 into	 and	 translocation	

across	 the	 IM	 is	 mainly	 mediated	 by	 the	 Sec-translocon,	 a	 hetero-

oligomeric	 protein	 complex	 that	 forms	 a	 protein-conducting	 channel.	

Three	membrane	 proteins	 namely,	 SecY,	 SecE	 and	 SecG	 form	 the	 pro-

tein-conduction	 channel	 whilst	 SecA	 associates	 peripherally	 with	 the	

SecYEG	complex	on	the	cytoplasmic	side	61.	Interestingly,	SecY	and	SecE	

are	conserved	and	essential	across	all	kingdoms	of	 life,	suggesting	that	

the	 principal	 events	 during	 protein	 translocation	 occur	 similarly	 in	 all	

organisms.	Generally,	proteins	localised	in	the	IM	are	integrated	into	the	

IM	 through	 the	 Sec-translocon	 co-translationally,	 (i.e.	 whilst	 nascent	

polypeptide	synthesis	is	occurring).	In	contrast,	proteins	localised	in	the	

periplasm	 or	 the	 OM	 are	 translocated	 via	 the	 Sec-translocon	 post-

translationally	 	 (i.e.	 once	 the	 nascent	 chain	 has	 been	 synthesised	 and	

released	from	the	ribosome)	62,63	(Figure	4).	Information	about	the	route	

integral	 IM	and	secretory	proteins	 take	 is	embedded	 in	 the	N-terminal	

portion	 of	 the	 nascent	 chain	 64.	 N-termini	 containing	 both	 positively	

charged	 and	 hydrophobic	 amino	 acids	 plus	 a	 cleavage	 site	 (signal	 se-

quence)	are	destined	for	secretion.	In	contrast,	non-cleavable	and	more	

hydrophobic	 N-termini	 portions	 (signal	 anchor	 sequences)	 dictate	 IM	

integration	 65,66.	 The	average	 size	of	 a	 signal	peptide	 is	20	amino	acids	

and	the	degree	of	its	hydrophobicity	is	a	major	determinant	for	whether	

the	protein	will	be	co-	or	post-translationally	inserted/translocated	67.		
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Figure	4.	A	 schematic	 overview	of	protein	 trafficking	 in	E.	 coli.	
Protein	production	is	always	initiated	and	carried	out	by	ribosomes	
in	 the	cytoplasm.	Proteins	residing	in	the	inner	membrane	(IM)	are	
trafficked	via	the	co-translational	pathway,	whilst	proteins	destined	
for	the	periplasm	or	the	outer	membrane	(OM)	are	secreted	through	
the	IM	via	the	post-translational	pathway.	Translocation	machineries	
such	as	the	Sec	translocon	and	the	BAM	complex	facilitate	IM	and	OM	
protein	 insertion	 respectively	 whilst	 chaperones	 in	 the	 cytoplasm	
and	 periplasm	 facilitate	 protein	 folding	 in	 both	 compartments	 (e.g.	
DnaK/J,	 GroEL	 and	 SurA/Skp).	 The	 events	 illustrated	 in	 this	 figure	
are	described	in	the	thesis.	Figure	source	116.	Reprinted	with	permis-
sion.		
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Co-	and	post-translational	pathways	

 
	

Co-translational	insertion	is	mediated	by	the	signal	recognition	particle	

(SRP),	which	identifies	signal	anchor	sequences	as	they	emerge	from	the	

ribosome	and	arrests	translation	so	that	premature	folding	is	prevented	

until	 the	 ribosome-nascent	 chain	 complex	 reaches	 the	 IM	 62.	 The	 ribo-

some	together	with	 its	nascent	chain	are	then	targeted	to	a	membrane	

bound	 SRP	 receptor	 called	 FtsY	 68,69.	 Conformational	 changes	 release	

both	 SRP	 and	 its	 receptor	 from	 the	 ribosome	 once	 the	 nascent	 chain	

reaches	the	SecYEG	complex.	This	process	 is	driven	by	GTP	hydrolysis,	

and	both	the	SRP	and	FtsY	contain	nucleotide-binding	sites	70.	Thus	most	

IM	proteins	are	inserted	into	the	IM	concurrent	with	protein	translation.		

	

In	contrast	to	IM	proteins,	most	periplasmic	and	OM	proteins	are	trans-

located	post-translationally	63.	In	these	events,	a	ribosomal-bound	chap-

erone	 called	 Trigger	 factor	 (TF)	 binds	 to	 the	 less	 hydrophobic	 signal	

peptides	 and	 translation	 continues	 without	 ribosomal	 docking	 to	 the	

SecYEG	complex	 71.	 The	 cytoplasmic	 chaperone	SecB	keeps	 the	mature	

parts	 of	 the	 emerging	 nascent	 chain	 in	 an	 unfolded	 and	 translocation-

competent	state	72.	SecB	then	delivers	the	unfolded	protein	to	its	recep-

tor	SecA	which	in	turn	is	associated	to	the	SecYEG	complex	73.	The	mem-

brane-bound	ATPase	SecA	is	then	able	to	push	the	nascent	chain	across	

the	 protein-conducting	 channel	 through	ATP-hydrolysis.	 Although	 it	 is	

believed	 that	 the	 essential	 energy	 requirements	 for	 SecA–dependent	

protein	translocation	are	achieved	through	ATP-hydrolysis	74,	it	has	also	

been	shown	to	be	stimulated	by	the	proton	motive	force	75,76.			
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Research	presented	in	this	thesis	has	dealt	with	protein	biogenesis	with	

the	 overall	 aim	 being	 the	 development	 of	 a	 new	 strategy	 to	 enhance	

recombinant	 protein	 production.	 The	 data	 indicates	 that	 translation	

initiation	can	be	a	rate-limiting	step	for	production	of	proteins	in	all	the	

compartments.	By	subjecting	the	TIRs	encoding	recombinant	proteins	to	

synthetic	evolution,	TIR	variants	 that	elevate	protein	production	 levels	

can	be	selected	and	studied.		
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Protein	folding		

	

	

Proteins	 need	 to	 fold	 into	 a	 three-dimensional	 conformation	 to	 obtain	

their	function.	It	is	widely	believed	that	many	polypeptide	chains	emerg-

ing	 from	 the	 ribosome	 start	 to	 co-translationally	 fold	 77,78,	 even	within	

the	ribosomal	exit	tunnel	79.	Co-translational	folding	is	believed	to	have	

evolved	 to	counter	protein	misfolding	 80,81,	 aggregation	 82	 (i.e.	exposure	

of	hydrophobic	residues	to	the	aqueous	environment)	and	degradation	
83.	 To	 facilitate	 proper	 protein	 folding,	 a	 set	 of	 proteins	 called	 chaper-

ones	function	as	folding	assistants.	Most	likely,	the	first	chaperone	that	

most	cytoplasmic	nascent	chains	encounter	during	protein	synthesis	 is	

TF,	since	it	associates	with	the	ribosome	at	the	exit	tunnel	84.	If	a	protein	

requires	 further	assistance	 to	reach	 its	native	 form,	 it	 is	 transferred	 to	

downstream	chaperones	such	as	DnaK/DnaJ	and	GroEL/ES	85.	The	latter	

has	a	cylindrical	barrel	(GroEL)	with	a	lid	(GroES)	like	structure	that	can	

encapsulate	 proteins	 and	 subject	 them	 to	 several	 rounds	 of	 unfolding	

and	refolding	until	the	correct	fold	is	reached	86.	Interestingly,	this	chap-

erone	system	 is	essential	 for	cell	viability,	 suggesting	 that	other	essen-

tial	proteins	require	its	assistance.		
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Microbial	organisms	as	cell	factories	

Bacterial	and	yeast	host	organisms	are	frequently	used	as	main	protein	

production	 platforms	 and	 examples	 of	 such	 hosts	 include	 Escherichia	

coli,	Bacillus	 subtilis	and	Saccharamyces	 cerevisiae.	 The	 choice	 of	 a	mi-

crobial	 host	 organism	 for	 protein	 production	 is	 usually	 based	 on	 the	

origin,	characteristics	and	compartmental	residence	of	the	recombinant	

protein.	For	instance,	proteins	that	require	post-translational	modifica-

tions	(e.g.	disulphide-bond	formation,	glycosylation	and	subunit	assem-

bly)	are	usually	produced	 in	S.	 cerevisiae,	which	have	 the	advantage	of	

being	unicellular	(i.e.	easy	to	genetically	manipulate	and	grow	fast)	but	

yet	 have	 protein-processing	 capabilities	 similar	 to	 higher	 eukaryotic	

organisms.	S.	cerevisiae	is	also	extensively	studied	as	a	eukaryotic	model	

organism,	which	allows	researchers	 to	use	available	knowledge	 to	 fur-

ther	engineer	 the	organism	for	protein	production	proposes.	However,	

one	 drawback	with	 proteins	 produced	 in	 yeast	 organisms	 is	 that	 they	

contain	many	N-glycosylations	that	differ	 in	structure	compared	to	hu-

man-like	 glycosylations.	 This	 could	 affect	 the	 produced	 protein’s	 half-

life,	as	it	could	be	recognised	as	foreign	by	the	host	immune	system	and	

therefore	reduce	its	effectiveness	as	a	therapeutic	drug	87.		

	

Another	microbial	host	often	used	for	extra-cellular	secretion	of	recom-

binant	protein	is	B.	subtilis,	a	gram-positive	bacterium	found	in	the	up-

per	layers	of	soil.	B.	subtilis	facilitates	protein	secretion	more	efficiently	

compared	to	other	bacterial	host	organisms	because	its	cell	is	only	com-

posed	 of	 one	 membrane.	 In	 addition,	 industrially	 produced	 enzymes	
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used	 in	 food	 or	washing	 detergents	 are	mainly	 produced	 in	B.	 subtilis	

due	 to	 the	 fact	 that	 it	 is	 non-pathogenic.	 Heterologous	 genes	 are	 also	

more	likely	to	be	successfully	expressed	in	B.	subtilis	because	of	 its	un-

biased	nucleotide	composition.	Although	it	 is	heavily	used	in	 industrial	

protein	production	settings,	genetic	tools	for	its	strain	manipulation	are	

still	lacking	compared	to	other	frequently	used	organisms	88.		

E.	coli	as	a	protein	production	platform	

	

As	well	 as	 being	 a	model	 organism	 for	 understanding	 basic	molecular	

events	of	life,	E.	coli	has	become	a	well-established	and	widely	used	cell	

factory	 for	 cost-effective	 protein	 production.	 This	 is	 mainly	 due	 to	 its	

well-understood	physiology,	fast	growth	rate	and	the	fact	that	it	is	easy	

to	manipulate	 89.	Most	 likely,	 it	 is	 among	 the	most	 thoroughly	 studied	

organisms	 to	date.	Historically,	 it	has	been	a	workhorse	organism	 that	

has	paved	the	way	for	commercialising	the	first	biopharmaceuticals.	For	

example,	synthetic	human	insulin	became	the	first	approved	genetically-

manipulated	drug	to	be	produced	in	E.	coli	90.	 In	addition,	E.	coli	 is	cur-

rently	 used	 to	 produce	 circa	 30%	of	 all	 approved	 protein-based	 phar-

maceuticals	91,92.		

	

Given	 optimal	 conditions,	 E.	 coli	 has	 a	 doubling	 time	 as	 short	 as	 20	

minutes.	However,	it	should	be	noted	that	induction	of	the	gene	of	inter-

est	and	the	presence	of	antibiotics	in	the	growth	culture	might	impose	a	

cellular	burden,	which	in	turn	decreases	the	doubling	time.	Such	meta-

bolic	 stress	 also	 decreases	 biomass	 formation	 over	 time,	 resulting	 in	

hampered	protein	production	yields	93,94.	Other	factors	that	might	make	

expression	 levels	 difficult	 to	 predict	 a	 priori	 include	 (1)	 non-familiar	
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nucleotide	composition	of	the	gene	sequence	(e.g.	GC-rich/poor	regions)	
95,	(2)	misfolding	of	the	protein	leading	to	inclusion	bodies	96,	(3)	incom-

patibility	between	the	host’s	codon	usage	and	the	gene	codon	sequence	
97,	 (4)	 toxicity	 of	 the	 protein	 that	 leads	 to	 degradation	 by	 proteases	

and/or	cell	death	 98	and	(5)	stability	or	 instability	of	certain	regions	 in	

mRNA	affecting	translational	and	mRNA	decay	19.	 	Genetically	altered	E.	

coli	 strains	 with	 different	 characteristics	 have	 been	 developed	 to	 cir-

cumvent	 some	of	 these	difficulties	 that	might	be	encountered	during	a	

protein	production	experiment.	Examples	of	such	E.	coli	strains	include	

the	 BL21	 strain	 series,	 which	 range	 from	 allowing	 tightly	 controlled	

expression	to	overcoming	the	effect	of	codon	bias	and	overexpression	of	

toxic	and	membrane	proteins	99	(Table	1).		

 

	

	

	

Table	1.	Commonly	used	E.	coli	strains	for	recombinant	protein	
production.	Table	taken	from	99.	Reprinted	with	permission.	
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To	 equip	 cell	 factories	 with	 large	 amounts	 of	 mRNA	 transcripts	 that	

code	for	the	gene	of	 interest,	 the	BL21	(DE3)	strain	with	a	genomically	

integrated	lysogenized	DE3	phage	fragment	encoding	T7	RNA	polymer-

ase	has	been	developed.	In	the	presence	of	a	T7-based	promoter,	it	can	

transcribe	the	gene	of	 interest	5-8	times	 faster	than	the	endogenous	E.	

coli	RNA	polymerase	100,	thus	ensuring	that	mRNA	levels	are	not	a	limit-

ing	factor	during	a	protein	production	experiment.	In	addition,	the	BL21	

(DE3)	 pLysS/E	 strains	 have	 been	 developed	 to	minimise	 leaky	 expres-

sion,	which	 is	of	 interest	when	the	gene	to	be	expressed	 is	 toxic	 to	 the	

host.	 This	 has	 been	 done	 through	 incorporation	 of	 a	 plasmid-encoded	

lysozyme	 that	 inhibits	 background-levels	 of	 T7	 RNA	 polymerase	 for-

mation	 prior	 to	 gene	 induction.	 Occasionally,	 expression	 levels	 can	 be	

low	due	to	differences	between	the	codon	usage	preference	in	E.	coli	and	

the	 codons	present	 in	 the	 gene	 to	 be	 expressed.	To	 tackle	 this,	 strains	

containing	plasmids	 that	expand	 the	 tRNA	pool,	 thereby	compensating	

for	codons	rarely	used	in	E.	coli	have	been	engineered.	Examples	of	such	

strains	include	the	Rosetta	and	the	CodonPlus-RIL	strains,	both	deriva-

tives	of	the	BL21	(DE3)	strain	99.	Furthermore,	overexpression	of	mem-

brane	or	secretory	proteins	can	saturate	the	secretory	machineries	em-

bedded	in	the	IM	of	E.	coli.	To	address	this	issue,	strains	such	as	C43/41	

(DE3)	have	been	isolated.	Such	strains	contain	mutations	in	the	 lacUV5	

promoter,	which	 lead	 to	 decreased	 levels	 of	 T7	 RNA	 polymerase,	 ulti-

mately	reducing	synthesis	of	the	mRNA	of	interest.	This	in	turn	relieves	

the	 secretory	machinery	–	a	bottleneck	 for	membrane	protein	produc-

tion	 in	 bacteria	 101.	 The	 overexpression	 of	 proteins	 can	 also	 cause	 the	

formation	of	insoluble	aggregates	known	as	inclusion	bodies.	In	order	to	

decrease	 inclusion	 body	 formation,	 the	 incubation	 temperature	 of	 the	

growth	 medium	 is	 usually	 decreased	 post	 induction.	 Inclusion	 bodies	

can	 also	be	 solubilised	 and	 refolded	 into	 active	protein	using	denatur-
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ants	102.	Although	complex	post-translational	processes	are	absent	in	E.	

coli,	 researchers	 have	 been	 able	 to	 successfully	 transfer	 and	 engineer	

functional	 glycosylation	 pathways	 used	 in	 other	 organisms	 into	E.	 coli	
103.	Such	examples,	among	with	other	technological	advancements,	high-

light	the	versatility	of	E.	coli	and	its	applicability	as	a	protein	production	

host.	Overall,	it	can	be	argued	that	E.	coli	has	been	evolved	as	a	cell	fac-

tory	to	coordinate	with	protein	production	needs.	However,	there	is	still	

room	for	improving	it	as	a	host	organism,	particularly	when	it	comes	to	

bio-sustainable	chemical	production	using	metabolic	engineering	104.		

 
 

Vector	design	for	recombinant	protein	production		

 
The	 knowledge	 described	 in	 the	 first	 half	 of	 this	 thesis	 is	 often	 har-

nessed	to	efficiently	produce	proteins	recombinantly	in	large-scale	pro-

duction	 set-ups.	Recombinant	 protein	 production	 involves	 engineering	

and	experimental	design	around	systems	 that	allow	controlled	expres-

sion	of	 the	gene.	The	CDS	 is	 typically	 cloned	 into	an	expression	vector	

that	contains	well-defined	genetic	elements	selected	for	maximum	pro-

duction.	 Such	 vectors	 contain	 promoter	 sequences	 that	 control	 tran-

scription	and	permit	high	levels	of	mRNA.	Selection	of	high-copy	vectors	

can	also	increase	gene	dosage	though	their	origin	of	replication.	Antibi-

otic	 resistance	markers	 are	 also	 selected	 for	 to	 ensure	 the	 expression	

vector’s	 intracellular	maintenance.	 In	order	 to	enhance	mRNA	recogni-

tion	 by	 the	 ribosome,	 a	 strong	 and	 optimally	 positioned	 SD	 is	 chosen.	

The	 most	 commonly	 used	 vectors	 for	 protein	 production	 are	 the	 T7-

based	 pET	 range,	 which	 contain	 all	 the	 genetic	 elements	 mentioned	

above.	They	allow	expression	of	the	CDS	in	strains	of	E.	coli	that	contain	
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a	lysogenized	DE3	phage	fragment	encoding	the	T7	RNA	polymerase	in	

their	 genome	 (e.g.	 BL21(DE3)	 and	 derivatives	 that	 have	 been	 selected	

and/or	 engineered	 for	 high-level	 production).	 Finally,	 growth	 culture	

conditions	(e.g.	temperature,	pH,	nutrients	and	aeration)	are	monitored	

and	 sampled	 on	 a	 case-to-case	 basis,	 once	 the	 strain	 and	 vectors	 have	

been	engineered	89,105,106.		

 
Despite	 clear	 advances	 in	 the	 field,	 recombinant	 protein	 production	 is	

still	 complex	and	discouragingly,	gene	expression	 levels	vary	 in	an	un-

predictable	manner	even	when	powerful	genetic	modules	are	used	30,55.	

In	 principle	 it	 might	 be	 related	 to	 low	 transcription	 efficiency	 or	 the	

degradation	of	the	formed	transcript,	as	well	as	ineffective	translation	of	

the	 transcript.	 In	 addition,	 degradation,	mis-targeting	or	 incorporation	

into	aggregates	or	inclusion	bodies	of	the	translated	protein	all	influence	

the	steady-state	concentration	of	the	protein	(Figure	5).	This	is	often	the	

case	when	 IM	 and	 secretory	 proteins	 are	 recombinantly	 expressed,	 as	

any	 attempt	 to	 increase	 their	 production	 rate	 might	 influence	 their	

complex	 biogenesis	 pathways	 and	 increase	 the	 likelihood	 of	 mis-

targeting	and	aggregation	formation	(due	to	their	hydrophobic	nature).		
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The	difficulties	of	obtaining	high	yields	of	membrane	proteins	 is	partly	

reflected	 in	their	under-representation	 in	the	Protein	Data	Bank	(PDB)	

as	 only	 ~1%	 of	 all	 solved	 atomic	 structures	 belong	 to	membrane	 pro-

teins.	This	is	not	due	their	lack	of	natural	prevalence	nor	importance,	as	

20-30	%	of	all	proteins	in	both	pro-	and	eukaryotes	are	membrane	em-

bedded	 107	 whilst	 70	%	 of	 all	 drugs	 act	 on	membrane	 proteins	 108.	 As	

mentioned,	one	major	side-effect	of	IM	overexpression	is	the	formation	

of	aggregated	 inclusion	bodies	containing	 the	 target	 IMP	together	with	

sequestered	 chaperones	 and	precursor	 forms	of	 secretory	proteins	 109.	

In	 addition,	 cells	 forced	 to	 overexpress	 IM	 proteins	 tend	 to	 increase	

stress-response	 promoter	 activity	 110	 and	 decrease	 cellular	 respiration	
109.	 Overexpression	 of	 CDSs	 belonging	 to	 soluble	 proteins	 might	 also	

impose	a	metabolic	burden	and	alter	the	physiology	of	the	bacterial	cell,	

Figure	 5.	The	 steady-state	 concentration	 of	 a	
recombinatly	 expressed	 gene	 product	 is	 af-
fected	by	several	processes.	 
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especially	 if	 they	 require	post-translational	modifications	or	are	heter-

ologous	111.		

	

Obviously,	many	parameters	contribute	in	causing	a	context-dependent	

variation	 in	expression	 levels.	This	 limits	 the	rational	design	of	recom-

binant	 expression	 experiments,	 leading	 to	 increased	 costs	 and	halts	 in	

downstream	 purification	 steps.	 Research	 presented	 in	 this	 thesis	 has	

attempted	 to	 address	 the	 context-dependent	 expression	 variation	 and	

identified	 one	 common	 cause;	 that	 being	 incompatibility	 between	 the	

vector	driven	5’	UTR	and	the	5’	end	of	the	CDS	(see	paper	I).	To	be	spe-

cific,	the	cloning	of	a	CDS	into	an	expression	vector	generates	a	random	

unevolved	TIR	that	has	not	been	subjected	to	any	evolutionary	pressure.	

