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Abstract	

Nonsense	mediated	mRNA	decay	(NMD)	denotes	that	mutations,	or	errors	in	gene	

expression	which	introduce	a	premature	translation	termination	codon	(PTC),	can	decrease	

mRNA	level	in	any	organism.	Remarkably,	whether	a	PTC	will	lead	to	NMD	often	depends	on	

the	presence	of	a	downstream	intron,	splicing	of	which	marks	a	spliced	mRNA	by	deposition	

of	the	exon	junction	complex	(EJC)	in	mammalian	cells.	Saccharomyces	cerevisiae,	which	has	

introns	only	in	5%	of	its	genes	and	lacks	proteins	essential	for	the	EJC	assembly	was	not	

expected	to	undergo	splicing-dependent	NMD.	Conversely,	here	we	report	that	the	

presence	of	an	intron	can	enhance	NMD	in	a	distance-dependent	manner	regardless	of	

whether	it	is	positioned	before	or	after	a	PTC	in	this	organism.	Following	screening	for	genes	

that	might	be	specifically	involved	in	splicing-dependent	NMD,	we	identified	splicing	factor	

Prp17.	Our	data	indicate	that	the	coupling	between	splicing	and	translation	is	a	universal	

feature	of	eukaryotes,	and	envisage	that	Prp17,	which,	notably,	co-sediments	with	

monosomal	mRNA,	may	link	splicing	to	NMD	by	bridging	the	spliceosome	with	the	ribosome.	
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Introduction	

Interrupting	translation	can	greatly	reduce	mRNA	levels	in	cells.	The	most	apparent	

demonstration	of	this	effect	is	the	process	of	nonsense	mediated	mRNA	decay	(NMD).	NMD	

occurs	when	nonsense	or	frameshift	mutations	or	errors	in	transcription	or	pre-mRNA	

processing	produce	abnormal	mRNAs	encoding	either	a	premature	translation	termination	

codon	(PTC)	or	introduce	other	changes	that	place	the	normal	stop	codon	in	an	atypical	

sequence	context	(Chang	et	al.,	2007;	Fatscher	et	al.,	2015;	He	and	Jacobson,	2015;	Malabat	

et	al.,	2015;	Muhlemann	et	al.,	2008).	NMD	affects	a	large	portion	of	a	cell	transcriptome	

and	it	is	understood	that,	by	destroying	transcripts	that	could	produce	wasteful	or	toxic	

peptides,	it	might	serve	as	a	mechanism	for	increasing	fidelity	and	efficiency	of	gene	

expression,	and	hence	organism	viability	and	development	(Lykke-Andersen	and	Jensen,	

2015;	Muhlemann	and	Jensen,	2011).	The	consensus	view	is	that	NMD	represents	the	

functional	output	of	an	mRNA	surveillance	process	that	requires	the	concerted	function	of	a	

core	of	evolutionary	conserved	proteins,	including	UPF1,	UPF2	and	UPF3,	to	discriminate	

and	destroy	mRNAs	with	a	PTC	or	a	PTC-like	feature	(He	and	Jacobson,	2015;	Leeds	et	al.,	

1991);	yet	the	molecular	mechanism	that	would	discriminate	PTCs	from	normal	stop	codons	

remains	unsatisfactorily	understood	in	any	organism	(Brogna	et	al.,	2016).	It	is	in	fact	

debatable	whether	cells	have	such	a	specialized	mRNA	decay	pathway	at	all;	NMD	could	in	

part	be	a	passive	consequence	of	ribosomes	detaching	prematurely,	leaving	the	transcript	

unprotected	by	scanning	ribosomes	(Brogna	et	al.,	2016).		

Specifically,	current	models	cannot	fully	explain	the	link	between	pre-mRNA	splicing	and	

NMD	which	has	been	observed	in	different	organisms.	Initial	studies	in	human	cells	have	

concluded	that	a	PTC	induces	strong	NMD	primarily	when	located	upstream	of	an	intron	

(Carter	et	al.,	1996a;	Thermann	et	al.,	1998;	Zhang	and	Maquat,	1996;	Zhang	et	al.,	1998).	

Although	some	later	studies	have	downplayed	this	early	view	that	NMD	is	strictly	linked	to	

splicing	in	mammalian	cells	(Buhler	et	al.,	2006;	Eberle	et	al.,	2008;	Silva	et	al.,	2008;	Singh	

et	al.,	2008),	the	presence	of	downstream	introns	remains	a	strong	genome-wide	predictor	

of	whether	a	PTC	will	lead	to	NMD	in	mammalian	cells	(Hurt	et	al.,	2013;	Lindeboom	et	al.,	

2016;	Mendell	et	al.,	2004).	Splice	junctions	are	marked	by	the	exon	junction	complex	(EJC)	-	

a	multiprotein	complex	that	binds	mRNAs	at	splice	junctions	in	the	nucleus	and	remains	

associated	with	the	mRNP	until	it	is	removed	by	the	translating	ribosome	in	the	cytoplasm	
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(Le	Hir	et	al.,	2000a;	Le	Hir	et	al.,	2000b;	Le	Hir	et	al.,	2016).	Therefore,	current	models	

predict	that	the	presence	of	one	or	more	downstream	EJCs	is	what	distinguishes	PTCs	from	

normal	stop	codons	which,	since	they	are	typically	located	in	the	last	exon,	have	no	

downstream	EJCs	(Maquat,	2004;	Nagy	and	Maquat,	1998).	

One	study	has	reported	that	the	EJC	deposition	might	also	enhance	NMD	in	the	

evolutionarily	distant	organism	Neurospora	crassa	(Zhang	and	Sachs,	2015).	There	are,	

however,	examples	of	splicing-dependent	NMD	that	the	EJC	model	cannot	explain	(Brogna	

and	Wen,	2009;	Buhler	et	al.,	2006;	Carter	et	al.,	1996b;	Wang	et	al.,	2002).	Specifically,	we	

have	previously	reported	that	splicing	can	enhance	NMD	in	Schizosaccharomyces	pombe,	

regardless	of	whether	a	PTC	is	located	downstream	or	upstream	of	an	exon-exon	junction,	

and	also	in	mutant	strains	lacking	core	EJC	proteins	(Wen	and	Brogna,	2010).	These	

observations	raise	the	possibility	that	there	is	a	mechanism	other	than	the	EJC	deposition	

that	links	splicing	to	NMD	in	S.	pombe,	and	possibly	other	organisms.			

