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Hierarchical!Assembly!of!Subcomplexes!Drives!pre7rRNA!Folding!During!Ribosome!
Biogenesis!in!Saccharomyces+cerevisiae!
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!
Abstract(
(

Construction!of!eukaryotic!ribosomes!requires!at!least!180!assembly!factors.!These!
proteins!are!thought!to!drive!forward!the!progressive!folding!and!processing!of!pre7rRNAs,!
and!binding!of!ribosomal!proteins.!!Initial!characterizations!have!revealed!in!which!steps!of!
pre7rRNA!processing!most!of!these!factors!function,!but!only!recently!have!investigations!
begun!to!understand!how!each!of!these!proteins!contributes!to!folding!of!the!nascent!rRNA.!

Work!from!our!lab,!part!of!which!is!presented!in!this!thesis,!has!established!an!
association!hierarchy!between!12!assembly!factors!and!ribosomal!proteins!necessary!for!
processing!27SA3!pre7rRNA.!!The!most!up7stream!factors!in!this!pathway!are!present!in!a!
subcomplex!of!four!assembly!factors!and!two!ribosomal!proteins.!!I!focused!on!the!
understanding!the!roles!of!two!of!these!proteins,!Nop12!and!Pwp1,!in!ribosome!biogenesis.!!
I!investigated!their!timing!of!association!with!pre7ribosomes,!their!role!in!recruiting!other!
proteins,!and!the!effects!on!pre7rRNA!folding!in!their!absence.!By!doing!so,!I!show!that!the!
effects!observed!on!pre7rRNA!processing!in!the!absence!of!Nop12!and!Pwp1!are!not!simply!
due!to!pre7ribosomes!lacking!a!complete!inventory!of!proteins,!but!rather!due!to!a!failure!
to!properly!fold!the!rRNA.!

I!also!investigated!the!function!of!the!DEAD7box!protein!Drs1!in!ribosome!
biogenesis!and!show!that!it!functions!in!two!consecutive!steps!of!ribosome!assembly.!
Furthermore,!physical!and!genetic!interactions!reveal!that!Drs1!is!recruited!to!pre7
ribosomes!by!a!subcomplex!of!assembly!factors!that!function!in!the!same!step!of!
biogenesis.!

Most!importantly,!in!the!course!of!investigating!Drs1,!I!found!that!disruption!of!
ribosome!biogenesis!results!in!a!shift!from!pre7rRNAs!being!processed!co7transcriptionally,!
to!being!processed!post7transcriptionally.!!When!this!occurs,!there!is!a!breakdown!of!the!
global!hierarchy!of!ribosome!biogenesis.!I!show!that!normally!late!associating!proteins!
associate!with!pre7ribosomes!early!in!the!biogenesis!pathway,!prior!to!any!pre7rRNA!
processing!steps!occurring.!!Furthermore,!I!show!this!shift!from!co7!to!post7transcriptional!
processing!is!related!to!cell!growth!rates,!and!pre7rRNAs!processed!post7transcriptionally!
proceed!down!an!alternative!maturation!pathway.!These!results!have!drastic!implications!
for!how!we!view!the!overall!hierarchy!of!ribosome!biogenesis.!

!
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CHAPTER(1:(Introduction(

! My! thesis!work! focused! on! understanding! the! roles! of! a! number! of! proteins! that!

function! in! two! consecutive! steps! of! 60S! ribosomal! subunit! biogenesis! in!Saccharomyces+

cerevisiae.! ! An! underlying! theme! of! my! thesis! is! in+ vivo+ RNA! folding! during! ribosome!

assembly.! !Studies!of!bacterial!ribosome!assembly! in+vitro!have!revealed!many!principles!

that! govern! folding! of! rRNA,! but! how! rRNA! folds! in! eukaryotic! cells! remains! largely!

unaddressed.!! !Much!of!the!work!regarding!eukaryotic!ribosome!assembly!has!focused!on!

understanding!preBrRNA!processing,!identifying!the!factors!necessary!to!build!a!ribosome,!

and!determining!for!which!steps!of!ribosome!biogenesis!each!of!these!factors!is!required.!!

While!this!has!been!an!important!first!step,!the!field!of!ribosome!assembly!is!just!beginning!

to!understand!the!molecular!mechanisms!that!govern!ribosome!biogenesis! in!eukaryotes.!

