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ABSTRACT	

	

Despite	the	great	importance	of	RNA-protein	interactions	in	cells,	there	is	a	very	limited	set	of	

approaches	 available	 for	 identifying	 proteins	 that	 bind	 to	 a	 specific	 RNA.	 We	 report	 here	

combining	the	use	of	CRISPR	technology	with	the	yeast	two-hybrid	protein-protein	interaction	

system	in	order	to	create	an	advantageous	method	for	investigating	RNA-protein	interactions.	

In	 this	 CRISPR-assisted	 RNA/RBP	 yeast	 (CARRY)	 two-hybrid	 system,	 an	 RNA	 of	 interest	 is	

targeted	 to	 the	 promoters	 of	 standard	 yeast	 two-hybrid	 reporter	 genes	 by	 fusing	 it	 to	 the	

CRISPR	guide	RNA	in	a	strain	expressing	catalytically	deactivated	Cas9	(dCas9).	If	the	promoter-

tethered	RNA	binds	to	a	protein	fused	to	Gal4	transcriptional	activation	domain	(GAD),	then	the	

reporter	 genes	 become	 transcribed,	 just	 as	 in	 the	 standard	 protein-protein	 yeast	 two-hybrid	

assay.	 We	 used	 the	 CARRY	 two-hybrid	 system	 to	 analyze	 MS2	 bacteriophage	 RNA	 hairpin	

binding	 to	 the	 MS2	 coat	 protein	 (MCP).	 We	 tested	 MS2	 hairpin	 mutants	 with	 a	 range	 of	

biochemically	determined	binding	affinities	for	MCP	and	found	that	CARRY	two-hybrid	detected	

all	 binding	 interactions	 with	 dissociation	 constants	 ≤300	 nM.	 In	 summary,	 this	 new	 CRISPR-

based	 yeast	 two-hybrid	 system	 provides	 an	 easily	 operable,	 much-needed	 new	 tool	 for	

identifying	proteins	that	bind	to	a	particular	RNA.	
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INTRODUCTION	

	

RNA-binding	proteins	are	 integral	to	the	function	of	RNAs.	Many	RNA	functions	are	mediated	

by	associated	proteins	(e.g.,	chromatin	modification	by	lncRNA-bound	enzymes,	recruitment	of	

telomerase	RNA	to	telomeres	by	protein	subunits	of	telomerase).	As	 for	 functional	RNAs	that	

ultimately	 act	 protein-independently	 (e.g.,	 peptide-bond	 formation	by	 ribosomal	 RNA,	mRNA	

splicing	by	spliceosomal	RNA),	these	transcripts	still	require	associated	proteins	for	their	proper	

folding,	processing,	modification,	stabilization,	and	localization.	Because	so	many	cellular	RNA-

protein	interactions	remain	unknown,	 it	 is	advantageous	to	pursue	their	discovery	using	high-

throughput	 approaches.	 The	 advent	 and	 continual	 improvement	 of	 high-throughput	 DNA	

sequencing	technology	has	led	to	the	development	of	many	powerful	techniques,	such	as	RIP-

seq	and	CLIP-seq,	which	can	be	used	to	identify	the	full	repertoire	of	RNAs	bound	by	a	protein	

of	 interest.	 However,	 relatively	 fewer	 protocols	 exist	 for	 identifying	 proteins	 that	 bind	 to	 a	

particular	 RNA.	 Most	 available	 techniques	 involve	 RNA	 pull-down	 followed	 by	 protein	

identification	 via	 mass	 spectrometry,	 which	 requires	 large	 amounts	 of	 starting	 material,	

meaning	that	low-abundance	RNA-protein	complexes	are	difficult	to	study	with	this	approach1.	

In	an	effort	to	address	the	relative	dearth	of	techniques	for	identifying	binding	partners	

for	a	given	RNA,	we	have	developed	a	novel	technique:	CRISPR-assisted	RNA/RBP	yeast	(CARRY)	

two-hybrid	 (Figure	 1A).	 Like	 the	 original	 yeast	 two-hybrid	 assay2,3,	 CARRY	 two-hybrid	

interrogates	binding	between	two	biological	macromolecules	by	tethering	one	to	the	promoter	

of	a	reporter	gene	and	fusing	the	second	to	a	transcriptional	activation	domain.	Expression	of	

the	reporter	gene	occurs	when	there	 is	binding	between	the	two	macromolecules.	Unlike	the	
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original	yeast	two-hybrid	system,	instead	of	tethering	a	protein	of	interest	to	the	promoter	by	