Data	 presented	 in	 this	 thesis	 indicate	 that	 TIRs	 could	work	more	 effi-

ciently,	 and	 enhance	protein	 synthesis,	 if	 subjected	 to	 synthetic	 evolu-

tion.	Such	synthetically	evolved	TIRs	most	 likely	provide	a	structurally	

relaxed	 5’	mRNA	 that	 is	 not	 sequestered	 in	 a	 stable	mRNA	 secondary	

structure	(paper	I)	and	can	be	more	readily	accessed	by	the	ribosomes	

during	the	initial	phases	of	translation	(Figure	6).		
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Figure	6.	A	need	 to	synthetically	evolve	 the	TIR	 for	effi-
cient	 translation	 initiation	 and	 enhanced	 protein	 pro-
duction.	(a)	After	cloning	the	CDS	into	an	expression	vector	
(e.g.	 pET28a),	 an	 unevolved	 TIR	 is	 generated	 (left	 panel).	
This	TIR	is	partly	formed	from	the	5’	CDS	and	partly	formed	
from	the	vector	derived	5’	UTR.	Such	a	TIR	has	not	been	sub-
jected	 to	 any	 evolutionary	 pressure	 like	 natural	 TIRs	 and	
consequently	 has	 an	 increased	 likelihood	 of	 being	 seques-
tered	 in	 a	 double-stranded	 mRNA	 either	 regionally	 (b)	 or	
globally	 (c)	 once	 transcribed.	 A	 synthetically	 evolved	 TIR	
(right	panel)	would	on	the	other	hand	have	an	increased	like-
lihood	of	having	a	relaxed	mRNA	structure,	facilitating	inter-
actions	 with	 the	 ribosome	 (d)	 and	 ultimately	 lead	 to	 en-
hanced	protein	production	levels.		
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Summary	of	papers		

The	yield	of	protein	production	is	the	sum	of	several	cellular	processes	

such	as	transcription,	translation	and	protein	folding	(Figure	5).	During	

my	 PhD	 studies,	 we	 focused	 on	 translation,	 with	 the	 primary	 goal	 of	

better	understanding	how	to	make	the	translation	initiation	phase	more	

efficient	for	protein	production	using	E.	coli	as	a	host	organism.	Transla-

tion	 initiation	 is	known	to	be	the	rate-limiting	step	 in	bacterial	protein	

synthesis	 12,13,	 as	 several	key	molecules	need	 to	assemble	with	 the	30S	

subunit	 of	 the	 ribosome.	The	5’	 end	of	 the	mRNA	 is	 however	 the	 only	

variable	during	the	early	events	of	translation	and	mRNA	binding	to	the	

30S	ribosomal	subunit	is	the	rate	limiting	step	as	compared	to	tRNA	and	

IF	binding	112.		

	

Before	I	started	my	PhD	studies	our	laboratory	had	realised	that	recom-

binant	expression	levels	vary	in	an	unpredictable	way	even	when	pow-

erful	 genetic	 elements	 such	 as	 a	 strong	 promoter	 and	 SD	 are	 used	 55.	

Some	years	 later,	 it	was	shown	that	 the	stability	of	mRNA	folding	near	

the	TIR	is	a	major	determinant	for	gene	expression	37,112,113.	 Inspired	by	

these	observations,	former	members	of	our	research	group	showed	that	

selective	synonymous	codon	substitutions	 immediately	downstream	of	

the	AUG	start	 codon	were	more	 influential	 for	membrane	protein	pro-

duction	 than	codon	optimising	 the	entire	gene	 44.	Consequently,	one	of	

the	major	 aims	 during	my	 PhD	 studies	was	 to	 better	 understand	 how	
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TIRs	could	be	experimentally	engineered	for	a	more	predictable	protein	

production.		

	

	

An	 interesting	 observation	 made	 during	 the	 early	 stages	 of	 my	 PhD	

studies	was	that	standard	cloning	using	common	restriction	sites	gener-

ates	a	random,	unevolved	TIR	with	an	increased	likelihood	of	having	its	

SD	 sequestered	 in	 an	mRNA	 secondary	 structure	 (paper	 I).	 Such	 une-

volved	TIRs	were	partly	formed	from	the	5’	CDS	and	partly	formed	from	

the	 vector	 derived	5’	UTR	 and	were	 found	 to	 be	 suboptimal	 for	mem-

brane	 protein	 production	 in	 E.	 coli	 (Paper	 I	 &	 II).	 However,	 selective	

mutagenesis	 on	 either	 side	 of	 the	 AUG	 start	 codon	 (i.e.	 the	 restriction	

site	or	the	5’	CDS)	elevated	expression	levels	(Figure	7).	Based	on	these	

observations,	we	realised	that	 there	was	a	need	to	synthetically	evolve	

the	TIR,	similar	to	what	nature	had	done,	but	in	the	test	tube.	The	logic	

behind	our	hypothesis	was	that	the	unevolved	TIR	generated	after	clon-

ing	is	a	one	in	a	quintillion	permutation	and	most	likely	suboptimal	for	

expression.	 Therefore,	 the	 unevolved	 TIR	 could	 work	more	 efficiently	

during	 the	 initial	 phases	 of	 translation	 if	 subjected	 to	 synthetic	 evolu-

tion.	 Such	 a	 synthetically	 evolved	 TIR	would	 have	 an	 increased	 likeli-

hood	of	having	a	less	stable	secondary	structure	and	a	non-sequestered	

SD	region	(Figure	6d).		
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a	 b	

Figure	 7.	 Nucleotide	 sequences	 on	 either	 side	 of	 the	 AUG	 start	
codon	 influence	 expression	 levels	 for	araH-gfp.	 (a)	 The	 effect	 of	
alterations	 in	 the	 nucleotide	 composition	 preceding	 the	 AUG	 start	
codon.	Comparison	between	clones	with	a	5’	XhoI,	EcoRI	or	DraI	re-
striction	 site	 are	 shown.	 (b)	 A	 screen	 of	 expression	 levels	 from	 24	
clones	 in	 a	 library	 harbouring	 all	 possible	 combinations	 of	 synony-
mous	codons	in	position	+2	and	+3	downstream	of	the	AUG	start	co-
don.	Figure	taken	from	paper	I	and	II.	Reprinted	with	permission.							 
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To	obtain	a	synthetically	evolved	TIR,	we	randomised	the	unevolved	TIR	

by	PCR	using	degenerate	primers.	These	primers	partly	randomised	the	

nucleotide	 sequence	 surrounding	 the	AUG	start	 codon.	The	 six	nucleo-

tides	upstream	of	the	AUG	start	codon	were	fully	randomised	and	the	six	

nucleotides	 downstream	 of	 it	 were	 restricted	 to	 synonymous	 codon	

substitutions	only	(Figure	8a).	The	PCR-product	was	therefore	a	mixed	

library	of	clones	ranging	from	16	thousand	to	50	thousand	different	TIR	

variants,	depending	on	the	5’	CDS.	When	we	transformed	and	randomly	

tested	the	expression	levels	of	96	clones	from	our	TIR	libraries,	we	ob-

served	96	unique	expression	levels	(Figure	8b).		
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a	

b	

Figure	 8.	 TIR	 library	 mutagenesis	 and	 screening	 approach.														
(a)	 Schematic	 representation	 of	mutagenesis	 approach	using	 degen-
erate	primers	that	generated	TIR	libraries.	The	six	nucleotides	imme-
diately	preceding	the	start	codon	were	fully	randomised	(denoted	N)	
and	the	six	nucleotides	downstream	of	the	start	codon	were	restricted	
to	synonymous	codon	changes	only	(denoted	N*).	(b)	Expression	lev-
els	of	96	randomly	picked	clones	from	the	araH-gfp	TIR	library.	Inset	
boxes	show	cell-to-cell	expression	variation	of	96	clones	with	an	une-
vlolved	TIR.	Figure	taken	from	paper	I.	Reprinted	with	permission.					
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To	better	understand	the	underlying	principles	 influencing	our	results,	

we	analysed	approximately	1700	TIR	variants	using	FACS	and	next	gen-

eration	sequencing	 together	with	 the	Nørholm	group	at	Technical	Uni-

versity	of	Denmark	(DTU).	By	assessing	the	TIR	sequences	with	a	com-

putational	predictor	for	mRNA	stability	(mFold),	we	could	conclude	that	

low	GC-content	 and	 relaxed	mRNA	 structure	 around	 the	TIR	were	 im-

portant	determinants	for	high	production	levels	(Figure	9).	Although	the	

graphed	data	showed	a	scattered	plot,	an	average	line	(representing	100	

data	 points	 in	 a	 sliding	 window)	 trended	 towards	 a	 relationship	 be-

tween	low	mRNA	secondary	structure	around	the	TIR	and	high	expres-

sion	level	of	the	CDS.	Similarly,	when	the	sequences	were	analysed	using	

the	RBS	calculator	29	(a	state	of	the	art	predictor	for	translation	initiation	

rates),	the	trend	line	was	comparable	to	the	one	observed	using	mFold	

(data	not	shown).	

 

 
 

	

	

Figure	 9.	 FACS-seq	 analysis	 of	 approximately	 1700	 TIR	 variants	
showed	 that	 relaxed	 mRNA	 structure	 (left	 panel)	 and	 low	 GC-
content	(right	panel)	were	important	determinants	for	expression	
levels.	Figure	taken	from	paper	I.	Reprinted	with	permission.		 
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Although	our	 screening	 approach	 allowed	detection	of	 clones	with	 en-

hanced	gene	expression,	it	required	laborious	testing	and/or	a	FACS	for	

deep	 screening	 into	 the	 libraries.	 In	 addition,	 the	 expression	 cassettes	

yielded	a	physically	fused	reporter	protein	(i.e.	GFP	bound	to	the	protein	

of	 interest).	 In	 order	 to	 tackle	 this,	 we	 devised	 translational	 coupling	

devices	 together	 with	 collaborators	 in	 DTU	 (paper	 III).	 Such	 coupling	

devices	were	 designed	 using	mRNA	 secondary	 structures	 that	 seques-

tered	the	TIR	of	an	expression	reporter	placed	downstream	of	the	CDS	

of	 interest	 in	an	operon	 like	manner	(Figure	10a).	 If	 the	upstream	CDS	

was	 efficiently	 translated,	 the	 helicase	 activity	 of	 the	 ribosome	 could	

untangle	 the	 mRNA	 secondary	 structure	 sequestering	 the	 TIR	 of	 the	

downstream	 reporter,	 enabling	 de	 novo	 translation	 or	 translation	 re-

initiation	at	that	site	(Figure	10b).	Consequently,	it	allowed	detection	of	

the	 translation	 efficiency	 of	 a	 CDS	without	 creating	 a	 physically	 fused	

reporter	 molecule.	 Moreover,	 such	 coupling	 devices	 allowed	 deep	

screening	 of	 our	 TIR	 libraries.	 By	 sandwiching	 these	 devices	 between	

the	CDS	and	an	antibiotic	selection	marker,	different	expression	levels	in	

large	 clone	 libraries	 could	 be	 screened	 using	 a	 cell	 survival	 assay	 on	

nutrition	 plates	 containing	 increasing	 amounts	 of	 antibiotics	 (Figure	

10c).	
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Figure	10.	Overview	of	 the	expression	cassette	used	and	 the	ex-
perimental	 procedure	 to	 obtain	 clones	 with	 a	 synthetically	
evolved	 TIR.	 (a)	 Schematic	 representation	 of	 the	 gfp	 and	 the	 bla	
genes	sandwiched	with	a	coupling	device	and	cloned	into	the	pET28a	
vector	 harbouring	 a	 sequence	 coding	 for	 a	His6-Thrombin	 fragment.	
(b)	 Upon	 induction,	 no	 or	 low	 levels	 of	 translated	 goi	 result	 in	 low	
formation	 of	 the	 β-lactamase	 (upper	 panel).	 In	 contrast,	 ribosomes	
successfully	 translating	 the	 first	 goi	 untangle	 the	 coupling	 device,	
which	leads	to	formation	of	β-lactamase.	(c)	By	plaiting	cells	harbour-
ing	the	TIR	libraries	versus	cells	transformed	with	the	unevolved	TIR	
onto	LB-agar	plates	containing	different	concentrations	of	ampicillin,	
clones	with	different	translation	efficiency	could	be	selected	at	ampi-
cillin	 concentrations	 where	 the	unevolved	TIR	 could	 not	 produce	
enough	β-lactamase	to	 sustain	 growth,	 but	the	synthetically	 evolved	
TIRs	could.	 
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In	 paper	 IV,	we	 aimed	 to	 better	 understand	which	 element	 of	 the	 TIR	

(i.e.	SD,	spacer	or	CDS)	that	is	most	sensitive	to	nucleotide	changes	and	

most	 amenable	 for	maximum	 protein	 production.	 To	map	 out	 this	 re-

gion,	we	generated	TIR	libraries	that	vary	at	the	SD,	spacer,	spacer/CDS	

and	CDS	regions	(Figure	11)	for	an	expression	clone	harbouring	a	genet-

ic	setting	according	to	Figure	10a.	The	expression	cassettes	contained	an	

N-terminal	His6-tag-Thrombin	fragment	fused	to	GFP	and	a	translation-

ally	 coupled	 gene	 encoding	 for	β-lactamase,	 enabling	 expression	 level	
determination	of	our	TIR	libraries	using	an	ampicillin	resistance	screen	

(Figure	10c).	For	each	library,	a	clone	with	a	synthetically	evolved	TIR,	

yielding	 increased	 protein	 amounts	 compared	 to	 the	 unevolved	 TIR	

could	 be	 selected	 (Figure	 12).	 Preliminary	 results	 indicate	 that	 a	 syn-

thetically	evolved	TIR	 from	 the	 spacer/CDS	 library	with	 complete	 ran-

domisation	 of	 the	 first	 two	 amino	 acids	 yields	 most	 protein	 for	 His6-

Thrombin-GFP	 production.	 Interestingly,	 this	 library	 had	 the	 largest	

amount	of	possible	TIR	permutations	compared	to	the	libraries	varying	

the	other	elements	within	the	TIR.	The	molecular	details	behind	why	the	

spacer/CDS	region	is	most	susceptible	to	nucleotide	changes,	and	if	this	

region	is	also	most	sensitive	for	more	CDSs,	will	be	studied	in	the	near	

future.			
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Figure	11.	Generation	of	clone	libraries	varying	in	different	regions	
of	the	TIR. The	design	enabled	complete	randomisation	of	nine	nucleo-
tides	for	the	TIRSD	and	seven	nucleotides	for	the	TIRSPACER	libraries,	
complete	or	partial	randomisation	of	the	six	nucleotides	either	side	of	
the	AUG	start	codon	for	the	TIRSPACER/CDS	and	the	TIRSPACER/CDS(*)	libraries	
respectively,	and	partial	randomisation	of	the	first	five	codons	down-
stream	of	the	AUG	start	codon	for	the	TIRCDS(*)	library.	Libraries	labelled	
with	an	asterisk	(*)	only	allowed	synonymous	codon	changes.	The	num-
ber	of	possible	permutations	are	indicated	below	each	TIR	region.		
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To	 date,	 the	 best	 way	 to	 modulate	 translation	 initiation	 and	 protein	

production	is	to	use	 in	silico	 tools	that	computationally	predict	transla-

tion	 initiation	 efficiency	 based	 on	 thermodynamic	 principles	 19,29,114,115.	

To	 investigate	 how	well	 experimentally	 engineered	 clones	with	 a	 syn-

thetically	 evolved	TIR	perform	versus	 computationally	 predicted	TIRs,	

we	 generated	 and	 compared	 the	 expression	 of	 nine	 additional	 clones	

(Figure	12).	In	every	case,	the	synthetically	evolved	TIRs	engineered	in	

the	 laboratory	 yielded	more	 protein	 compared	 to	 the	 computationally	

predicted	TIRs.	Interestingly,	only	two	of	the	nine	computationally	pre-

dicted	 TIRs	 produced	 more	 protein	 than	 the	 original	 unevolved	 TIR,	

suggesting	 that	 computational	 predictors	 may	 not	 work	 in	 a	 reliable	

manner	at	this	point	of	time.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 12.	 Comparison	 of	 his6-thrombin-gfp	 expres-
sion	between	 clones	mutagenized	at	different	parts	
of	 the	 TIR.	 Green	 points	 represent	 clones	 with	 a	 syn-
thetically	evolved	TIR.	In	parallel,	9	additional	computa-
tionally	 predicted	 TIRs	 were	 constructed	 using	 three	
different	 in	 silico	 predictors.	 Expression	 from	 all	 TIR	
variants	 are	 compared	 to	 the	 unevolved	 TIR	 (blue	
mark).			
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To	explore	the	implications	that	clones	with	a	synthetically	evolved	TIR	

have	 for	 large-scale	 protein	 production	 set-ups,	 we	 cloned	 a	 coupling	

device	cassette	into	an	expression	vector	harbouring	the	CDS	for	an	Af-

fibody®	 molecule.	 Similarly	 as	 described,	 we	 were	 able	 to	 select	 syn-

thetically	evolved	TIRs	that	could	survive	on	nutrition	plates	containing	

higher	 levels	 of	 ampicillin	 as	 compared	 to	 the	 original	 clone	 with	 an	

unevolved	 TIR.	 Ultimately,	 these	 synthetically	 evolved	 TIRs	 enhanced	

the	protein	production	 levels	 in	 large-scale	 fermentations	experiments	

(Figure	13).	These	results	indicate	that	synthetically	evolved	TIRs	could	

have	commercial	value,	as	they	further	enhanced	protein	production	of	

an	already	optimised	industrial	expression	system.	Thus,	the	production	

levels	of	other,	existing	and	future	protein-based	pharmaceuticals	could	

be	enhanced	by	synthetically	evolving	the	TIR.	

 
 

 

Figure	13.	Affibody®	production	levels	in	fed-batch	fermen-
tation.	 Production	 levels	 were	 calculated	 and	 compared	 be-
tween	 the	 original	 unevolved	 clone	 (black)	 and	 five	 different	
synthetically	 evolved	 variants	 (shades	 of	 blue)	 per	 cell	 mass	
and	per	culture	volume.	Figure	taken	from	paper	III.	Reprinted	
with	permission.	
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Conclusions	and	future	perspectives	

During	my	PhD	studies,	we	realised	that	cloning	a	CDS	into	any	expres-

sion	vector	generates	an	unevolved,	random	TIR	that	 is	suboptimal	 for	

recombinant	protein	production.	Later	on,	we	understood	that	such	an	

unevolved	TIR	was	one	variant	out	of	the	quintillion	possible	permuta-

tions;	therefore	it	was	likely	to	be	inefficient	during	the	initial	phases	of	

translation.	This	reasoning	was	made	in	parallel	with	the	observation	of	

naturally	evolved	TIRs,	which	have	during	the	course	of	evolution	been	

selected	for	to	be	more	relaxed	in	this	region.	Although	the	intention	of	

such	 selection	 is	 probably	 coupled	 to	 cell	 fitness	 24,	 we	 reasoned	 that	

that	there	was	a	need	to	synthetically	evolve	the	TIRs	for	efficient	trans-

lation	initiation	and		high	protein	production	yields.		

	

Since	the	synthetically	evolved	TIRs	often	tended	to	have	a	more	relaxed	

structure	and	be	 less	GC-rich	 in	general,	 I	envision	the	development	of	

an	in	silico	tool	for	primer	design	that	would,	instead	of	fully	randomis-

ing	 the	TIR,	predict	nucleotide	changes	with	an	 increased	 likelihood	of	

having	a	decreased	stability	and	structure	in	a	certain	sequence	context.	

Libraries	generated	using	such	primers	would	then	contain	clones	with	

less	variation	but	more	solutions,	increasing	the	likelihood	of	identifying	

a	synthetically	evolved	TIR.	In	order	to	reach	a	state	where	experiments	

are	aided	using	computational	predictors,	certain	question	marks	need	

to	be	answered.	Firstly,	which	part	of	the	TIR	is	most	sensitive	to	nucle-

otide	 changes	 regardless	 of	 the	 CDS	 context?	How	much	 variance	 is	 it	

experimentally	possible	to	generate	using	degenerate	primers?	What	is	
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the	 amount	 of	 variance	 after	 transformation	 into	 the	 cells?	 And	 how	

large	of	the	variance	do	we	have	to	experimentally	sample	to	get	enough	

information	 for	 reliable	 computational	 predictions?	 These	 questions	

could	 partly	 be	 answered	 using	 deep	 sequencing	 of	 the	 libraries	 prior	

and	post	transformation	into	cells.	

	

The	ultimate	goal	 is	 to	computationally	design	TIRs	that	could	be	used	

with	 precise	 and	 reliable	 experimental	 output	 regardless	 of	 the	 target	

gene	sequence.	Today,	the	experimentally	evolved	TIRs	outperform	the	

computationally	designed	TIRs	when	it	comes	to	maximum	protein	pro-

duction	levels,	as	shown	in	this	thesis.	Perhaps,	this	is	due	to	a	combina-

tion	of	 lack	of	predictive	power	of	 the	algorithms	and	a	 lack	of	under-

standing	 about	 the	 underlying	 principles	 that	 govern	 efficient	 transla-

tion	 initiation.	 For	 instance,	 the	 predictors	 only	 consider	 parts	 of	 the	

nucleotide	 sequence	 in	 the	 vicinity	 of	 the	 TIR,	 neglecting	 any	 global	

mRNA	interactions	that	might	have	a	large	influence	on	expression	lev-

els	 20.	Once	more	detailed	 insight	about	 translation	 initiation	 is	gained;	

in	 silico	predictors	 also	 become	more	 powerful	 and	 vice	 versa.	 There-

fore,	I	envision	a	future	were	experimental	design	is	at	least	assisted	by	

computational	tools	in	a	reliable	and	reproducible	manner.							

	

Occasionally,	 we	 observed	 that	 synthetically	 evolved	 TIRs	 worked	 so	

efficient	 that	 they	most	 likely	 sequestered	 a	 large	 fraction	 of	 the	 ribo-

somes	from	the	host	cell.	This	 in	turn	imposed	a	metabolic	 load	on	the	

cells,	 which	 ultimately	 led	 to	 fitness	 issues	 and	 growth	 impairments	

over	 time.	 Since	 natural	 gene	 expression	 levels	 have	 been	 evolved	 to	

maximise	cell	fitness	during	the	course	of	evolution	24,	it	is	likely	that	the	

most	 efficient	 synthetically	 evolved	 TIRs,	 which	 have	 been	 evolved	 to	

maximise	 protein	 production	 cause	 such	 a	 side	 effect.	 To	 solve	 this,	 I	
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think	 the	 TIR	 libraries	 need	 to	 be	 tested	 in	 conjunction	 with	 another	

molecule	 that	 reports	 for	 cell	 fitness.	 Such	 a	 reporter	molecule	 (e.g.	 a	

fluorescent	 protein)	 could	 be	 genomically	 integrated	 and	 have	 a	 pro-

moter	 sensitive	 to	 aggregation	 formation	 or	 cell	 envelope	 stress	 as	

shown	by	patent	application	US2017355983	(A1).	By	screening	the	TIR	

libraries	with	antibiotic	resistance	cassettes,	one	could	then	distinguish	

between	colonies	that	report	for	cell	fitness	issues	and	healthy	colonies	

post	induction	of	the	gene	of	 interest.	Clones	with	TIR	variants	that	re-

sist	the	highest	amount	of	antibiotic	(i.e.	contain	a	synthetically	evolved	

TIR)	and	have	the	lowest	florescence	(reporting	for	low	cellular	burden)	

could	be	de-convoluted	using	this	approach.10,116,117	
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Populärvetenskaplig	sammanfattning	på	svenska	

Proteiner	 är	 essentiella	 molekyler	 som	 uppfyller	 nödvändiga	 cellulära	

funktioner	för	alla	former	av	liv	på	vår	planet.		En	djupare	förståelse	för	

hur	proteiner	fungerar	ger	oss	insikt	om	hur	livet	har	börjat	och	utveck-

lats	samt	hur	ny	medicin	som	återställer	eller	inhiberar	en	cellulär	pro-

cess	kan	konstrueras.	För	att	kunna	studera	proteiner	extensivt,	vare	sig	

det	är	 för	akademiskt	eller	 industriellt	syfte,	krävs	först	stora	mängder	

isolerat	 protein.	 Framställningen	 av	 proteiner	 sker	 vanligtvis	 i	

mikrobiella	 värdorganismer	 så	 som	Escherichia	 coli.	 Dessa	 värdorgan-

ismer	 är	 utrustade	med	 alla	 de	molekylära	 verktyg	 (t.ex.	 polymeraser	

och	ribosomer)	som	krävs	för	en	effektiv	proteinproduktion.	

