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Improved	Eukaryotic	Genetic	Code	Expansion	

ABSTRACT	

Expanding	the	genetic	code	allows	for	incorporating	amino	acids	not	found	in	nature	into	an	

already	extensive	and	constantly	expanding	library	of	known	proteins.		These	non-standard	

amino	acids	can	bring	new	functionality	to	proteins,	allow	for	enhanced	research	of	proteins,	

and	keep	genetically	engineered	organisms	biologically	contained	in	the	environment.		Most	

research	has	sought	to	allow	for	the	possibility	of	incorporating	a	non-standard	amino	acid	into	

a	protein	of	interest,	but	not	the	specificity	of	this	incorporation.	Without	recoding	the	entire	

genome	there	are	hundreds	or	thousands	of	incorporation	sites	in	a	given	organism	even	when	

using	the	most	rare	codons,	such	as	the	amber	stop	codon	used	in	most	recoding	and	non-

standard	amino	acid	incorporation	methods.		I	created	an	approach	to	promote	efficient	non-

standard	amino	acid	incorporation	into	a	protein	of	interest	in	non-recoded	budding	yeast	

Saccharomyces	cerevisiae	by	including	a	cleavable	n-terminal	sequence	that	encourages	specific	

incorporation	of	a	nonstandard	amino	acid	into	a	specified	protein.		During	my	dissertation	

research	I	attempted	to	inhibit	factors	associated	with	premature	stop	codon	stalling	on	

translating	ribosomes.		These	factors	are	known	to	destabilize	mRNAs	that	are	recognized	as	

containing	premature	stop	codons,	and	by	locally	inhibiting	these	factors	on	the	translating	

ribosome	I	observed	increased	non-standard	amino	acid	incorporation	and	specificity	of	

incorporation.		Additionally,	I	attempted	to	characterize	the	mode	of	action	of	this	inhibition	
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and	the	efficacy	compared	to	traditional	approaches	of	non-standard	amino	acid	incorporation.		

Increased	efficiency	and	specificity	of	incorporation	will	allow	for	the	use	of	hundreds	of	

chemical	structures	developed	in	the	past	few	decades	which	were	previously	unusable	for	

research	and	manufacturing	purposes	due	to	high	background	without	removing	all	competing	

codons	through	recoding,	a	feat	which	has	not	been	achieved	in	Eukaryotes	to	date.	
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Introduction	

Difficulties	in	the	Utilization	of	Nonstandard	Amino	Acids	

Non-standard	amino	acids	(nsAAs	referred	to	in	this	document,	aka	non-canonical	or	

unnatural	amino	acids)	represent	a	unique	opportunity	to	introduce	new	chemical	structures	

directly	into	the	coding	sequences	of	proteins.		To	date,	over	150	nsAAs	have	been	developed	

for	a	plethora	of	different	uses.1		However,	publications	utilizing	nsAAs	are	almost	exclusively	

restricted	to	those	originally	developing	the	given	nsAA	technology.		nsAAs	are	not	widely	used	

for	research	applications	due	to	large	amounts	of	expensive	nsAA	reagents	are	required	for	low	

levels	of	expression	and	high	background	plagues	most	experiments.		Multi-copy	plasmids	with	

strong	promoters	driving	orthogonal	aminoacyl	tRNA	synthetases	(aaRS)	and	many	copies	of	

cognate	tRNA	sequences	are	required	to	induce	just	baseline	levels	of	nsAA	incorporation.		

Reasons	for	this	requirement	of	extremely	high	levels	of	expression	are	evident	when	one	

realizes	that	when	using	suppressor	tRNAs	this	incorporation	is	into	a	codon	found	throughout	

the	genome	(in	non-recoded	strains),	and	thus	background	incorporation	into	any	number	of	

genes	ending	in	the	same	stop	codon	is	possible.		Additionally	premature	stop	codons	in	

eukaryotes	induce	nonsense-mediated	decay	of	the	mRNA,	creating	an	ever-diminishing	pool	of	

RNA	to	be	translated	into	a	protein	of	interest	containing	a	given	nsAA.2,3		A	method	to	

specifically	incorporate	nsAAs	into	proteins	of	interest	without	dramatically	altering	the	

organism	could	allow	for	utilization	of	nsAAs	for	any	number	of	different	anticipated	

applications.	
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Prions	in	Yeast	as	Inducers	of	Nonsense	Suppression	

Griffiths	first	hypothesized	in	1967	that	self-replicating	protein	based	infection	was	a	

possible	cause	of	scrapie,	a	neurodegenerative	disease	of	sheep	and	goats.4		Decades	of	debate	

and	research	suggested	that	transmissible	spongiform	encephalopathies	(TSEs)	in	mammals	

were	caused	by	self-propagating	protein	misfolding	events	leading	to	disease,	hence	the	name	

prion	for	“proteinaceous	infectious	particle”.5		However,	it	wasn’t	until	1994	that	prions	were	

established	as	protein-only	infectious	agents	in	the	model	yeast	Saccharomyces	cerevisiae,	

allowing	for	more	tractable	experiments	and	study	of	prions	at	a	molecular	level.6,7		Of	these	

first	characterized	prions	in	yeast	one	of	the	most	intriguing	was	termed	[PSI+]	by	Brian	Cox,	a	

non-Mendelian	inheritable	phenotype	which	was	detectable	by	a	mutant	of	the	adenine	

biosynthetic	gene	termed	ade2-1	containing	a	premature	stop	codon.8		The	ade2-1	mutant	led	

to	accumulation	of	a	red	pigmentation	in	yeast	grown	on	limiting	adenine	media,	but	when	the	

stop	codon	was	suppressed	by	a	nonsense	suppressor	the	yeast	were	able	to	properly	

synthesize	adenine	and	returned	to	their	natural	white	pigmentation.7		The	protein	culprit	of	

the	[PSI+]	nonsense	suppression	phenotype	was	eventually	discovered	to	be	SUP35,	also	known	

as	Eukaryotic	Release	Factor	3	(eRF3).		eRF3	is	known	to	be	involved	in	translation	termination,	

and	an	n-terminal	disordered	region	was	found	to	be	the	determinant	of	the	suppression	

phenotype	observed	in	[PSI+]	induced	cells.		When	this	region	was	overexpressed	in	cells	large	

aggregates	of	SUP35	protein	formed	leading	to	breakdown	of	the	cell’s	translation	termination	

machinery	leading	to	a	great	increase	in	readthrough	of	premature	stop	codons.9		The	[PSI+]	

phenotype	has	thus	become	one	of	the	most	well	studied	and	characterized	examples	of	prions	

because	of	its	tractability	and	the	power	of	yeast	genetics.	
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Premature	Stop	Codon	Recognition	and	mRNA	stability	in	Eukaryotes	