S.	cerevisiae	is	the	first	eukaryote	in	which	NMD	has	been	described	(Losson	and	Lacroute,	

1979);	and	extensively	studied	thereafter.	Characteristically,	only	nonsense	mutations	that	

are	close	to	the	start	of	the	coding	region	lead	to	strong	NMD	in	this	organism	(Cao	and	

Parker,	2003;	Leeds	et	al.,	1991;	Losson	and	Lacroute,	1979;	Peltz	et	al.,	1993).	The	model	is	

that	PTCs	further	downstream	do	not	induce	NMD	because	they	are	sufficiently	close	to	the	

normal	3’UTR	to	allow	an	interaction	of	poly(A)	binding	protein	(PABPC)	with	the	

prematurely	terminating	ribosome	which	inhibits	NMD	(Amrani	et	al.,	2004).	However,	the	

alternative	possibility	that	PTCs	at	these	positions	do	not	cause	NMD	because	there	are	no	

introns	nearby	has	not	been	tested.	Only	a	minority	of	protein	coding	genes	contain	introns	

in	budding	yeast	-	285	out	of	5749	based	on	a	recent	survey	(Juneau	et	al.,	2006);	yet,	these	

include	ribosomal	proteins	and	other	highly	expressed	genes,	hence	pre-mRNA	splicing	is	

very	efficient	in	this	organism	with	more	than	24%	of	the	cellular	mRNA	estimated	to	be	

spliced	(Ares	et	al.,	1999;	Juneau	et	al.,	2006;	Kupfer	et	al.,	2004;	Lin	et	al.,	1985).	Although	

S.	cerevisiae	genome	does	not	encode	Y14	and	MAGO,	proteins	essential	for	the	EJC	

assembly	in	mammalian	cells	(Le	Hir	et	al.,	2016),	in	view	that	splicing-dependent	NMD	does	

not	require	the	EJC	in	S.	pombe,	we	set	to	investigate	whether	splicing	can	also	enhance	

NMD	in	this	organism.	Various	gene-constructs	were	examined	with	an	intron	either	

upstream	or	downstream	of	a	PTC	and	at	different	distances,	and	we	screened	for	genes	
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that	might	specifically	be	involved	in	splicing-dependent	NMD.	Cumulatively,	our	data	

demonstrate	that	splicing	can	enhance	NMD	in	S.	cerevisiae,	and	thus,	in	contrast	to	current	

models,	suggest	that	lack	of	a	nearby	intron	is	what	prevents	late	PTCs	from	giving	rise	to	

strong	NMD	in	this	organism.	Additionally,	we	provide	evidence	that	splicing	factor	Prp17,	

which	we	find	to	co-sediment	with	ribosomal	fractions,	might	be	part	of	a	novel	mechanism	

that	directly	links	splicing	to	translation	and	NMD.	
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Results		

Splicing	enhances	NMD	in	S.	cerevisiae	

Initially,	we	assessed	whether	splicing	affects	NMD	in	S.	cerevisiae	by	examining	the	

expression	of	GFP	NMD	reporters	with	or	without	an	intron	(Fig	1A	and	Material	and	

Methods).	A	PTC	was	introduced	at	codon	positions	6	(PTC6)	or	140	(PTC140);	PTC6	being	

early	in	the	coding	region	was	expected	to	induce	strong	NMD	based	on	previous	

observations,	while	PTC140,	being	in	the	second	half	of	the	ORF,	should	be	much	less	

effective	in	the	absence	of	an	intron	(Kuperwasser	et	al.,	2004;	Wen	and	Brogna,	2010).	

Three	introns,	derived	from	the	ACT1,	CYH2	and	UBC4	genes,	were	examined;	all	are	

efficiently	spliced	both	in	vitro	and	in	vivo	(Abelson	et	al.,	2010;	Lesser	and	Guthrie,	1993;	

Swida	et	al.,	1986).	The	intron-containing	reporters,	in	which	the	intron	was	inserted	at	

codon	position	110	(Fig	1A),	are	designated	here	by	the	suffixes	A-ivs,	C-ivs	and	U-ivs,	

carrying	the	ACT1,	CYH2	and	UBC4	introns	respectively.	All	of	the	PTC-less	reporters	

produced	intense	GFP	fluorescence	(Fig	1B),	indicating	that	all	introns	are	efficiently	and	

correctly	spliced.	As	expected,	no	fluorescence	was	detected	in	any	of	the	strains	

transformed	with	the	PTC-containing	(PTC+)	reporters.	Bands	of	the	size	expected	for	

spliced	mRNAs	were	detected	by	Northern	blotting	(Fig	1C-1N).	The	pre-mRNA	band	is	also	

visible	in	the	A-ivs	reporter,	and	C-ivs	in	particular,	however,	its	intensity	is	weak	relative	to	

the	spliced	band.	It	is	possible	the	introns	are	not	spliced	as	efficiently	in	this	sequence	

context	as	in	the	gene	of	origin.	Both	introns	are	close	to	the	5’	end	in	the	endogenous	pre-

mRNAs,	and	it	has	been	reported	that	splicing	becomes	inefficient	when	introns	are	placed	

further	downstream	from	the	5’	end	(Klinz	and	Gallwitz,	1985).	In	contrast,	splicing	of	U-ivs,	

which	is	also	close	to	the	5’	end	in	the	endogenous	pre-mRNA,	appears	to	be	very	efficient	

at	this	position,	as	we	detected	no	pre-mRNA	accumulation,	consistent	with	the	U-ivs	intron	

being	one	of	the	most	efficiently	spliced	introns	in	vitro	(Abelson	et	al.,	2010).	U-ivs	is	95	nt	

long	(vs.	A-ivs	and	C-ivs	which	are	309	nt	and	501	nt,	respectively);	while	such	a	slightly	

longer	pre-mRNA	band	might	be	difficult	to	detect	on	the	Northern	blot,	only	the	fragment	

corresponding	to	spliced	transcript	could	be	detected	by	RT-PCR.	With	respect	to	NMD,	