	

	

Translationsinitiering	 (det	 initiala	 steget	 under	 proteinsyntes)	 anses	

vara	 hastighetsbegränsande	 för	 proteinproduktionsprocessen.	 Tidigt	

under	 mina	 doktorsstudier	 upptäckte	 vi	 en	 gemensam	 orsak	 för	 låga	

proteinproduktionsnivåer;	 nämligen	 att	 kloningen	 av	 gener	 in	 i	 DNA-

vektorer	resulterar	i	en	suboptimal	translationsinitieringsregion.	Denna	

region	 kunde	 fungera	 mer	 effektivt	 under	 translationsinitieringen	 om	

den	 utsattes	 för	 syntetisk	 utveckling.	 Syftet	med	 denna	 doktorsavhan-

dling	 var	 således	 att	 utveckla	 en	 ny	 metod	 som	 syntetiskt	 utvecklar	

translationsinitieringsregion	vilket	slutligen	ökar	den	totala	proteinpro-

duktionen	 i	E.	 coli.	Den	presenterade	metoden	kunde	 appliceras	 effek-

tivt	 för	 både	 småskaliga	 och	 storskaliga	 produktionsuppställningar.	

Denna	 metod	 kan	 sänka	 produktionskostnader,	 vilket	 i	 sin	 tur	 skulle	
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kunna	resultera	i	en	ökad	förståelse	för	hur	proteiner	med	okänd	funk-

tion	 fungerar	 och	 en	ökad	 tillgänglighet	 av	proteinbaserade	 läkemedel	

till	fler	människor.	
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ABSTRACT: Protein production in Escherichia coli is a
fundamental activity for a large fraction of academic, pharma-
ceutical, and industrial research laboratories. Maximum produc-
tion is usually sought, as this reduces costs and facilitates down-
stream purification steps. Frustratingly, many coding sequences
are poorly expressed even when they are codon-optimized and
expressed from vectors with powerful genetic elements. In this
study, we show that poor expression can be caused by certain
nucleotide sequences (e.g., cloning scars) at the junction between the vector and the coding sequence. Since these sequences lie
between the Shine−Dalgarno sequence and the start codon, they are an integral part of the translation initiation region. To identify
the most optimal sequences, we devised a simple and inexpensive PCR-based step that generates sequence variants at the vector−
coding sequence junction. These sequence variants modulated expression by up to 1000-fold. FACS-seq analyses indicated that low
GC content and relaxed mRNA stability (ΔG) in this region were important, but not the only, determinants for high expression.

KEYWORDS: protein production, translation initiation, mRNA structure, codon optimization, vector−coding sequence junction,
membrane protein

In a typical bacterial protein production experiment, the
coding sequence (CDS) to be expressed is cloned into a

vector that contains well-defined genetic elements, such as
an origin of replication, an antibiotic resistance marker, and
sequences that control transcription and translation.1,2 High
levels of production are usually attained using high-copy vectors
and promoters that permit high levels of transcription upon
induction. It is also important to use a translation initiation
region (TIR) that contains a Shine−Dalgarno (SD) sequence
that is purine-rich and optimally spaced from the start codon by
a linker region.3−6 This promotes interaction with the 16S
rRNA during the initiation of translation.7

Translation initiation is considered to be the rate-controlling
step of translation,3,4,8,9 and the nucleotide sequence of the TIR
can have a direct effect on protein production. For example,
nucleotide changes to the SD can affect protein production
levels by as much as 600-fold.10 The linker region between the
SD sequence and the AUG is not thought to play a specific
role;9 however, there are reports that nucleotide changes in this
region can also affect protein production.11,12 The choice of
start codon can also affect translation initiation, with AUG
being more effective than alternative start codons.6,9 Nucleotide
sequences in the TIR can also modulate translation initiation by
forming mRNA secondary structures that reduce the possibility
of interaction with the ribosome.3,13−18 Prediction algorithms
that randomize the TIR in silico and select a sequence context
that has a relaxed mRNA structure19 or that combine relaxed

mRNA structure with favorable interactions with the 16S RNA
are available.20−22 While these approaches are to some degree
successful, there are areas in which they could be improved.23

The initial phase of elongation is also thought to be impor-
tant for protein production, as synonymous codon substitutions
in the second and third codons can affect protein production
levels.24−27 However, it is not clear whether this affects
expression by modulating (1) ribosomal speed (i.e., through a
translational RAMP28,29), (2) mRNA folding around the
TIR,13,18,30 or (3) a combination of both.
Despite the fact that all elements in a protein production

experiment might have been selected for high-level expression,
some CDSs are still difficult to express, and the reasons for this
are not clear.12,20,31−33 This context-dependent problem limits
the rational design of expression experiments, causing time
delays and increasing costs. To some degree, it can be
addressed by utilizing ribosome binding site (RBS) calculators
that select sequence contexts using thermodynamic principles
(reviewed in ref 23), approaches such as transcriptional and
translational coupling,10,34,35 or translational fusions.15,18 In this
study, we devised a PCR-based optimization step that modifies
the junction between the vector and the coding sequence. The
approach allowed us to express CDSs that were previously
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thought to be difficult to express, even though optimized
genetic elements had been used. Thus, we were able to provide
an experimental tool for addressing context-dependent
expression.
The most commonly used vectors for protein production are

the T7-based pET range, which we have used in this study.
They allow expression of the CDS in strains of Escherichia coli
that contain a lysogenized DE3 phage fragment encoding the
T7 RNA polymerase. Examples of such strains include
BL21(DE3) and derivatives that have been selected or
engineered for high-level production.1,2 Previously, we cloned
502 CDSs for E. coli membrane proteins into a modified
version of the pET28a vector (herein called pET28aXhoI).32

The CDSs were genetically fused to a region encoding a
TEV-GFP-His8 tag (Figure 1a) so that whole cell fluorescence
measurements could be used to estimate expression levels
(Supporting Information Figure S1). While working with two
difficult to express CDSs, araHWT and narKWT, we noted that
the choice of restriction site used for cloning could affect
expression levels significantly. For example, when an XhoI site
was present, araHWT and narKWT both expressed poorly (Figure
1b, lanes 1 and 4). In contrast, when the XhoI site was replaced
with either EcoRI or DraI sites, the level of expression dramat-
ically increased (Figure 1b, lanes 2, 3, 5, and 6). A possible
explanation for this observation is that the combination of XhoI
recognition sequence and the 5′ end of the araHWT/narKWT

resulted in unfavorable secondary structure when tran-
scribed into mRNA. Since the 5′ restriction enzyme site sits
between the SD sequence and the start codon, it encodes part
of the RBS, and strong mRNA structure in this region could
affect translation initiation and therefore protein produc-
tion.13−17,29 Analysis of mRNA structure in this region
supported this hypothesis, as it indicated that changing the
restriction site relaxed the mRNA structures within the
RBS (Figure 1c). On the basis of these data, we reasoned
that cloning scars (defined here as sequences outside of the
CDS that were used for cloning) could have a significant effect
on expression.
To find optimal sequences at the vector−CDS junction,

we designed a simple PCR step. In the experiment, the six
nucleotides upstream of the AUG start codon, which contain
the restriction enzyme recognition sequence, were changed in
all possible combinations by PCR amplification of the original
plasmid using degenerate primers (Figure 2a,b). We also
changed the six nucleotides downstream of the AUG start
codon so that synonymous codons could be sampled. The latter
design concept was included because synonymous codon choice
in the +2 and +3 positions can affect the expression of araHWT

and narKWT (ref 24 and Supporting Information Figure S3) as
well as other CDSs.25−27 Note that we deliberately did not
change the SD sequence, as it was already considered to be
strong. The libraries that we generated were called pET28aOPT-
araHWT‑OPT and pET28aOPT-narKWT‑OPT, and it was mathemati-
cally possible that they contained 24 576 and 49 152 different
vector−CDS junctions, respectively. Analysis of expression
levels from 96 randomly selected colonies in these libraries
indicated a 350-fold difference between the lowest and the
highest expressing clones (Figure 2c,d). This difference was not
caused by cell-to-cell variation, as little variation was observed
when we assayed 96 colonies of the original unoptimized clones
(see inset boxes). Significantly, the highest expressing clones
from both of these small-scale screens were in excess of 60 mg/L,
which is extremely high for a membrane protein.

Figure 1. Nucleotide sequences used for cloning affect expression
levels. (a) Overview of the expression cassette used in this study. CDSs
were cloned into a derivative of the pET28a vector (called pET28aXhoI

here and pGFPe elsewhere32) using XhoI and KpnI restriction
endonucleases. They were genetically fused to a region encoding the
tobacco etch virus protease recognition sequence (TEV), green
fluorescent protein (GFP), and an octa-histidine purification tag
(His8). In some experiments, the original XhoI site, located between
the Shine−Dalgarno sequence (SD) and the AUG start codon, was
changed to DraI or EcoRI. (b) Comparison of expression levels for
araHWT (red) and narKWT (blue) when expressed from the original
vector (pET28aXhoI) or vectors where the 5′ XhoI site was changed
(pET28aDraI or pET28aEcoRI). The constructs were transformed into
the BL21(DE3)pLysS strain, and expression was induced with 1.0 mM
IPTG for 5 h at 25 °C. To estimate the amount of protein produced
(in mg/L), whole cell fluorescence was compared to a standard curve
obtained with purified GFP. These estimates were not influenced by
free GFP, as we only detected full-length fusion proteins when cellular
extracts were analyzed by western blotting and in-gel fluorescence
(Supporting Information Figure S2). Error bars represent the standard
deviation from three biological replicates. Statistical significance was
determined by an unpaired two-tailed Student’s t test assuming
unequal variance. Three stars indicate a probability of P < 0.001. Two
stars indicate a probability of P < 0.01. (c) Prediction of mRNA
stability around the AUG start codon (i.e., −20 to +37). The free
energy (ΔG) associated with mRNA folding was calculated in
kcal/mol using mFold40 and plotted against the expression level.
Numbers correspond to clones described in (b).
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The generality of our optimization step was demonstrated
using four synthetic CDSs (Figure 3a). These CDSs had been
codon-optimized by two different commercial vendors but still

did not express to high levels. We also carried out the optimiza-
tion step on nine additional CDSs, chosen from our membrane
protein-TEV-GFP-His library (Figure 3b). In all of these

Figure 2. Optimization at the vector−coding sequence junction enables expression of CDSs that were previously thought to be difficult to express.
(a) Overview of the random mutagenesis approach that generated libraries of vector−CDS junctions. Randomization of the six nucleotides upstream
of the ATG allowed all possible nucleotides (denoted N), whereas the six nucleotides downstream were restricted to nucleotides that did not change
the sequence of the encoded protein (denoted N*). (b) Overview of the workflow used to generate vector−coding sequence junctions. (c, d)
Comparison of expression levels from 96 randomly selected clones in the pET28aOPT-araHWT‑OPT and pET28aOPT-narKWT‑OPT libraries (red and blue,
respectively). The clones were assayed as described in Figure 1. The inset boxes show 96 randomly selected colonies of the original unoptimized
clone (i.e., the mother plasmid).

Figure 3. Optimization of the vector−CDS junction increases expression of a range of CDSs. (a) Box and whisker plot showing the differences in
expression from 96 clones in the pET28aOPT-araHWT‑OPT and pET28aOPT-narKWT‑OPT libraries, as well as libraries generated with synthetic versions of
each CDS that had been optimized by commercial vendors.24 The top and bottom ends of the line represent the highest and lowest expression levels
observed. Expression levels of the original unoptimized clones are marked with an asterisk (*). (b) Same as (a) except that the libraries were
generated from nine additional CDSs from our previously synthesized library.32 These CDSs all encode E. coli membrane proteins.
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experiments, we observed a range of expression levels when we
created libraries of vector−CDS junctions and assayed 96
clones. These differences ranged from 339-fold (pET28OPT-
araHSYN2‑OPT) to 7-fold (pET28OPT-agaWOPT). Significantly, the
optimization step invariably enabled us to identify clones that
expressed to a higher level than that of the original unoptimized
clone (see *).
To identify vector−CDS junctions that gave rise to high ex-

pression, we analyzed nucleotide sequences in the pET28aOPT-
araHWT‑OPT and pET28aOPT-narKWT‑OPT libraries. In this
experiment, we used fluorescence activated cell sorting
(FACS) to sort clones from the libraries into six bins according
to the GFP expression level (Figure 4a, left panel). This
analysis indicated that the difference between the lowest and
the highest expressing clones in the libraries was on the order of
1000-fold. We then used deep sequencing to determine the
presence and frequency of different vector−CDS junctions in
the different bins. The sequences from each bin were PCR-
amplified using mixtures of barcoded oligonucleotides. Barcoded
libraries were then pooled and sequenced on the Illumina

sequencing platform. This combined FACS and high-
throughput sequencing approach is referred to as FACS-seq,
and it allowed us to identify 13 914 (56% of possible total) and
25 861 (53% of possible total) unique vector−CDS junctions
from each of the pET28aOPT-araHWT‑OPT and pET28aOPT-
narKWT‑OPT libraries, respectively (Supporting Information
Tables S1 and S2). For each identified sequence with more
than 100 reads distributed across the bins in the FACS-seq data
set (789 and 881 sequences for araH and narK respectively),
we estimated the GFP expression level by computing the
weighted average of bin mean GFP levels using normalized
frequencies of the sequence across the bins as weights (see
Methods). These estimates were validated by randomly
assaying 41 clones across the six bins using a plate reader
(Figure 4a, right panel).
Next, we sought to identify sequence characteristics in the

vector−CDS junctions that contributed to low or high expres-
sion in the pET28aOPT-araHWT‑OPT and pET28aOPT-narKWT‑OPT

libraries. We noted a trend between expression level in the
FACS-seq experiment and mRNA stability (ΔG) around the

Figure 4. FACS-seq of vector−CDS junctions indicate that relaxed mRNA structure and low GC content are important, but not the only,
determinants of expression. (a) Left panel, pET28aOPT-araHWT‑OPT and pET28aOPT-narKWT‑OPT cell libraries were mixed and sorted into six bins
(P2−P7) by FACS. PCR amplicons covering the vector−CDS junction from each bin were then sequenced. Right panel, 41 colonies from the bins
were randomly picked, and fluorescence was measured in a plate reader (Supporting Information Table S3). These values correlated with the
expression values assigned from FACS-seq (R2 = 0.78) and thus validated our approach. (b) Left panel, analysis of mRNA stability (ΔG) around the
AUG start codon (i.e., −20 to +37) in the pET28aOPT-araHWT‑OPT library was calculated using mFold40 and plotted against the expression level
obtained by FACS-Seq. The red line is a running average over 100 samples. Right panel, GC-content in the pET28aOPT-araHWT‑OPT library was
plotted against the expression level obtained by FACS-seq. (c) Same as (b) except that the pET28aOPT-narKWT‑OPT library was analyzed.
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TIR when we analyzed the sequences with mFold (Figure 4b,c,
left panels). We also observed a nucleotide bias in the se-
quences that gave high expression. Specifically, those vector−
CDS junctions with a GC content below 40% gave higher levels
of expression (Figure 4b,c, right panels). These observations
are consistent with a large body of work suggesting that mRNA
structure and GC content around the AUG start codon could
affect translation initiation and therefore protein produc-
tion.13−17,29,30 However, it is important to note that many
outliers were present, indicating that other variables contribute
to high expression. One of these variables could be synonymous
codon choice; however, our libraries sampled only a few amino
acids and thus lack the diversity required to assess codon choice
comprehensively.
In this study, we designed a one-step optimization approach

that selectively modified the junction that is formed between a
vector and the 5′ end of a coding sequence during cloning. In
the optimization, we modified the six nucleotides upstream of
the start codon, which is where cloning scars would normally
be. We also modified synonymous codons in the second and
third positions of the CDS as they have been shown to affect
expression.24−27 Thus, the modified region encompassed a
large proportion of the TIR but not the SD sequence. When
the libraries were screened, we noted a wide range of expression
levels. In most experiments, we could identify clones with signi-
ficantly higher expression than that of the original unoptimized
clone.
The approach is simple and inexpensive, requiring only a

single PCR that could be implemented during cloning or in a
postcloning optimization step (as we have done here). We
therefore believe that it could become an important part of the
molecular biology toolbox, which can be used in conjunction
with other tools for protein production, such as optimized
genetic elements, synthetically designed genes, and strains
selected for high expression. The downside to the approach is
the need for screening methods to identify clones that lead to
high expression. In this study, we used a translation fusion to a
fluorescent protein; however, the reporter protein could also be
translationally coupled (see ref 34).
On-going work aims to better understand the molecular

code for designing vector−CDS junctions that result in high
expression, as it would eliminate the need for screening. Data
presented here from circa 1700 vector−CDS junctions
(representing two CDSs) indicated that that low GC content
and relaxed mRNA stability (ΔG) in this region were impor-
tant, but not the only, variables to consider for high expression.
Additional experiments that consider different synonymous
and nonsynonymous codons in the 5′ end might provide this
insight. There may also be as yet unknown parameters that
need to be considered.

■ METHODS

Molecular Cloning. All CDSs were harbored in a vector
derived from pET28a (called pET28aXhoI here and pGFPe
elsewhere), as previously described.24,32 They were genetically
fused at the 3′ end to a sequence that encoded the tobacco-etch
virus (TEV) protease recognition site, green fluorescent protein
(GFP), and an octa-histidine purification tag (His8). Site-
directed mutagenesis was performed using the QuikChange
site-directed mutagenesis kit (Stratagene), and constructs
were verified by DNA sequencing (Eurofins MWG Operon,
Germany).

Libraries of different vector−CDS junctions were amplified
from the original clone using a reverse primer located in the
pET28aXhoI vector (5′-TCTCCTTCTTAAAGTTAAACAAA-
ATTATTCTAGAGGGGAATTGTTATCCG-3′) and a degen-
erate forward primer. The forward primer contained the
following design principles: (1) The six nucleotides upstream of
the AUG start codon were changed in all possible combina-
tions. (2) The six nucleotides downstream of the AUG start
codon were changed in combinations that allowed for all
synonymous codon substitutions. (3) The flanking regions
were 16−23 nucleotides. (4) The 5′ end of the forward primer
matched the 5′ end of the reverse primer (15 nucleotides) so
that the PCR products could circularize by homologous
recombination when transformed into E. coli. Note that in
some cases it was not possible to design a single forward
primer, so two primers were used and PCR products were
mixed. Amplification by PCR was carried out using Q5 poly-
merase (New England Biolabs) in a program that consisted of
95 °C for 2 min and then 30 cycles of 95 °C for 45 s, 48−68 °C
for 45 s (using a gradient block), and 72 °C for 6.5 min. A final
elongation step of 68 °C was then carried out for 12 min. Q5
polymerase is a high-fidelity polymerase whose error rate is so
low that it is difficult to measure in a statistically significant
manner (see manufacturer specifications); thus, we do not
believe that PCR errors in the coding sequence or vector
contribute to differences in expression levels. Following the
PCR, 40 units of DpnI were added to 20 μL of the PCR
product, and it was then transformed into the E. coli strain
MC1061 (to facilitate circularization). The transformation was
transferred to 100 mL of Luria−Bertani (LB) media containing
50 μg/mL kanamycin and 34 μg/mL chloramphenicol and
incubated at 37 °C with shaking for 16 h. Purification of the
plasmid library was carried out using the E.Z.N.A. DNA midi
kit (Omega Biotek). To ensure that there was significant
diversity in the library, we plated a small aliquot and sequenced
the DNA isolated from five random colonies. In every case, we
received five different sequences.