There	has	been	extensive	research	into	the	nature	of	stop	codon	readthrough	and	

stability	of	mRNAs	containing	premature	stop	codons	in	Eukaryotes,	and	S.	cerevisiae	in	

particular.2		Codons	intended	to	be	translated	on	an	mRNA	are	bound	by	a	cognate	peptidyl-

tRNA	on	a	translating	ribosome,	but	stop	codons	are	recognized	by	a	protein	that	mimics	tRNAs	

in	structure	but	leads	to	translation	termination	known	as	translation	termination	factors.10		In	

S.	cerevisiae	the	protein	which	binds	a	stop	codon	on	a	translating	ribosome	is	known	as	SUP45	

aka	Eukaryotic	release	factor	1	(eRF1),	and	specificity	for	certain	stop	codons	can	be	altered	via	

specific	mutations	to	the	RNA	binding	domain.11			Once	bound	to	a	stop	codon	on	the	ribosome	

eRF1	is	able	to	form	a	complex	with	eRF3	bound	to	guanosine	triphosphate	(GTP),	which	

through	GTPase	activity	releases	the	ribosome	from	the	transcript.12		However,	eRF3	also	has	

been	found	to	interact	with	factors	involved	in	the	degradation	of	mRNA	if	the	stop	codon	

recognized	by	eRF1	is	likely	an	errant	premature	stop	codon	that	could	lead	to	accumulation	of	

potentially	toxic	protein	in	the	cell.		One	of	the	most	studied	and	understood	pathways	leading	

to	RNA	decay	is	termed	nonsense-mediated	mRNA	decay	(NMD).2		Upon	detection	of	a	

premature	stop	codon,	likely	resulting	from	mutation	or	transcriptional	inaccuracies	in	a	given	

mRNA,	the	NMD	pathway	is	triggered	leading	to	decay	of	the	mRNA	containing	the	aberrant	

stop	codon.		Many	factors	are	involved	in	the	NMD	pathway,	but	there	has	been	evidence	that	

eRF3,	and	specifically	the	N-terminal	prion	forming	domain	of	SUP35	in	S.	cerevisiae,	is	likely	to	

interact	with	poly(A)-binding	protein	(PABP)	and	likely	influences	RNA	stability.13,14		While	direct	

interaction	between	the	n-terminal	prion	forming	domain	of	eRF3	and	PABP	has	been	observed	

in	yeast	two	hybrid	assays,	the	biological	significance	of	this	interaction	in-vivo	has	yet	to	be	
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fully	elucidated	as	removal	of	the	interacting	domains	has	not	been	reported	to	perturb	RNA	

stability	directly.15	

	

Increasing	Efficiency	and	Specificity	of	nsAA	Incorporation	

The	low	efficiency	and	specificity	of	incorporation	of	nsAAs	in	eukaryotes	necessitates	a	

method	to	overcome	these	difficulties	in	order	to	allow	for	the	plethora	of	nsAAs	now	

developed	to	be	used	in	the	laboratory	without	significant	background	and	wasted	resources.		

E.	coli	was	the	first	organism	to	be	recoded	by	removing	the	rarest	stop	codon	(amber,	UAG)	

throughout	the	entire	bacterial	genome,	thus	allowing	for	suppressor	tRNAs	charged	with	

nsAAs	to	specifically	be	incorporated	into	proteins	of	interest	and	nowhere	else	throughout	the	

genome.16		While	recoding	efforts	are	underway	in	S.	cerevisiae	and	should	allow	for	much	

more	specific	incorporation,	the	task	is	monumental	when	compared	to	recoding	E.	coli	as	

there	are	approximately	1349	amber	stop	codons	in	S.	cerevisiae	compared	to	the	~357	amber	

stop	codons	in	E.	coli.17		Attempting	to	recode	something	as	complex	as	the	Human	genome	to	

not	contain	any	amber	stop	codons	is	even	more	overwhelming	as,	despite	being	the	most	rare	

codon	in	the	genome,	there	are	~4743	UAG	amber	stop	codons,	more	than	10	times	the	

number	in	E.	coli.		Additionally,	deletion	of	release	factor	1	(RF1)	in	E.	coli	reduced	the	amount	

of	competition	to	bind	stop	codons	on	translating	ribosomes	and	was	possible	due	to	

prokaryotes	containing	two	release	factors	with	overlapping	specificity	(RF1	to	UAG	and	UAA,	

and	RF2	to	UGA	and	UAA).		However	in	eukaryotes	only	one	release	factor	(eRF1)	binds	to	all	

three	stop	codons,	and	while	mutating	the	binding	site	can	slightly	alter	the	specificity	for	

certain	stop	codons	versus	others	there	is	no	known	way	to	completely	prevent	release	factor	
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from	binding	a	given	stop	codon.11		This	means	that	without	recoding	an	organism	there	is	

competition	with	native	release	factor	binding	on	the	ribosome	preventing	a	suppressor	tRNA	

bound	to	a	nsAA	of	interest	to	be	incorporated	into	a	protein	of	interest.		And	overcoming	this	

competition	required	the	addition	of	vast	excesses	of	nsAAs,	orthogonal	tRNAs,	and	

synthetases	to	an	organism	in	order	to	achieve	baseline	levels	of	incorporation,	which	

dramatically	increases	the	amount	of	nsAA	incorporated	into	the	hundreds	or	thousands	of	

other	amber	stop	codon	sites	throughout	the	genome.	