fusing	it	to	a	DNA-binding	domain,	CARRY	two-hybrid	tethers	an	RNA	of	interest.	RNA	tethering	

is	achieved	using	the	Streptococcus	pyogenes	CRISPR	machinery.	While	the	CRISPR/Cas9	system	

has	 commonly	 been	 co-opted	 for	 the	 purpose	 of	 making	 targeted	 cuts	 in	 DNA,	 nuclease-

deactivated	Cas9	(dCas9)	can	target	an	RNA	or	protein	of	interest	to	a	specific	genomic	locus	by	

fusing	it	to	the	CRISPR	single-guide	RNA	(sgRNA)	or	to	Cas9,	respectively4,5.	CARRY	two-hybrid	

uses	the	former	of	these	two	strategies	to	target	an	RNA	of	interest	to	a	shared	sequence	at	the	

promoters	 of	 the	 yeast	 two-hybrid	 reporter	 genes,	HIS3	 and	 LacZ.	 These	 reporter	 genes	 are	

then	activated	 if	 a	 protein	 that	has	been	 fused	 to	 the	Gal4	 transcriptional	 activation	domain	

(GAD)	binds	to	the	promoter-tethered	RNA	(Figure	1A).		

Here,	we	show	that	CARRY	two-hybrid	works.	The	yeast	two-hybrid	reporter	genes	are	

activated	 contingent	 on	 binding	 between	 an	 sgRNA-fused	 RNA	 and	 GAD-fused	 protein.	

Furthermore,	CARRY	two-hybrid	is	specific,	and	our	results	show	that	it	is	sufficiently	sensitive	

to	 detect	 RNA-protein	 interactions	 with	 near-micromolar	 dissociation	 constants.	 We	 expect	

that	 CARRY	 two-hybrid	 will	 prove	 to	 be	 a	 very	 useful	 new	 tool	 for	 the	 identification	 and	

characterization	of	RNA-protein	interactions.	
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RESULTS	

	

Design	and	construction	of	a	yeast	two-hybrid	system	to	study	RNA-protein	binding	

We	 constructed	 the	 yeast	 strain	 used	 for	 CARRY	 two-hybrid,	 “CARRYeast	 (1.0),”	 by	

integrating	 a	 dCas9	 expression	 cassette4	 in	 the	 genome	of	 a	 previously	 published	 yeast	 two-

hybrid	strain,	L40,	which	contains	the	reporter	genes	HIS3	and	LacZ	with	4	and	8	LexA-binding	

sites	 inserted	 in	 their	promoters,	 respectively6.	While	 several	adaptations	of	 the	CRISPR/Cas9	

system	 used	 in	 S.	 cerevisiae	 express	 the	 sgRNA	 from	 an	 RNA	 polymerase	 III	 promoter7,8,	 we	

chose	to	express	the	hybrid	sgRNA	for	CARRY	two-hybrid	using	an	RNA	polymerase	II	promoter,	

since	 RNA	 polymerase	 III	 transcription	 can	 be	 terminated	 by	 even	 a	 relatively	 short	 poly(U)	

tract9,	whereas	RNA	polymerase	II	termination	signals	are	more	complex	and	therefore	should	

be	rarer10,11.	Thus,	because	premature	termination	of	transcription	in	the	middle	of	the	hybrid	

sgRNA	 would	 make	 the	 CARRY	 two-hybrid	 system	 unusable,	 RNA	 polymerase	 II	 ultimately	

imposes	fewer	restrictions	than	RNA	polymerase	III	on	the	RNA	sequences	that	can	be	tested	in	

this	system.	

In	 order	 to	 express	 the	 hybrid	 sgRNA,	 we	 modified	 a	 previously	 published	 RNA	

polymerase	 II	 sgRNA	 expression	 construct4	 (Figure	 1B).	 Because	 the	 mRNA	 promoter	 and	

terminator	introduce	extraneous	sequence	at	the	5ʹ	and	3ʹ	ends	of	the	expressed	RNA	(e.g.,	the	

poly(A)	tail),	we	chose	to	use	a	construct	that	employs	a	ribozyme-guide	RNA-ribozyme	(RGR)	

cassette	for	sgRNA	processing12.	 In	an	RGR	cassette,	an	sgRNA	is	flanked	by	the	hammerhead	

and	HDV	ribozymes	that	self-cleave,	thus	excising	the	sgRNA	from	the	longer	initial	transcript	in	

vivo.	We	cloned	this	RNA	polymerase	II	RGR	sgRNA	expression	cassette	into	a	centromeric	yeast	
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vector	and	changed	 the	guide	sequence	at	 the	5¢	end	of	 the	sgRNA	to	 target	 the	RNA	to	 the	