PTC6,	as	predicted,	caused	a	strong	mRNA	reduction	regardless	of	the	presence	of	an	intron	

(Fig	1C);	in	contrast,	PTC140	induced	strong	NMD	only	in	the	reporters	carrying	either	the	A-

ivs	or	C-ivs	(Fig	1D	and	E).	The	shorter	and	apparently	more	efficiently	spliced	U-ivs	intron	
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lead	to	a	moderate	NMD	enhancement	as	the	PTC140	mRNA	level	is	reduced	only	to	~	60%	

of	that	of	the	PTC-less	control	(Fig	1F	vs.	1C).	As	expected,	the	relative	levels	of	the	PTC+	

mRNAs	are	similar	to	those	of	the	PTC-less	controls	in	NMD	mutant	strains,	UPF2∆	(Fig	1G-

1J)	and	UPF1∆	strains	(Fig	1K-1N).	However,	in	some	instances	the	levels	of	PTC+	mRNAs	

were	increased	above	those	of	the	PTC-less	controls	in	the	NMD	mutants.	This	baffling	

effect	has	been	reported	previously	in	different	organisms,	and	might	result	from	

nonspecific	mRNA	stabilization	in	NMD	mutants	(Brogna	et	al.,	2016).	We	also	examined	

several	constructs	in	which	the	introns	were	inserted	either	in	the	3’UTR	of	the	GFP	reporter	

or	in	the	previously	described	PGK1-based	intronless	reporters	(Peltz	et	al.,	1993),	nearby	

positions	at	which	PTCs	do	not	lead	to	NMD;	however,	at	these	locations	all	the	introns	

tested	are	inactive	or	very	inefficiently	spliced,	hence	we	could	not	reliably	assess	their	

effect	on	NMD	(unpublished	observations),	

	

To	examine	the	effect	of	splicing	on	NMD	further,	we	generated	additional	reporters	

derived	from	two	endogenous	intron-containing	genes,	CYH2	and	RPL11B	(Fig	2).	In	these,	a	

PTC	was	introduced	either	downstream	(CYH2)	or	upstream	of	the	intron	(RPL11B),	and	

corresponding	intron-less	constructs	were	generated	via	cDNA	cloning	(Fig	2A).	To	allow	

detection	of	the	transcripts	by	Northern	blotting	and	to	inhibit	splicing-independent	NMD	at	

these	otherwise	early	PTCs,	a	fragment	of	the	Drosophila	melanogaster	Adh	gene	was	

inserted	in	frame	at	the	start	of	the	coding	region	of	each	gene.	The	presence	of	the	PTC	

induced	apparent	NMD	in	both	genes.	The	level	of	PTC+	mRNA	was	reduced	down	to	~29%	

(CYH2)	and	~26%	(RPL11B)	relative	to	the	corresponding	PTC-less	controls	(Fig	2B,	lanes	1-2	

and	5-6).	Instead,	no	evidence	of	NMD	could	be	detected	in	the	cDNA	reporters	lacking	the	

intron	(constructs	labeled	with	the	Δivs	suffix,	Fig	2B,	lanes	3-4	and	7-8).	Therefore,	it	

appears	that	splicing	can	enhance	NMD	in	these	two	genes	as	well	and,	as	reported	above	

for	the	GFP	reporter,	regardless	of	whether	the	PTC	is	located	upstream	(as	in	RPL11B)	or	

downstream	of	the	intron	(as	in	CYH2).	The	levels	of	the	PTC+	mRNAs	are	increased	and	

comparable	to	that	of	the	PTC-less	controls	in	UPF2∆	(Fig	2C,	lanes	1-2	and	5-6).		

	

Next,	we	assessed	whether	the	effect	on	NMD	depends	on	the	distance	between	an	intron	

and	a	PTC.	Two	additional	constructs	were	examined	in	which	a	spacer	of	either	147bp	or	

291bp	was	inserted	at	codon	position	120	to	lengthen	the	distance	between	the	intron	(at	
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position	110)	and	the	NMD-inducing	PTC	at	position	140	(Fig	3A).	We	found	that	the	

presence	of	a	spacer	clearly	suppresses	the	ability	of	the	intron	to	enhance	NMD.	The	level	

of	mRNA	of	the	initial	reporter	without	a	spacer	(PTC140-Aivs)	was	~27%	of	the	PTC-less	

control	(Fig	3B,	lanes	1-2).	In	contrast,	neither	of	the	spacer-containing	constructs	undergo	

NMD:	the	mRNA	level	of	the	shorter	spacer	(PTC140-Aivs-147)	was	96%	of	the	PTC-	control,	

while	it	was	~110%	of	the	longer	spacer	(PTC140-Aivs-291).	The	results	indicate	that	an	

intron	must	be	relatively	close	to	a	PTC	for	splicing	to	enhance	NMD.	The	distance	between	

the	intron	and	the	PTC	was	90	nt	in	the	NMD-sensitive	construct,	while	it	was	243	nt	and	

387	nt	in	the	two	longer	constructs	(Fig	3B).		