	

Objective	

The	objective	of	my	work	was	to	create	a	system	allowing	for	efficient	and	specific	

incorporation	of	nsAAs	into	proteins	of	interest	without	the	need	to	recode	the	entire	genome,	

an	endeavor	which	would	allow	for	the	use	of	nsAAs	in	organisms	in	which	they	were	previously	

unusable.		To	this	end	I	attempted	to	inhibit	release	factor	binding	to	a	translating	ribosome	as	

some	in	my	lab	were	attempting	(Kuru	et	al.	2020)18,	but	as	opposed	to	inhibiting	all	release	

factor	binding	throughout	the	cell	I	sought	to	specifically	inhibiting	release	factor	binding	on	a	

given	ribosome	by	an	N-terminal	tag	which	could	act	in	cis	via	the	nascent	chain	on	its	own	

downstream	sequence	to	promote	incorporation	of	nsAAs	(see	Figure	1).		Because	eRF3-GTP	is	

required	for	disassembly	of	the	translating	ribosome	and	eRF3	has	an	n-terminal	prion	forming	

domain	as	discussed	earlier,	I	hypothesized	that	including	this	n-terminal	prion	domain	on	a	

protein	of	interest	may	allow	the	prion	domain	to	form	prion-like	self-propagating	aggregates	

of	eRF3	proximally	around	the	translating	ribosome	via	the	protruding	nascent	chain.		

Additionally,	by	including	a	ubiquitin	between	the	n-terminal	prion	domain	and	the	protein	of	
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interest	the	prion	domain	can	be	cleaved	by	endogenous	ubiquitin-specific	protease	UBP1,	

leaving	the	resulting	protein	without	additional	modifications.		The	increase	readthrough	of	the	

specific	premature	stop	codon	could	also	further	help	to	stabilize	the	mRNA	by	protecting	it	

from	nonsense-mediated	decay	pathways	and	further	increase	the	efficiency	of	nsAA	

incorporation.		

	

	



	 7	

	

	

	
	
	
	
	
	
	
	
	

Figure	1	-	Schematic	of	Proposed	Nascent	Chain	Release	Factor	Inhibition	
This	cartoon	representation	depicts	the	challenges	present	in	expressing	non-standard	amino	acids	in	Eukaryotes	
in	the	top	portion.		In	the	bottom	portion	(+Psi)	I	depict	how	expressing	an	n-terminal	tag	containing	the	prion	
forming	domain	(Psi,	Sup35NM)1,2,3	of	Eukaryotic	Release	Factor	3	(Erf3,	Sup35)	allows	for	specific	read-through	
of	a	transcript	and	incorporation	of	a	nonstandard	amino	acid	charged	on	an	orthogonal	tRNA.		The	prion	
forming	domain	can	then	be	cleaved	off	via	an	encoded	Ubiquitin	which	would	subsequently	target	the	prion	
forming	domain	for	degradation	at	the	proteasome	and	scar-less	expression	of	a	protein	of	interest	with	up	to	
three	different	nonstandard	amino	acids	at	any	positions	desired.	
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RESULTS	

All	work	contained	within	performed	by	Peter	Smith.	
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Constructing	a	Readout	of	nsAA	Incorporation	

Multi-gene	plasmids	were	constructed	using	the	MoClo-YTK	type	IIS	Golden	Gate	assembly	

yeast	toolkit.		The	histidine	biosynthetic	gene	HIS3	was	selected	as	reporter	for	expression	as	3-

Amino-1,2,4—triazole	(3-AT)	can	be	used	as	a	competitive	inhibitor	allowing	for	reproducibly	

measuring	protein	production.		Analyzing	the	structure	of	HIS3	the	location	of	Histidine	56	was	

selected	for	incorporation	as	it	was	sufficiently	embedded	in	the	sequence	so	as	not	to	

interfere	with	initiation	of	translation.		It	was	also	used	because	of	its	location	appearing	on	the	

three-dimensional	surface	of	the	protein	molecule	with	no	obvious	interactions	with	other	

residues	in	the	structure.		Multiple	copies	of	orthogonal	E.	Coli	tRNAUAG	(Amber)	and	a	single	

copy	of	the	charging	orthogonal	E.	Coli	tyrosyl-synthetase	mutant	specific	for	the	nsAA	p-

azidophenylalanine	(pAzF)	were	cloned	into	multigene	plasmids	for	integrating	into	the	HO	

locus.20		pAzF	was	chosen	as	the	molecule	to	be	tested	throughout	this	study	as	it	is	more	easily	

obtained	than	other	nsAAs,	has	a	number	of	possible	applications	because	of	its	ability	to	

participate	in	click	chemistry	reactions,	and	is	readily	taken	up	by	a	variety	of	cell	types	(data	

not	shown).		Variable	lengths	of	the	prion	forming	domain	of	eRF3	were	then	n-terminally	fused	

to	the	HIS3(56UAG)	reporter	and	growth	was	assayed	in	the	absence	and	presence	of	pAzF,	and	

in	the	presence	of	the	competitive	inhibitor	3-AT.		Pilot	results	with	the	full	length	prion	domain	

SUP35(1-254)	showed	an	increase	in	incorporation	in	the	presence	of	pAzF	compared	to	no	

fusion	controls	and	thus	encouraged	the	additional	experiments	described	here.		Additional	

experiments	were	conducted	with	multi-gene	constructs	with	premature	stop	codons	in	

fluorescent	reporter	genes	but	results	were	inconsistent	when	compared	to	the	HIS3(56UAG)	

reporter.	
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Determining	Sufficient	Prion	Domain	for	Increased	nsAA	Incorporation	

SUP35	(S.	cerevisiae	eRF3)	has	three	characterized	domains,	the	carboxy-terminal	domain	

encodes	the	highly	conserved	essential	translation	termination	functionality	of	the	protein	

Figure	2).		The	N	and	M	domains	of	SUP35	have	also	been	heavily	studied	in	S.	cerevisiae	for	

their	prion	forming	properties,	and	have	been	determined	to	have	different	functions	in	the	

formation	and	stability	of	prion	phenotypes.		The	N	domain	is	predominantly	known	to	be	the	

prion-forming	domain	of	the	n-terminal	region,	while	the	M	domain	is	a	highly	charged	domain	

thought	to	contribute	to	prion	maintenance.21	The	first	123	N-terminal	residues	of	SUP35	will	

be	referred	to	as	the	SUP35N	domain	and	the	first	254	residues	will	be	referred	to	as	the	

SUP35NM	domain	of	the	protein.			