Thus,! important! and! emerging! aspects! of! eukaryotic! ribosome! assembly! are! how! rRNA!

folds! in! nascent! preBribosomes,! how! proteins! that! function! in! ribosome! assembly!

contribute!to!this!folding,!and!how!rRNA!folding!regulates!the!assembly!of!other!proteins!

and! preBrRNA! processing.! ! During! my! tenure! in! the! Woolford! Laboratory,! one! of! my!

projects!was!to!apply!RNA!structure!probing!techniques!for!determining!rRNA!structure!in+

vivo.!!This!culminated!in!a!collaboration!with!the!McManus!group!and!the!development!of!a!

new!technique! for!assaying!RNA!structure!by!nextBgeneration!sequencing! technology.! ! In!

this! introduction! I! will! first! provide! a! general! background! of! ribosome! biogenesis! in!

eukaryotes,!highlighting!some!of!the!principles!that!have!been!learned!from!in+vitro+studies!

of! prokaryotic! ribosomes.! ! Then,! I! will! focus! on! RNA! folding,! discussing! the! general!

principles! that! govern!RNA! folding,! the! challenges!of! folding! large!RNAs! (such!as! rRNA),!
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current!and!emerging!techniques!to!study!RNA!structure,!and!finally!recent!examples!of!in+

vivo+studies!of!rRNA!folding!in!eukaryotes.!

!

1.1(Ribosome(function(and(disease!

Ribosomes! are! large! ribonucleoprotein! (RNP)! machines! responsible! for! translating! the!

genetic! code! from!mRNA! to! protein.! ! All! ribosomes! consist! of! two! subunits;! a! large! 60S!

subunit!(50S! in!prokaryotes)!and!a!small!40S!subunit!(30S! in!prokaryotes).! ! In!yeast,! the!

large!subunit!is!composed!of!3!rRNAs!(25S,!5.8S,!and!5S!rRNA)!and!47!ribosomal!proteins!

(rBproteins)!(Fig.!1A).! !The!small!subunit!contains!only!one!rRNA!(18S)!and!33!rBproteins!

(Fig.! 1B).! ! The! large! subunit! contains! the! GTPase! activation! center,! the! polypeptide! exit!

tunnel,!and!the!petidyl!transferase!center!(PTC).!The!PTC!is!comprised!solely!of!RNA!and!

functions! in! peptide! bond! formation.! ! Thus,! the! ribosome! functions! as! a! ribozyme.! ! The!

small! subunit! houses! the! decoding! center,! acting! as! a! landing! platform! for! mRNAs! and!

tRNAs.! ! Although! highly! conserved,! particularly! near! the! functional! centers,! eukaryotic!

ribosomes!are!larger!and!more!complex!than!those!in!prokaryotes.!!Eukaryotic!ribosomes!

have! evolved! additional! sequences! of! rRNA! called! expansion! segments! (Gerbi,! 1996).!!

Furthermore,!a!number!of! rBproteins!are! specific! to!eukaryotes,! and!others!have!evolved!

eukaryoticBspecific!tails!(BenBShem!et!al.!2011).! !Together,!these!expansion!segments!and!

eukaryotic!specific!rBproteins!are!thought!to!provide!additional!means!of!regulation!to!both!

ribosome!assembly!and!ribosome!function.! !Recent!highBresolution!crystal!structures!and!

cryoBEM! reconstructions! of!Tetraheymena,+yeast,! fly,! and!human+ ribosomes!highlight! the!

extensive!and! intricate!network!of! interactions!between!the!rRNA!and!rBproteins! (Fig.!1)!

(Armache! et! al.! 2010a;! Armache! et! al.! 2010b;! BenBShem! et! al.! 2011;! Anger! et! al.! 2013).!!
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Now! armed! with! a! blueprint! of! the! final! product,! we! are! able! to! imagine,! design,! and!

implement!more!powerful!experiments!to!better!understand!how!these!complex!machines!

are!assembled.!!

! The!production!of!ribosomes!is!a!highly!energetic!process,!consuming!a!significant!

fraction! of! cellular! resources! (Warner! 1999).! ! Approximately! 60%! of! transcription! in!

rapidly!dividing!yeast!is!devoted!to!the!production!of!ribosomes!(Woolford!1991;!Woolford!

and!Warner! 1991).! ! This! equates! to! the! cellular! production! of! ~2000! ribosomes! every!

minute.! ! This! high! demand! on! cellular! resources! results! in! a! tight! linkage! between! cell!

growth!rate,!nutrient!availability,!and!ribosome!biogenesis.!!When!cells!are!rapidly!dividing!

and!nutrients! are! available,! the! demand! for! the! production! of! new! ribosomes! is! high.! In!

contrast,! low! nutrient! availability,! and! consequently! slower! growth,! leads! to! down!

regulation!of!ribosome!production!(Powers!and!Walter!1999).!