	

Prp17	is	required	for	splicing-dependent	NMD	and	co-fractionates	with	monosomes	

To	gain	insight	into	what	the	mechanism	that	links	splicing	to	NMD	might	be,	we	screened	

33	viable	S.	cerevisiae	strains	containing	deletions	in	known	or	predicted	splicing	factors	as	

well	as	proteins	predicted	to	interact	with	one	of	the	upf	proteins.	These	were	tested	along	

the	three	known	upf	deletion	strains;	all	were	isolated	from	the	commercially	available	

Yeast	MATalpha	collection	(Supplementary	Table	3	and	Material	and	Methods).	The	strains	

were	blindly	relabeled	and	transformed	with	a	centromeric	plasmid	construct	expressing	

GFP	with	or	without	a	PTC	or	C-ivs	intron	(Fig	4A).	The	intron-less	reporters	carrying	PTC6	

were	used	to	examine	splicing-independent	NMD,	while	PTC140-Civs	was	used	as	a	reporter	

of	splicing-dependent	NMD.	By	means	of	Northern	blotting	we	identified	six	strains	with	an	

apparent	NMD-suppression	phenotype.	Three	of	these	correspond	to	UPF1∆,	UPF2∆	and	

UPF3∆,	as	expected	(Fig.	4	B-E);	the	others	were	deletions	of	PRP17,	CWC21	and	LSM6	(Fig.	

4	F-H).	Although	the	level	of	spliced	mRNA	is,	as	expected,	lower	than	that	of	the	intron-less	

reporter	in	some	of	the	mutants,	clearly,	the	presence	of	PTC140	does	not	reduce	its	level	to	

the	extent	that	it	does	in	wild-type;	thus	indicating	NMD	suppression	in	these	mutants.	A	

similar	NMD	suppression	phenotype	was	seen	with	the	intron-less	PTC6	reporter	in	all	but	

one	mutant.	The	exception	was	PRP17∆,	in	which	the	level	of	the	spliced	PTC140	mRNA	was	

comparable	to	the	PTC-less	control,	while	that	of	PTC6	was	clearly	unaffected,	showing	as	

strong	NMD	as	in	the	wild-type	strain	(Fig	4F,	lanes	3-4	vs.	1-2).	Similar	constructs	carrying	

the	A-ivs	intron	instead	of	C-ivs	were	also	tested.	Their	analysis	revealed	similar	mRNA	

expression	patterns;	both	splicing-dependent	and	splicing-independent	NMD	was	

suppressed	in	UPF1∆	and	CWC21∆	but,	as	shown	above,	in	PRP17∆	only	the	level	of	the	
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spliced	PTC140	mRNA	was	increased	(Supplementary	Fig	1).	The	interpretation	is	that	Prp17	

might	be	selectively	involved	in	linking	splicing	to	NMD.		

As	NMD	strictly	depends	on	translation,	we	examined	whether	Prp17	associates	with	

ribosomal	fractions.	Following	standard	whole-cell	sucrose	gradient	fractionation,	we	found	

that	a	portion	of	GFP-tagged	Prp17	co-sediments	with	ribosomal	subunits	and	monosomes,	

and	to	a	smaller	extent,	polysomes	(Fig	5B);	such	distribution	patterns	parallel	those	of	

similarly	tagged	Upf1	and	Upf2	(Fig	5C	and	5D)	but	differ	from	those	of	Upf3p-GFP,	which	

are	also	apparent	in	polysomal	fractions	(Fig	5E).	Cwc21-GFP	was	instead	detected	only	in	

lighter	sub-ribosomal	fractions,	as	expected	(Supplementary	Fig	5F).	Although	we	cannot	

exclude	that	sedimentation	of	Prp17	and	other	proteins	examined	is	partially	affected	by	

GFP	tagging,	the	data	indicate	that	a	fraction	of	Prp17	might	associate	with	actively	

translated	mRNA	or	ribosomal	subunits	directly.				

Finally,	we	considered	whether	the	enhancing	effect	of	splicing	on	NMD	might	be	an	

indirect	consequence	of	increased	translation	efficiency	of	spliced	mRNA.	We	generated	

reporters	in	which	the	firefly	luciferase	coding	sequence	was	fused	to	that	of	GFP,	which	

was	either	intron-less	or	carrying	Aivs	or	Civs	(Fig	6A).		Level	of	mRNA	and	luciferase	were	

quantified	in	parallel	to	estimate	translation	yield	(Fig	6B-C).	We	found	that	the	spliced	

mRNA	deriving	from	reporter	containing	the	A-ivs	intron	appears	to	be	translated	more	

efficiently	in	wild	type	and	some	of	the	mutant	strains,	yet	translation	yield	of	the	construct	

with	the	C-ivs	intron,	which	similarly	enhanced	NMD,	increased	only	slightly	in	wild	type	and	

is	reduced	in	some	of	the	mutants	(Fig	6C).	Therefore,	while	spliced	mRNA	might	be	

translated	more	efficiently	in	wild-type	and	some	of	the	mutant	strains	to	a	variable	extent,	

the	effect	does	not	correlate	with	either	the	extent	of	NMD	or	its	suppression	in	the	

mutants.	Specifically,	translation	yield	in	PRP17∆	is	clearly	similar	between	intron-containing	

and	intron-less	reporters	and	comparable	to	that	in	wild-type	(Fig	6C).		
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Discussion	

As	discussed,	only	nonsense	mutations	at	the	beginning	of	the	gene	lead	to	apparent	NMD	

in	S.	cerevisiae,	such	polarity	is	not	typically	seen,	or	it	is	limited	to	the	3’	terminal	exon,	in	

mammalian	cells	(Eberle	et	al.,	2008).	Lack	of	polarity	is	linked	to	the	presence	of	one	or	

more	introns	downstream	of	a	PTC	which,	via	deposition	of	the	EJC,	is	understood	to	trigger	

NMD	regardless	of	the	distance	of	the	PTC	from	either	end	of	the	transcript	in	mammalian	

cells	(Maquat,	2004).	There	is	no	evidence	of	an	EJC	in	S.	cerevisiae,	and	out	of	the	few	

genes	that	have	introns	(~5%),	the	vast	majority	(~97%)	contain	a	single	intron	located	very	

close	to	the	start	of	the	coding	region	(Schreiber	et	al.,	2015).	It	was	therefore	envisaged	

that	there	would	not	be	any	mechanism	linking	splicing	and	NMD	in	this	organism.	On	the	

contrary,	here	we	have	shown	that	inserting	an	intron	in	a	gene	harboring	a	late	PTC	causes	

apparent	NMD	in	S.	cerevisiae	as	well.	We	examined	constructs	with	different	introns,	either	

upstream	or	downstream	of	a	PTC	and	at	different	distances,	and	found	that	an	intron	can	

enhance	NMD	regardless	of	whether	it	is	located	before	or	after	the	PTC.	One	determinant	

of	strong	NMD	appears	to	be	the	vicinity	of	the	intron	to	the	PTC,	while	another	might	be	

intron	length.	Of	the	three	introns	we	examined,	the	most	effective	at	enhancing	NMD	were	

the	long	ACT1	and	CYH2	introns,	whereas	the	least	effective	was	the	shortest	UBC4	intron.	