Spot	tests	in	Figure	3	show	the	SUP35NM	domain	fusion	to	HIS3(56UAG)	reporter	increase	

nsAA	incorporation	as	no	growth	is	seen	on	media	lacking	pAzF	or	fusions	only	containing	the	

linker	sequence	used	to	clone	the	fusions.		It	should	be	noted	that	the	linker	sequence	was	used	

for	all	subsequent	experiments	as	the	negative	control	fusion,	but	further	experiments	are	

required	to	determine	if	the	linker	immediately	following	the	initiator	codon	could	destabilize	

the	reporter	protein.		For	additional	study	into	the	sufficient	prion	forming	region	the	length	of	

sequence	required	to	increase	nsAA	incorporation	did	not	seem	to	depend	on	the	M	domain,	as	

no	significant	loss	of	nsAA	incorporation	was	seen	between	SUP35N	and	SUP35NM	fusions	

(Table	1).		A	further	truncation	of	the	N-terminal	fusion	was	attempted	with	the	first	97	amino	

acids	of	SUP35,	and	this	seemed	to	slightly	reduce	the	amount	of	incorporation	as	seen	in	Table	

1.		These	26	amino	acids	do	not	appear	to	be	very	significant	throughout	the	literature	although	

the	defining	border	between	the	N	and	M	domains	does	vary,	and	was	the	reason	for	testing	
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the	shorter	prion	forming	region.		Because	the	proposed	technique	seeks	to	only	promote	

readthrough	proximally	in	cis	via	the	nascent	chain	on	a	translating	ribosome,	the	global	

readthrough	status	of	the	cell	is	critical	to	determining	if	a	[PSI+]	mass	aggregation	of	release	

factor	event	is	occurring.		To	this	end	a	similar	scheme	as	originally	discovered	[PSI+]	was	used,	

and	I	introduced	a	premature	stop	codon	into	the	Ade1	gene	ade1-14(W244UGA)	in	all	strains	

causing	an	accumulation	of	red	pigment	in	limiting	adenine	media,	and	thus	assay	for	global	

disruption	of	release	factor	function	as	the	UGA(Opal)	stop	codon	should	not	be	recognized	by	

the	orthogonal	E.	Coli	tRNAUAG	(Amber)	being	charged	by	the	orthogonal	E.	Coli	Tyr	Synthetase.	

	

	

	

	

	

Figure	2-	Prion	Domains	and	Orthologs	of	S.	cerevisiae	eRF3	gene	SUP35	
Despite	high	conservation	of	the	C-terminal	GTPase	domain	of	the	Erf3	gene	throughout	evolution	in	
Eukaryotes,	the	prion	forming	domain	is	not	present	outside	of	yeast.		Although	poorly	understood,	the	N-
terminal	domain	of	mammalian	cells	does	not	appear	to	be	essential	for	function.	
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Sequence	independence	of	Prion	Domain	

There	has	been	much	debate	in	the	literature	about	how	dependent	the	prion	forming	ability	of	

SUP35	is	on	the	primary	sequence	or	simply	the	composition	of	amino	acids	contained	in	the	

region.22,23		To	test	whether	there	was	sequence	dependence	on	the	SUP35	N	and	M	domain	

fusions’	ability	to	increase	incorporation	of	nsAAs	I	randomized	the	first	123	and	254	amino	

Figure	3	-	N-Terminal	Fusions	of	Sup35NM	Domain	Increase	nsAA	Incorporation	
WT	(BY4741)	and	zuo1D	(ribosome	binding	component	of	the	ribosome	associated	complex);	ade1-14(W244UGA)	
strains	are	transformed	with	a	genomically	integrated	(HO	locus)	cassette	containing	URA3,	pAzFRS	(p-Azido-L-
phenylalanine	E.	Coli	Tyr	Synthetase),	three	copies	of	the	cognate	E.	Coli	TyrtRNAUAG	and	differentially	N-terminally	
fused	His56UAG	(amber)	reporter.		Reporters	are	constitutively	expressed	under	the	pRPL18B	promoter	and	
dilutions	of	10-1,	10-2,	and	10-3	are	imaged	7	days	after	plating	on	different	media	(as	3-Amino-1,2,4-triazol	(3-AT)	
severely	inhibits	cell	growth).		In	the	zuo1D;ade1-14	parental	strain	growth	defects	are	evident	on	rich	media	as	
well	as	their	red	pigmentation	due	to	the	premature	UGA	(opal)	stop	codon	in	ade1-14	mutant	strains.		WT	cells	
transformed	with	the	reporter	cassette	with	the	Sup35NM	domain	N-terminally	fused	to	the	His56UAG	reporter	
show	some	readthrough	at	low	levels	in	the	presence	of	pAzF,	indicating	the	readthrough	is	dependent	on	the	
presence	of	pAzF	in	the	media.		In	zuo1D;ade1-14	strains	no	readthrough	is	evident	in	the	absence	of	an	N-
terminal	fusion	(-Sup35NM)	but	in	the	presence	of	Sup35NM	readthrough	is	evident	even	upon	the	addition	of	
2mM	3-AT,	a	competitive	inhibitor	of	His3.		There	is	variability	in	the	phenotype,	and	isolates	with	high	expression	
(+Sup35NM*)	show	readthrough	of	the	ade1-14	UGA	codon	even	on	rich	media,	indicating	a	general	loss	of	
release	factor	functioning	and	a	[PSI+]	like	propagating	state.		However,	upon	addition	of	a	Ubiquitin	coding	
sequence	between	the	Sup35NM	domain	and	the	His56UAG	reporter	(+Sup35NM	+Ubi),	high	expression	of	the	
reporter	is	seen	only	in	the	presence	of	pAzF	and	does	not	result	in	readthrough	of	the	alternate	stop	codon	
reporter	ade1-14.		This	indicates	a	temporary	prion	like	state	on	the	nascent	chain	inhibiting	the	activity	of	
release	factor	on	translation	of	the	His56UAG	reporter	without	spreading	throughout	the	cell.	
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acids	(N	and	NM	domains	respectively)	using	a	random	number	generator	and	then	ordered	