LexA-binding	 sites	 upstream	 of	 both	 the	 HIS3	 and	 LacZ	 reporter	 genes.	 Finally,	 in	 order	 to	

facilitate	 the	 cloning	 of	 diverse	 RNA	 domains	 into	 this	 hybrid	 sgRNA	 expression	 vector,	 we	

inserted	 a	 multiple-cloning	 site	 (MCS)	 containing	 five	 unique,	 commonly	 used	 restriction-

enzyme	cleavage	sites	near	the	3ʹ	end	of	the	sgRNA,	four	nucleotides	5ʹ	of	the	HDV	ribozyme	

cleavage	site.	Because	at	least	some	of	the	MCS	will	ultimately	be	part	of	the	transcribed	hybrid	

sgRNA	 (depending	 on	 the	 restriction	 sites	 used	 for	 subcloning),	 it	 was	 designed	 to	 form	 a	

hairpin	when	transcribed,	making	 it	 less	 likely	 to	pair	with	and	disrupt	 folding	of	 the	 inserted	

RNA	of	interest.	In	an	Mfold	computational	prediction	of	the	sgRNA-MCS	secondary	structure,	

in	which	 the	guide	 sequence	was	 forced	 to	be	 single-stranded,	most	of	 the	MCS	 sequence	 is	

indeed	predicted	to	form	a	hairpin,	as	designed	(Figure	1C).	Although	the	first	four	nucleotides	

of	the	MCS	sequence	are	predicted	to	pair	with	part	of	the	sgRNA	rather	than	with	the	last	four	

nucleotides	of	the	MCS	sequence,	these	few	predicted	base	pairs	(one	of	which	is	a	G•U	pair)	

apparently	 did	 not	 prevent	 the	 expected	 tethering	 of	 the	 sgRNA	 to	 its	 target	 sites	 by	 dCas9	

based	on	reporter-gene	activation	results	(see	below).	

	

CARRY	two-hybrid	can	specifically	detect	the	MS2-MCP	interaction	

We	 first	 sought	 to	 test	 the	 CARRY	 two-hybrid	 system	 with	 a	 well-understood	 RNA-

protein	 interaction,	such	as	the	MS2	bacteriophage’s	RNA	hairpin	binding	to	the	phage’s	coat	

protein.	We	cloned	the	MS2	RNA	hairpin	mutant,	U-5C	 	—	which	binds	the	MS2	coat	protein	

more	 tightly	 than	 the	 wild-type	 hairpin13	—	 into	 the	 sgRNA	 expression	 vector,	 and	 we	 also	

cloned	a	tandem	dimer	of	the	MS2	coat	protein	(MCP2)	into	a	standard	vector	for	expression	of	
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Gal4-activating	 domain	 (GAD)	 fusion	 proteins	 in	 the	 yeast	 two-hybrid	 system,	 pGAD4243,14.	

These	plasmids	were	then	transformed	into	CARRYeast	(1.0),	and	expression	of	HIS3	and	LacZ	

were	 assessed	 by	 growth	 of	 cells	 on	 medium	 lacking	 histidine	 and	 by	 a	 colorimetric	 assay,	

respectively.	When	both	 the	 sgRNA-U-5C	MS2	hybrid	RNA	and	 the	GAD-MCP2	hybrid	protein	

were	expressed,	expression	of	both	HIS3	and	LacZ	was	strongly	induced	(Figure	2A,	third	row;	

Figure	2B,	bottom	right).	Importantly,	activation	was	dependent	on	the	MS2	hairpin	being	fused	

to	the	sgRNA	(Figure	2A,	rows	1	and	2;	Figure	2B,	 top	panels),	and	MCP2	being	 fused	to	GAD	

(Figure	 2A,	 rows	 2	 and	 4;	 Figure	 2B,	 left	 panels).	 This	 indicates	 that	 the	 CARRY	 two-hybrid	

system	is	able	to	detect	RNA-protein	interactions,	and	that	it	does	so	specifically.	Furthermore,	

while	we	observed	some	 low-level	background	expression	of	 the	LacZ	 reporter	gene	 in	 some	

negative	 controls,	 as	 is	 often	 observed	 in	 the	 standard	 yeast	 two-hybrid	 system	 using	 the	

CARRYeast	(1.0)’s	parent	strain	L4015,16,	the	HIS3	reporter	gene	(which	is	the	reporter	gene	to	

be	used	for	forward-genetic	selection	of	GAD	fusion-protein	libraries),	consistently	showed	no	

background	signal	with	negative	controls.	