This	set	of	observations	is	similar	to	what	has	been	reported	in	S.	pombe	(Wen	and	Brogna,	

2010);	it	is	also	consistent	with	the	report	that	splicing-dependent	NMD	appears	to	be	

independent	of	EJC	deposition	in	the	protozoan	Tetrahymena	(Tian	Miao,	2017);	and	

indicates	that	all	eukaryotes	have	mechanism(s)	linking	splicing	to	translation	and	NMD.		

	

The	outstanding	question	is	how	these	mechanism(s)	operate.	The	lack	of	Y14	and	MAGO	

homologues	in	S.	cerevisiae	makes	it	unlikely	that	an	EJC-like	complex	can	be	assembled	at	

splice	junctions,	for	example	by	stabilization	of	eIF4AIII	binding	on	mRNA	via	protein	

interactions	other	than	those	described	for	the	EJC	in	mammalian	cells	(Ballut	et	al.,	2005).	

Moreover,	eIF4AIII	is	likely	to	bind	nascent	RNA	independently	of	splicing	in	yeast,	as	it	has	

been	reported	for	Drosophila	(Choudhury	et	al.,	2016).	It	is	conceivable	that	Prp17	is	

directing	deposition	of	an	EJC-like	but	molecular	distinct	complex,	which,	by	remaining	on	

the	mRNA	during	nuclear	export,	could	affect	translation	and	NMD	in	the	cytoplasm.	The	co-

sedimentation	of	Prp17	with	ribosomal	fractions	and	monosomes,	would	seem	consistent	

with	this	view	as	it	indicates	that	this	protein	can	interact	with	the	ribosome	as	well	as	the	
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spliceosome	(Zhang	et	al.,	2017).	Additionally,	monosomal	mRNAs	appear	to	be	more	

sensitive	to	NMD	in	S.	cerevisiae	(Heyer	and	Moore,	2016).	However,	it	is	difficult	to	explain	

our	observations	with	any	EJC-like	tagging	model	because	an	intron	can	also	enhance	NMD	

when	located	upstream	of	the	PTC,	and	any	complex	associated	with	the	exon	junction	will	

have	to	be	removed	by	the	ribosome	before	reaching	the	PTC	(Qin	et	al.,	2014;	Yusupova	et	

al.,	2001).	

	

Although,	the	NMD	suppression	phenotype	of	some	of	the	splicing	factors	deletion	strains	

we	have	identified	might	be	in	part	indirect,	that	of	Prp17	appears	to	be	direct	as	it	is	

specifically	required	for	splicing-dependent	NMD.	Prp17	is	thought	to	be	involved	in	the	

second	step	of	splicing	(Jones	et	al.,	1995;	Will	and	Luhrmann,	2011);	possibly	of	introns	

which,	like	those	of	ACT1	and	CYH2,	are	longer	than	average	based	on	some	studies	(Clark	

et	al.,	2002;	Kawashima	et	al.,	2009;	Sapra	et	al.,	2004).	It	is	possible	that	the	effect	of	the	

other	two	mutants	is	indirect.	For	example,	Lsm6,	as	other	SM-like	proteins,	were	reported	

to	function	in	general	mRNA	decapping	and	decay,	so	the	NMD	suppression	we	observed	

could	be	a	consequence	of	inhibiting	global	mRNA	turnover	which	results	in	some	

transcripts	being	affected	more	than	others	(Tharun	et	al.,	2000).	Perhaps	a	similar	effect	

occurs	in	CWC21∆;	Cwc21,	although	not	essential,	is	likely	to	have	a	global	effect	on	splicing,	

which	would	also	result	in	indirect	global	transcriptomic	changes	(Khanna	et	al.,	2009).			

	

In	summary,	our	data	demonstrate	that	splicing	can	also	enhance	NMD	in	S.	cerevisiae	and	

suggest	that	lack	of	nearby	introns	is	a	factor	that	stops	late	PTCs	from	causing	strong	NMD	

in	this	organism,	and	perhaps	the	evolutionary	drive	for	why	introns	are	rare	in	3’UTRs	in	

organisms	with	intron-rich	genomes	(Hong	et	al.,	2006).	As	for	the	mechanism	that	couples	

splicing	with	NMD,	we	discussed	that	the	effect	is	unlikely	to	be	a	consequence	of	splicing	

changing	conformation	and	composition	of	the	mRNP	which	is	exported	to	the	cytoplasm,	

as	postulated	by	the	EJC	or	other	models	built	on	the	observation	that	splicing	factors	can	

shuttle	from	the	nucleus	to	the	cytoplasm	(Sanford	et	al.,	2004).	Instead,	the	data	suggest	

that	Prp17	might	directly	link	splicing	to	NMD	by	bridging	the	spliceosome	with	the	

ribosome	.	
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Materials	and	Methods	
	
Plasmids	and	strains	

GFP-based	NMD	reporters	were	generated	by	cloning	the	coding	sequence	of	the	S65T	GFP	

variant	(accession	number	BD062761)	into	the	BamHI	sites	of	either	pRS416	or	pRS304	

vector,	flanked	by	TDH3	promoter	and	terminator	sequences	(Kuperwasser	et	al.,	2004).	