those	sequences	to	be	cloned	into	my	expression	cassette.		Surprisingly,	it	seems	the	sequence	

does	not	significantly	influence	the	ability	of	the	prion	domain	to	increase	nsAA	incorporation	

as	seen	in	Tables	1	&	2.		Further	study	is	needed	to	properly	quantify	nuance	of	sequence	

dependence	that	has	been	reported,	but	it	appears	there	is	no	difference	when	using	the	prions	

for	this	purpose.		Additionally,	as	seen	in	Table	2	I	used	an	arbitrarily	chosen	similar	length	

sequence	by	fusing	the	first	123	amino	acids	of	the	CAS9	protein	to	the	HIS3(56UAG)	reporter	

system	to	test	whether	the	length	from	the	incorporation	site	was	causing	a	false	positive	result	

regardless	of	sequence	composition.		However,	there	was	no	observed	reporter	activity	as	seen	

in	the	negative	result	in	Table	2	indicating	that	the	composition	of	the	fusion	sequence	is	

indeed	facilitating	the	incorporation	of	nsAA.		Additionally	a	single	mutation	in	the	prion	

domain	SUP35(G58D)	has	been	shown	to	have	a	dominant	negative	effect	disrupting	prion	

formation	and	maintenance	previously,	although	the	prion	curing	effect	has	been	shown	to	be	

highly	strain	dependent.24		To	test	whether	this	mutation	had	an	effect	on	nsAA	incorporation	

fusions	of	the	SUP35N	and	SUP35NM	domain	harboring	the	G58D	mutation	were	tested.		As	

observed	in	Tables	1	and	3	no	detectable	difference	in	incorporation	efficiency	was	observed	

when	the	G58D	mutation	was	included	in	the	fusion	sequence.	
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Strain	 N-terminal	
Fusion	 -his	+pAzF	 -his	+pAzF		

+2mM	3-AT	
-his	+pAzF	

+10mM	3-AT	

BY4741	
	ade1-14	

Linker	 -	 -	 -	

SUP35	1-123	 ++	 +	 -	

SUP35	1-123		
+Ubi	 ++	 +	 -	

SUP35	1-254	
RANDOMIZED	 ++	 +	 -	

SUP35	1-123	
RANDOMIZED	 ++	 +	 -	

SUP35	1-97	 +	 +	 -	

SUP35	1-97		
+Ubi	 +	 +	 -	

SUP35	1-254	
G58D	 +	 +	 -	

SUP35	1-254	
G58D	+Ubi	 +	 +	 -	

SUP35	1-123	
G58D	 +	 +	 -	

SUP35	1-123	
G58D	+Ubi		 +	 +	 -	

Table	1	–	N-terminal	Fusion	Effect	on	HIS3(56UAG)	Expression	in	Haploid	WT	Cells	
Analysis	of	varying	N-terminal	fusions	was	conducted	by	transforming	parental	strains	with	HO	
integrating	cassettes	containing	E.	coli	TyrRS-tRNAUAG	pairs	and	indicated	fusions	to	
HIS3(56UAG).		Indicated	strains	were	then	plated	in	equal	proportions	on	plates	and	
qualitatively	scored	after	4	days.		(–)	Indicates	no	growth,	(+)	some	growth,	(++)	moderate	
growth,	(+++)	abundant	growth.	
	

Utilizing	Ubiquitin	Cleavage	to	Prevent	Global	Readthrough	

As	mentioned	previously	the	[PSI+]	phenotype	is	characterized	by	a	mass	aggregation	of	release	

factor	leading	to	global	readthrough	throughout	the	genome.		While	this	readthrough	has	been	

hypothesized	to	possibly	allow	for	alternative	proteome	profiles	under	stress	conditions25,	the	

aim	of	the	proposed	technique	is	to	only	enrich	readthrough	on	a	specific	transcript	of	interest.		

Thus	global	translation	termination	disruption	as	assayed	by	ade1-14	was	determined	by	
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scoring	colonies	for	red	or	white	pigmentation.		As	seen	in	Figures	3	and	4	there	were	

significant	amounts	of	global	readthrough	observed,	especially	in	strains	harboring	the	SUP35M	

domain	known	to	increase	prion	stability.		The	white	coloration	is	especially	evident	in	Figure	3	

SUP35NM*,	and	the	variability	in	pigmentation	was	stochastic	across	clonal	isolates	as	has	been	

exhaustively	reported	for	prion	forming	proteins.		The	inclusion	of	only	the	SUP35	N	domain	as	

seen	in	Figure	4	and	in	Tables	1	&	2	had	an	anecdotally	modest	effect	on	reducing	global	

readthrough.		However	as	seen	in	Figures	3	&	4,	including	a	ubiquitin	sequence	(denoted	as	

+Ubi)	between	the	N-terminal	prion	forming	domain	and	the	HIS3(56UAG)	reporter	greatly	

reduced	the	number	of	white	colonies	to	imperceptible	levels	across	all	experiments	in	ade1-14	

cells.		Additionally,	efficient	cleavage	of	the	N-terminal	fusion	and	intervening	ubiquitin	from	

the	reporter	protein	as	observed	by	tandem	affinity	purification	of	HIS3(56UAG)	carboxy-

terminally	tagged	with	6xHis	3xFLAG	tags	(data	not	shown).		The	fate	of	the	cleaved	N-terminal	

product	is	unknown,	and	whether	the	product	is	targeted	to	the	proteasome	for	degradation	or	

is	disposed	of	in	another	fashion	requires	more	study.	