	

CARRY	 two-hybrid	 can	 detect	 RNA-protein	 interactions	 with	 near-micromolar	 dissociation	

constants	

Next,	to	test	the	sensitivity	of	the	CARRY	two-hybrid	system,	we	replaced	the	U-5C	MS2	

hairpin	with	the	wild-type	MS2	hairpin	and	several	biochemically	characterized	mutants	of	the	

MS2	hairpin	with	a	range	of	weaker	binding	affinities	for	the	MS2	coat	protein13.	In	our	tests	of	

these	MS2	 hairpin	 mutants,	HIS3	 and	 LacZ	 were	 activated	 by	 interactions	 several	 orders	 of	

magnitude	weaker	than	the	U-5C	MS2	interaction	with	MCP	(Kd	≈	20	pM)	(Figure	3B,	C).	For	the	
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wild-type	MS2	hairpin	 (Kd	 ≈	 3	nM)	 and	 the	C-14A/U-12A/A1U/G3U	MS2	hairpin	 (Kd	 ≈	 45	nM,	

hereafter	 referred	 to	as	 the	AU-helix	MS2	hairpin),	 activation	of	 the	HIS3	 and	LacZ	 reporters	

appeared	 just	 as	 strong	 as	 that	 for	 the	 U-5C	 hairpin.	 For	 the	 A-7C	 hairpin	 (Kd	 ≈	 300	 nM),	

activation	of	the	HIS3	reporter	was	detectable	when	undiluted	culture	was	spotted	on	medium	

lacking	histidine	 (Figure	3B,	 row	5),	whereas	no	activation	of	 the	LacZ	 reporter	was	observed	

(Figure	3C,	lower	left	panel).	Finally,	the	A-7U	hairpin,	which	binds	to	MCP	with	a	dissociation	

constant	³10	μM,	did	not	activate	either	HIS3	or	LacZ.	

	 Next,	 to	 test	 if	we	 could	 increase	 the	 sensitivity	 of	 the	CARRY	 two-hybrid	 system,	we	

subcloned	 the	 sgRNA	expression	cassette	 from	a	~single-copy	centromeric	plasmid	 to	a	high-

copy	 2µ	 (2-micron)	 plasmid	 and	 re-tested	 activation	 for	 several	 of	 the	MS2	hairpin	mutants.	

Although	expression	of	 the	hybrid	 sgRNA	 from	 the	high-copy	plasmid	 could	 not	 increase	 the	

already-maximal	 HIS3	 activation	 for	 the	 U-5C	 or	 AU-helix	 mutant	 MS2	 hairpins	 (Figure	 4A,	

compare	 row	 2	 with	 6	 and	 3	 with	 7),	 in	 contrast,	 the	 activation	 of	 the	 HIS3	 reporter	 was	

increased	 ~10,000-fold	 for	 the	 A-7C	 MS2	 RNA	 hairpin	 (Figure	 4A,	 compare	 rows	 4	 and	 8)	

compared	 to	 when	 the	 sgRNA	 was	 expressed	 from	 a	 low-copy	 plasmid.	 Importantly,	 the	

negative	controls	—	either	expressing	the	sgRNA	alone	or	GAD	alone	when	using	the	high-copy	

plasmid	—	did	not	result	 in	any	detectable	HIS3	activation	(Figure	4B)	or	LacZ	activation	(data	

not	shown).	In	contrast	to	results	with	the	HIS3	reporter	gene,	activation	of	the	LacZ	reporter	

was	not	visibly	increased	by	expressing	the	hybrid	sgRNA	from	a	high-copy	plasmid	(Figure	4C).	

Thus,	 in	 summary,	 although	 the	 LacZ	 reporter	 in	 the	 CARRY	 two-hybrid	 system	 is	 not	 very	

responsive,	the	HIS3	reporter	is	sensitive,	with	low	background	and	substantial	dynamic	range,	

making	it	highly	useful	as	an	in	vivo	indicator	of	RNA-protein	binding.	
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DISCUSSION	

	

We	 have	 developed	 a	 new	 assay	 for	 investigating	 RNA-protein	 interactions,	 “CARRY	 two-

hybrid,”	 that	 combines	 CRISPR/dCas9	 RNP-mediated	 targeting	 of	 RNA	 to	 a	 specific	 DNA	

sequence	 with	 the	 highly	 effective	 yeast	 two-hybrid	 protein-protein	 interaction	 assay.	 As	

evidenced	 by	 tests	 we	 performed	 using	 CARRY	 two-hybrid	 to	 analyze	 bacteriophage	 MS2	

hairpin	binding	to	MS2	coat	protein,	this	new	assay	can	detect	RNA-protein	interactions	in	vivo	

with	 high	 specificity	 (i.e.,	 virtually	 no	 background	 signal	 for	 the	HIS3	 reporter	 gene)	 and	 can	

detect	interactions	with	near-micromolar	dissociation	constants.	