Mutations	were	introduced	by	overlapping	PCR	and	verified	by	sequencing.	The	intron	of	

the	pGFP-ivs	construct	derives	from	ACT1,	CYH2	or	UBC4	gene,	which	were	all	amplified	

from	S.	cerevisiae	genomic	DNA	and	cloned	into	the	PmlI	site	at	position	328	in	the	coding	

region	(codon	110,	out	of	frame)	by	blunt-end	ligation.	The	pGFP-Aivs-147	and	pGFP-Aivs-

291	constructs	were	generated	by	inserting	either	a	147	or	291	bp	DNA	fragment	in	the	

AvrII	site	by	overlapping	PCR;	AvrII	site	is	34	bp	downstream	of	the	ACT1	intron.	The	

fragments	correspond	to	overlapping	regions	of	the	firefly	luciferase	gene	(see	primer	

sequences	in	Supplementary).	The	RpL11B	and	the	CYH2	genes	were	amplified	from	yeast	

genomic	DNA	or	cDNA	while	the	nonsense	mutations	were	introduced	by	overlapping	PCR	

and	then	cloned	into	pRS304-DmADH	(see	primer	sequences).	Unless	otherwise	indicated,	

the	strains	were	isolated	from	the	available	Yeast	MATalpha	Collection	(YSC1054).	The	

strains	are	listed	in		Supplementary	Table	1	and	primers	in	Supplementary	Table	2.	

Yeast	transformation	

Transformations	were	performed	using	the	lithium	acetate	method	as	previously	described	

(Soni	et	al.,	1993),	with	minor	modifications.	In	brief,	100 µL of yeast cell pellet (about 108	

cells	per	transformation)	was	resuspended	and	vigorously	vortexed	in	360 µL of freshly	

prepared	transformation	mix	(33% PEG 3350, 100 µg ssDNA, 500 ng plasmid DNA in	0.1	

M	LiAc),	incubated	at	300C	for	20	minutes,	and	then	heat	shocked	at	420C	in	a	water	bath	

for	45	minutes.	After	heat	shock,	the	yeast	cells	were	pelleted	by	centrifugation,	at	5000	

rpm	for	1	min,	washed	once	with	1	mL	of	sterile	water,	resuspended	in	1	mL	of	the	same	

and	1/10	to	1/5	of	it	was	spread	on	the	selective	Synthetic	Drop-out	Media	plate	

(Formedium,	UK).	The	plates	were	typically	incubated	at	300C	for	2	days	until	transformants	

colonies	reached	up	to	0.5	mm	in	diameter.	
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Northern	blot	assay	

Total	RNA	was	typically	extracted	from	10	mL	cell	cultures	grown	to	1-2	OD600,	using	hot	

acid	phenol	method	as	described	(Ausubel	et	al.,	1996).	RNA	was	separated	on	1.2%	agarose	

gels	in	the	presence	of	formaldehyde.	RNA	was	blotted	overnight	by	capillary	transfer	onto	

a	nylon	membrane	(Hybond-N,	GE	Healthcare)	and	hybridized	with	32P	random	primed	

labelled	probes	as	described	(Yang	et	al.,	1993).	Probes	were	PCR	amplified	from	plasmid	

clones	(GFP	and	DmADH)	or	from	genomic	DNA	(rpL32).	Radioactive	membranes	were	

imaged	using	a	phosphorimager	(Molecular	ImageTM-FX,	Bio-Rad),	and	the	intensity	of	bands	

calculated	using	the	Quantity	One	software	(Bio-Rad).	

Luciferase	assay		

Yeast	culture	densities	were	adjusted	to	1	OD600.		Then,	10 µL of each culture	was	mixed 

with 15 µL of	sterile	purified	water	and	loaded	onto	a	96-well	microtiter	plate	which	

contained	25 µL of Steady-Glo	luciferase	substrate	solution	(Promega)	in	each	well.	

Chemiluminescence	was	measured	in	triplicates	of	each	culture	using	a	microplate	reader	

(Tecan).		Relative GFP mRNA levels were quantified by real-time qRT-PCR with primers 

spanning the exons junction specific for the spliced transcript (GFP.Qs.rev and GFP.Q.fow, 

Supplementary Table 2), from equal amounts of total-RNA.	

Polyribosome	profile	

100	mL	of	yeast	cell	cultures	were	grown	to	0.8	OD600	and	pretreated	(15	min)	with	100	

µg/mL	cycloheximide,	pelleted	by	centrifugation	at	4°C	and	then	washed	once	in	wash	

buffer	(20	mM	HEPES	pH	7.4,	2	mM	magnesium	acetate,	2	mM	MgCl2,	100	mM	potassium	

acetate,	1	mM	dithiothreitol	(DTT)).	Yeast	cells	were	pelleted	again,	and	resuspended	in	300	

µL lysis	buffer	-	20	mM	HEPES	pH	7.4,	2	mM	magnesium	acetate,	2	mM	MgCl2,	100	mM	

potassium	acetate,	1	mM	DTT,	250	µg/mL	heparin,	20	units/mL	of	RiboLock	RNase	inhibitor	

(Fermentas),	0.6%	Triton	X-100,	100	µg/mL	cycloheximide,	EDTA	free	Complete	Protease	

Inhibitor	Cocktail	(Roche),	and	1mM	phenylmethanesulfonyl	fluoride	(PMSF).	The	cells	were	

lysed	by	shaking	using	500	mg	of	glass	beads	(0.5	mm,	Sigma)	in	a	Precellys	24	homogenizer	

(Bertin	Corp.).	Cell	lysates	were	cleared	of	nuclei,	mitochondria	and	insoluble	cell	debris	by	

centrifugation	at	maximum	speed	for	20	min	in	a	microcentrifuge	at	4°C.	Typically	40	OD260	
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units	of	extracts	blanked	with	lysis	buffer	were	loaded	on	11	mL	of	a	linear	10%–50%	

sucrose	gradient	(prepared	in	20	mM	HEPES	pH	7.4,	2	mM	magnesium	acetate,	2	mM	MgCl2,	