Expression. Plasmids and plasmid libraries were trans-
formed into BL21(DE3)pLysS using standard protocols. Over-
night cultures were prepared by inoculating a single colony in
800 μL of LB liquid media containing 50 μg/mL kanamycin
and 34 μg/mL chloramphenicol. Cultures were incubated in a
2.2 mL 96-well plate at 37 °C with shaking for 16 h. Cultures
were then back-diluted (1:50) into 5 mL of LB plus antibiotics
in a 24-well growth plate and incubated as before until an
OD600 of approximately 0.3 was reached. Expression was
induced by addition of 1.0 mM isopropyl-β-D-thiogalactopyr-
anoside (IPTG) and incubation for 5 h at 25 °C with shaking.
The OD600 was measured, and cells were harvested by
centrifugation at 3220g for 10 min, resuspended in buffer [50
mM Tris-HCl, pH 8.0, 200 mM NaCl, 15 mM EDTA], and
transferred to a 96-well optical bottom plate. Fluorescence was
read in a Spectramax Gemini (Molecular Devices) at an
excitation wavelength of 485 nm and an emission wavelength of
513 nm. The amount of GFP produced (in mg/L) was
calculated using a standard curve obtained from purified GFP
mixed with whole cells (to account for quenching). When the
pET28aOPT-araHWT‑OPT and pET28aOPT-narKWT‑OPT libraries
were assayed, the five most highly expressed and five most
poorly expressed clones were sequenced so that we could ensure
that there was diversity in the experiment. In every case, we
received 10 different sequences.
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In-Gel Fluorescence and Western Blotting. A volume of
cells corresponding to an OD600 of 0.2 units was collected,
resuspended in Laemlli loading buffer, and analyzed by 12%
SDS-PAGE. Fluorescence emitting from the SDS-PAGE was
detected using a LAS-1000 (Fuji Film). The gel was then
immediately transferred to a nitrocellulose membrane using
a semidry transfer-blot apparatus (Bio-Rad) and probed with
an antibody against purified GFP. Antibody binding was
detected using an anti-rabbit IgG horseradish peroxidase-linked
whole antibody (from donkey) and a SuperSignal West femto
luminol/enhancer solution (Thermo Scientific).
Cell Sorting of Libraries with FACS. pET28aOPT-

araHWT‑OPT and pET28aOPT-narKWT‑OPT plasmid libraries were
transformed into BL21(DE3)pLysS, and protein expression was
induced as described above. Subsequently, cell libraries were
mixed and sorted by FACS into different bins according to their
level of fluorescence. Six gates were defined to sort the libraries,
and a total of 104 cells were sorted in each gate with precision
single-cell mode at a rate of approximately 1500 events per
second. The collected cells were grown overnight in 2 mL of
LB liquid medium containing 50 μg/mL kanamycin. For each
of the sorted pools, 1 mL of cell culture was stored at −80 °C
and 1 mL was harvested for plasmid DNA preparation.
High-Throughput Sequencing and Analysis. The

plasmids in the collected cells were isolated and used for PCR
amplification, as previously described.36 Specifically, barcoded
primers containing overhang sequences compatible with Illumina
Nextera XT indexing (Supporting Information Table S4) were
used to amplify 185 base pair DNA fragments containing the
vector−CDS junction regions for each of the sorted pools.
Amplification by PCR was carried out using Phusion hot start II
HF Pfu polymerase (Thermo Fisher Scientific) in a program that
consisted of 98 °C for 30 s and then 25 cycles of 98 °C for 10 s,
50−60 °C for 30 s (using a gradient block), and 72 °C for 30 s,
with a final elongation step at 72 °C for 10 min. Following PCR
amplification, amplicons were purified using AMPure XP beads
(Beckman Coulter, CA) and pooled in equal quantities to a total
amount of 1 μg. Sequencing adapters were integrated into the
amplicons by PCR (98 °C for 3 min and then 25 cycles of 95 °C
for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with a final elonga-
tion step at 72 °C for 5 min) using Illumina Nextera XT Index
(Illumina no. FC-131-1001). Deep sequencing was performed
on a MiSeq benchtop sequencer (Illumina, San Diego, CA) using
151 bp paired-end reads.
Illumina sequencing data was analyzed by first merging

the paired end reads using Flash37 (minimum overlap 40 bp;
maximum overlap 150 bp) and then extracting the relevant
variable sequence fragment using qiime38 (removing sequences
<120 bp and allowing for 2 mismatches in the left-hand
flanking region and one mismatch in the right-hand flanking
region). Finally, sequences with indels (i.e., length larger or
smaller than the desired 15 bp) were filtered out using seqtk
(https://github.com/lh3/seqtk). The raw counts of distinct
15 bp sequences in each FACS bin were determined using a
custom Python script available upon request from the authors.
In order to estimate the GFP expression level for each 15 bp
sequence, we used the method first introduced by Sharon
et al.39 This method computes the weighted mean expression
level for each sequence s ( fs) using the formula fs = (∑b nb,s/
nb × eb)/(∑b nb,s/nb), where eb is the mean expression level of
FACS bin b, nb is the total count of all sequences in bin b, and
nb,s is the count of specific sequence s in bin b. For further

analysis, only sequences with more than 100 merged reads
distributed across the FACS bins were used.
From each of the sorted bins, 5−9 individual colonies were

isolated, and the region of interest was Sanger-sequenced.
Finally, a total of 41 different plasmids were identified and
transformed into BL21(DE3)pLysS to analyze protein expres-
sion. The sequences of the vector−CDS junctions in individual
isolates are shown in Supporting Information Table S3.

Free Energy Measurements. The free energy (ΔG)
associated with mRNA folding was calculated in kcal/mol using
mFold40 with default settings in a window from −20 to +37
relative to the A of the AUG start codon.
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Supporting	  Figure	  S1.	  Comparison	  of	  expression	  levels	  for	  397	  coding	  sequences	  (CDSs)	  of	  
E.	   coli	   inner	  membrane	  proteins.	  CDSs	  were	  cloned	  into	  a	  pET28a	  derivative,	  downstream	  
of	  a	  T7	  promoter	  and	  upstream	  of	  a	  region	  encoding	  the	  tobacco	  etch	  virus	  (TEV)	  protease	  
site,	   the	   green	   fluorescent	   protein	   (GFP)	   and	   an	   octa-‐histidine	   purification	   tag	   (His8).	   The	  
proteins	  were	   expressed	   in	   the	   BL21(DE3)pLysS	   strain	   by	   induction	  with	   0.4	  mM	   IPTG	   for	  
two	   hours,	   and	   expression	   levels	   in	   mg/L	   were	   determined	   by	   comparing	   the	   GFP	  
fluorescence	   to	   a	   standard	   curve	   obtained	   with	   purified	   GFP.	   Note	   that	   502	   coding	  
sequences	  were	   assayed	   but	   only	   those	  with	   a	   Cin-‐topology	   are	   shown.	   CDSs	   used	   in	   this	  
study	  are	  marked.	  Figure	  adapted	  from	  1.	  
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Supporting	   Figure	   S2.	   Estimates	   of	   protein	   production	   levels	   are	   not	   influenced	   by	   free-‐
GFP.	   araHWT	   (a)	   and	   narKWT	   (b)	   where	   expressed	   from	   either	   pET28aXhoI,	   pET28aDraI	   or	  
pET28aEcoRI.	   A	   volume	   corresponding	   to	   0.2	   OD600	   units	   of	   whole	   cells	   was	   solubilised	   in	  
loading	  buffer	  and	  proteins	  were	  separated	  by	  SDS-‐PAGE.	  In-‐gel	  fluorescence	  (top	  box)	  and	  
Western	  blotting	  (lower	  box)	  indicated	  that	  no	  free-‐GFP	  was	  present.	  Note	  that	  comparison	  
of	   the	   in-‐gel	   fluorescence	   with	   the	   Western	   blots	   indicated	   that	   some	   of	   the	   full-‐length	  
fusion	  proteins	  had	  been	  expressed	  in	  inclusion	  bodies.	  Proteins	  in	  inclusion	  bodies	  are	  not	  
fluorescent	  and	  resolve	  at	  a	  higher	  molecular	  mass	  than	  fluorescent	  proteins	  2.	  
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Supporting	  Figure	  S3.	  Synonymous	  codon	  substitutions	  in	  the	  5’	  coding	  sequence	  (CDS)	  of	  
araHWT	  and	  narKWT	  affect	  expression.	  Previously	  we	  have	  shown	  that	  selective	  synonymous	  
codon	  substitutions	  in	  the	  5’	  CDS	  of	  araHWT	  and	  narKWT	  can	  increase	  expression	  levels	  3	  (see	  
underlined	   codons).	   To	   explore	   this	   phenomenon	   in	   a	   systematic	   way	   we	   engineered	   all	  
synonymous	  codons	  at	  the	  5’	  end	  (one	  at	  a	  time)	  and	  monitored	  the	  effect	  on	  expression.	  
(a)	   Top	   panel,	   the	   first	   eight	   amino	   acids	   of	   araHWT	   and	   the	   respective	   codons	   used	   are	  
shown	   above	   the	   line.	   All	   possible	   synonymous	   codon	   substitutions	  were	   engineered	   and	  
the	   CDSs	   were	   expressed	   as	   –TEV-‐GFP-‐His8	   fusions	   in	   the	   BL21(DE3)pLysS	   strain.	   Those	  
codon	  substitutions	  that	  increased	  expression	  are	  boxed	  in	  grey,	  and	  their	  expression	  levels	  
shown	   in	   the	   bottom	   panel.	   Error	   bars	   represent	   the	   standard	   deviation	   from	   three	  
biological	   replicates.	   Statistical	   significance	   was	   determined	   by	   an	   unpaired	   two-‐tailed-‐
Student’s	  test	  assuming	  unequal	  variance.	  Three	  stars	  indicate	  a	  probability	  of	  P<	  0.001.	  Two	  
stars	  indicate	  a	  probability	  of	  P<	  0.01.	  	  (b)	  As	  for	  (a)	  except	  that	  the	  first	  seven	  amino	  acids	  
of	  narKWT	  were	  used.	  
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    Chapter 4   

 Codon Optimizing for Increased Membrane Protein 
Production: A Minimalist Approach                     

     Kiavash     Mirzadeh    ,     Stephen     Toddo    ,     Morten     H.H.     Nørholm    , 
and     Daniel     O.     Daley      

  Abstract 

   Reengineering a gene with synonymous codons is a popular approach for increasing production levels of 
recombinant proteins. Here we present a minimalist alternative to this method, which samples synony-
mous codons only at the second and third positions rather than the entire coding sequence. As demon-
strated with two membrane-embedded transporters in  Escherichia coli , the method was more effective than 
optimizing the entire coding sequence. The method we present is PCR based and requires three simple 
steps: (1) the design of two PCR primers, one of which is degenerate; (2) the amplifi cation of a mini- 
library by PCR; and (3) screening for high-expressing clones.  

  Key words     Membrane protein  ,   Protein expression  ,   Codon optimization  ,   Synonymous codon  

1      Introduction 

 In recent years, codon optimization has emerged as a popular and 
often necessary approach for boosting production levels of recom-
binant proteins. In a nutshell it involves reengineering the gene or 
coding sequence (CDS) of interest with optimal synonymous 
codons. The codons that  are   deemed optimal are those whose cor-
responding tRNA concentration in the host cell is highest, as this 
is thought to favor fast decoupling by the ribosome and more effi -
cient translation [ 1 ].       As the cellular tRNA concentrations have 
coevolved to mirror the frequency of usage of the corresponding 
codons in the genome [ 2 ,  3 ],    this design principle may seem 
straightforward. However, when choosing synonymous codons, 
care must be taken to avoid  nucleotide   stretches that resemble 
ribosome-binding sites (RBSs), stretches that form  strong   mRNA 
structures, RNase sites, DNA recombination sites, or transcrip-
tional terminators, as they can be detrimental for protein produc-
tion [ 1 ].    The codon optimization approach is conceptually 
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attractive and has gained traction, as it is increasingly cheaper to 
order codon-optimized CDSs from commercial vendors. 

 Does codon optimization increase production levels of mem-
brane proteins? The short answer is “yes,” there are numerous 
examples of successful optimizations in the literature ( reviewed in  
[ 4 ]). However unsuccessful optimizations are unlikely to be pub-
lished, so it is hard to estimate success rates. Our own experiences 
as well as feedback from colleagues indicate that codon optimiza-
tion of the entire CDS is often not effective. For example, when we 
ordered codon-optimized CDSs from two different commercial 
sources we did not observe signifi cant production of two  E. coli  
transporters, called AraH and NarK [ 5 ]. As an alternative we 
explored a minimalist codon optimization approach that samples 
synonymous codons immediately adjacent to the AUG start codon 
(i.e. +2, +3). This approach was inspired by the work of Isaksson 
and co-workers, who systematically sampled all 61 codons in the 
+2 position of an artifi cial gene and noted that a single synony-
mous codon change could affect expression levels by as much as 
20-fold (note that a weak Shine Dalgarno sequence was used in 
these experiments) [ 6 ]. When we systematically tested synonymous 
codons in the +2, +3, and +4 positions of the native  araH  and 
 narK  CDSs we observed signifi cant increases in production levels 
[ 5 ,  7 ]. Thus, in these two cases, single synonymous codon substi-
tutions immediately adjacent to the AUG start codon were far 
more effective at increasing production than codon optimization 
of the entire coding sequence. 

 A molecular explanation for why codons adjacent to the AUG 
start codon infl uence protein production levels remains elusive. 
However it most likely relates to translation initiation since it is 
known that the 16S rRNA of the 30S ribosomal subunit must rec-
ognize the nucleotide sequence around the AUG start codon dur-
ing translation initiation. Minor nucleotide changes in this region, 
which extends from the Shine Dalgarno sequence to the +4/+5 
codons [ 8 ,  9 ], can  decrease   the effi ciency of translation initiation 
by causing strong mRNA hairpins [ 10 ,  11 ]. In nature, mRNA 
structure around the AUG start codon has been selected against 
[ 12 ,  13 ], but in a recombinant protein production experiment this 
region is a composite of the vector and the 5′ end of the CDS. Thus 
the optimal synonymous codons for reducing mRNA structure will 
depend on the sequence context and will differ from CDS to CDS, 
and vector to vector.    This fact underscores the need for sampling 
different combinations of synonymous codons and testing their 
expression level. 

 In this chapter we present our protocol for generating small 
clone libraries with all possible combinations of synonymous 
codons in the +2 and +3 positions.    Depending on which amino 
acids are present at these positions of the CDS, the clone libraries 
can contain up to 36 different variations. Thus, a limited amount 
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of screening is required to identify the clones that express to the 
highest level. An overview of the method, which we call post- 
cloning optimization (PCO), is presented in Fig.  1a . It involves 
three simple steps: (1) the design of two overlapping primers (one 
of which is degenerate) for amplifying the original expression plas-
mid, (2) the amplifi cation of a mini-library by PCR and then re- 
circularization of the plasmids by transformation into  E. coli , and 
(3) screening for high-expressing clones. In all of our experiments, 
the CDS is fused  to   a region encoding for a -TEV-GFP-His 8  tag 
(Fig.  1b ) so that whole-cell fl uorescence can be used as a proxy for 
protein production [ 14 ]. Protocols on how to use GFP in this 
manner  have   been presented elsewhere [ 15 ]. When we carried out 
PCO on the  araH  and  narK  CDSs, the mini-libraries contained 6 
and 12 clone variations, respectively. And by simply screening 24 
colonies we were able to identify clones with considerably increased 
expression. For example  araH  increased by 9-fold from 1 mg/mL 
to 9 mg/mL (Fig.  1c ), and  narK  by 17-fold from 1.6 mg/mL to 
29 mg/mL (Fig.  1d ).

   The method is a minimalist approach to codon optimization 
that is inexpensive and simple enough to be carried out in any 
laboratory that has access to a PCR block. It could be implemented 
during cloning or as a post-cloning step as we have demonstrated 
here. Moreover it has a major advantage over codon optimization 
of the entire CDS; it does not affect the effi ciency of elongation, so 
membrane protein folding should not be perturbed (note that 
there are reports that suggest elongation rate is linked to the fold-
ing of membrane proteins [ 16 ,  17 ]). We foresee that the method 
could be useful for boosting production of recombinant proteins 
in  E. coli  (both membrane and soluble). It might also be useful for 
tuning expression levels of genomically encoded proteins by using 
(randomized) oligonucleotide-based recombineering [ 18 ].  

2    Materials 

       1.     Primer   set for PCR amplifi cation ( see   Note    1   for design 
principles).   

   2.    Q5 DNA polymerase and 5x Q5 reaction buffer (New England 
Biolabs) ( see   Note    2  ).   

   3.    Nucleotide triphosphates: Stock solution containing 100 mM 
of dATP, dTTP, dCTP, and dGTP.   

   4.     Dpn I restriction enzyme (New England Biolabs) ( see   Note    3  ).   
   5.    Sterile H 2 O.   
   6.    0.2 mL Soft-walled PCR tubes.   
   7.    Thermocycler.   
   8.    Agarose powder.   

2.1  Components 
for PCR

Codon Optimizing for Increased Membrane Protein Production
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a
Step 1: Primer design
Design primers for amplification of 
original plasmid. Forward primer should 
be degenerate to allow synonymous codon 
changes at triplets +2 and +3. Reverse 
primer should overlap by approximately 15 
base pairs with the forward primer to facilitate 
re-circularization.

Step 2: PCR with degenerate primers 
Digest original plasmid with DpnI & 
transform amplified PCR products
into MC1061 to make plasmids circular.

Step 3: Expression level screening
Purify plasmid libraries & screen 
expression levels in BL21(DE3) pLysS.
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  Fig. 1    A minimalistic approach to codon optimization. ( a ) A schematic overview of the method. ( b ) CDSs used 
in this study were cloned into a modifi ed version of the  pET28a  vector and genetically fused to a region encod-
ing for a -TEV-GFP-His 8  tag [ 14 ].    This enabled us to use GFP fl uorescence as a  measure   of expression. ( c  and 
 d ) Screening of expression levels from plasmids harboring  araH  and  narK , where all  possible   combinations of 
 synonymous   codons in the +2 and +3 positions have been generated.    Expression was carried out in BL21( DE3 ) 
 pLysS  by induction with 1.0 mM IPTG for 5 h at 25 °C.    To estimate the amount of protein produced in mg/L, 
the whole-cell fl uorescence was compared to  a   standard curve obtained with purifi ed GFP. For comparison, the 
expression levels of the original clone and two whole-gene codon-optimized versions are indicated to the right. 
Parts a and b adapted from [ 7 ]       
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   9.    Ethidium bromide.   
   10.    TAE buffer: Prepare 50x stock solution by mixing 242 g Tris 

base in 600 mL of H 2 O. Add 57 mL of glacial acetic acid and 
100 mL of 0.5 M EDTA pH 8.0, and bring the fi nal volume to 
1 l with H 2 O. Store at room temperature.      

       1.    Chemically competent  E. coli  cells ( see   Note    4  ).   
   2.    20 g/L Luria Bertani (LB) broth in H 2 O.   
   3.    LB agar plates: LB broth with 15 g/L agar.   
   4.    1.5 mL Microfuge tubes.   
   5.    Thermomixer  for incubating microfuge tubes.   
   6.    50 mL Reaction tube.   
   7.    10 mL of LB broth supplemented with appropriate 

antibiotics.   
   8.    Incubator for 50 mL reaction tube.   
   9.    ENZA DNA mini kit (Omega bio-tek)       

3    Methods 

       1.    The forward primer(s)  should   straddle the ATG start and 
should be approximately 40–50 nucleotides long (Fig.  2a ). 
The six nucleotides downstream of the AUG start codon need 
to be degenerate so that different synonymous codons will be 
sampled. A table indicating the code used to  implement   degen-
eracy is shown in Fig.  2b . Note that in some cases it was not 
possible to design a single forward primer, so multiple forward 
primers were used and PCR products were mixed.

       2.    The reverse primer should match to the region upstream of the 
ATG start and should also be approximately 40–50 nucleotides 
in length ( see  Fig.  2a ). The 5′ end of the reverse primer should 
match the 5′ end of the forward primer (overlapping by 
approximately 15 nucleotides), so that the PCR products can 
circularize by homologous recombination when transformed 
into  E. coli.       

       1.     Mix all reagents for PCR in a 1.5  mL   microfuge tube: 71 μL of 
H 2 O, 20 μL of 5× Q5 reaction buffer, 1 μL of Q5 DNA poly-
merase (2 U/μL), 2 μL of 50 mM dNTP mix, 1 μL of forward 
primer (50 pmol / μL), 1 μL of reverse primer (50 pmol / 
μL), 4 μL of original plasmid (4 ng/μL) ( see   Note    5  ).   

   2.    Aliquot 20 μL of the PCR mix into fi ve separate 0.2 mL PCR 
tubes.   

2.2  Component 
Transformation 
and Re-circularization 
of Libraries

3.1  Primer Design

3.2  PCR 
Amplifi cation 
of Mini-Libraries
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   3.    Amplify the mini-library in a thermocycler using a program 
that consists of 95 °C for 2 min, then 30 cycles of 95 °C for 45 
s, a range of temperatures from 48 to 68 °C for 45 s, and 72 
°C for 6.5 min. Finish with a fi nal elongation step at 68 °C ( see  
 Notes    6   and   7  ).   

   4.    Add 10 units of  Dpn I to the reaction mix to digest the original 
plasmid.   

   5.    To ensure that the mini-library was amplifi ed, analyze 1 μL of 
the PCR product by agarose gel electrophoresis using standard 
protocols .      

       1.    Mix 10 μL of the PCR mix (approximately 500 ng) with 100 
μL of competent  MC1061    E. coli  cells in a 1.5 mL reaction 
tube ( see   Note    8  ).   

   2.    Incubate on ice for 30 min.   
   3.    Heat shock for 1 min at 42 °C.   
   4.    Incubate on ice again for 2 min.   
   5.    To allow cells to recover, add 0.5 mL of LB broth and incu-

bate at 37 °C with shaking for one hour.   
   6.    Transfer cells to a 50 mL reaction tube containing 10 mL of 

LB broth and appropriate antibiotics, and incubate at 37 °C 
with shaking for 16 h ( see   Note    9  ).   

   7.    Harvest the cells by centrifugation at 4000 ×  g  in a bench-top 
centrifuge.   

   8.    Purify the plasmids using the ENZA DNA mini kit as per the 
manufacturer’s instructions. This plasmid prep is a mini-library 
containing variants of your original plasmid, which differ only in 

3.3  Transformation 
of Libraries into  E. coli  
to Facilitate 
Re-circularization
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  Fig. 2    Primer design principles. ( a ) An  example   of primers used in this study. These primers were used to 
implement all possible combinations of synonymous codons in the +2 and +3 positions of  narK.  The ATG triplet 
corresponding  to   the AUG start codon is boxed. Degenerate bases are marked in capital letters and bold text. 
Regions of homology between the forward and reverse primers are underlined. ( b ) The code for designing 
degenerate primers       
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the use of synonymous codons in the +2 and +3 positions, as 
determined by the design of  your   degenerate forward primer.   

   9.    The mini-library can then be  directly   transformed into an 
expression strain such as BL21( DE3 ) or a derivative that has 
been selected or engineered for high-level production [ 19 , 
 20 ]. To do so, take 1 μL of the mini-library, follow steps 1–5 
above, and then plate out 200 μL of the culture on an LB agar 
plate with appropriate antibiotics.   

   10.    Incubate at 37 °C for 16 h, and then pick colonies for expres-
sion testing ( see   Notes    10   and   11  ).       

4               Notes 

     1.    The protocol requires at least one forward degenerate primer. 
However if codons with more than four synonymous variants 
are being tested, then an additional primer will be required. 
The protocol always requires one reverse primer.   

   2.    While any high-fi delity polymerase can be used, we choose to 
use the Q5 polymerase because its error rate is so low that it is 
diffi cult to measure in a statistically signifi cant manner (see 
manufacturer’s specifi cations). This minimizes random errors 
on the vector backbone and in the CDS.   

   3.     Dpn I comes with its own reaction buffer, which we use to 
dilute it to a concentration of 10 U/μL. This can then be 
added directly to the PCR when required, since  Dpn I also 
works effectively in the reaction buffer supplied for the Q5 
polymerase.   