	

Ribosome-Bound	Chaperones	and	Increasing	Efficiency	of	nsAA	Incorporation	

Ribosome	associated	chaperones	bind	to	the	emerging	nascent	polypeptide	chain	from	the	

ribosome	and	ensure	the	protein	is	folded	into	its	proper	final	form	by	preventing	interactions	

with	other	nearby	proteins	which	could	perturb	folding.26		The	eukaryotic	nascent-polypeptide	

associated	complex	(NAC)	and	ribosome-associated	complex	(RAC)	are	both	involved	in	

ensuring	proper	protein	folding,	and	are	known	to	preferentially	bind	preferentially	to	certain	

amino	acid	sequences	and	particularly	to	aggregation	prone	regions	as	they	exit	the	ribosome.27		
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Additionally,	deletion	of	components	of	NAC	have	been	shown	to	rescue	toxic	effects	in	[PSI+]	

cells	and	RAC	mutants	have	been	shown	to	increase	prion	formation.28,29		To	assay	if	the	NAC	or	

RAC	chaperone	complexes	could	be	interfering	with	local	prion	via	binding	the	nascent	chain,	I	

generated	mutants	unable	to	bind	NAC	or	RAC	to	the	ribosome	(egd2-	and	zuo1-	respectively)	

and	assayed	if	nsAA	incorporation	was	increased	(Figure	4).		In	all	cases	preventing	NAC	or	RAC	

from	binding	to	the	ribosome	greatly	increased	expression	of	the	HIS3(56UAG)	reporter	in	a	

nsAA	dependent	manner	(Figures	3	&	4	and	Table	2).		However,	deletion	of	these	chaperones	

did	lead	to	increases	in	global	readthrough	as	shown	in	Figure	4,	likely	due	to	an	increased	

ability	for	prions	and	other	protein	aggregates	to	form	in	general.		Notably,	zuo1-	had	a	

significant	growth	defect	associated	with	the	strain,	but	despite	this	I	observed	greatly	

increased	growth	in	all	conditions	when	the	SUP35N	or	SUP35NM	fusion	to	the	HIS3(56UAG)	

reporter	was	used.		Because	Zuo1	is	known	to	have	other	effects	throughout	the	cell,	mutants	

were	generated	with	only	the	ribosome-binding	domain	removed	(zuo1Δ283-365).		These	Zuo1	

ribosome	binding	deficient	mutants	had	similar	growth	defects	to	full	zuo1-	knockouts	and	

similar	effects	on	N-terminal	fusion	nsAA	incorporation	(data	not	shown).	
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Figure	4:		Ubiquitin	Linker	Decreases	Global	Readthrough	
On	top	a	schematic	of	ribosome	associated	chaperones,	the	ribosome	associated	complex	(RAC)	
and	the	nascent	polypeptide-associated	complex	(NAC).		HIS3(56UAG)	His56UAG	TyrRS-
tRNAUAG,	and	WT	(BY4741)	containing	ade1-14	premature	UGA(opal)	stop	codon.		Equal	
amounts	of	DNA	were	transformed	into	equally	competent	cell	lines	and	equal	amounts	were	
plated	onto	different	media	and	allowed	to	grow	to	test	for	how	many	colonies	were	able	to	
survive	after	transformation.		Addition	of	a	linker	ubiquitin	between	the	prion	forming	domain	
and	the	reporter	in	the	first	panel	shows	an	almost	complete	reduction	in	[PSI+]	colonies.		
Additionally,	introducing	knockouts	of	RAC	(-zuo1)	and	NAC	(-egd2)	greatly	increases	the	
number	of	colonies	able	to	survive	under	the	different	growth	conditions.		In	conditions	with	
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increasing	amounts	of	3-AT	larger	amounts	of	[PSI+]	colonies	are	observed	but	inclusion	of	a	
Ubiquitin	linker	greatly	decreases	global	readthrough	even	in	RAC	deficient	mutants.		–egd2	
mutants	appeared	more	white	but	when	re-plated	showed	no	stable	[PSI+]	colonies.	
	

Strain	 N-terminal		
Fusion	 -his	+pAzF	 -his	+pAzF		

+2mM	3-AT	
-his	+pAzF		

+10mM	3-AT	

BY4741		
zuo1-		

ade1-14	

Linker	 -	 -	 -	

SUP35	1-123	 +++	 ++	 ++	

SUP35	1-123		
+Ubi		 +++	 ++	 ++	

SUP35	1-254	
RANDOMIZED	 +++	 ++	 ++	

SUP35	1-123	
RANDOMIZED	 +++	 ++	 ++	

SUP35	1-97	 +++	 ++	 +	

SUP35	1-97		
+Ubi	 +++	 ++	 +	

SUP35	1-254	
G58D	 +++	 ++	 +	

SUP35	1-254	
G58D	+Ubi	 +++	 ++	 +	

SUP35	1-123	
G58D	 +++	 ++	 +	

SUP35	1-123	
G58D	+Ubi	 +++	 ++	 +	

BY4741	
egd2-	
ade1-14	

Linker	 -	 -	 -	

SUP35	1-123	 ++	 +	 n/a	

SUP35	1-123		
+Ubi	 +++	 ++	 ++	

SUP35	1-123	
RANDOMIZED	 ++	 -	 n/a	

CAS9	1-123	 -	 -	 n/a	

Table	2	–	N-terminal	Fusion	Effect	on	HIS3	Expression	in	RAC	and	NAC	Deficient	Strains	
Analysis	of	varying	N-terminal	fusions	was	conducted	by	transforming	parental	strains	with	HO	
integrating	cassettes	containing	E.	coli	TyrRS-tRNAUAG	pairs	and	indicated	fusions	to	
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HIS3(56UAG).		Indicated	strains	were	then	plated	in	equal	proportions	on	plates	and	
qualitatively	scored	after	4	days.		(–)	Indicates	no	growth,	(+)	some	growth,	(++)	moderate	
growth,	(+++)	abundant	growth.	
	