! Due!to!the!essential!nature!of!ribosomes,!one!would!expect!that!significant!defects!

in! ribosome! biogenesis! or! ribosome! function! would! result! in! embryonic! lethality.!!

However,!mutations!in!rBproteins!or!assembly!factors!that!result!in!partial!loss!of!function,!

as! well! as! heterozygous! null! alleles,! have! been! shown! to! result! in! a! number! of! human!

diseases.! (Freed! et! al.! 2010;! Narla! and! Ebert! 2010)! (Freed! et! al.! 2010,! Narla! and! Ebert,!

2010).! ! These! diseases,! termed! ribosomopathies,! often! present! as! anemias,! craniofacial!

abnormalities,! short! stature,! limb! and! joint! abnormalities,! and! mental! retardation.! ! A!

number! of! these! diseases! result! in! activation! of! P53,! and! therefore! a! predisposition! to!

cancer! (Freed!et!al.!2010).! !Thus,!a!detailed!understanding!of! the!molecular!mechanisms!

that! govern! and! drive! ribosome! biosynthesis! is! certain! to! advance! our! understanding,!

diagnosis,!and!treatment!of!ribosomopathies.!
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Figure(1!
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Figure(1:(Crystal(structure(of(the(Saccharomyces+cerevisiae+ribosome(at(3.0Å(

The!60S!(A)!and!40S!(B)!ribosomal!subunits!viewed!from!the!solvent!accessible!side!(left)!

and!the!subunit!interface!(right).!Structural!landmarks!of!the!60S!subunit!include!the!acidic!

stalk,! the! L1! stalk,! and! the! central! protuberance! (CP).! ! Landmarks! of! the! 40S! subunit!

include!the!head,!body,!platform,!and!beak.!
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1.2(Ribosome(assembly(and(preErRNA(processing(are(coEtranscriptional(

Ribosome!assembly!begins!in!the!nucleolus,!a!subnuclear!compartment!organized!around!

the! rDNA! genes.! ! In! S.+ cerevisiae,+ these! genes! are! encoded! on! chromosome! XII! and! are!

tandemly!repeated!approximately!150!times!(Fig.!2).!!The!sequences!encoding!18S,!25S!and!

5.8S!rRNAs!are!polycistronic!and!transcribed!as!a!single!unit!by!RNA!Polymerase!I!(Pol!I).!

The!polycistronic!nature!of!these!precursors!presumably!ensures!that!rRNAs!destined!for!

the! small! (18S! rRNA)! and! large! (25S! and! 5.8S! rRNA)! subunits! are! transcribed! in!

stoichiometric!amounts.!!These!preBrRNAs!are!then!processed!though!a!series!of!endoB!and!

exonucleolytic! cleavages! that! eventually! liberate! the! mature! rRNAs! (Fig! 4,! described! in!

detail!below).!5S!rRNA!is!encoded!by!separate!genes,! transcribed!by!RNA!Polymerase!III,!

and!processed!independently!of!the!other!preBrRNAs.!

! Pioneering!work!from!Miller!and!Beatty!(Miller!and!Beatty!1969)!provided!the!first!

hints!that!ribosome!assembly!occurs!coBtranscriptionally.!!Electron!micrographs!of!actively!

transcribed! rDNA! genes! from! amphibian! oocytes! revealed! nascent! rRNA! transcripts!

decorated! at! their! ends! with! electron! dense! knobs.! ! More! recently! it! was! shown! that!

disruption! of! ribosome! biogenesis! results! in! loss! of! these! terminal! knobs! (Osheim! et! al.!

2004).! Furthermore,! the!mass!of! these!knobs!approximates! that!of! initial!preBribosomes.!!

Together,! these! investigations! provide! ample! evidence! that! ribosome! assembly! begins!

coincident!with!transcription!of!the!rRNA.!

! Nevertheless,!preBrRNA!processing!in!S.+cerevisiae+was!thought!to!occur!exclusively!

postBtranscriptionally.! ! Pioneering! works! from! the! Warner! group! and! the! Planta! group!

independently!showed!that!a!35S!preBrRNA!could!be!synthesized!and!detected!within!a!90S!