   4.    Any  E. coli  strain that is capable  of   homologous recombination 
will suffi ce. We use MC1061.   

   5.    Typically, we prepare a PCR mix of 100 μL, and then we ali-
quot 20 μL into fi ve separate 0.2 mL PCR tubes. This allows 
us to test different annealing temperatures simultaneously by 
incubating the PCR mix in a thermocycler that has a gradient 
function.   

   6.    To obtain maximal diversity in the library, we suggest that you 
test a range of annealing temperatures during the PCR and 
then choose the reaction that was amplifi ed at the lowest 
annealing temperature.   

   7.    Note that the extension time will depend on the size of your 
plasmid and the processivity of the DNA polymerase that you 
use. We typically allow 6.5 min for a 6.5 kb plasmid (i.e., 1 
min/kb).   

   8.    If two forward primers were required for the PCR, then mix 5 
μL from each reaction.   
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   9.    This step allows propagation of the library.   
   10.    Typically we would expect >500 colonies per plate.   
   11.    Typically we would compare expression between 24 colonies. 

The type of expression testing done depends on the detection 
systems available.         
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ABSTRACT: Evolution can be harnessed to optimize
synthetic biology designs. A prominent example is recombi-
nant protein productiona dominating theme in biotechnol-
ogy for more than three decades. Typically, a protein coding
sequence (cds) is recombined with genetic elements, such as
promoters, ribosome binding sites and terminators, which
control expression in a cell factory. A major bottleneck during
production is translational initiation. Previously we identified
more effective translation initiation regions (TIRs) by creating
sequence libraries and then selecting for a TIR that drives
high-level expressionan example of synthetic evolution.
However, manual screening limits the ability to assay
expression levels of all putative sequences in the libraries. Here we have solved this bottleneck by designing a collection of
translational coupling devices based on a RNA secondary structure. Exchange of different sequence elements in this device allows
for different coupling efficiencies, therefore giving the devices a tunable nature. Sandwiching these devices between the cds and
an antibiotic selection marker that functions over a broad dynamic range of antibiotic concentrations adds to the tunability and
allows expression levels in large clone libraries to be probed using a simple cell survival assay on the respective antibiotic. The
power of the approach is demonstrated by substantially increasing production of two commercially interesting proteins, a
Nanobody and an Affibody. The method is a simple and inexpensive alternative to advanced screening techniques that can be
carried out in any laboratory.

KEYWORDS: protein production, antibiotic resistance, translational coupling, selection system, synthetic evolution,
translation initiation region

Proteins are essential for many biomedical and biotechno-
logical applications. Most proteins are recombinantly

produced in a heterologous organism, as their natural sources
are impractical for high production yields.1−3 In general, high
yields are desirable, as this facilitates downstream applications
and reduces the production costs. Furthermore, the use of
recombinant sources allows facile engineering of protein
modifications for increasing the activity, solubility4−6 or
enabling purification.7,8

Translation initiation is often the rate-limiting step when it
comes to protein production in bacteria.9−11 The efficiency of
translation initiation is determined by the nucleotide sequence
of the translation initiation region (TIR), which consists of the
Shine−Dalgarno (SD) sequence, the region upstream of the SD
which contains the translational standby site,12 and a region
that stretches from the SD to the fifth codon of the cds.13 In
clones engineered for protein production, the TIR is typically a
random sequence formed at the junction of the vector and the

first five codons of the coding sequence.14 Such a randomly
formed TIR has not coevolved with the ribosomes of the host
cell and often does not function efficiently for maximum
production. Nucleotide changes in this region can affect protein
production levels by as much as 1000-fold14,15 as they affect
mRNA secondary structure and binding of the ribosomea
relaxed mRNA structure being more favorable for efficient
translation initiation.16−20 Computational tools that use
thermodynamic principles to predict an optimized TIR are
available,21−26 but in the end experimental validation of the
TIRs is still required. An alternative approach is to
experimentally construct a TIR library and identify an optimal
TIR by screening expression levels. However, the bottleneck in
this approach is the experimental evaluation of expression levels
in large libraries.
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To achieve optimal production yields in a recombinant
setting, we have explored a synthetic evolution approach,
whereby we carry out an in vitro randomization of the TIR and
then experimentally select a nucleotide sequence that is
compatible with high protein production. In a recent study,
partial sequence variation was introduced in the TIRs for two
difficult-to-express membrane proteins that were fused to

fluorescent reporters and the plasmid libraries were screened by
fluorescence activated cell sorting (FACS). In libraries
containing approximately 30 000 TIRs we observed up to
1000-fold variation in expression levels.14 Still, identification of
the highest performing constructs was time-consuming and
required access to advanced screening equipment.

Figure 1. Comparison of different antibiotic resistance genes as translationally coupled expression reporters. (a) A cartoon demonstrating the
principle of translational coupling. A gene of interest (here dasher-gfp, green) is cloned upstream of a translational coupling device and a reporter
gene (light red). If the gene of interest is not translated, the Shine−Dalgarno (SD) sequence of the reporter gene will be masked by secondary
mRNA structure and no translation will take place. If the gene of interest is translated, the secondary structure will be unfolded by the ribosome’s
helicase activity and the SD sequence will be accessible for a ribosome to bind and translate the reporter gene. (b) The six different expression
constructs used in this study. In these constructs the gene encoding the green fluorescent protein Dasher-GFP (green) was translationally coupled
with different antibiotic resistance genes and expression controlled by a rhamnose inducible promoter (PrhaBAD). Thus, expression could be tuned
with different rhamnose concentrations and followed during growth by simple whole-cell fluorescence in a microplate reader (illustrative example in
bottom panel). In minimum inhibitory concentration (MIC) assays different rhamnose concentrations were added to simulate different expression
levels and growth at different concentrations of antibiotics was tested. The investigated antibiotic resistance genes confer resistance to ampicillin (bla,
red), chloramphenicol (cat, orange), spectinomycin (aadA, yellow), kanamycin (aphA1, light gray), gentamicin (acc3, dark gray) and tetracycline
(tetC, blue). (c) To ensure that induction was similar in all constructs, fluorescence was plotted against inducer concentration (rhamnose) (left
panel). To analyze the dynamic range of each antibiotic resistance gene the obtained MIC values (color coded for each gene as indicated above)
were plotted against inducer concentration (rhamnose) (right panel). Finally, the correlation between protein production, determined as
fluorescence normalized for cell density, with MIC values was determined for ampicillin (d), chloramphenicol (e), spectinomycin (f), kanamycin (g),
gentamicin (h) and tetracycline (i).
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An attractive alternative to screening individual clones in a
library is to couple expression of the cds to a growth-based
selection system. The ideal selection system is independent of
the cds, and has a large dynamic screening range so that clones
producing at industrially relevant titers can be identified.
Previous work has used antibiotic selection markers that are
either directly fused, or translationally coupled to the gene of
interest.27−30 Translational coupling is a naturally occurring
phenomenon in bacteria and is known to involve translating
ribosomes that are able to resolve secondary structures that
sequester the SD sequence of downstream genes31 (Figure 1a).
However, to our knowledge, no previous study has systemati-
cally addressed the dynamic range of either the antibiotic
resistance markers or the translational coupling devices, i.e., to
what extend protein production levels correlate with the host
resistance to the corresponding antibiotics. Here, we explore
the concentration range of six antibiotic resistance markers and
we design translational coupling devices that increase this range
for one of the markers.

■ RESULTS AND DISCUSSION

Probing the Tunability of Common Antibiotic
Resistance Markers. Our initial aim was to determine
which antibiotic resistance markers were suitable to use as
reliable reporters for protein production. We engineered a
series of clones in which a rhamnose-inducible promoter
(PrhaBAD) controlled the expression of a gene encoding a
fluorescent protein (Dasher-GFP), a translational coupling
device, and one of six commonly used antibiotic resistance

markersconferring resistance to ampicillin/carbenicillin,
chloramphenicol, spectinomycin, kanamycin, gentamicin or
tetracycline, respectively (Figure 1b). The constructs were
transformed into Escherichia coli K12 MG1655, and expression
was induced with different concentrations of rhamnose. The
different resistance genes were analyzed with regards to the
correlation between protein production (as determined by
fluorescence) and resistance to the chosen antibiotic (as
determined by the Minimal Inhibitory Concentration, MIC)
using a fluorescence microplate reader as illustrated in Figure
1b. Figure 1c shows that all constructs expressed Dasher-GFP
in a rhamnose-dependent manner. All of the resistance markers,
except for gentamicin, showed a linear correlation between the
MIC and fluorescence (R2 > 0.9) (Figure 1d−i). However, the
ampicillin resistance marker (β-lactamase) displayed the largest
dynamic range (Figure 1c, right) and it was therefore selected
for further characterization. Viable constructs based on the
tetracycline resistance marker were only recovered at very low
concentrations of tetracycline. For the chloramphenicol
resistance marker no linear correlation was found above an
inducer concentration of 10 mM rhamnose, indicating that the
cat gene is only tunable to a certain extent.

Exploration of an Alternative Translational Coupling
Architecture. With the coupling device that we used in the
previous experiment, the MIC of ampicillin began to plateau at
10 mM rhamnose (Figure 1c, right). Moreover very high
antibiotic concentrations were required for selections when
expression was induced with more than 10 mM rhamnose,
which could make downstream applications complicated and

Figure 2. Modifying the translational coupling efficiency by rational sequence changes in the predicted RNA hairpin structure. (a) DNA sequences
with strong and weak coupling efficiencies between the upstream gene (here dasher-gfp, green color) and the downstream selection marker (here the
ampicillin resistance gene, red color) were designed to enable selection under different expression regimes. (b) Sequences and predicted structures of
the strong and weak translational coupling devices. Important features are boxed: stop codon of the upstream gene (red), start codons of the
downstream genes (AUG or AUU, green) and Shine−Dalgarno (SD) sequences (AUAGGAGGU or AUUCCUGGA, gray). Differences are
indicated with an asterisk. (c) In MIC assays, different inducer concentrations were added to simulate different expression levels of dasherGFP and
resistance toward different concentrations of ampicillin were tested for the strong (black) and the two weak coupling devices (dark and light red).
(d) Correlation between protein production, determined as fluorescence normalized for cell density, with MIC values was determined for the strong
(black) and the two weak translational coupling devices (dark and light red).
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expensive. This limits the use of the coupling to antibiotic
resistance markers when expression levels are high. To extend
the selectable range of β-lactamase we explored alternative
architectures of the translational coupling device. Our goal here
was to design a device with a weaker output from β-lactamase,
so that less ampicillin could be used in the selections (Figure
2a). Since coupling efficiency must be dependent on proximity
to the upstream gene we rationally designed hairpin structures
where the stop codon of the upstream gene was located at the
base of a hairpin that contained the TIR of the downstream
gene (Figure 2b). This way, the two coding sequences were in
close vicinity, but the hairpin structure was not part of the cds
of the upstream gene. The complementary part of the stem

region encodes for the second amino acid of the downstream
gene (Figure 2b). We chose the UGA stop codon, as the
ampicillin and kanamycin resistance genes contain a serine as
the second amino acid, encoded by UCA, complementary to
the UGA stop codon. The addition of serine had no effect on
the other resistance markers tested. The three nucleotides
following the stop codon in the stem region are determined by
the choice of start codon in the complementary downstream
region and two of these together with the next seven
nucleotides comprise the Shine−Dalgarno (SD) sequence for
the reporter gene. We chose a SD sequence consisting of the
nine nucleotides AUAGGAGGU. The stem region was
designed to contain 11 nucleotide pairs in total.

Figure 3. Enriching populations of highly expressing gene variants from a TIR optimization library by screening for resistance to ampicillin. (a)
Expression of the two E. coli membrane transporters NarK and AraH is highly sensitive to TIR variation and can be followed by direct fusions to
GFP. In this study these fusions were translationally coupled to β-lactamase. All three proteins use the SecYEG translocon for targeting to the inner
membrane or the periplasm. (b) NarK-GFP and AraH-GFP TIR libraries were constructed by PCR, transformed into BL21(DE3) pLysS and grown
with different ampicillin concentrations either directly in liquid culture or on agar plates. Expression levels of the different synthetically evolved
populations were assayed by flow cytometry (c) or by exposing agar plates to UV light (d). Selection on plates is here demonstrated for AraH-GFP.
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To reduce the translation efficiency of β-lactamase while
preserving the overall hairpin structure, we designed two
alternative hairpins. In the first we exchanged the AUG start
codon with the less efficiently translated AUU start codon
(Figure 2b, indicated with an asterisk). Coupling efficiency is
not only reduced by using the weaker start codon but
potentially also by stronger termination of translation of the
target gene, due to a simultaneous change of the base following
the stop codon most likely causing rapid selection and
interaction of the release factor with the stop codon avoiding
frame shifts, as previously shown.32 To further reduce coupling
efficiency, we additionally modified the Shine−Dalgarno
sequence so that it was less complementary to the 16S
rRNA. We changed the very strong sequence to the very weak
AUUCCUGGU sequence for the most effective reduction of
coupling efficiency (Figure 2b, indicated with an asterisk).

The hairpins were designed with a very small loop region
connecting the two halves of the stem. The loop region consists
of only three nucleotides where two nucleotides are defined by
the chosen SD sequence. The small loop region was chosen so
that the spacing between the SD sequence and the start codon
of the reporter gene is close to the optimal five nucleotides.33

Due to the experimentally determined good correlation
coefficients between 0.87 and 0.96 that we achieved with the
small loop region, we preferred to not elongate the loop region.
The hairpin folding propensity was tested in silico with the
mfold web server.34 The ΔG of the hairpins varied between
−14.5 (strong coupling), −12.4 (weak coupling 1) and −12.3
(weak coupling 2).
Determination of the MICs at different expression levels,

confirmed that these designs reduced the levels of antibiotic
resistance, while preserving high correlation coefficiency

Figure 4. Optimized production of a single chain antibody by synthetic evolution. (a) Nanobodies are derived from the variable domain of camelide
heavy chain antibodies. (b) A His-tagged Nanobody-encoding sequence was translationally coupled to the bla gene using both the strong and weak
translational coupling hairpins. (c) Nanobody TIR libraries were constructed by PCR, transformed into BL21(DE3) pLysS and grown with different
ampicillin concentrations on agar plates. (d) Colony forming unit (CFU) counts after plating the TIR libraries with the weak coupling to bla
(TIRLib1) or (e) with the strong coupling to bla (TIRLib2). The growth of the original, nonrandomized clones (TIROrig) were included as controls.
Concentrations where optimized clones were sampled are indicated with an asterisk. (f) Nanobody production levels with two different synthetically
evolved TIR clones were analyzed by Western blotting using an antibody against the His-tag. TIRSynEvo1 was selected with the weak coupling device
and TIRSynEvo2 with the strong coupling device The increase in Nanobody production was analyzed by densitometry and plotted as the ratio of
protein compared to the original clone (right panel). An antibody against Leader Peptidase (LepB) was used as a loading control. (g) The specific
Nanobody binds to GFP (illustrated in upper panel) and functionality of the nanobodies produced from the original and from the two synthetically
evolved clones were assayed by mixing GFP with cell extracts from the different clones and analyzed by in-gel fluorescence (lower left panel). The
activity levels were estimated by densitometry comparing in-gel free GFP levels with the larger Nanobody-bound GFP species (lower right panel).

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.7b00200
ACS Synth. Biol. 2018, 7, 432−442

436



between expression of the upstream gene and the MIC (Figure
2c,d). For example, when using the coupling device with the
AUU start codon, the MIC value was reduced from 3 to 0.2
mg/mL ampicillin with 5 mM rhamnose and from 6.5 to 0.5
mg/mL with 40 mM rhamnose. When using the weak coupling
device with the AUU start codon and the suboptimal Shine−
Dalgarno sequence, the MIC value was lowered to 0.1 mg/mL
ampicillin at 5 mM rhamnose induction and to 0.25 mg/mL
ampicillin at 40 mM rhamnose. The detected fluorescence
levels stayed similar in all three coupling set-ups indicating that
the expression of the upstream gene is unaffected by the use of
different coupling devices (Figure 2d). Thus, these experiments
demonstrate that translational coupling devices can be used to
tune the range of an antibiotic resistance marker.
Antibiotic-Resistance-Based Selection of High Ex-

pressers from TIR Variation Libraries. We next explored
the combination of a translational coupling devices and β-
lactamase in the selection of optimal TIRs from sequence-
randomized libraries. We focused on two well-studied genes,
araH and narK, that are highly sensitive to TIR variation and
whose expression can be estimated by fusions to GFP.14,35 The
regions encoding NarK-GFP and AraH-GFP were first fused to
a translational coupling device and β-lactamase (Figure 3a).
Previously characterized NarK-GFP and AraH-GFP expression
variants were used to validate the use of β-lactamase as an

indicator of protein production levels (Supplementary Figure
S1a). We then created TIR libraries by randomizing the six
nucleotides upstream from the start codon and sampling all
synonymous codons in the first two positions after the start
codon as described previously.14 These libraries were designed
to contain circa 30 000 TIR variants. The libraries were
transformed into E. coli BL21(DE3) pLysS, protein production
induced with IPTG and the cultures plated on agar plates with
three different concentrations of ampicillin (Figure 3b). This
was repeated in parallel cultures with different ampicillin
concentrations and each culture was analyzed by flow
cytometry (Figure 3b). The cell library populations exhibited
higher average fluorescence intensities as a result of growth in
higher concentrations of ampicillin (Figure 3c). When plating
the libraries directly on LB agar plates containing different
concentrations of ampicillin, we observed a decrease in the
number of colonies but an increase in average colony
fluorescence with rising antibiotic concentrations (shown for
AraH-GFP in Figure 3d). Individual colonies were picked from
these plates and assayed for expression levels assessed by
fluorescence per cell density. araH-gfp and nark-gfp variants
selected on the highest antibiotic concentration showed to also
be the highest expressing variants with 25-fold and 10-fold
increased expression, respectively (Supplementary Figure S1b).
This demonstrates that synthetic evolution of the TIR is

Figure 5. Optimized production of an Affibody in fed-batch fermentation by synthetic evolution. (a) Schematic structure of the Affibody molecule.
Two Affibody units (blue) are fused to an albumin binding domain (ABD, gray). The molecule binds bivalently to the human epidermal growth
factor receptor 3 (HER3). (b) The Affibody moelcule-encoding sequence was translationally coupled to the bla gene using a strong translational
coupling hairpin. A TIR library was constructed by PCR and expressed in BL21(DE3) pLysS. Selection was performed on LB agar plates with
different ampicillin concentrations. Optimized constructs were tested in fed-batch fermentation for their improved production. (c) Colony forming
unit (CFU) were compared after plating the TIR library (TIRLib) and the original construct as control (TIROrig). The concentration used for
sampling of optimized variants is indicated with an asterisk. (d) Affibody production levels in fed-batch fermentation were calculated for five
synthetically evolved library variants (TIRSynEvo1−TIRSynEvo5) per cell mass and per culture volume in comparison to the original construct (TIROrig).
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resulting in populations enriched in high expressing clones and
that our tunable translation coupling devices enable identi-
fication of those with substantially increased protein production
capacities.
Optimization of Nanobody Production by Synthetic

Evolution of the TIR. To demonstrate the effectiveness of the
tunable antibiotic resistance cassettes we used them to identify
optimal TIRs for commercially interesting proteins. Initially we
focused on a camelide-derived single chain antibody (also
known as a Nanobody, Figure 4a) that binds to GFP and
enhances its fluorescence.36,37 To identify a TIR that drove
high-level expression of the Nanobody we fused the cds to
strong and weak coupling devices and the β-lactamase gene
thereby creating two parallel constructs (Figure 4b). As we had
no estimate of the initial expression level, we hypothesized that
the construction and selection of two parallel constructs would
increase the odds for identifying optimized TIRs with minimal
additional effort. TIR libraries, each containing circa 30 000
clones, were generated and transformed into BL21(DE3)
pLysS, induced with IPTG and plated onto LB agar containing
increasing concentrations of ampicillin (Figure 4c). We
observed that, regardless of the coupling device, the TIR
library produced viable colonies at higher ampicillin concen-
trations than the original TIR (Figure 4d,e). And as expected,
the weak coupling device was more sensitive to ampicillin.
Plasmids were recovered from five different colonies selected
on 1.5 and 4 mg/mL of ampicillin for the weak and the strong
coupling device, respectively, and two unique TIRs were
identifiedone from each experiment. Western blotting
confirmed that the increase in antibiotic resistance of the
synthetically evolved constructs was paralleled by an increase in
the production of the Nanobody (Figure 4f). Importantly, for
both of the synthetically optimized clones, the activity of the
Nanobody was preserved as judged by its ability to bind GFP
(Figure 4g). Taken together the production of the Nanobody
could be improved 10-fold and 3-fold using weak and strong
coupling devices, respectively. This exemplifies the value of
different translational coupling devices to tune the resistance of
the antibiotic resistance reporter. The yield of purified
Nanobody/L of culture was estimated around 986 mg and 86
mg using the weak and strong coupling devices, respectively,
judged by densiometric analysis in accordance with a standard
curve of purified protein of known concentration (Supple-
mentary Figure S3a,b). Sequences of the selected TIR variants
are shown in Table S4.
Optimization of Affibody Production by Synthetic

Evolution of the TIR. We also explored the effectiveness of
the tunable antibiotic resistance cassettes for identifying
optimal TIRs for an Affibody molecule. Affibody molecules
are small (6.5-kDa) affinity proteins based on a three-helix
bundle domain framework.38 We focused on an albumin
binding domain (ABD)-fused dimeric Affibody molecule
(Figure 5a). This molecule binds to the human epidermal
growth factor receptor 3 (HER3), which is implicated in a
number of different cancers.39 In the experiment we transla-
tionally coupled the cds to the β-lactamase gene and then
created a TIR library (Figure 5b). The TIR library contained
circa 30 000 clones, which were transformed into BL21(DE3)
pLysS, induced with IPTG and plated onto LB agar containing
increasing concentrations of ampicillin. We observed that the
TIR library produced viable colonies at higher ampicillin
concentrations than the original TIR (Figure 5c). Plasmids
were recovered from five different colonies that grew at 400 μg/

mL ampicillin, and five unique TIRs were identified. Protein
production from these TIRs was tested in glucose-limited fed-
batch fermentations, reaching cell concentrations of 200 g/kg
wet weight. The resulting product concentration was increased
from approximately 26 mg/g cells to 50−57 mg/g cells (Figure
5d). Or calculated another way, from 6 g/L to 11−12 g/L, thus
approximately doubling the yield. The purified product did not
show any increase of product related impurities.