Endogenous	Prion	Deletion	and	SUP35N	Interactions	

To	ensure	the	N-terminal	fusions	from	SUP35	were	indeed	interacting	with	the	endogenous	

prion	forming	domain	of	eRF3	in	S.	cerevisiae,	I	generated	knockouts	of	the	native	n-terminal	

region	Sup35(Δ1-254).		Surprisingly,	as	shown	in	Table	3	there	was	no	significant	reduction	in	

nsAA	incorporation	without	the	endogenous	SUP35NM	domain.		To	determine	what	possible	

interactions	the	SUP35NM	fusions	could	be	eliciting,	I	scoured	the	literature	and	could	only	find	

evidence	of	three	other	possible	interacting	partners:	Sla1,	Itt1,	and	Pab1.		sla1-	and	itt1-	

knockouts	showed	no	reduction	of	HIS3(56UAG)	production.	Previous	research	showed	

evidence	from	yeast	2	hybrid	that	the	C-terminal	domain	of	poly(A)-binding	protein	Pab1	

possibly	interacts	with	the	N-terminal	domain	of	Sup35,	although	in-vivo	results	showed	no	

significant	interaction.30		As	Pab1	is	an	essential	gene	the	C-terminal	domain	was	specifically	

knocked	out	to	generate	pab1ΔLC	mutants,	which	resulted	in	a	significant	fitness	defect.		

However,	as	shown	in	Table	3	the	absence	of	the	Pab1	LC	interacting	domain	significantly	

reduced	incorporation	of	pAzF	into	the	HIS3(56UAG)	reporter,	suggesting	that	an	interaction	

between	the	N-terminal	SUP35	N	Domain	and	the	Pab1	LC	domain	in	increasing	nsAA	

incorporation	in	this	system.	
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Strain	 Genomic	
Knockout	

N-terminal	
Fusion	 -his	+pAzF	 -his	+pAzF	

+2mM	3-AT	

BY4741	
ade1-14	

-	 Linker	 -	 -	

-	 SUP35	1-123		
+Ubi	 ++	 +	

Sup35Δ1-254	
SUP35	1-123		

+Ubi	 ++	 +	

sla1-	 SUP35	1-123		
+Ubi	 ++	 +	

itt1-	 SUP35	1-123		
+Ubi	 ++	 +	

Pab1ΔLC	
SUP35	1-123		

+Ubi	 +	 +/-	

Table	3	–	Genomic	Knockout	Effect	on	HIS3	Expression	With	SUP35	N-term	Fusion	
Analysis	of	varying	N-terminal	fusions	was	conducted	by	transforming	knockout	strains	with	HO	
integrating	cassettes	containing	E.	coli	TyrRS-tRNAUAG	pairs	and	indicated	fusions	to	
HIS3(56UAG).		Indicated	strains	were	then	plated	in	equal	proportions	on	plates	and	
qualitatively	scored	after	4	days.		(–)	Indicates	no	growth,	(+)	some	growth,	(++)	moderate	
growth,	(+++)	abundant	growth.	
	

	

	

	

	

	

	

	

	

	

	



	 21	

DISCUSSION	

Increased	nsAA	Incorporation	Using	an	Amino-Terminal	Prion	Domain	

My	results	have	shown	that	by	using	an	n-terminal	fusion	of	the	prion	domain	of	the	S.	

cerevisiae	release	factor	SUP35	one	can	greatly	increase	the	utilization	of	an	nsAA	in	its	

intended	application	of	incorporation	into	a	protein	of	interest.		With	the	addition	of	a	ubiquitin	

domain	between	the	SUP35N	n-terminal	fusion	and	the	protein	of	interest,	global	readthrough	

was	greatly	reduced	as	observed	in	the	vast	reduction	in	red	pigmented	colonies.		The	vast	

increase	in	expression	of	the	HIS3(56UAG)	reporter	upon	deletion	of	ribosome	associated	

chaperones	suggests	this	effect	could	be	happening	directly	on	the	translating	ribosome	as	

hypothesized,	although	further	work	is	needed	to	definitively	confirm	this	assumption.	

	

Possible	Pab1	Interactions	with	SUP35N	Domain	

Pab1	is	the	Yeast	poly(A)-binding	protein	(PABP)	known	to	play	an	essential	role	in	mRNA	

metabolism	and	translation	regulation.		PABP	protein	controls	deadenylation	of	mRNA	

substrates	by	coating	the	mRNA	poly(A)	tail	and	regulating	the	activity	of	deadenylases.31		

Deadenylation	of	mRNA	is	one	of	the	first	steps	in	RNA	degredation,	and	eRF3-PABP	interaction	

has	been	hypothesized	to	regulate	the	activity	of	PABP	in	a	manner	not	well	understood.	There	

is	limited	evidence	as	to	the	nature	of	the	Sup35N-Pab1LC	domain	interactions,	but	one	study	

inquired	into	the	nature	of	this	interaction	despite	there	being	no	known	conserved	interacting	

regions	with	the	yeast	prion	domain.30		Interestingly,	deletion	of	the	Sup35NM	domain	has	

been	shown	to	rescue	Pab1ΔLC	growth	defects,	and	my	preliminary	evidence	seems	to	support	
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this	result.		Additionally,	Sup35ΔNM	and	Pab1ΔLC	were	both	shown	to	decrease	readthrough	in	

the	presence	of	a	suppressor	tRNA,	and	while	their	Pab1ΔLC	result	is	consistent	with	the	results	

obtained	in	my	study	I	observed	no	decrease	in	suppression	in	Sup35ΔNM	mutants.			