Given	 the	 simplicity	 of	 the	 CARRY	 two-hybrid	 system	 and	 the	 ease	with	which	 it	 has	

functioned	in	our	hands	thus	far,	we	expect	that	it	will	prove	to	be	a	highly	effective	method	for	

dissecting	 known	 RNA-protein	 interfaces,	 as	 well	 as	 for	 the	 discovery	 of	 new	 RNA-protein	

interactions.	We	have	constructed	a	vector	with	a	multiple-cloning	 site	 to	 facilitate	 fusing	an	

RNA	of	 interest	 to	 the	sgRNA	(see	Figure	1C).	The	RNA	polymerase	 II	promoter	allows	CARRY	

two-hybrid	to	be	used	to	study	a	 large	variety	of	RNA-encoding	DNA	sequences,	and	the	self-

cleaving	ribozymes	in	the	initial	transcript	RNA	“bait”	in	the	two-hybrid	system	trim	extraneous	

sequences	from	the	5¢	and	3¢	ends4,12	(Figure	1B).	Additionally,	because	the	CARRY	two-hybrid	

assay	is	built	upon	the	well-established	protein-protein	yeast	two-hybrid	system17,	the	existing	

GAD	 fusion	 libraries	 constructed	 by	 labs	 and	 companies	 can	 now	 also	 be	 used	 for	 studying	

proteins	binding	to	RNA.	

	 CARRY	 two-hybrid	 is	 similar	 to	 the	 yeast	 “three-hybrid”	 system	 in	 the	 sense	 that	 the	

three-hybrid	 method	 also	 assays	 for	 RNA-protein	 interactions	 by	 building	 upon	 the	 basic	
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principles	 underlying	 the	original	 yeast	 two-hybrid	 assay.	 The	 three-hybrid	 system,	published	

over	 15	 years	 ago,	 employs	 the	 well-characterized,	 high-affinity	 MS2-MCP	 RNA-protein	

interaction	(or	RRE-RevM10	from	HIV18)	to	tether	RNAs	of	interest	to	reporter-gene	promoters	

by	way	of	fusing	them	to	the	MS2	hairpin,	while	also	appending	MCP	to	a	specific	DNA-binding	

protein	 domain;	 thus,	 there	 is	 a	 total	 of	 three	 hybrid	molecules19.	 However,	 there	 has	 been	

limited	 success	 using	 the	 three-hybrid	 system,	 as	 evidenced	 by	 the	 relative	 paucity	 of	

publications	 referencing	 use	 of	 three-hybrid.	 Although	 we	 have	 yet	 to	 directly	 compare	 the	

capabilities	 of	 CARRY	 two-hybrid	with	 those	 of	 yeast	 three-hybrid,	we	 anticipate	 that	 CARRY	

two-hybrid	 is	 likely	 to	 prove	 to	 be	 even	more	 useful.	 The	 recruitment	 of	 the	Gal4	 activating	

domain	 to	 the	 reporter	 genes	 in	 yeast	 three-hybrid	 necessitates	 three	 different	 binding	

interactions	 (e.g.,	 DNA	 LexA	 sites	 •	 LexADBD–MCP	 •	 MS2	 RNA–X	 •	 Y–GAD).	 In	 contrast,	 the	

CARRY	 two-hybrid	 system	uses	CRISPR/dCas9	 to	directly	 target	RNA	 to	DNA.	By	 reducing	 the	

number	of	stable	binding	events	required	for	activating	reporter	genes	to	two,	as	well	as	other	

features	that	promote	efficiency	and	robustness	described	above,	CARRY	two-hybrid	is	likely	to	

be	more	effective	at	detecting	RNA-protein	 interactions.	Future	studies	will	show	if	this	bears	

out.	
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METHODS	

	

Construction	of	yeast	strains	and	plasmids	for	CARRY	two-hybrid	

CARRYeast	 (1.0)	 was	 generated	 by	 modifying	 the	 yeast	 two-hybrid	 strain	 L40	 (MATa	

his3Δ200	 trp1-901	 leu2-3,112	 ade2	 LYS2::(4LexAop-HIS3)	 URA3::(8LexAop-LacZ))6.	 First,	 yeast	

cells	were	transformed	with	 linearized	pJZC5184	containing	a	cassette	for	expression	of	the	S.	

pyogenes	 dCas9	 in	S.	 cerevisiae,	C.	 glabrata	 LEU2	 selectable	marker,	 and	homology	 arms	 for	

integration	at	 the	S.	 cerevisiae	LEU2	 locus.	 In	 the	 resulting	yeast	 strain,	 the	C.	glabrata	 LEU2	

selectable	marker	was	subsequently	deleted	using	a	cassette	generated	using	pFA6a-KanMX620.	