■ CONCLUSIONS
Previous studies from our laboratories have shown large
differences in protein production by randomizing a specific
region of the TIR.14 Possibly, the approach represents a good
compromise between the extend of sequence variation and
library size, and this enables isolation of highly expressing
clones even by simple colony picking and manual protein
production screening by, e.g., fluorescence or SDS-PAGE. To
simplify and speed up identification of the best clones in these
TIR libraries, we have now developed a selection approach that
can replace manual or FACS-based screening. By translationally
coupling a cds of interest to the cds of β-lactamase and then
plating the library on high ampicillin concentrations we could
easily select for the best expressing gene variants. Formation of
satellite colonies is a known issue with using ampicillin, but this
was not observed under our experimental conditions. If this
problem did occur, replacing ampicillin with the more stable
carbenicillin could solve the issue.40 Construction of the TIR
library and selection of optimal clones can be performed in just
a few days, and may be attractive to combine with DNA
synthesis as a general synthetic biology workflow for
simultaneous gene synthesis and expression optimization. The
selection-based screening may also enable screening of other
libraries that extend beyond the TIR, such as promoter
optimization, or optimization of entire gene coding sequences
(produced synthetically or by error-prone PCR).
In the present work, we evaluated the efficacy of six

commonly used antibiotic resistance genes, revealing important
differences in the application of those as reporters. This
systematic study informs the general use of these antibiotics for
any growth-based selection. Second, we designed novel
translational-coupling devices with different coupling efficien-
cies. These coupling-devices can therefore expand the utility of
the used antibiotic resistance genes. Finally, we designed the
translational-coupling devices in such a way that no artificial
extension of the protein of interest is necessary.
The six tested antibiotic resistance genes confer resistance to

the most commonly used laboratory antibiotics. Five of these
antibiotics target the ribosome and therefore interfere with
protein biosynthesis.41 Ampicillin inhibits periplasmic proteins
which are required for peptidoglycan synthesis. The protein
that confers resistance, β-lactamase, is secreted into the
periplasm via the Sec translocon.42 Our analysis identified β-
lactamase as the most suitable resistance marker for selection
despite the requirement for secretion. This may reflect the
mode of action of ampicillin, being the only tested antibiotic
not acting on protein synthesis. It would be interesting to
explore more antibiotics that are not acting on protein
biosynthesis for this purpose since β-lactamase could saturate
the secretory machinery when expressing recombinant proteins
that also utilize the Sec translocon, such as membrane proteins
and periplasmic proteins. Indeed, when performing whole cell
fluorescence measurements for the selected high expressing
NarK-GFP and AraH-GFP variants, we noticed a significant

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.7b00200
ACS Synth. Biol. 2018, 7, 432−442

438



decrease in fluorescence when the translational coupling
cassette was added (on average 6- and 3-fold, Supplementary
Figure S2a and S2b). A similar effect was not observed when
using the spectinomycin resistance gene instead of the
ampicillin resistance gene in the antibiotic selection system.
Therefore, it may be worth removing the selection device after
identification of a high expressing gene variant, especially when
working with a membrane or secreted protein.
The choice of β-lactamase as the most suitable candidate in a

growth-based selection system might not be surprising.
Previously β-lactamase was used as a growth-based sensor for
protein stability43,44 and very recently it was used in a survival
assay that linked extracellular protein secretion to ampicillin
resistance.45 The abrupt plateauing of the chloramphenicol
resistance gene at 1 mg/mL chloramphenicol might be caused
by too high ethanol concentrations in the medium (due to
chloramphenicol stock solution being dissolved in 100% v/v
ethanol) or is result of a limitation in the tunable range of the
system. To avoid the latter one could use a weaker variant of
our translational coupling device. The general limitation of
tetracycline-based selection, due to its extremely narrow
dynamic range of action, may be related to the resistance
gene used (tetC), and growth at higher concentration might be
achieved by using the tetracycline transporter TetA instead.
Here, it should be taken into account that overexpression of a
membrane protein like the tetracycline transporter can have
toxic effects on the cell46 and can lead to impaired growth by
affecting the cell’s membrane potential.47

In addition to our two model membrane proteins, we
demonstrated that the translational coupling cassette facilitated
the identification of optimized TIRs for the production of a
Nanobody and an Affibody. The Nanobody was increased from
virtually no expression to an estimated 1 g/L scale yield.
Previous studies reported a yield of 10−15 mg/L of culture,48

albeit under different growth conditions. With the optimization
of the TIR sequence in our expression vector, the obtained
yield was more than 65-fold higher. The production of the
Affibody was doubled in a fed-batch fermentation at >10 g/L
industrial scale. The latter example demonstrates that even
highly optimized production scenarios at industrial titers can
benefit from TIR optimization and selection. Furthermore,
these examples highlight the importance of the extended
coupling device toolbox to enable antibiotic selection at many
different production levels.
The optimization of the two pharmaceutically relevant

proteins also demonstrates the strength of our developed
hairpin structures in the selection system. These enable
translational coupling of a gene of interest without any
modification to the protein sequence, such as the addition of
an expression tag. This is particularly important for industrially
or pharmacologically relevant proteins, where modifications to
the protein sequence are not tolerable for downstream
applications.

■ METHODS
Strains, Media and Growth Conditions. The strains used

in this study are listed in Supplementary Table S1. Escherichia
coli NEB5α (New England Biolabs, Ipswich, MA, USA) was
used for cloning and propagation of plasmids. For library
constructions the E. coli strain MC1061 was used. Expression
experiments were performed in E. coli BL21(DE3) pLysS
(Novagen, Merck KGaA, Darmstadt, Germany). E. coli
MG1655 was used for testing combinations of RNA hairpin

structures and antibiotic resistance genes. Chemically com-
petent cells of NEB5α, MG1655 and MC1061 were obtained as
described elsewhere.49 Bacteria were cultivated in lysogeny
broth (LB) with shaking (250 rpm) at 37 °C. Cultures were
supplemented with antibiotics when required. Unless otherwise
stated, antibiotics were used in the following concentrations:
ampicillin and carbenicillin (100 μg/mL), kanamycin (50 μg/
mL), chloramphenicol (34 μg/mL), spectinomycin (50 μg/
mL), tetracycline (10 μg/mL) and gentamicin (10 μg/mL).

Plasmid and Strain Construction. All plasmid manipu-
lations were performed using uracil excision cloning as
described elsewhere.50 The plasmids used in this study are
listed in Supplementary Table S2. PCR was carried out with
PfuX7 polymerase as previously described51 and Phusion U
Hot Start polymerase (Thermo Fisher Scientific, Waltham, MA,
USA). Oligonucleotides were received from Integrated DNA
technologies (IDT, Coralville, IA, USA) (Supplementary Table
S3). For comparing different translationally coupled antibiotic
resistance genes and different RNA hairpin structures, the
pACYC-DasherGFP-hp-AbR series was constructed using the
resistance genes of different vector backbones (Supplementary
Table S2) and a plasmid encoding the DasherGFP protein
under control of a rhamnose inducible promoter (ATUM,
Newark, CA, USA). The various hairpin sequences were
introduced by PCR with oligonucleotides. For validation of the
selection system the hp-bla and hp-aadA module were cloned
into a pET28a(+) backbone already encoding known
expression variants of AraH-GFP and NarK-GFP. For
optimization of the GFP- Nanobody the gene encoding the
Nanobody, as well as translational coupling element and bla
gene, were cloned into the pET28a(+) backbone (Novagen,
Merck KGaA, Darmstadt, Germany). All plasmids were isolated
using the QIAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany) and PCR products were purified using the
NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel,
Düren, Germany).

Library Design and Construction. TIR libraries were
constructed using a degenerated forward primer specific for
each gene of interest. In each degenerated forward primer the
six nucleotides upstream of the start codon were changed to all
possible combinations and the six nucleotides downstream of
the start codon were changed to all possible synonymous codon
combinations. For plasmid library constructions Q5 polymerase
was used (New England Biolabs, Ipswich, MA, USA). Library
construction was performed as described elsewhere.14

Expression and Selection. For expression of individual
clones, overnight cultures were prepared by inoculating a single
colony in 800 μL LB media supplemented with respective
antibiotics and incubated in a 2.2 mL 96-deep well plate
(EnzyScreen, Heemstede, The Netherlands) at 37 °C with
shaking. Cultures were then back-diluted (1:50) into 5 mL of
LB media containing appropriate antibiotics in a 24-deep well
plate and incubated at 37 °C. At an OD600 of approximately 0.3
expression was induced with 1.0 mM IPTG. For membrane
protein expression the temperature was lowered to 25 °C.
For expression and selection from clone libraries ca. 1 μg of

plasmid library was transformed into 100 μL BL21(DE3) pLysS
using a standard protocol. The transformation was transferred
to 5 mL LB media supplemented with respective antibiotics and
grown overnight at 37 °C. Cultures were then back-diluted
(1:50) into 5 mL LB media containing the appropriate
antibiotics in a 24-deep well plate (EnzyScreen, Heemstede,
The Netherlands) and incubated at 37 °C. At an OD600 of
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approximately 0.3 expression was induced with 1.0 mM IPTG.
For membrane protein expression the temperature was lowered
to 25 °C. Two h after induction, OD600 was measured and 0.2
OD units of cells were then plated on LB agar plates containing
1 mM IPTG and different concentrations of ampicillin and
incubated overnight at 37 °C. Selected expression variants were
sequenced. To exclude other reasons than an optimized
translation initiation region for higher expression levels, the
selected TIR sequences were recloned into a clean expression
vector for further characterization.
MIC Determination. To test translationally coupled

antibiotic resistance genes and different hairpins, the pACYC-
DasherGFP-hp-AbR series were transformed into E. coli
MG1655 using a standard protocol. Overnight cultures were
prepared by inoculating a single colony in 3 mL 2xYT media
containing the appropriate antibiotic and incubated at 37 °C.
Cultures were then back-diluted (1:100) into 2 mL 2xYT media
containing the appropriate antibiotic and different concen-
trations of rhamnose as inducer (0 mM, 0.625 mM, 1.25 mM,
2.5 mM, 5 mM, 10 mM, 20 mM, 40 mM rhamnose) in a 24-
deep well plate (EnzyScreen, Heemstede, The Netherlands).
Cultures were incubated at 37 °C with shaking. After 4 h, 10 μL
of each culture was transferred to a 96 well plate (Greiner,
Kremsmünster, Austria) containing 100 μL 2xYT media (ca. 5
× 105 cfu/mL), a serial dilution of the antibiotic and respective
concentrations of rhamnose as inducer. Plates were incubated
for 18 h. For end-point MIC determination fluorescence (Ex:
485 nm, Em: 512 nm for GFP; Ex:, 512 nm Em: 520 nm for
DasherGFP) and OD600 were measured in an MX plate reader
(Biotek, Winooski, VT, USA). A culture containing none of the
inducible antibiotic served as positive control, media containing
no culture served as negative control. For each antibiotic the
MIC value was defined as the lowest antibiotic concentration at
which the final OD600 represented less than 10% of the entire
population after background correction. Each MIC experiment
was conducted with biological triplicates.
To assess protein production, constructs were transformed

into E. coli BL21(DE3) pLysS (Novagen, Merck KGaA,
Darmstadt, Germany) using a standard protocol. Cultures
were prepared and expression was performed as described
above. After induction, cultures were incubated for 2 h. For
MIC determination a dilution series of the translationally
coupled antibiotic was prepared in a 96 well plate (Greiner,
Kremsmünster, Austria). Subsequently, 10 μL of each culture
was transferred to the 96 well plate.
Flow Cytometry. For flow cytometry measurements,

cultures were prepared and expression was performed as
described above. Expression cultures were grown overnight
after induction and then back-diluted (1:100) in 1× PBS for
analysis. Flow cytometry measurements were performed on a
FACS Aria (Becton−Dickinson, San Jose, CA, USA) with
excitation at 488 nm from a blue solid-state laser. FlowJo
(Treestar, Ashland, OR, USA) was used for data analysis.
Western Blot Analysis. For Western Blot analysis, cultures

were prepared and expression was performed as described
above. Cultures were grown for 5 h after induction. Cells were
resuspended to a final concentration of 0.025 ODU/μL in
CelLytic B (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with lysozyme, egg white (Amresco, Solon, OH, USA),
Benzonase nuclease (≥250 units/μL, Sigma-Aldrich, St.
Louis, MO, USA) and Roche cOmplete Protease Inhibitor
Cocktail (Sigma-Aldrich, St. Louis, MO, USA) and incubated
for 1 h before the sample was mixed with the same volume of

5× reducing sample buffer and heated to 95 °C for 5 min for
protein denaturation. 0.05 ODU of the samples were loaded
onto a 4−20% Mini-PROTEAN-TGX gel (BioRad, Hercules,
CA, USA) and run for 35 min at 175 V. Proteins were
transferred to a nitrocellulose membrane using the iBlot dry
blotting system (Invitrogen, Thermo Fisher Scientific, Wal-
tham, MA, USA) at 25 V for 7 min. The proteins were detected
using antigen-specific antibodies. The following antibodies were
used: anti-His (1:1000; Merck Millipore, Merck KGaA,
Darmstadt, Germany), anti-Lep (1:1000; a generous gift from
IngMarie Nilsson and Gunnar von Heijne, Stockholm
University). Primary antibodies were diluted in 5% w/v skim
milk in TBS-T (20 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1%
v/v Tween-20), secondary antibodies were diluted in TBS-T.
The secondary antibody was visualized using Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare,
Chicago, IL, USA). The chemoluminescence signal was
detected using G:Box bioimager (Syngene, Cambridge, UK).
The resulting images were analyzed by densitometry using the
Fiji software.52

Analyses of Expression Levels of Nanobody Mole-
cules. Cell pellets of 10 mL cultures were resuspended in 600
μL CelLytic B (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with lysozyme, egg white (Amresco, Solon,
OH, USA), Benzonase nuclease (≥250 units/μL, Sigma-
Aldrich, St. Louis, MO, USA) and Roche cOmplete Protease
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
incubated for 1 h on ice. Lysates were centrifuged for 20 min at
12 000g and the soluble fraction was loaded on a Ni-NTA Spin
Column (Qiagen, Hilden, Germany). The spin column was
washed twice with wash buffer (600 μL of 50 mM NaH2PO4,
pH 7.4, 300 mM NaCl and 20 mM imidazole) and then eluted
twice with 300 μL of elution buffer (50 mM Tris-Cl pH 7.4,
300 mM NaCl, 250 mM imidazole). The two eluates were
pooled. Protein concentration in the 600 uL eluate were
estimated by densiometric analysis in accordance to a standard
curve of known protein concentration using the Fiji software.52

In-Gel Fluorescence Measurements. For In-Gel fluo-
rescence measurements, cultures were prepared and expression
was performed as described above. Cultures were grown for 5 h
after induction. Cells were resuspended to a final concentration
of 0.05 ODU/μL in CelLytic B (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with lysozyme, egg white (Amresco,
Solon, OH, USA), Benzonase nuclease (≥250 units/μL, Sigma-
Aldrich, St. Louis, MO, USA) and Roche Complete Protease
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
incubated for 20 min on ice. Subsequently, cells were mixed
with 0.2 mg/mL GFP (final concentration 0.1 mg/mL). Cells
and GFP were incubated for 20 min at 30 °C and 250 rpm. Ten
μL of the GFP-cell-mixture were mixed with 5 μL 2× Laemmli
sample buffer and the whole sample was loaded onto a 4−20%
Mini-PROTEAN-TGX gel (BioRad, Hercules, CA, USA) and
run for 35 min at 175 V. The fluorescence signal was detected
using G:Box bioimager (Syngene, Cambridge, UK). The
resulting images were analyzed by densitometry using the Fiji
software.52

Expression of Affibody Molecules. Preinoculi were made
from fresh colonies on selective agar using TSB+YE-medium
supplemented with 50 mg/mL kanamycin. After 5 h incubation
at 37 °C part of the preinoculi were used to inoculate a YNB-
based defined shake-flask medium. This culture was incubated
at 30 °C for 22 h. A defined synthetic fermentor medium was
inoculated to an OD of 0.112. The fermentations were run at
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37 °C using a glucose feeding strategy to control the growth
rate, using a Greta Multifermentor System (Belach Bioteknik
AB, Skogas̊, Sweden). pH was controlled at 7, through the
automatic titration with 25% NH4OH. After 18 h, the
fermentations were induced with 0.5 mM IPTG. The
fermentations were harvested after 30 h total cultivation time.
Cell pellet samples were collected through centrifugation.
Analyses of Expression Levels and Purity of Affibody

Molecules. Cell pellets were treated with CelLytic (Sigma, St.
Louis, MO, USA) and purified on product specific affinity
chromatography matrices. The absorbance at 280 nm of the
eluate was measured, and the product concentration could be
calculated. The purity was analyzed using an LC−MS method.
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Supplementary Figure S1. 
 
 

 
 

Supplementary Figure S1. The β-lactamase gene can be used as a sensor for high protein 

production levels 

(a) A translational coupling device and the ampicillin resistance conferring gene (bla, red) 

were cloned into a pET28a(+) vector encoding NarK-GFP and AraH-GFP. (b) Known 

expression variants of the translational coupled NarK-GFP and AraH-GFP constructs were 

tested in minimum inhibitory concentration (MIC) assays and compared to non-coupled 

NarK-GFP and AraH-GFP expression levels, estimated by fluorescence. (C) Translationally 

coupled NarK-GFP and AraH-GFP TIR libraries grown with different ampicillin 

concentrations on agar plates. Ten individual colonies were picked from each plate and 

expression levels were estimated. 
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Supplementary Figure S2. 
 
 

 

Supplementary Figure S2. Assessment of effects of the co-production of an antibiotic 

resistance marker 

narK-gfp (a) and araH-gfp (b) expression levels were analysed in regards to co-expression of 

the translationally coupled ampicillin resistance conferring gene bla (AmpR marker) and the 

spectinomycin resistance conferring gene aadA1 (SpecR marker). The wild type (wt; black), 

two low expressing (L1, L2; red) and two high expressing (H1, H2; blue) variants from a TIR 

library in a pET28a(+) backbone (KanR) were analysed.  
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Supplementary Figure S3. 
 

 

  

Supplementary Figure S3. Assessment of Nanobody® expression levels 

 (a) A standard curve (upper panel) was used to estimate concentration of purified 

Nanobody® protein by densitometry (lower panel). (b) Nanobody® production levels were 

calculated for the two synthetically evolved library variants (TIRSynEvo1 and TIRSynEvo2) in 

comparison to the original construct (TIROrig) and plotted as product per cell mass against 

product per culture volume. 
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Supplementary Table S1. 

 
Table S1. Strains used in this study 

Strain Genotype Source/Reference 

E. coli NEB5α fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 
gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

a 

E. coli MC1061 araD139, Δ(ara, leu)7697, ΔlacX74, galU-, galK-, hsr-, 
hsm+, strA  In house 

E.  coli BL21(DE3) pLysS F– ompT hsdSB(rB
- mB

-) gal dcm (DE3) pLysS (CmR) b 

E. coli MG1655 K-12 F– λ– ilvG– rfb-50 rph-1 c 

aNEB,	Ipswich, MA, USA; b Novagen, Merck KGaA, Darmstadt, Germany; cATCC, Manassas, VA, USA 

 



	 6	

Supplementary Table S2. 
 

Table S2. Plasmids used in this study 

Plasmid Property Source/Reference 

DasherGFP vector encoding dasher, KmR d 

pACYCDuet-1 Cloning and expression vector, CmR b 

pCDF-Duet Cloning and expression vector, SpR b 

pET PfuX7 Cloning and expression vector, AmpR 4 

pSEVA551 Cloning and expression vector, TetR 5 

pSEVA614 Cloning and expression vector, GmR 5 

pET28a(+) Cloning and expression vector, KmR b 

pACYC-pRha-dasher-hp-bla Cloning and expression vector with 
rhamnose promoter, CmR, p15A origin  This study 

pACYC-pRha-dasher-hp-aphA1 Cloning and expression vector, CmR This study 

pACYC-pRha-dasher-hp-aadA Cloning and expression vector, CmR This study 

pACYC-pRha-dasher-hp-cat3 Cloning and expression vector, AmpR This study 

pACYC-pRha-dasher-hp-acc3 Cloning and expression vector, CmR This study 

pACYC-pRha-dasher-hp-tetA Cloning and expression vector, CmR This study 

pACYC-pRha-dasher-hpAUU-bla Cloning and expression vector, CmR This study 

pACYC-pRha-dasher-hpAUU-SD2-bla Cloning and expression vector, CmR This study 

pET28a-narKWT  narK-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-narKP3-3  narK-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-narKP4-4 narK-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-narKP7-1 narK-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-narKP7-6 narK-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-araHWT araH-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-araHP2-2 araH-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-araHP2-3 araH-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-araHP7-4 araH-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

6 

pET28a-araHopt araH-gfp-tev-his8 with T7 promoter, KmR, 
pBR322/ROP origin 

7 

pET28a-narKWT-bla  narK-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-narKP3-3 -bla  narK-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-narKP4-4-bla  narK-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 
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pET28a-narKP7-1-bla  narK-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-narKP7-6-bla  narK-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-araHWT-bla  araH-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-araHP2-2-bla  araH-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-araHP2-3-bla  araH-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-araHP7-4-bla  araH-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-araHopt-bla araH-gfp-tev-his8-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-narKWT-aadA narK-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-narKP3-3-aadA  narK-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-narKP4-4-aadA  narK-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-narKP7-1-aadA  narK-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-narKP7-6-aadA  narK-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-araHWT-aadA  araH-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-araHP2-2-aadA  araH-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-araHP2-3-aadA  araH-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-araHP7-4-aadA  araH-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-araHopt-aadA araH-gfp-tev-his8-hp-aadA with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-Nanobody®-hp-bla Nanobody®-his6-hp-bla with T7 promoter, 
KmR, pBR322/ROP origin This study 

pET28a-Nanobody®-hpAUU-bla Nanobody®-his6-hpAUU-bla with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-Nanobody®-TIRSynEvo1 SynEvo1-Nanobody®-his6 with T7 
promoter, KmR, pBR322/ROP origin This study 

pET28a-Nanobody®-TIRSynEvo2 SynEvo2-Nanobody®-his6 with T7 
promoter, KmR, pBR322/ROP origin This study 

bNovagen, Merck KGaA, Darmstadt, Germany; dATUM, Newark, CA, USA 
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Supplementary Table S3. 
 