RNP! particle! (Udem! and! Warner! 1972;! Trapman! et! al.! 1975).! ! When! this! occurs,! Pol! I!
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transcribes!the!entire!length!of!the!rDNA!gene,!producing!a!35S!preBrRNA!that!is!packaged!

into!90S!preBribosomes!(Fig!3A).!!This!initial!preBrRNA!is!then!cleaved!endonucleolytically,!

resulting!in!two!separate!precursors!that!will!mature!into!the!rRNAs!of!the!small!and!large!

ribosomal!subunits.! !However,!more!recently! it!was!shown!that! in!rapidly!dividing!yeast,!

the!majority!of!initial!preBrRNA!processing!steps!occur!coBtranscriptionally.!!As!Pol!I!moves!

down! the! rDNA!unit,! the!preBrRNA! is! cleaved!coBtranscriptionally! to! first! release!an!RNP!

particle!that!will!mature!into!the!40S!subunit.! !Transcription!termination!then!liberates!a!

particle! that! is!destined!to!mature! into! the!60S!subunit! (Fig!3B).! It! is!now!known!that! in!

rapidly!dividing!yeast,! initial!steps!of!preBrRNA!processing!are!in!an!equilibrium!in!which!

the! majority! occur! coBtranscriptionally,! and! a! minority! occur! postBtranscriptionally!

(Osheim!et!al.!2004).! !This!equilibrium!is!related!to!cell!growth!and!cell!division!rates,!as!

cells! that! are! in! stationary! phase! process! a! greater! fraction! of! preBrRNAs! postB

transcriptionally.!!This!will!be!discussed!in!greater!detail!in!Chapter!3.!

! PreBrRNA!processing!is!once!of!the!best!studied!and!most!well!understood!aspects!

of!ribosome!biogenesis!(Venema!and!Tollervey!1999).!When!preBrRNA!processing!occurs!

postBtranscriptionally,!the!initial!precursor!is!the!35S!preBrRNA!(Fig!4A).!!In!addition!to!the!

sequence! encoding!mature! 18S,! 25S,! and! 5.8S! rRNAs,! this! initial! transcript! contains! two!

external! and! two! internal! transcribed! spacer! sequences! (ETS! and! ITS)! that! must! be!

removed.! ! Initial! cleavages! of! the! preBrRNA! at! the! A0,! A1,! and! A2! sites!within! the! 5’! ETS!

generate! 20S! and! 27SA2! preBrRNAs! that!will!mature! into! the! rRNAs! of! the! 40S! and! 60S!

subunits,! respectively! (Udem! and!Warner! 1972;! Hughes! and! Ares! 1991;! Beltrame! et! al.!

1994).! When! preBrRNA! processing! occurs! coBtranscriptionally,! the! nascent! preBrRNA! is!

cleaved!at!the!A2!site!within!ITS1,!soon!after!this!processing!site!is!transcribed!by!Pol!I!(Fig!
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4B)! (Osheim!et!al.!2004;!Kos!and!Tollervey!2010).!This! releases!what! is!presumably!20S!

preBrRNA,!prior!to!the!completion!of!transcription.!!It!still!remains!unclear!if!processing!at!

sites! A0! and! A1! can! occur! coincident!with! transcription.! ! As! Pol! I! reaches! the! end! of! the!

rDNA!gene,!transcription!termination!releases!27SA2!preBrRNA!(Kufel!et!al.!1999).!Current!

knowledge! indicates!that!20S!and!27SA2!preBrRNAs!are!processed!the!same,!regardless! if!

they! are! generated! coB! or! postBtranscriptionally.! ! However,! recent! work! from! our! lab!

suggests!that!this!might!not!be!the!case.!!Our!data!indicate!that!preBrRNAs!processed!postB

transcriptionally! can! follow! a! different! processing! pathway! than! those! processed! coB

transcriptionally!(discussed!in!Chapter!3).!

! Once!generated,!20S!preBrRNA!is!rapidly!exported!to!the!cytoplasm!where!its!3’!end!

is! cleaved! at! the! D! site! to! produce!mature! 18S! rRNA! (Fatica! et! al.! 2003a;! Lamanna! and!

Karbstein! 2009;! Lamanna! and!Karbstein! 2010).! This! is! the! last! known! step! of! preBrRNA!

processing! during! biogenesis! of! the! 40S! subunit.! ! Processing! of! 27SA2! preBrRNA,! and!

subsequent! generation! of! 5.8S! and! 25S! rRNAs,! follows! a! much! more! complex! pathway.!!