100	mM	potassium	acetate)	and	centrifuged	at	38,000	rpm	for	2	h	and	40	min	in	a	SW40Ti	

rotor	(Beckman).	After	centrifugation,	fractions	(typically	0.9	mL)	were	recovered	from	the	

bottom	of	the	tube	using	a	capillary	cannula	attached	to	a	peristaltic	pump	and	absorbance	

was	monitored	during	fractionation	using	a	UV	monitor	with	flow-cell	equipped	with	a	254-

nm	filter	(UA-6,	Teledyne	ISCO).	Fractions	were	precipitated	by	adding	1/10	volume	of	100%	

trichloroacetic	acid	(TCA),	vortexing,	over-night	incubation	at	4°C	which	was	followed	by	

centrifugation	at	maximum	speed	for	30	min	in	a	microfuge.	The	supernatant	was	then	

carefully	removed	and	the	precipitate	was	washed	twice	in	ice-cold	acetone	and	centrifuged	

for	2	min	at	4°C;	the	pellet	was	analyzed	by	standard	SDS-PAGE	and	Western	blotting	using	

anti-GFP	polyclonal	antibody	(AbD	Serotec).		
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Figure	Legends	

Figure	1.	Splicing	enhanced	NMD	in	S.	cerevisiae.	

(A)	Schematic	maps	of	NMD	reporters.	The	GFP	gene	was	cloned	into	pRS304,	which	is	

regulated	by	promoter	and	terminator	of	S.	cerevisiae	TDH3	gene.	The	schematic	of	the	

intron-less	constructs	is	on	top,	while	below	is	that	of	the	intron-containing	constructs	

containing	one	of	the	three	S.	cerevisiae	introns,	labeled	ivs	;	A-ivs,	C-ivs	and	U-ivs	which	

derive	from	the	ACT1,	CYH2	and	UBC4	genes,	respectively.	(B)	From	left	to	right	panel	–	

micrographs	showing	GFP	fluorescence	of	cells	transformed	with	indicated	reporters;	the	

right	panel	shows	a	PTC+	control	not	expected	to	produce	GFP	fluorescence.	Images	were	

taken	with	an	inverted	fluorescence	microscope	(Nikon	Ti	).	(C-F)	Northern	blot	analysis	of	

mRNA	levels	in	cells	transformed	with	the	indicated	NMD	reporters.	Top	panels	show	

hybridization	of	a	GFP-specific	probe,	the	bottom	panel	shows	a	probe	specific	for	the	

ribosomal	protein	L32	mRNA	(Rpl32),	as	a	loading	control.	The	values	below	each	lane	are	

percentages	with	standard	variations	of	the	level	of	GFP	mRNA	relative	to	that	of	the	

corresponding	PTC-less	control,	lane	1	in	each	panel.	Bands	intensities	were	quantified	using	

a	phophorimager	and	divided	by	the	RpL32	band	intensity	in	the	same	blot	(see	Materials	

and	methods).	(G-H)	Similar	Northern	blot	analysis	carried	out	in	UPF2Δ	and	(K-N)	UPF1Δ.	

All	of	the	experiments	were	repeated	three	times.	

	

Figure	2.	The	splicing	enhanced	NMD	is	observed	in	endogenous	genes.	

(A)	Schematic	maps	of	NMD	reporters	expressing	two	endogenous	intron-containing	genes,	

CYH2	and	RpL11B,	and	corresponding	cDNA	derivatives	lacking	the	intron.	A	DNA	fragment	

from	Drosophila	melanogaster	Adh	gene	(DmA)	was	fused	to	the	5’end	of	the	constructs	to	

allow	detection	by	Northern	blotting.	(B)	Northern	blotting	detection	of	CYH2	(top	left	panel)	

and	RPL11B	transcripts	(top	right	panel);	corresponding	bottom	panels	show	RpL32	mRNA	

(C).	Similar	analysis	as	above	in	UPF2Δ.	All	of	the	experiments	were	repeated	three	times.	

	

Figure	3.	Lengthening	the	distance	between	an	intron	and	a	PTC	abolishes	splicing-

dependent	NMD.	

(A)	Schematic	maps	of	NMD	reporters	carrying	different	spacer	inserts	between	PTC140	and	

the	intron.	The	two	spacers,	147	bp	and	291	bp,	were	inserted	at	codon	position	120.	(B)	

Northern	blotting	analysis	of	GFP	transcripts	(top	panel);	the	bottom	panel	shows	the	Rpl32	
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signal	used	as	a	loading	control.	(C)	Same	as	in	B	in	UPF2Δ	transformants.	All	of	the	

experiments	were	repeated	three	times.	

	

Figure	4.	Deletion	of	Prp17	specifically	suppresses	splicing-dependent	NMD.		

(A)	Schematic	maps	of	the	gene	reporters	used	in	the	screening	for	splicing	and	other	

factors	that	might	be	involved	in	NMD.	(B-H)	Northern	blot	analysis	of	the	reporters	

expression	carried	out	in	wild	type	(BY4742)	(B),	UPF1Δ	(C),	UPF2Δ	(D),	UPF3Δ	(E),	PRP17Δ	

(F),	CWC21Δ	(G)	and	LSM6Δ	(H).	Top	panels	show	GFP	hybridization	signal;	the	bottom	

panels	show	those	of	the	normalization	control	Rpl32B	mRNA.	All	the	experiments	were	

repeated	three	times.		

	

Figure	5.	Prp17	co-sediments	with	ribosomal	fractions.		

(A)	Western	blotting	of	strains	expressing	Prp17	and	other	indicated	GFP-tagged	proteins,	

using	an	anti-GFP	polyclonal	antibody.	(B)	Absorbance	profile	(OD254)	following	sucrose	

gradient	sedimentation	of	the	whole-cell	extract	from	a	strain	expressing	Prp17-GFP.	

Fractions	containing	40S,	60S,	80S	and	polysomes	are	labeled.	The	panel	below	shows	

Western	blotting	of	the	whole	protein-extract	from	each	fraction	using	the	GFP	antibody.	

(C-F)	Similar	experiments	using	strains	expressing	GFP-tagged	Upf1	(C),	Upf2	(D),	Upf3	(E)	

and	Cwc21	(F).	