Table S3. Oligonucleotides used in this study 

Name Sequence (5' --> 3') 
Cloning oligonucleotides   
pET28a-backbone_fwd ATC CGG CUG CTA ACA AAG CCC GAA AG 
pET28a-backbone_rev ATC CTC GAG UCT CCT TCT TAA AG 
Amp-pET28a_rev AGC CGG AUC TCA TTA CCA ATG CTT AAT C 
Spec-pET28a_rev  AGC CGG AUC TCA TTA TTT GCC GAC TAC CTT GGT GAT 

CTC G 
pACYC_backbone_rev AGG TAT CCU CAG CCG CGC GCG CGT C 
pACYC_backbone_fwd AGG TTA CCU CAG CGG CCG GCC CCT G 
pRhaDasher_fwd AGG ATA CCU CAG CCA CCA CAA TTC AGC AAA TTG TG 
pRhaDasher_hp_rev ACC TCC TAU GTC ACT GAT ACG TGT CCA GAT CAA CCG 

C 
pRhaDasher_hpAUU_rev ACC TCC TAU TTC ACT GAT ACG TGT CCA GAT CAA CCG 

C 
pRhaDasher_hpAUU_SD2_rev ACC AGG AAU TTC ACT GAT ACG TGT CCA GAT CAA 

CCG C 
Amp_hp_fwd ATA GGA GGU CCT CCT ATG TCA ATT CAA CAT TTC CGT 

GTC 
Amp_hpAUU_fwd ATA GGA GGU CCT CCT ATT TCA ATT CAA CAT TTC CGT 

GTC 
Amp_hpAUU_SD2_fwd ATT CCT GGU CCA GGA ATT TCA ATT CAA CAT TTC CGT 

GTC 
Spec_hp_fwd ATA GGA GGU CCT CCT ATG TCA AGG GAA GCG GTG 

ATC GC 
Kan_hp_fwd ATA GGA GGU CCT CCT ATG TCA CAT ATT CAA CGG 

GAA AC 
Cm_hp_fwd ATA GGA GGU CCT CCT ATG TCA GAG AAA AAA ATC 

ACT GG 
Tet_hp_fwd ATA GGA GGU CCT CCT ATG TCA AAA TCT AAC AAT 

GCG CTC 
Gm_hp_fwd ATA GGA GGU CCT CCT ATG TCA TTA CGC AGC AGC 

AAC 
Tet_ rev AGG TAA CCU CAG CTC AGG TCG AGG TGG CCC GGC TC 
Cm_ rev AGG TAA CCU CAG CTT ACG CCC CGC CCT GCC AC 
Kan_ rev AGG TAA CCU CAG CTT AGA AAA ACT CAT CGA GCA 

TCA AAT G 
Spec_ rev AGG TAA CCU CAG CTT ATT TGC CGA CTA CCT TGG TGA 

TCT C 
Gm_ rev AGG TAA CCU CAG CTT AGG TGG CGG TAC TTG GGT C 
Nanobody®_fwd ACT CGA GGA UGG CTC AGG TCC AAC 
Nanobody®_hpAUU_rev ACC TCC TAU TTC AGT GGT GGT GGT GG 
Nanobody®_hp_rev ACC TCC TAU GTC AGT GGT GGT GGT GG 
Nanobody®_var1_fwd ACT TTA AGA AGG AGA CTG GTA AAT GGC CCA AGT 

CCA ACT GGT CGA ATC AG 
Nanobody®_var2_fwd ACT TTA AGA AGG AGA CGA ATA TAT GGC TCA AGT 

CCA ACT GGT CGA ATC AG 
Bla_loopout_fwd ATA GGA GGU TGA GAT CCG GCT GCT AAC AAA G 
Sequencing oligonucleotides   
hp-Amp_seq_fwd GAC AAC GAT CGG AGG ACC GAA G 
hp-Amp_seq_rev GAT CAA GGC GAG TTA CAT GAT C 
T7P_seq_fwd TAA TAC GAC TCA CTA TAG GGG AAT TG 
Dasher-hp_seq_fwd CAT CCG CGT TGA GTT CAA CC 
T7T_seq_rev GCT CAG CGG TGG CAG CAG CCA ACT CAG CTT 
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Duet_colPCR_fwd GCG ACT CCT GCA TTA GGA AA 
Duet_colPCR_rev ACC CCT CAA GAC CCG TTT AG 
 
 

 
 
 

Supplementary Table S4. 
 

Table S4. Nanobody®	TIR	sequences	identified in this study. 

TIRorig TCGAGGATGGCTCAG 

TIRSynEvo1 TGGTAAATGGCCCAA 

TIRSynEvo2 GAATATATGGCTCAA 
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Abstract	

Bacteria	 are	 widely	 employed	 as	 cell	 factories	 to	 produce	 recombinant	 proteins	 that	 are	 used	 as	

biopharmaceuticals	and	 industrial	enzymes.	Typically,	a	protein	coding	sequences	 is	cloned	 into	an	

expression	 vector	 that	 contains	 a	 number	 of	 genetic	 modules	 designed	 for	 high-level	 protein	

production,	 including	 those	 that	 allow	 efficient	 translation	 within	 the	 translation	 initiation	 region	

(TIR).	Perplexingly,	recombinant	protein	 levels	can	vary	 in	an	unpredictable	and	context-dependent	

manner	although	all	sequence	features	permitting	maximum	production	levels	are	present.	Here,	we	

have	taken	a	systematic	approach	to	evaluate	the	efficiency	of	the	TIR	generated	in	the	commonly	

used	 pET28a	 expression	 vector.	 By	 using	 a	 PCR-based	 randomisation	 approach	 that	 generates	

sequence	variance	covering	the	entire	TIR,	the	most	effective	synthetically	evolved	TIRs	within	large	

TIR	libraries	were	identified	through	a	simple	cell	survival	assay.	This	allowed	us	to	determine	which	

internal	region	of	the	TIR	yields	the	most	significant	increase	in	protein	production.	Data	presented	in	

this	 study	 provide	 a	 framework	 for	 obtaining	 a	 synthetically	 evolved	 TIR	 that	 yields	 high	 protein	

production	levels.	
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Introduction	

In	 bacteria,	 translation	 initiation	 (TI)	 is	 a	 rate-limiting	 step	 of	 protein	 synthesis	 1–7.	 Initially	 a	 pre-

initiation	complex	is	formed	when	the	30S	ribosomal	subunit	together	with	initiation	factors	IF1	and	

IF3	 bind	 to	 a	 region	 of	 the	 mRNA	 known	 as	 the	 translation	 initiation	 region	 (TIR).	 The	 TIR	 is	

approximately	thirty	nucleotides	 in	 length	(as	defined	by	the	ribosomal	 footprint	4)	and	centred	on	

the	 start	 codon	 of	 the	 coding	 sequence.	 The	 pre-initiation	 complex	 then	 recruits	 a	 GTP-bound	

initiation	 factor	 IF2	 and	 the	 initiating	 formyl-methionine	 tRNAfMet.	 Finally	 GTP	 is	 hydrolysed,	 the	

initiation	factors	are	released	and	the	50S	ribosomal	subunit	is	recruited,	at	which	point	elongation	

proceeds	(reviewed	in	8).	

	

The	efficiency	of	 TI	 is	dependent	on	 the	nucleotide	 sequence	of	 the	TIR.	 In	 theory,	 if	 all	 sequence	

permutations	were	permissible	in	the	short	stretch	of	thirty	nucleotides	that	make	up	the	ribosome	

footprint,	there	would	be	more	than	a	quintillion	possible	sequence	permutations	(i.e.	430	≈	1x1018).	

However	 bacterial	 ribosomes	 only	 encounter	 a	 few	 thousand	 of	 these	 sequence	 permutations	 as	

defined	by	 the	 small	 number	of	 genes	encoded	by	 their	 genome	 (E.	 coli	have	approximately	 4300	

coding	 genes).	 It	 can	 be	 assumed	 that	 the	 TIRs	 have	 co-evolved	 with	 the	 ribosome	 to	 allow	

translation	at	levels	that	are	optimal	for	cellular	fitness.	These	TIRs	are	therefore	referred	to	herein	

as	TIRsEVOLVED.	TIRsEVOLVED	vary	in	sequence	and	therefore	mRNA	structure,	but	they	contain	a	number	

of	distinctive	sequence	features.	The	most	obvious	is	the	Shine-Dalgarno	(SD)	sequence,	a	purine	rich	

stretch	of	4-9	nucleotides	that	hydrogen	bonds	with	the	16S	rRNA	of	the	30S	subunit	9.	This	sequence	

thus	guides	the	ribosome	to	the	start	codon,	which	is	typically	an	AUG	(although	GUG	and	UUG	are	

also	 used)	 10.	 The	 start	 codon	 is	 separated	 from	 the	 SD	 sequence	 by	 a	 spacer	 region.	 The	 spacer	

differs	in	length	between	mRNA	transcripts	but	is	typically	9	nucleotides	long	in	E.	coli	11.	The	5’	end	

of	 the	 coding	 sequence	 (~	 13	 nucleotides)	 is	 also	 considered	 to	 be	 within	 the	 TIR	 12	 and	 often	

harbours	rare	codons	13,14.	TIRsEVOLVED	are	less	likely	to	form	mRNA	structures	compared	to	the	rest	of	

the	coding	sequence	15,16,	which	is	thought	to	promote	accessibility	of	the	30S	subunit	during	TI	thus	

facilitating	gene	expression	13,14,17,18.	

When	 recombinant	 proteins	 are	produced	 in	 bacterial	 cell	 factories	 it	 is	 critical	 that	 TI	 is	 efficient.	

Knowledge	of	TIRsEVOLVED	is	therefore	used	in	the	construction	of	expression	plasmids	that	are	used	to	

express	the	coding	sequence	of	the	recombinant	protein.	These	plasmids	contain	a	SD	sequence	that	

is	 derived	 from	 a	 highly	 expressed	 gene	 and	 that	 is	 spaced	 approximately	 9	 nucleotides	 from	 the	

start	 codon;	 a	 common	 feature	 of	 the	 spacer	 region	 is	 the	 inclusion	 of	 a	 restriction	 enzyme	

recognition	 sequence,	 traditionally	 used	 for	 cloning	 purposes.	 Although	 the	 sequence	 features	
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described	 are	 assumed	 to	 promote	 efficient	 TI,	 recombinant	 protein	 levels	 can	 vary	 in	 an	

unpredictable	 way	 19,	 so-called	 context-dependent	 expression.	 Context-dependent	 expression	 is	 a	

significant	 problem	 that	 limits	 the	 rational	 engineering	 of	 biological	 systems	 20.	 The	 underlying	

molecular	 basis	 for	 context-dependent	 expression	 remains	 unknown,	 but	 in	 previous	 work	 we	

reasoned	 that	 it	 could	 be	 attributed	 to	 the	 TIR,	 which	 is	 randomly	 assembled	 when	 the	 vector	

derived	 SD	 sequence	 and	 spacer	 region	with	 the	 5’	 end	of	 the	 cloned	 coding	 sequence	 are	 fused.	

These	 TIRs	 are	 referred	 to	herein	 as	 TIRUNEVOLVED.	 Since	 a	 TIRUNEVOLVED	 is	 one	of	 the	 aforementioned	

quintillion	 possible	 sequence	 permutations	 there	 is	 a	 possibility	 that	 it	 could	 be	 sequestered	 into	

local	or	global	mRNA	structures	that	hinder	TI.		

The	 importance	 of	 sampling	 TIRs	 for	 production	 of	 recombinant	 proteins	 has	 been	 recognised.	

Decades	of	work	has	demonstrated	that	sequence	changes	 in	the	TIR	can	have	a	significant	 impact	

on	 protein	 abundance	 7,11,13,17,20–33.	 However	 studies	 of	 the	 TIR	 have	 not	 been	 carried	 out	

systematically,	 so	 it	 is	not	 known	how	 to	best	 implement	 sequence	 changes	within	 this	 region.	 To	

tackle	this	problem,	bioinformatic	algorithms	such	as	the	RBS	Calculator	24,	UTR	Designer	26	and	RBS	

Designer	 34	 have	 been	 developed.	 These	 algorithms	 calculate	 free	 energy	 parameters	 for	 large	

numbers	 of	 TIRs	 in	 silico	 and	 predict	 a	 sequence	 with	 the	 desired	 TI	 efficiency	 (reviewed	 in	 35).	

However	 their	 reliability	 has	 been	questioned	 36.	 This	most	 likely	 reflects	 the	 inherent	 difficulty	 of	

predicting	mRNA	structure	in	silico	37.		

Previously	we	used	synthetic	(or	directed)	evolution	to	experimentally	identify	TIRs	that	are	optimal	

for	maximal	production	of	recombinant	proteins	38–41.	In	this	process	we	generated	a	TIRLIBRARY	by	PCR	

amplifying	 the	 expression	 plasmid	 with	 degenerate	 primers.	 The	 degenerate	 primers	 completely	

randomised	the	six	nucleotides	upstream	of	the	start	codon,	and	sampled	synonymous	codons	in	the	

+2	/+3	positions.	These	regions	were	chosen	as	we	had	observed	that	restriction	enzyme	recognition	

sites	 in	 the	 spacer	 region	 38	 and	 the	 +2	 /+3	 codons	 can	 influence	 production	 levels	 29,30,32,39.	 The	

resulting	TIRLIBRARIES	 contained	approximately	50,000	sequence	permutations,	and	were	screened	 to	

identify	TIRs	that	produced	the	highest	levels	of	recombinant	protein.	We	refer	to	the	TIR	identified	

after	 screening	 as	 a	 TIRSYN	 EVOLVED.	 Herein	 we	 have	 created	 TIRLIBRARIES	 in	 the	 pET28a	 expression	

plasmid,	 which	 is	 one	 of	 the	mostly	 widely	 used	 for	 protein	 production	 in	 E.	 coli	 (Supplementary	

Figure	1).	The	TIRLIBRARIES	explored	different	regions	of	the	TIR	and	considered	more	than	a	16	million	

sequence	permutations	TIRs	(Table	1).	We	then	screened	the	TIRLIBRARIES	to	identify	TIRsSYN	EVOLVED	that	

supported	 the	highest	 levels	 of	 protein	 production.	We	 identified	 a	 range	of	 TIRsSYN	 EVOLVED,	 one	of	

which	 could	 increase	 production	 from	 the	 pET28a	 expression	 plasmid	 by	 more	 than	 15-fold	

compared	to	the	TIRUNEVOLVED.	Although	the	TIRsSYN	EVOLVED	developed	here	could	be	used	off-the-shelf,	
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we	 recommend	 that	 the	 synthetic	 evolution	 process	 be	 carried	 out	 after	 the	 coding	 sequence	 of	

interest	has	been	cloned	into	the	expression	plasmid.	The	data	presented	here	provide	a	simple	and	

cost-effective	 approach	 for	 increasing	 production	 of	 recombinant	 proteins.	 It	 is	 applicable	 to	 any	

expression	vector	and	can	be	implemented	with	basic	laboratory	equipment.		

Results		

Synthetically	evolving	TIRs	in	the	pET28a	expression	plasmid	

pET28a	 contains	 a	 number	 of	 genetic	 modules	 that	 facilitate	 high-level	 expression	 of	 coding	

sequences.	Most	notably,	a	T7-based	promoter	that	results	in	significant	amounts	of	mRNA	in	strains	

of	 E.	 coli	 that	 contain	 a	 lysogenised	 DE3	 phage	 fragment	 encoding	 the	 T7	 RNA	 polymerase.	

Downstream	of	 the	T7-based	promoter	 is	 a	 strong	Shine-Dalgarno	 (SD)	 sequence,	originating	 from	

the	 T7	 gene	 10	 major	 capsid	 protein42.	 Adjacent	 is	 a	 restriction	 cloning	 site	 seven	 nucleotides	

downstream	of	the	SD	sequence	and	the	AUG	initiator	codon.	The	coding	sequence	encodes	a	poly-

histidine	 purification	 tag	 (His6)	 followed	 by	 a	 thrombin	 protease	 recognition	 sequence	 (TP).	 In	 a	

typical	experiment,	the	coding	sequence	to	be	expressed	is	cloned	downstream	of,	and	in-frame	with	

the	region	encoding	His6-TP	so	that	the	recombinant	protein	that	is	produced	can	be	easily	purified	

using	standard	protocols.	When	using	pET28a	the	TIR	is	encoded	at	the	junction	of	the	pET28a	vector	

and	the	5’	coding	sequence.	As	there	is	nothing	in	the	literature	to	suggest	that	this	region	has	been	

evolved,	we	consider	 it	to	be	a	TIRUNEVOLVED.	Our	 initial	goal	 in	this	study	was	to	synthetically	evolve	

different	regions	of	this	TIR	and	assess	changes	in	protein	production	levels.	

	

Herein	 we	 cloned	 the	 coding	 sequence	 for	 super-folder	 green	 fluorescent	 protein	 (sfGFP)43	 into	

pET28a,	 downstream	of	 and	 in-frame	with	His6-TP.	Downstream	of	 the	 sfGFP	 coding	 sequence	we	

included	a	region	encoding	a	translational	coupling	device	and	a	region	encoding	β-lactamase	(Figure	

1A,	upper	panel).	The	translational	coupling	device	was	designed	to	sequester	the	UGA	stop	codon	of	

sfGFP	as	well	as	the	SD	and	non-canonical	AUU	start	codon	of	the	β-lactamase	coding	sequence	in	a	

stem-loop	structure	40.	Upon	translation	of	sfGFP,	the	structure	of	the	translational	coupling	device	

changes	and	promotes	translation	of	β-lactamase	40.	Five	TIRLIBRARIES	were	generated	using	degenerate	

primers.	 The	primers	 randomised	 the	SD	 sequence,	 the	 spacer	 region,	 the	 region	around	 the	 start	

codon	 (spacer/	 coding	 sequence)	 and	 the	 coding	 sequence	 (Figure	1A,	 lower	panel).	 Sequences	of	

the	degenerate	primers	used	are	available	in	Supplementary	Table	1.		When	randomising	the	coding	

sequence	 we	 incorporated	 synonymous	 codon	 changes,	 however	 we	 did	 generate	 one	 spacer/	

coding	 sequence	 TIRLIBRARY	 in	 which	 the	 +2	 and	 +3	 codons	 (glycine	 and	 serine	 respectively)	 were	

completely	 randomised	 since	 they	 were	 not	 essential	 for	 the	 function	 of	 the	 His6	 tag.	 TIRLIBRARIES	
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theoretically	 containing	 between	 576	 and	 16,777,216	 sequence	 permutations	 (Table	 1)	 were	

transformed	into	E.	coli	and	plated	out	at	increasing	concentrations	of	ampicillin	(Figure	1B).		

	

Colony	 counts	 indicated	 that	 the	 TIRLIBRARIES	 could	 support	 growth	 at	 concentrations	 of	 ampicillin	

where	 the	 TIRUNEVOLVED	 could	 not	 (Figure	 1C).	 	 Ten	 of	 the	 most	 ampicillin	 resistant	 colonies	 were	

selected	from	each	TIRLIBRARY	and	the	TIRsSYN	EVOLVED	sequenced.	The	TIRSYN	EVOLVED	was	validated	by	back	

engineering	the	nucleotide	sequence	into	the	original	clone	and	carrying	out	fluorescence	assays	to	

monitor	sfGFP	production.	A	single	TIRsSYN	EVOLVED	was	selected	from	each	TIRLIBRARY	(Table	2).	In	each	

case	the	TIRsSYN	EVOLVED	produced	more	sfGFP	than	the	TIRUNEVOLVED	(Figure	1D).		

	

We	have	previously	noted	the	production	of	β-lactamase	created	a	metabolic	burden	on	the	cell	that	

limits	 the	 production	 of	 sfGFP.	We	 therefore	 back-engineered	 the	 TIRsSYN	 EVOLVED	 into	 a	 version	 of	

pET28a	that	contained	only	the	region	encoding	His6-TP-sfGFP	(Figure	2A).	The	most	effective	TIRSYN	

EVOLVED	 increased	 expression	 of	 sfGFP,	 relative	 to	 the	 TIRUNEVOLVED,	 by	 more	 than	 15-fold	 without	 a	

noticeable	affect	on	cell	growth.	This	TIRSYN	EVOLVED	was	obtained	from	the	TIRLIBRARY	that	randomised	

the	 spacer	 /	 coding	 sequence	 (with	 non-synonymous	mutations).	Other	 TIRsSYN	 EVOLVED	 also	 showed	

significant	 increases	 in	production	of	sfGFP,	however	 the	 increases	were	more	modest.	These	data	

highlight	the	advantage	of	synthetically	evolving	TIRs	for	maximum	protein	production.	Interestingly	

the	spacer	/	coding	sequence	TIRLIBRARY	with	non-synonymous	codons	containing	the	largest	number	

of	TIR	permutations,	generated	the	most	effective	TIRSYN	EVOLVED	for	production	of	sfGFP.	

	

Benchmarking	to	computationally	designed	TIRs	

An	alternative	approach	for	optimising	a	TIRUNEVOLVED	 is	to	use	a	bioinformatic	algorithm	such	as	the	

RBS	Calculator	24,	UTR	Designer	26	and	RBS	Designer	34.	These	algorithms	predict	a	sequence	with	the	

desired	 TI	 efficiency,	 which	 can	 then	 be	 engineered	 into	 the	 desired	 expression	 plasmid.	 We	

challenged	 these	 three	 algorithms	 to	 predict	 highly	 expressing	 TIRs	 for	 the	 pET28a	 expression	

plasmid	 expressing	 sfGFP	 (Figure	 2A).	 Three	 sequence	 permutations	 were	 obtained	 from	 each	

algorithm	and	 the	 sequences	were	engineered	 into	 the	expression	plasmid	 (Table	2).	 Fluorescence	

assays	indicated	that	two	of	the	algorithm	predicted	TIRs	(TIRRBS	CALC1	and	TIRRBS	CALC2)	produced	more	

sfGFP	 than	 the	 TIRUNEVOLVED	 (Figure	 2B).	 However	 the	 increase	 observed	 was	 modest	 and	 it	 was	

significantly	 less	 than	all	of	 the	TIRsSYN	 EVOLVED	 that	we	had	 identified.	The	 remaining	nine	algorithm	

predicted	TIRs	produced	less	sfGFP	than	the	TIRUNEVOLVED	(Figure	2B).		