The	C-terminal	Pab1	domain	contains	a	MLLE	motif,	which	is	known	to	bind	to	sequences	

containing	a	PAM2	motif	(PABP	interaction	motif).		While	no	obvious	PAM2	motif	is	present	in	

the	SUP35NM	region,	three	conserved	phenylalanine	residues	were	identified	as	possibly	

interacting	due	to	the	necessity	of	these	residues	for	a	PAM	motif.30		Through	mutation	of	these	

three	phenylalanine	residues	in	Sup35	to	alanine	(FFF	92-104-117	AAA)	interaction	could	be	

prevented	in	yeast	2	hybrid,	but	in-vivo	interaction	was	not	affected.		Two	of	these	residues	are	

within	one	of	the	truncations	I	conducted,	and	the	SUP35(1-97)	fusions	only	contain	one	of	

those	phenylalanine	residues.		Interestingly,	these	SUP35(1-97)	strains	did	perform	slightly	

worse	than	the	full	length	N-domain	fusions	of	amino	acids	1-128	(Table	1	&	2)	and	additional	

work	is	needed	to	determine	if	FFF	92-104-117	AAA	would	further	decrease	activity.		Pab1	

interaction	with	Sup35	is	also	implicated	in	NMD	degradation	of	mRNA32,	but	Sup35ΔNM	and	

Pab1ΔLC	mutants	showed	no	significant	effect	on	RNA	stability30.		Further	work	is	needed	to	

determine	the	effect	of	RNA	stabilization	on	increased	nsAA	incorporation.	

	

New	Model	and	Future	Directions	

While	the	exact	mechanism	is	unfortunately	not	resolved	at	this	time,	a	likely	candidate	has	

been	found	in	the	interaction	between	Sup35	and	Pab1	(Figure	5).		The	lack	of	an	effect	of	the	

prion	destabilizing	G58D	mutations	and	the	randomization	experiments	make	more	sense	in	

the	light	of	the	absence	of	interaction	between	the	N-terminal	Sup35NM	domain	fusions	with	
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the	endogenous	eRF3	protein.		But	the	lack	of	sequence	dependency	suggests	that	the	

composition	of	the	n-terminal	sequence	is	still	the	determining	factor	and	is	likely	what	allows	

for	interaction	with	Pab1.		Also,	the	absence	of	an	N-terminal	prion	domain	in	eukaryotic	

release	factors	outside	of	yeast	would	have	necessitated	the	insertion	of	an	n-terminal	prion	

domain	into	the	eRF3	gene	of	an	organism	before	the	N-terminal	fusion	system	discussed	here	

could	be	used	to	increase	nsAA	incorporation	(Figure	2).		It	is	possible	that	the	N-terminal	

fusion	amino	acid	composition	will	interact	with	other	highly	conserved	C-terminal	poly(A)-

binding	proteins,	I	am	currently	working	to	determine	whether	nsAA	incorporation	is	increased	

with	such	a	system	in	mammalian	cell	culture.	

	
Figure	5	–	Possible	Schematic	of	Nascent	Chain	Pab1	Interaction		
This	cartoon	shows	possible	interaction	between	Pab1	and	the	Sup35N	inhibitor	domain	indicated	by	INH.		This	
interaction	my	regulate	the	activity	of	Pab1,	assist	in	sequestering	Erf3	via	Pab1	proximal	colocalization,	or	prevent	
mRNA	degradation	by	the	nonsense	mediated	decay	pathway	by	helping	to	coat	the	mRNA	poly(A)	tail	with	Pab1	
molecules.	
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Relevance	

By	fusing	an	N-terminal	prion	forming	sequence	from	Sup35	in	S.	Cerevisiae	I	successfully	

increased	specific	incorporation	of	an	nsAA	into	a	protein	of	interest.		While	prion	formation	

can	be	stochastic	in	duration	and	structure,	my	system	appears	to	reproducibly	increase	

production	of	a	protein	of	interest	with	an	nsAA	at	a	specific	location	within	its	sequence	

without	causing	global	readthrough	throughout	the	genome.		While	the	specific	mechanism	is	

not	entirely	elucidated,	the	utility	of	such	a	scheme	will	potentially	enable	the	use	of	hundreds	

of	novel	chemical	structures	not	previously	usable	for	biological	research	and	manufacturing.	
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METHODS	

Cloning	and	Plasmid	Construction	

All	experiments	contained	within	were	performed	with	constructs	cloned	using	the	Yeast	

MoClo	Golden	Gate	type	IIS	cloning	system.33		(Addgene	Kit	#1000000061)			All	BsmBI,	BsaI,	and	

NotI	sites	were	removed	from	cloned	sequences	and	added	to	the	yeast	toolkit.		BsaI-HFv2	or	

Esp3I	were	use	for	golden	gate	reactions	(New	England	Biolabs).		10ul	reactions	with	1ul	10x	T4	

ligase	buffer,	0.5ul	T7	ligase,	and	0.5ul	type	IIS	enzyme	were	added	to	one	pot	reactions.		

Golden	gate	reactions	were	performed	with	an	initial	37C	step	for	30	min,	16C	step	for	30	min,	

then	30	cycles	of	5	min	37C	and	5	min	16C.		A	final	60C	incubation	for	5	minutes	was	performed	

immediately	before	transformation	into	chemically	competent	dh5α	cells.	

	

Yeast	Strains	and	Growth	

All	experiments	were	performed	in	BY4741	(MATa	his3Δ1	leu2Δ0	met15Δ0	ura3Δ0),	and	MATa	

knockouts	were	ordered	from	Horizon	Discovery	for	sla1-,	itt1-,	egd2-,	and	zuo1-	strains.		All	

yeast	transformations	were	performed	using	the	Lithium	Acetate	transformation	method.	Yeast	

were	grown	on	selective	media	when	necessary	then	grown	in	YPAD	overnight	and	diluted	the	

following	day.		Following	3	cell	divisions	yeast	were	diluted	to	0.1	OD	and	then	10-1	dilutions	

were	performed	before	spot	testing.		After	4	days	plates	were	imaged	and	scored	by	hand.	
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Software	and	Imaging	

All	alignments	and	genomic	analysis	was	performed	with	Geneious,	and	images	were	scanned	

on	the	HMS	Genetics	Epson	Scanner.		Structural	analysis	was	performed	using	PyMol	and	

figures	were	compiled	using	Adobe	Illustrator	and		Microsoft	Powerpoint.	
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