Alternative! processing! pathways! of! this! intermediate! results! in! the! formation! of! two!

different!populations!of!functional!5.8S!rRNA,!differing!in!length!by!six!nucleotides!at!their!

5’!ends.!The!major!pathway,!occurring!approximately!85%!of!the!time,!involves!cleavage!of!

27SA2! preBrRNA! at! the! A3! site! in! ITS1,! creating! the! 27SA3! preBrRNA! (Shuai! and!Warner!

1991;!Lindahl!et!al.!1992;!Schmitt!and!Clayton!1993;!Chu!et!al.!1994;!Lygerou!et!al.!1996).!

This!is!followed!by!5’!to!3’!exonucleolytic!digestion!of!the!preBrRNA!to!the!Bs!site,!removing!

the! remainder! of! ITS1! and! producing! the! 5’! end! of! 27SBs! preBrRNA! (Henry! et! al.! 1994;!

Oeffinger! et! al.! 2009).! The! minor! pathway,! occurring! approximately! 15%! of! the! time,!

involves!an!endonucleolytic!cleavage,!by!an!unknown!nuclease,!at!the!BL!site!to!form!27SBL!
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preBrRNA.!Both!27SB!preBrRNAs! are! then! cleaved! at! the!C2! site! in! ITS2,! producing!25.5S!

preBrRNA!and!7SS!or!7SL!preBrRNAs.!The!3’!ends!of!both!7S!species!are!then!removed!by!a!

series! of! exonucleolytic! digestions,! forming! mature! 5.8SS! and! 5.8SL! rRNAs! (Henry! et! al.!

1994;! Mitchell! et! al.! 1996).! Last,! 25.5S! preBrRNA! is! trimmed! at! its! 5’! end! by! Rat1,!

generating!mature!25S!rRNA!(Geerlings!et!al.!2000).!

In! addition! to! the! various! endoB! and! exonucleolytic! cleavages! involved! in! rRNA!

processing,!there!are!a!large!number!of!covalent!modifications!of!the!rRNA!that!occur!both!

coB!and!postBtranscriptionally!(Osheim!et!al.!2004;!Kos!and!Tollervey!2010).!The!majority!

of!these!modifications!are!guided!by!small!nucleolar!ribonucleoprotein!particles!(snoRNPs)!

and! involve! the! isomerization! of! uridines! to! pseudouridines! and! the! methylation! of! 2’B

hydroxyl! groups! of! the! riboses! (reviewed! in! Woolford! and! Basserga,! 2013).! These!

modifications!are!thought!to!play!a!general!role!in!rRNA!conformation!and!stability.!
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Figure(2+
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Figure(2:((rDNA(repeat(in(Saccharomyces+cerevisiae(

The!9.1!kb!rDNA!genes!are!located!on!chromosome!XII!and!repeated!~150!times.!18S,!5.8S,!

and! 25S! rRNAs! are! transcribed! as! a! single! transcript! by! RNA! polymerase! I.! 5S! rRNA! is!

encoded!by!separate!genes!and!is!transcribed!in!the!opposite!direction!by!RNA!polymerase!
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Figure(3((
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Figure(3:(The(majority(of(preErRNA(processing(in(Saccharomyces+cerevisiae+occurs(coE

transcriptionally(whereas(a(minority(occurs(postEtranscriptionally.((

(A)!Traditionally,!preBrRNA!processing!was!thought!to!occur!postBtranscriptionally.!!When!

this!occurs,!RNA!polymerase!I!(red)!transcribes!the!entire!length!of!rRNA!resulting!in!the!

formation! of! a! 90S! preBribosome! containing! 35S! preBrRNA! and! both! 40S! (blue)! and! 60S!

(green)!proteins.! PostBtranscriptional! cleavage! at! the!A2! site! separates! the!maturation!of!

40S!and!60S!subunits.!(B)!New!data!suggests!that! in!rapidly!dividing!yeast,!early!steps!of!

preBrRNA!processing!occur!coBtranscriptionally.! !CoBtranscriptional!cleavage!at!the!A2!site!

first! releases! a! 43S! preBribosome! containing! 20S! preBrRNA! (blue)! and! transcription!

termination! releases! a! 66S! preBribosome! containing! 27SA2! preBrRNA! (green).! ! In! this!

scenario,!35S!preBrRNA!is!never!produced.!
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Figure(4(
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Figure(4.(PreErRNA(processing(in(Saccharomyces+cerevisiae+

(A)!PostBtranscriptional!preBrRNA!processing!initiates!with!35S!preBrRNA,!(B)!whereas!coB

transcriptional!preBrRNA!processing!initiates!with!20S!and!27SA2!preBrRNA.!!As!described!

in!1.2,! these! initial! intermediates!undergo!a!series!of!endo!and!exonucleolytic!processing!

steps!to!remove!spacer!sequences!(5’!ETS,!ITS1,!ITS2,!and!3’!ETS)!and!liberate!mature!18S,!