	

Conclusion 

Production	of	recombinant	protein	is	for	the	most	part,	dependent	on	the	use	of	plasmids	encoding	a	
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target	gene	of	 interest.	The	most	commonly	used	protein	expression	plasmids,	such	as	pET28a,	are	

assemblies	 of	 genetic	 components,	 designed	 for	 high-level	 protein	 production.	 When	 a	 coding	

sequence	is	inserted	into	these	expression	plasmids,	a	unique	TIR	is	created.	With	this	in	mind,	it	 is	

somewhat	 serendipitous	 that	 cloning	 of	 any	 coding	 sequence	 of	 interest	 will	 result	 in	 maximal	

protein	 production.	 Here	 we	 have	 shown	 that	 synthetically	 evolving	 the	 TIR	 can	 increase	 protein	

production	levels	and	that	this	is	more	effective	than	bioinformatics	algorithms.	These	findings	could	

explain	some	of	the	context-dependent	expression	problems	that	limit	the	rational	design	of	protein	

production	setups.			
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Materials	and	methods		

Molecular	cloning	

All	 polymerase	 chain	 reactions	 (PCR)	were	 carried	 out	with	Q5-polymerase	 (New	 England	 Biolabs,	

USA).	Oligonucleotide	synthesis	and	DNA	sequencing	was	performed	by	Eurofins	Scientific	(Eurofins	

genomics,	 Germany).	 Cloning	 of	 the	 coding	 sequence	 for	 sfGFP	 was	 performed	 by	 standard	

restriction	digestion	and	ligation	into	pET28a	at	the	NdeI	and	XhoI	sites.	Generation	of	the	pET28a-

His6-sfGFP-hp-AmpR	 plasmid	 was	 carried	 out	 using	 the	 Gibson	 cloning	 method44.	 In	 brief,	 PCR	

products	 were	 generated	 for	 the	 pET28a-sfGFP	 backbone	 (described	 above)	 and	 ß-lactamase,	

amplified	from	pETDUET-1	 (Novagen,	Germany).	The	translational	coupling	device,	weak	coupling-1	
45	was	incorporated	during	the	Gibson	cloning	step,	via	complementary	overlapped	regions	between	

the	 3’-end	 of	 the	 sfGFP-pET28a	 PCR	 product,	 and	 the	 5’-end	 of	 the	 ß-lactamase	 PCR	 product.	 All	

primer	sequences	for	cloning	are	shown	in	Supplementary	Table	1.		

	

Generation	of	TIRLIBRARIES		

TIRLIBRARIES	were	generated	by	amplifying	the	expression	plasmids	by	PCR,	using	overlapping	primers	

as	previously	described	46,47.	For	each	library,	the	forward	primer	was	approximately	45	nucleotides	

in	 length	 and	 contained	 a	 degenerate	 sequence	 pertaining	 to	 the	 location	 of	 study.	 The	 reverse	

primer	overlapped	with	the	forward	primer	by	at	least	13	nucleotides	thus	allowing	circularization	of	

the	PCR	product	by	homologous	recombination	 in	E.	coli	MC1061.	The	PCR	was	carried	out	using	a	

program	that	consisted	of	a	denaturation	step	at	94	°C	for	5	min,	followed	by	30	cycles	of	95	°C	for	

45	s,	48−68	°C	for	45	s	(using	a	gradient	thermocycler),	72	°C	for	6	min	and	a	final	elongation	step	of	

72	°C	for	5	min.	PCR	products	that	were	successfully	amplified	at	the	lowest	annealing	temperature	

were	 treated	 with	 DpnI,	 then	 transformed	 into	 chemically	 competent	 E.	 coli	 MC1061.	 The	

transformation	 was	 seeded	 into	 20	 mL	 of	 Luria-Bertani	 (LB)	 containing	 50	 μg/mL	 kanamycin	 and	

incubated	overnight	at	37	°C.	Isolation	of	the	TIRLIBRARIES	was	carried	out	using	four	E.N.Z.A	DNA	mini	

kit	 purification	 columns	 (Omega	 Biotek,	 USA)	 followed	 by	 pooling	 of	 the	 eluates.	 All	 primer	

sequences	for	generation	of	TIRLIBRARIES	are	shown	in	Supplementary	Table	2.	

	

Screening	of	TIRLIBRARIES		

TIRLIBRARIES	 were	 screened	 by	 transforming	 chemically	 competent	 BL21(DE3)	 pLysS	 using	 standard	

protocols	 and	 comparing	 colony	 formation	 on	 plates	 containing	 increasing	 amounts	 of	 ampicillin.	

Specifically,	500	ng	of	the	TIRLIBRARY	was	transformed	into	50	μL	of	chemically	competent	cells	using	

standard	protocols,	then	seeded	into	3	mL	of	LB.	Cultures	were	grown	at	37°C	with	shaking	for	16	h	

and	then	back-diluted	(1:50)	into	5	mL	of	LB.	All	 liquid	cultures	contained	50	μg/mL	kanamycin	and	
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34	μg/mL	 chloramphenicol.	Growth	was	 continued	until	 an	OD600	 of	 ~0.3	was	 reached	whereupon	

expression	was	 induced	 by	 plating	 a	 volume	 of	 cells	 corresponding	 to	 0.01	OD600	 units	 on	 LB-agar	

plates	 containing	 0.25	 mM	 isopropyl-β-D	 thiogalactopyranoside	 (IPTG),	 and	 increasing	

concentrations	 of	 ampicillin	 (100–1750	 μg/mL).	 Note	 that	 kanamycin	 and	 chloramphenicol	 were	

omitted	from	the	plates.	The	plates	were	then	incubated	for	approximately	120	h	at	20	°C.	A	TIRLIBRARY	

was	deemed	successful	if	colonies	were	capable	of	withstanding	concentrations	of	ampicillin	higher	

than	 the	 TIRUNEVOLVED.	 	 For	 plates	where	 TIRLIBRARY	 expression	 variants	 showed	 greater	 resistance	 to	

ampicillin	 compared	 to	 TIRUNEVOLVED,	 10	 colonies	were	 selected	 for	 further	 analysis	 and	 sequencing	

(Eurofins	 MWG	 operon,	 Germany).	 To	 exclude	 the	 possibility	 that	 mutations	 away	 from	 the	 TIR	

caused	 higher	 expression	 levels,	 five	 selected	 expression	 variant	 sequences	were	 back-engineered	

into	the	original	pET28a-His6-sfGFP-hp-AmpR	expression	vector	and	pET28a-His6-sfGFP.	

	

In	silico	TIR	predictions	 

We	 used	 three	 approaches	 for	 the	 creation	 of	 in	 silico	 predicted	 TIRs	 (RBS	 calculator24,	 UTR	

designer26,	and	RBS	designer34).	 Listed	here	are	 the	programs	and	their	 individual	settings.	For	RBS	

calculator,	 version	 2.1	 was	 tested.	 Presets	 included:	 Pre-sequence	 position:	 -70	 to	 -30;	 Coding	

sequence	from	position	1	until	+60;	Goal:	maximize;	Organism:	E.	coli	BL21(DE3)	(ACCTCCTTA).	UTR	

designer:	Constraints	for	5’	UTR:	25	x	N;	Coding	sequence:	position	1	until	+60;	Desired	protein	level:	

maximal;	Organism:	E.	coli	 (ACCUCCUUA);	With	no	optimisation	of	codon	content.	RBS	designer:	5’	

UTR:	 position	 -70	 until	 -24;	 Optimise	 upstream	 length:	 10	 nucleotides	 (default);	 SD:	 AAGGAA	

(default);	Optimize	spacer	length:	7	nucleotides;	Coding	sequence:	position	+1	until	+60;	Organism:	E.	

coli;	Target	efficiency:	1.0		

	 	

		

Fluorescence	assays	

Clones	were	re-transformed	into	BL21(DE3)	pLysS	and	three	biological	replicates	were	inoculated	ON	

at	37	°C	with	800	μl	LB	plus	antibiotics.	Cultures	were	then	back-diluted	(1:50)	into	5	mL	of	LB	plus	

antibiotics	in	a	24-well	growth	plate	and	incubated	until	an	OD600	of	~0.3-0.5	was	reached.	Expression	

was	induced	by	addition	of	0.25	mM	IPTG	and	incubated	for	2	h	at	37	°C	with	shaking	at	180	RPM.	

The	OD600	was	measured,	followed	by	collection	of	1	ml	of	culture	by	centrifugation	at	3220	xg	for	20	

min,	 and	 resuspended	 in	 buffer	 [50	 mM	 Tris-HCl,	 pH	 8.0,	 200	 mM	 NaCl,	 15	 mM	 EDTA],	 and	

transferred	to	a	96-well	optical	bottom	plate.	Following	a	two	hour	incubation	at	room	temperature,	

fluorescence	was	 read	 in	 a	 Spectramax	 Gemini	 (Molecular	 Devices)	 at	 an	 excitation	 and	 emission	

wavelength	of	485	nm/513	nm.	
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Figure	legends	

	

Figure	 1:	 The	 translation	 initiation	 region:	 organisation,	 library	 preparation,	 and	 selection.	 A.	

Schematic	 of	 the	 pET28a-His6-sfGFP-hp-Ampr	 expression	 cassette.	 The	 plasmid	 encodes	 for	 a	 His6-

tag,	a	thrombin	protease	site,	and	sfGFP	(green),	followed	by	the	translational	coupling	device,	and		a	

reporter,	 β-lactamase	 (blue).	 The	 boxed	 area	 (zoomed	 in	 for	 clarity),	 represents	 the	 translation	

initiation	 region	 (TIR),	otherwise	known	as	 the	 ribosomal	 footprint.	 It	 includes	 important	elements	

for	the	direction	of	translation	initiation,	such	as	the	Shine-Dalgarno,	a	spacer	of	seven	nucleotides,	

the	 initiator	AUG	and	the	coding	sequence.	B.	A	representation	of	 library-preparation	The	pET28a-

His6-sfGFP-hp-Ampr	 plasmid	 is	 used	 as	 a	 template	 for	 the	 creation	 of	 five	 TIRLIBRARIES;	 The	 Shine-

Dalgarno	 (pink),	 Spacer	 (orange),	 Spacer/Coding	 sequence	 (dark	 blue),	 Spacer/Coding	 sequence	

(non-synonymous)	 (light	 blue)	 and	 the	 Coding	 sequence	 (cyan).	 Step	 1.	 To	 create	 each	 TIRLIBRARY,	

degenerate	primers	were	designed	to	incorporate	sequence	variation	into	the	target	regions.	Step	2.	

Following	 TIRLIBRARY	 plasmid	 preparation	 and	 transformation	 into	 E.	 coli	 BL21(DE3)pLysS,	 TIRLIBRARY	

variants	 	 that	 were	 able	 	 to	 grow	 on	 plates	 with	 increasing	 concentrations	 of	 ampicillin	 were	

selected.	 Step	 3.	 In	 order	 to	 identify	 synthetically	 evolved	 TIRs	 (TIRSYN	 EVOLVED),	 the	 most	 resistant	

colonies	 were	 picked	 for	 further	 validation	 through	 fluorescence	 assays,.	 C.	 Colony	 forming	 unit	

(CFU)	counts	plotted	against	ampicillin	concentrations	in	the	plates	for	all	five	TIRLIBRARIES	compared	to	

the	original	TIRUNEVOLVED	clone.	The	minimum	ampicillin	concentration	from	which	TIRSYN	EVOLVED	were	

selected,	 is	 indicated	by	the	red	 line.	D.	Single	representative	TIRSYN	 EVOLVED	clones	from	each	 library	

were	 back-engineered	 into	 the	 pET28a-His6-sfGFP-hp-Ampr	 plasmid,	 and	 compared	 to	 TIRUNEVOLVED	

(numbering	from	panel	C).	All	variants	displayed	greater	expression	than	TIRUNEVOLVED,	with	the	best	

expressing	variant	(TIRSPACER/CDS)	exhibiting	three-fold	greater	expression.	All	points	are	representative	

of	three	biological	replicates.	Error	bars	represent	standard	deviation.	

	

Figure	2:	Benchmarking	 synthetically	evolved	TIRs	 to	 in	 silico	predicted	TIRs.	A.	 Schematic	of	 the	

pET28a-His6-sfGFP	expression	cassette.	The	plasmid	encodes	for	a	His6-tag,	a	thrombin	protease	site,	

and	sfGFP.	The	boxed	area	represents	the	TIR.	Previously	identified	TIRSYN	EVOLVED	clones	from	the	five	

TIRLIBRARIES	were	back-engineered	into	the	pET28a-His6-sfGFP	plasmid,	and	compared	to	TIRUNEVOLVED.	In	

addition,	 nine	 in	 silico	predicted	 TIRs	were	 also	 introduced	 into	 the	 pET28a-His6-sfGFP	 plasmid.	B.	

Fluorescence	assays	for	five	TIRsSYN	EVOLVED	and	nine	 in	silico	predicted	TIRs.	All	TIRsSYN	EVOLVED	variants	
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displayed	 greater	 expression	 levels	 than	 TIRUNEVOLVED,	with	 the	 best	 expressing	 variant	 (TIRSPACER/CDS)	

exhibiting	approximately	15-fold	greater	expression.	Only	two	of	nine	in	silico	predicted	TIRs	showed	

expression	 levels	 higher	 than	 the	 TIRUNEVOLVED.	 All	 points	 are	 representative	 of	 three	 biological	

replicates.	Error	bars	represent	standard	deviation.	
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Table	1.	Theoretical	number	of	sequence	permutations	in	each	TIRLIBRARY	
	
TIRLIBRARY	 Theoretical	size	
Shine-Dalgano	 262,144	
Spacer	 16,384	
Spacer/Coding	sequence*	 16,77,216	
Spacer/Coding	sequence	 98,304	
Coding	sequence	 576	
*	Denotes	non-synonymous	randomisation	within	the	coding	sequence.	



 13 

Table	2.	Sequence	comparison	for	synthetically	evolved	TIRs	versus	in	silico	predicted	TIRs	
	
TIRLIBRARY	 TIRSYN	EVOLVED	
SD	 TAATTTTGTTTAACTTTATGTGAGGGTTATACCATGGGCAGCAGCCATCATCAT 

SPACER	 TAATTTTGTTTAACTTTAAGAAGGAGAAGGATTATGGGCAGCAGCCATCATCAT 

SPACER/CDS*	 TAATTTTGTTTAACTTTAAGAAGGAGAGCAGCTATGCAGCTTAGCCATCATCAT 

SPACER/CDS	 TAATTTTGTTTAACTTTAAGAAGGAGAGTTATCATGGGTAGCAGCCATCATCAT 

CDS	 TAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGTTCGAGTCACCATCAT 

	 TIRin	silico 
RBS_CALCULATOR_1	 TAATTAAACAATTTACTTATAAGGAGGTTTTTTATGGGCAGCAGCCATCATCAT	

RBS_CALCULATOR	_2	 TAATCTATCAATTTCAAAAGGAGGTAATTTATGGGCAGCAGCCATCATCAT 

RBS_CALCULATOR	_3	 TAATCTAAATACATTCACTAAGGAAACGGTTTTTTATGGGCAGCAGCCATCATCAT 

UTS_DESIGNER_1	 TAATTTTGGAATACCAAAAGGAGGGATCAGGGAATGGGCAGCAGCCATCATCAT 

UTS_DESIGNER_2	 TAATTTTGCACTAACAAAAGTAGGGACCAGGCAATGGGCAGCAGCCATCATCAT 

UTS_DESIGNER_3	 TAATTTTGCAATAACAAAAGTAGGGACCAGGGAATGGGCAGCAGCCATCATCAT 

RBS_DESIGNER_1	 TAATTTTGTTATTTCAAAAAAAGGAAGGTTCAAATGGGCAGCAGCCATCATCAT 

RBS_DESIGNER_2	 TAATTTTGTTGGCTCTAGATAAGGAAGGTTCAAATGGGCAGCAGCCATCATCAT 

RBS_DESIGNER_3	 TAATTTTGTTAGCTCTAGATAAGGAAGGTTCAAATGGGCAGCAGCCATCATCAT 

	  

Green	font	represents	nucleotide	changes	obtained	through	synthetic	evolution	
Red	font	represents	in	silico	calculated	nucleotide	changes	
*	Represents	non-synonymous	codon	changes	to	the	CDS	
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Supplementary	Figure	1.	Comparison	of	pET	plasmids	used	in	published	literature.	pET28a-c	
are	the	most	widely	used	plasmid	series	from	the	pET	collection.	pET28a	is	the	most	popular	
plasmid	in	the	series,	recording	35,000	hits.	Information	correct	as	of	July	26,	2018.	
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Supplementary	table	1:	List	of	oligonucleotides	used	for	cloning	and	mutagenesis	
	

Oligos	containing	blue	text	indicate	degenerate	nucleotide	changes	
Oligos	containing	green	text	indicate	mutational	insertion	
“n”	represents	any	nucleotide	
“y”	represents	either	a	thymidine	or	cytosine	nucleotide	

 

Oligo	name	 Sequence	5’-3’	 Comments	
Cloning	oligos	 	 	
	 	 	
sfGFP_pET28.Fwd	 CATAATTACATATGAGCAAAGGAGAAGAACTTTTC	 NdeI	
sfGFP_pET28.Rvs	 CATAATTACTCGAGTTATTTGTAGAGTTCATCCATGC	 XhoI	
mNeonGreen_pET28.Fwd	 CATAATTACATATGGTGAGCAAGGGCGAG	 NdeI	
mNeonGreen_pET28.Rvs	 CATAATTACTCGAGTTACTTGTACAGCTCGTCCATG	 XhoI	
Gibson	oligos	 	 	
bla_gibson.Fwd	 GAAATAGGAGGTCCTCCTATTTCAATTCAACATTTCCGTGTCGC	 Incorporates	part	of	the	sequence	for	the	

translational	coupling	device	‘weak-1’	(Rennig	
et	al	2018)	

bla_gibson.Rvs	 CAGTGGTGGTGGTGGTGGTGCTCGAGTTACCAATGCTTAATCAGTGAG	 	
p28_sfGFP_gibson.Rvs	 GAAATAGGAGGACCTCCTATTTCATTTGTAGAGTTCATCCATGCC	 Incorporates	part	of	the	sequence	for	the	

translational	coupling	device	‘weak-1’	(Rennig	
et	al	2018)	

p28_sfGFP_gibson.Fwd	 CTCGAGCACCACCACCACCACCACTGAG	 	
Library	oligos	 	 	
SDFWD	 TGTTTAACTTTAnnnnnnnnnTATACCATGGGC	 SD	full/complete	randomisation	
SDRVS	 CCTCTAGAAATAATTTTGTTTAACTTTA	 	
SPACER_FWD	(LINKFWD)	 TAACTTTAAGAAGGAGnnnnnnnATGGGCAGCAGCCATCATC	 Spacer	full/complete	randomisation	
SPACER_RVS	(LINKRVS)	 TAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG	 	
SPACER/CDS_SYN1_FWD	
(pET28PCO_SYN1.Fwd)	

CTTTAAGAAGGAGAnnnnnnATGGGnAGyAGCCATCATCATCATC	 Spacer/CDS	synonymous	randomisation	

SPACER/CDS_SYN2_FWD	
(pET28PCO_SYN2.Fwd)	

CTTTAAGAAGGAGAnnnnnnATGGGnTCnAGCCATCATCATCATC	 Spacer/CDS	synonymous	randomisation	

SPACER/CDS_FULL_FWD	
(pET28enhance.Fwd)	

CTTTAAGAAGGAGAnnnnnnATGnnnnnnAGCCATCATCATCATC	 Spacer/CDS	full/complete	randomisation	

SPACER/CDS_FULL_RVS	
(pET28enhance.Rvs)	

CTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATC	 	

CODING_SYN_FWD1	 GAGATATACCATGGGyTCnTCnCAyCAyCATCATCATCACAG	 CDS	synonymous	randomisation	1	
CODING_SYN_FWD2	 GAGATATACCATGGGyAGyTCnCAyCAyCATCATCATCACAG	 CDS	synonymous	randomisation	2	
CODING_SYN_FWD3	 GAGATATACCATGGGyTCnAGyCAyCAyCATCATCATCACAG	 CDS	synonymous	randomisation	3	
CODING_SYN_FWD4	 GAGATATACCATGGGyAGyAGyCAyCAyCATCATCATCACAG	 CDS	synonymous	randomisation	4	
SYNCODON_RVS	 CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATG	 	
Back	engineering	oligos	 	 	
sfGFP_SD_Top1.Fwd	 TGTTTAACTTTATGTGAGGGTTATACCATGGGC	 	
sfGFP_SPACER_Top1.Fwd	 TAACTTTAAGAAGGAGAAGGATTATGGGCAGCAGCC	 	
sfGFP_SPACER/CDS*_Top1.Fwd	 TTAAGAAGGAGAGTTATCATGGGTAGCAGCCATCATC	 	
sfGFP_SPACER/CDS_Top1.Fwd	 TTAAGAAGGAGAGCAGCTATGCAGCTTAGCCATCATC	 	
sfGFP_CDS*_Top1.Fwd	 GATATACCATGGGTTCGAGTCACCATCATCATCATCACAG	 	
In	silico	oligos	 	 	
RBSdesigner_fwd	 AAGGAAGGTTCAAATGGGCAGCAGCCATC	 	
RBSdesigner_rvs1	 TTGAACCTTCCTTTTTTTGAAATAACAAAATTATTTCTAGAGGGGAATTG	 	
RBSdesigner_rvs2	 TTGAACCTTCCTTATCTAGAGCCAACAAAATTATTTCTAGAGGGGAATTG	 	
RBSdesigner_rvs3	 TTGAACCTTCCTTATCTAGAGCTAACAAAATTATTTCTAGAGGGGAATTG	 	
UTRdesigner_fwd1	 CAAAAGGAGGGATCAGGGAATGGGCAGCAGCCATC	 	
UTRdesigner_rvs1	 ATCCCTCCTTTTGGTATTCCAAAATTATTTCTAGAGGGGAATTGTT	 	
UTRdesigner_fwd2	 ACAAAAGTAGGGACCAGGCAATGGGCAGCAGCCATC	 	
UTRdesigner_rvs2	 GTCCCTACTTTTGTTAGTGCAAAATTATTTCTAGAGGGGAATTGTT	 	
UTRdesigner_fwd3	 AACAAAAGTAGGGACCAGGGAATGGGCAGCAGCCATC	 	
UTRdesigner_rvs3	 TCCCTACTTTTGTTATTGCAAAATTATTTCTAGAGGGGAATTGTT	 	
RBScalc_fwd1	 ATTTACTTATAAGGAGGTTTTTTATGGGCAGCAGCCATC	 	
RBScalc_rvs1	 CCTCCTTATAAGTAAATTGTTTAATTATTTCTAGAGGGGAATTGTTATCC	 	
RBScalc_fwd2	 ATTTCAAAAGGAGGTAATTTATGGGCAGCAGCCATC	 	
RBScalc_rvs2	 CCTCCTTTTGAAATTGATAGATTATTTCTAGAGGGGAATTGTTATCC	 	
RBScalc_fwd3	 ATTCACTAAGGAAACGGTTTTTTATGGGCAGCAGCCATC	 	
RBScalc_rvs3	 GTTTCCTTAGTGAATGTATTTAGATTATTTCTAGAGGGGAATTGTTATCC	 	