	 The	 sgRNA	expression	 vectors,	 pCARRY1	 and	pCARRY2,	were	 based	on	pJZC6254.	 This	

plasmid	 contains	 a	 ribozyme-guide	 RNA-ribozyme	 (RGR)	 cassette12.	 The	 sgRNA	 in	 pJZC625	

contained	a	guide	sequence	 targeted	 to	 the	TET	operator	and	a	U-5C	MS2	hairpin	 inserted	4	

nucleotides	before	the	HDV	ribozyme	cut	site.	The	RGR	cassette	is	flanked	by	the	S.	cerevisiae	

ADH1	 promoter	 and	 the	 C.	 albicans	 ADH1	 terminator.	 To	 generate	 pCARRY1,	 pJZC625	 was	

digested	with	ApaI	and	BglII,	and	the	full	expression	cassette	was	cloned	into	pRS41421	that	had	

been	digested	with	ApaI	and	BamHI.	Second,	the	guide	sequence	of	the	sgRNA	was	changed	to	

target	 the	 LexA	 operator	 sequence	 ACTGCTGTATATAAAACCAG,	 which	 is	 followed	 by	 a	

protospacer	 adjacent	 motif	 (PAM)	 with	 sequence	 TGG	 in	 the	 LexA	 operators	 present	 in	

CARRYeast	 (1.0).	 Additionally,	 in	 order	 to	 maintain	 base-pairing	 in	 the	 H1	 stem	 of	 the	

hammerhead	 ribozyme	 of	 the	 RGR	 cassette	 (the	 3ʹ	 half	 of	 which	 consists	 of	 the	 first	 6	

nucleotides	 of	 the	 sgRNA	 guide	 sequence),	 the	 sequence	 of	 the	 5ʹ	 half	 of	 the	 H1	 stem	was	

changed	 to	 AGCAGT.	 Third,	 the	 MS2	 hairpin	 was	 replaced	 with	
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GGATCCCATGGGTCGACCCCGGGAATTC,	 an	 earlier-designed	 version	 of	 the	 hairpin-forming	

multiple-cloning	 site	 sequence	 (MCSv0.5).	 This	 sequence	 was	 later	 replaced	 with	 the	 MCS	

sequence	 shown	 in	 Figure	 1C	 (GGATCCGTCCATGGAGTCGACTCCCGGGCGAATTC),	 generating	

pCARRY1.	This	modified	version	of	 the	original	RGR	expression	construct	was	 then	subcloned	

into	 pRS42422	 using	 KpnI	 and	 SpeI	 to	 generate	 pCARRY2.	 The	 original	 U-5C	 MS2	 hairpin	

sequence	 present	 in	 pJZC625	 (GCGCACATGAGGATCACCCATGTGC)	 and	mutants	 thereof	 were	

cloned	into	pCARRY1	and	pCARRY2	using	BamHI	and	EcoRI.	

	 The	 vector	 used	 to	 express	 the	 GAD-MCP2	 fusion	 protein,	 pDZ982,	 was	 cloned	 using	

pGAD42414.	 DNA	 encoding	 a	 tandem	 MCP	 dimer	 and	 an	 N-terminal	 linker	 (i.e.,	 ultimately	

between	 GAD	 and	 MCP2	 in	 the	 final	 plasmid)	 with	 amino-acid	 sequence	 GGGR	 was	 PCR	

amplified	from	the	plasmid	pDZ34923	and	cloned	into	pGAD424	using	XmaI	and	PstI.	Both	MCP	

monomers	contain	the	N55K	mutation,	reported	to	strengthen	binding	to	the	MS2	hairpin	~10-

fold24,	while	the	first	monomer	also	contains	the	incidental	mutations	K57R	and	I104V.	

	

HIS3	reporter	gene	spot	assay	

Expression	of	the	HIS3	reporter	gene	in	CARRYeast	(1.0)	was	assayed	by	first	growing	yeast	 in	

liquid	culture	(using	minimal	medium	lacking	tryptophan	and	leucine)	to	saturation	overnight.	