5.8S,!and!25S!rRNAs.!!Processing!sites!are!indicated!on!the!35S!preBrRNA!intermediate,!and!

each!of!the!consecutive!preBrRNA!intermediates!is!labeled.!!
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1.3(TransEacting(factors(drive(assembly(of(preEribosomes!

In!addition!to!rBproteins!and!rRNAs,!ribosome!biogenesis!requires!a!large!number!of!transB

acting!factors,!hereafter!referred!to!as!assembly!factors.!These!factors!were!first!discovered!

in!1972,!but!it!took!~20!years!to!identify!and!understand!the!significance!of!these!proteins.!

Sedimentation! of! ribosome! precursor! particles! from! HeLa! cell! nucleoli! revealed! “extra”!

proteins,!distinguishable!from!rBproteins,!associated!with!these!RNPs!(Kumar!and!Warner!

1972).!To!date,!at!least!180!assembly!factors!have!been!shown!to!be!required!for!ribosome!

assembly!(Lafontaine!and!Tollervey!1995;!Tollervey!1996;!Kressler!et!al.!1999;!Kressler!et!

al.! 2010).! Many! of! these! proteins! are! essential! for! life! and! are! conserved! from! yeast! to!

humans.!!These!proteins,!while!important!for!ribosome!assembly,!do!not!function!directly!

in! protein! synthesis! and! are! not! required! for! ribosome! function.! ! As! biogenesis! of! the!

ribosome! proceeds,! these! factors! associate! with! the! assembling! particle,! perform! their!

function,! and! then! are! released! and! recycled! for! another! round! of! ribosome! synthesis.!!

Assembly!factors!were!first!identified!using!classic!genetic!screens!for!mutants!defective!in!

ribosome!assembly!(Fabian!and!Hopper!1987;!Sachs!and!Davis!1990;!Tollervey!et!al.!1991;!

Ripmaster!et!al.!1992;!Schmitt!and!Clayton!1993;!Berges!et!al.!1994;!Chu!et!al.!1994;!Sun!

and! Woolford! 1994).! These! initial! assembly! mutants! were! then! used! in! other! screens!

(synthetic! lethality,! suppression,! and! twoBhybrid)! to! identify! additional! assembly! factors!

(Adams!et!al.!2002).!Examination!of!preBrRNA!processing! in!assembly!mutants! identified!

three! broad! classes! of! assembly! defects! that! still! hold! true:! (1)! Mutations! that! slow!

ribosome!maturation! but! do! not! completely! block! it;! (2)!Mutations! that! block! a! step! in!

assembly!causing!an!accumulation!of!a!specific!assembly!intermediate;!(3)!Mutations!that!

block!assembly!and!cause!degradation!of!one!or!more!of!the!intermediates.!



! 17!

Although!genetics!led!to!the!identification!and!characterization!of!an!initial!subset!of!

assembly! factors,! the! ability! to! epitopeBtag! these! proteins,! affinityBpurify! ribosome!

assembly!intermediates,!and!assay!their!constituents!by!mass!spectrometry!(MS)!allowed!

the! identification! of! a! large! number! of! additional! factors! associated!with! preBribosomes!

(Rigaut! et! al.! 1999;!Bassler! et! al.! 2001;!Harnpicharnchai! et! al.! 2001;!Dragon! et! al.! 2002;!

Nissan! et! al.! 2002).! In! yeast,! approximately! 90! proteins! can! be! reproducibly! found! in!

precursors! of! the! 60S! subunit! (Table! 1).! With! the! development! of! the! tandem! affinity!

purification! (TAP)! method,! TAPBtagged! assembly! factors! could! be! used! as! ! “molecular!

hooks”! to! purify! all! preBribosomes! containing! the! tagged! protein.! ! Once! purified,! these!

particles!could!then!be!“dissected”!using!a!variety!of!assays!to!examine!both!the!RNA!and!

protein!constituents!of!each!particle.!Because!most!assembly! factors!are!present! in!more!

than! one! consecutive! preBribosomal! intermediate,! their! timing! of! association! with,! and!

release! from,! preBribosome! can! be! determined! by! examining! the! earliest! and! latest! preB

rRNAs!that!coBpurify!with!each!factor.!!This!has!provided!a!“road!map”!of!assembly.!!Initial!

characterizations! of! assembly! have! also! determined! for! which! steps! in! preBrRNA!

processing! most! of! these! factors! are! required,! but! detailed! mechanisms! for! how! the!

majority!of!these!proteins!function!are!still!lacking.!