	

Figure	6.	Introns	have	variable	effects	on	translation	yield.	

(A)	Diagram	of	the	GFP	reporters:	intronless	GFP	(top),	GFP	split	with	either	ACT1	or	CYH2	

intron	(below),	both	fused	with	firefly	luciferase	at	the	carboxyl	terminal.	(B).	The	three	

plasmid	constructs	were	transformed	into	wild	type	or	UPF1Δ,	UPF2Δ,	UPF3Δ,	PRP17Δ,	

CWC21Δ	or	LSM6Δ.	Relative	levels	of	GFP	mRNA	were	quantified	by	qRT-PCR	using	primers	

spanning	the	exons	junction	specific	for	the	spliced	transcript,	from	equal	amounts	of	total-

RNA	(see	Material	and	Methods).	Quantifications	are	based	on	three	separate	experiments.	

(C)	Luciferase	activities	measured	in	aliquots	of	the	same	cultures	used	for	the	mRNA	

quantification	in	B.	Luciferase	relative	light	units	were	normalized	to	mRNA	levels	and	are	

shown	as	means	of	three	measurements	with	standard	deviations.	
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Wen et al. 

Supplementary information. 

Three tables and one figure.  

Supplementary Table 1. Strains used in this study 

Strains name genotype 

W303a MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 

UPF1Δ MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 

upf1::HIS3 

UPF2Δ MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 

upf2::HIS3 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 

CWC21Δ MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 

cwc21::KanMX6 

PRP17Δ MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 

prp17::KanMX6 

UPF1-GFP 

UPF2-GFP 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 upf1::upf1-GFP-HIS3 

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 upf2::ufp2-GFP-HIS3 

UPF3-GFP MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 upf3::ufp3-GFP-HIS3 

PRP17-GFP MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 prp17::prp17-GFP-HIS3 

CWC21-GFP MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 cwc21::cwc21-GFP-HIS3 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

 

Supplementary Table 2. Primers in this study 

Primer names DNA sequence (5’ to 3’) 

Act.ivs.for GTATGTTCTAGCGCTTGCAC 

Act.ivs.rev CTAAACATATAATATAGCAAC 

Cyh.ivs.for GTATGTAGTTCCATTTGGAAG 

Cyh.ivs.rev CTGTACAAAAAAAATATTGTAATG 

Uivs.full.fow 

GTATGTCTAAAGTTATGGCCACGTTTCAAATGCGTG

CTTTTTTTTTAAAACTTATGCTCTTATTTACTAACAA

AATCAACATGCTATTGAACTAG 

Uivs.full.rev 
CTAGTTCAATAGCATGTTGATTTTGTTAGTAAATAAG

AGCATAAGTTTTAAAAAAAAAGCACGCATTTGAAAC
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GTGGCCATAACTTTAGACATAC 

ScL11b.P145.fow CCCCGGATCCTCCACTGAATAAACTGTTCAATCTG 

ScL11b.wt.fow CCCCGGATCCTCCACTGAATTAACTGTTCAATCTG 

ScL11b.rev CCCCGTCGACTTAAAATTTAGCAAATTGCTTGTTGG 

Sccyh2.wt.fow 
CCCCGGATCCCCTTCCAGATTCACTAAGACTAGAAA

GCAC 

Sccyh2.rev CCCCGTCGACTTAAGCGATCAATTCAACAACACC 

Sccyh2.P192.rev GTTGACCACCTTACATACCTCTACCACCG 

Sccyh2.P192.fow GGTAGAGGTATGTAAGGTGGTCAACATCACCACAG 

Sc.l32.fow TACCTCACCCAAAGATTGTC 

Sc.l32.rev GGTTTCCAAATCCTTAACG 

Adh.Bgl.fow AGTCCAGATCTATGTCGTTTACTTTGACCAACAAG 

Adh.Bam.rev CTTTGAAGATAAAGAGGATCCAATGTTGCAGATGAT 

F.Luc.fow CTTGAGCCTAGGTACCCATACGATGTTCCTGA 

F.Luc147.rev TTTGTACCTAGGCTCGACCAGGATGGGCAC 

F.Luc291.rev TTGGTTCCTAGGGGTCAGGGTGGTCACGAG 

GFP.Q.fow GAGTTGTCCCAATTCTTGTT 

GFP.Qs.rev TTGACTTCAGCACGTGTCTT 
 

Supplementary Table 3. Non-essential splicing mutants and proteins predicted to 

interact with known NMD factors 

BY4742 strains with 

deletions 

protein name 

YHR086W Nam8p 

YBR119W Mud1p 

YPL213W Lea1p 

YIR009W Msl1p 

YHR156C Snu40p 

YOR308C Snu66p 

YNL147W LSm7p 

YDR378C LSm6p 
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YGL174W Bud13p 

YLR016C Pml1p 

YJR050W Isy1p 

YJK138C Tif2p 

YDL160C Dhh1p 

YDR206W Ebs1p 

YPR057W Brr1p 

YGR129W Syf2p 

YPR101W Snt309p 

YBR188C Ntc20p 

YBR065C Ecm2p 

YDR163W Cwc15p 

YPR152C Urn1p 

YDR482C Cwc21p 

YGR006W Prp18p 

YMR125W Sto1p 

YPL178W Cbc2p 

YMR080C Upf1p 

YHR072C Upf2p 

YGR072W Upf3p 

YGL246W Rai1p 

YKR059W Tif1p 

YDR363W Esc2p 

YPL064C Cwc27p 

YDR364C Prp17p 
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Supplementary figure legends 

Supplementary Figure 1. Prp17p is required for splicing enhanced NMD in the  

Aivs reporter. 

(A) Schematic maps of the NMD reporters used in the deletion mutants screening for 

novel NMD mutants. (B-E) RNA analysis carried out in different yeast strains by 

Northern blotting. The top panel shows the GFP mRNA transcripts, the bottom panel 

shows the normalization control Rpl32B mRNA. All of the experiments were repeated 

three times. 
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