100-μL	aliquots	were	taken	from	these	cultures	and	used	to	make	six	10-fold	serial	dilutions	of	

the	culture.	5	μL	of	the	undiluted	aliquot	and	each	serial	dilution	were	pipetted	onto	both	solid	

–Trp	–Leu	and	–Trp	–Leu	–His	minimal	media.	These	spotted	cells	were	then	incubated	for	two	

days	at	30°C	and	photographed.	

LacZ	reporter	gene	assay	
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Colorimetric	LacZ	 reporter	gene	expression	assays	were	performed	as	described	previously14.	

Briefly,	expression	of	the	LacZ	reporter	gene	in	CARRYeast	(1.0)	was	assayed	by	first	streaking	

the	cells	as	patches	on	–Trp	–Leu	medium	and	incubating	for	~15–24	hours	at	30°C.	Yeast	were	

then	 removed	 from	 the	 agar	 plate	 by	 applying	 and	 removing	 a	 circular	 nitrocellulose	

membrane.	 Yeast	 attached	 to	 the	 nitrocellulose	 were	 lysed	 by	 brief	 submergence	 in	 liquid	

nitrogen.	Then,	in	a	petri	dish,	a	piece	of	Whatman	filter	paper	was	wetted	with	1.8	mL	of	100	

mM	sodium	phosphate	buffer	pH	7.0	with	10	mM	KCl,	1	mM	MgSO4,	and	333	μg/mL	X-gal.	The	

nitrocellulose	 filter	 was	 soaked	 in	 the	 X-gal	 solution	 by	 laying	 it,	 face	 up,	 on	 top	 of	 the	

Whatman	paper,	and	the	petri	dish	was	incubated	at	30°C.	The	color	of	the	lysed	yeast	cells	was	

monitored	and	photographed	at	time	intervals	over	~24	hours,	or	until	the	dish	had	dried	out	

and	the	reaction	had	stopped.	
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FIGURE	LEGENDS	

	

Figure	1.	The	CARRY	two-hybrid	assay	for	interrogating	RNA-protein	interactions.		

(A)	 Schematic	 of	 the	 CARRY	 two-hybrid	 system.	 An	 RNA	 of	 interest	 (“X”,	 red)	 is	 fused	 to	 a	

CRISPR	single	guide	RNA	(sgRNA),	which	is	targeted	to	the	promoters	of	the	reporter	genes	HIS3	

and	LacZ	with	assistance	 from	the	nuclease-deactivated	Streptococcus	pyogenes	Cas9	protein	

(dCas9).	If	the	RNA	of	interest	fused	to	the	sgRNA	binds	to	the	protein	(“Y”,	blue)	fused	to	the	

Gal4	 activation	 domain	 (GAD),	 the	 transcription	 of	 the	 reporter	 gene	 is	 activated.	 (B)	 A	

schematic	 of	 the	 “RGR”	 sgRNA	 expression	 cassette	 (adapted	 from	 ref.	 4	 and	 originally	

developed	 by	 ref.	 12).	 The	 hybrid	 sgRNA	 is	 expressed	 from	 an	 RNA	 polymerase	 II	 promoter,	

flanked	 by	 the	 hammerhead	 and	 HDV	 ribozymes	 (green).	 Once	 transcribed,	 the	 ribozymes	

catalyze	 self-cleavage	 of	 the	 RNA,	 processing	 the	 mature	 hybrid	 sgRNA	 out	 of	 the	 longer	

transcript.	(C)	The	hybrid	sgRNA	plasmid	used	in	CARRY	two-hybrid	contains	a	multiple-cloning	

site	(MCS)	that	forms	a	hairpin	when	transcribed	into	RNA.	Shown	is	an	Mfold	prediction	of	the	

secondary	 structure	 of	 the	 sgRNA-MCS,	 in	 which	 the	 guide	 of	 the	 sgRNA	 was	 forced	 to	 be	

single-stranded.	 The	 MCS	 RNA	 sequence	 is	 bracketed,	 and	 its	 DNA	 sequence	 is	 shown	

underneath,	with	its	five	unique	restriction	sites	annotated.	

	

Figure	2.	The	MS2-MCP	interaction	strongly	activates	the	HIS3	and	LacZ	reporter	genes	of	the	

CARRY	two-hybrid	system.		