In+ vitro+ reconstitution! of! E.+ coli+ ribosomes! suggested! that! the! biogenesis! of!

ribosomes! is! a! “self! assembly”! process! (Traub! and! Nomura! 1968;! Nierhaus! and! Dohme!

1974;! Nierhaus! 1991).! ! However,! the! reconstitution! process! is! slow! under! physiological!

conditions,! and! nonBphysiological! conditions! (heating,! high! [Mg2+],! etc.)! are! required! to!

drive! the!assembly!process! to! completion.! !Assembly! is! slowed!even! further! if!precursor!

RNAs!are!used! instead!of!mature!rRNA,!suggesting!that!proper!processing!of! the!rRNA!is!
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necessary!for!efficient!assembly!(Mangiarotti!et!al.!1975).!Ribosomal!subunits!assembled!in+

vitro! accumulate! as! intermediate! particles! at! low! temperature,! containing! an! incomplete!

set! of! rBproteins.! ! These! intermediates! only! make! the! transition! to! mature,! functional!

subunits!upon!heating!to!40!°C!(Held!et!al.!1973).!This!heating!step!is!thought!to!provide!

the!energy!needed!to!rearrange!the!assembling!particle!and!help!facilitate!stable!joining!of!

the! remaining! rBproteins.! ! In+ vivo,! this! energy! barrier! is! thought! to! be! overcome! by!

assembly!factors.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

(

(
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TABLE(1(

Table(1(Assembly(factors(that(function(in(maturation(of(60S(ribosomal(subunits(in(S.+cerevisiae+

PreErRNA(
processing(
step(

Name/Alias(
Human(Ortholog;(
Accession(Number(

Comments( Ref.(

Rrp5! PDCD11;!
NP_055791.1!

S1Blike!RNA!binding!domains! Eppens!et+al.+1999;!!
Vemema!et+al.!1996;!!
Vos!et+al.!2004!

Nop4/Nop7
7!

RBM28;!
NP_060547.2!

4!RRMs! Sun!et+al.!1994!

Dbp6!
!
! !

DDX51;!
NP_778236.2!

DEADBbox!RNA!helicase! Kressler!et+al.!1998!

Npa1/Urb1! ! ! Dez!et+al.!2004;!!!!!!!!!!!!!!!
!Rosado!et+al.!2004!

Npa2/Urb2! ! ! Rosado!et+al.!2007!

Nop8! ! CoiledBcoil!and!an!RRM! Zanchin!et+al.!1999!

Rsa3! ! ! de!la!Cruz!et+al.!2004!

Noc1/Mak21! CEBPZ;!
!NP_005751.2!

CCAATBbinding!factor! Milkereit!et+al.!2001!

Noc2!/!Rix3! NOC2L;!
NP_056473.2!

CoiledBcoils! Milkereit!et+al.!2001!

Noc3! NOC3L;!
NP_071896.8!

CoiledBcoils! Milkereit!et+al.!2001!

Dbp2! DDX5;!!
NP_004387.1!

DEADBbox!RNA!helicase! Bond!et+al.!2001!

Dbp3! DDX42;!
NP_031398.2!

DEADBbox!RNA!helicase! Weaver!et+al.!1997!

Dbp7! DDX31;!
NP_073616.6!

DEADBbox!RNA!helicase! Daugeron!and!Linder!1998!

Dbp9! DDX56;!
NP_061955.1!

DEADBbox!RNA!helicase! Daugeron!et+al.!2001!

A0,(A1,(A2,(A3(

Prp43/JA1! DHX15;!
NP_001349.2!

DEAHBbox!RNA!helicase;!also!
involved!in!preBmRNA!splicing!and!
SSU!biogenesis!

Combs!et+al.!2006;!!!!!!!!!!!!!!!
!Leeds!et+al.!2006!
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Loc1! ! Also!involved!in!ASH1!mRNA!
localization!

Urbinati!et+al.!2006!

Mak5! DDX24;!
NP_065147.1!

DEADBbox!RNA!helicase! Zagulski!et+al.!2003!