(A)	The	HIS3	reporter	gene	in	CARRYeast	(1.0)	is	activated	strongly	and	specifically	by	the	MS2-

MCP	interaction.	Yeast	cells	were	grown	to	saturation	in	liquid	culture.	Cells	from	the	undiluted	
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culture	and	 from	six	10-fold	 serial	dilutions	 (as	 indicated	above	 the	 images)	were	spotted	 to,	

and	grown	on,	medium	with	or	without	histidine.	In	the	columns	on	the	left,	minus	signs	denote	

that	the	sgRNA	or	GAD	were	not	fused	to	any	RNA	or	protein,	respectively.	 In	the	case	of	the	

sgRNA,	 this	 means	 that	 it	 contained	 the	 MCS	 sequence	 shown	 in	 Figure	 1C.	 (B)	 The	 LacZ	

reporter	 gene	 in	 CARRYeast	 (1.0)	 is	 activated	 strongly	 and	 specifically	 by	 the	 MS2-MCP	

interaction.	 Yeast	were	 grown	 overnight,	 lysed	 on	 a	 nitrocellulose	 filter	with	 liquid	 nitrogen,	

and	exposed	to	X-gal,	as	described	in	Methods.	The	filter	was	left	at	30°C	overnight	for	color	to	

develop	until	the	filter	had	dried	out	and	the	reaction	had	stopped.	Pairs	of	yeast	patches	are	

biological	replicate	samples.	

	

Figure	3.	The	sensitivity	of	 the	CARRY	two-hybrid	system:	detection	of	RNA-protein	binding	

interactions	with	near-micromolar	dissociation	constants.			

(A)	The	secondary	structure	of	the	wild-type	MS2	RNA	hairpin.	Nucleotide	numbering	is	based	

on	the	AUG	start	codon	of	the	MS2	bacteriophage’s	replicase	gene	and	serves	as	the	basis	for	

the	 nomenclature	 of	 MS2	 point	 mutants.	 (B)	 The	 HIS3	 reporter	 gene	 in	 CARRYeast	 (1.0)	 is	

activated	 robustly	 by	 MS2-MCP	 interactions	 with	 dissociation	 constants	 as	 high	 as	 300	 nM.	

Yeast	were	grown	as	in	Figure	2A	on	solid	media	containing	or	lacking	histidine.	The	dissociation	

constants	 reported	here	and	 in	 the	text	were	calculated	using	association	constants	 reported	

previously13.	 “AU-helix”	 refers	 to	 the	 C-14A/U-12A/A1U/G3U	MS2	 hairpin	 quadruple	mutant.	

(C)	 The	 LacZ	 reporter	 gene	 in	 CARRYeast	 (1.0)	 is	 activated	 by	 MS2-MCP	 interactions	 with	

dissociation	constants	as	high	as	45	nM.	Yeast	were	grown,	 lysed,	and	exposed	to	X-gal	as	 in	

Figure	2B.	Pairs	of	 yeast	patches	are	biological	 replicate	 samples.	 In	 Figures	3B	and	3C,	 as	 in	
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Figure	 2A,	 minus	 signs	 denote	 that	 no	 RNA	 or	 protein	 was	 fused	 to	 the	 sgRNA	 or	 GAD,	

respectively.	In	this	figure,	an	earlier	design	of	the	sgRNA	MCS	sequence,	MCSv0.5,	was	used	as	

a	negative	control	(see	Methods).	

	

Figure	4.	Expression	of	the	hybrid	sgRNA	from	a	high-copy	plasmid	increases	assay	sensitivity.		

(A	 and	 B)	 Expression	 of	 the	 hybrid	 sgRNA	 from	 a	 high-copy	 plasmid	 increases	HIS3	 reporter	

gene	activation,	allowing	detection	of	low-affinity	RNA-protein	interactions.	Yeast	were	grown	

as	in	Figure	2A	on	solid	medium	with	or	without	histidine.	Despite	the	increase	in	sensitivity	of	

CARRY	two-hybrid	permitted	by	 the	 increase	 in	expression	on	2µ	plasmids,	background	signal	

was	not	 increased.	 (C)	Expression	of	 the	hybrid	sgRNA	 from	a	high-copy	 (2µ)	plasmid	did	not	

perceptibly	 increase	 activation	 strength	 of	 the	 LacZ	 reporter	 gene.	 Yeast	were	 grown,	 lysed,	

and	 exposed	 to	 X-gal	 substrate	 for	 LacZ,	 as	 in	 Figure	 2B.	 Pairs	 of	 yeast	 patches	 shown	 are	

biological-replicate	samples.	In	Figure	4,	as	in	the	previous	figures,	a	minus	signs	denote	that	no	

RNA	 or	 protein	 was	 fused	 to	 the	 sgRNA	 or	 GAD,	 respectively;	 i.e.,	 pCARRY1,	 pCARRY2,	 and	

pGAD424	“vector-only”	negative	controls.	
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