Cbf5! ( Pseudouridine!synthase!catalytic!
subunit!of!box!H/ACA!snoRNPs!

Lafontaine!et+al.!1998!

Ssf1! PPAN;!!
NP_064615.3!

Brix!domain! Fatica!et+al.!2002!

Ssf2! EIF6;!!
NP_064615.3!

Brx1!domain! !

Rrp14! SURF6;!!
NP_006744.2!

CoiledBcoils! Oeffinger!et+al.!2007;!!!!!!!!!!!!!!!!!!!
Yamada!et+al.!2007!

Rrp15! ?????! ! De!Marchis!et+al.!2005!

Mak16! MAK16;!
NP_115898.2!

HMGBlike!acidic!region! Pellet!et+al.!2006!

(

Nop16! NOP16;!
NP_057475.2!

! Unpublished!results!J.W.!

! ! ! ! !

Rpf1! RPF1;!!
NP_079341.2!

s70Blike!RNA!binding!motif! Wehner!and!Baserga!2002!

Ebp2! EBNA1BP2;!
NP_001153408.1!

! Huber!et+al.!2000;!!
Shimoji!et+al.!2012;!!
Tsujii!et+al.!2000!

Brx1! BRIX1;!!
NP_060791.3!

s70Blike!RNA!binding!motif! Kaser!et+al.!2001;!!!!!!!!!!!!
!Shimoji!et+al.!2012!

Ytm1! WDR12;!
NP_060726.3!

WD40!repeats! Miles!et+al.!2005;!!!!!!!!!
Sahasranaman!et+al.!2011!

Erb1! BOP1;!!
NP_056016.1!

WD40!repeats! Granneman!et+al.!2011;!!!!!!!
Pestov!et+al.!2001;!!!!!!!!!!!
Sahasranaman!et+al.!2011!

Nop7/Yph1! PES1;!!
NP_055118.1!

BRCT!domain!and!coiledBcoils! Adams+et+al.!2002;!Granneman!et+
al.!2011;!Oeffinger!et+al.!2002;!
Sahasranaman!et+al.!2011!+

Drs1! DDX27;!
NP_060365.7!

DEADBbox!RNA!helicase! Merl!et+al.!2010;!!!!!!!!!!!!!!!!!!!
Unpublished!results!J.W.!

A3(cleavage(
and(A3(
processing(

Nop15! MKI67IP;!
NP_115766.3!

RRM! Granneman!et+al.!2011;!Oeffinger!
et+al.!2003;!Sahasranaman!et+al.!
2011!
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Cic1/Nsa3! ! Ribosomal!protein!L1!domain! Fatica!et+al.!2003;!Granneman!et+
al.!2011;!Sahasranaman!et+al.!
2011!

Rlp7! RL7L;!!
NP_940888!
(

Similar!to!rBprotein!L7! Dunbar!et+al.!2000;!!!!!!!!!!!!
Sahasranaman!et+al.!2011!

Rrp1! RRP1B;!
NP_055871.1!

! Horsey!et+al.!2004;!!!!!!!!!!!
Sahasranaman!et+al.!2011!

Nop12! RBM34;!
NP_055829.2!

RRM! Granneman!et+al.!2011;!!!!!!!!!!
Wu!et+al.!2001!

Has1! DDX18;!
NP_006764.3!

DEADBbox!RNA!helicase;!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
also!required!for!SSU!biogensis!

Dembowski!et+al.!in!press!

(

Rai1! DOM3Z;!
NP_005501.2!

Binds!to!and!stabilizes!the!
exoribonuclease!Rat1!

Xue!et+al.!2000!

Rat1/Xrn2! XRN2;!!
NP_036387.2!

Nuclear!5'!to!3'!singleBstranded!
RNA!exonuclease!

Henry!et+al.!1994;!!!!!!!!!!
Oeffinger!et+al.!2009!

Xrn1! SEP1;!!
NP_061874.3!

Cytoplasmic!5'!to!3'!RNA!
exonuclease;!also!involved!in!
mRNA!decay!

Henry!et+al.!1994;!!!!!!!!!
!Oeffinger!et+al.!2009!(

!

Rrp17! NOL12;!!
NP_077289!
!

Nuclear!5'!to!3'!RNA!exonuclease! Oeffinger!et+al.!2009!

! ! ! ! !

Nip7! NIP7;!!
NP_057185.1!

PUA!domain! Talkish!et+al.!2012;!!!!!!!!!!!
Zanchin!et+al.!1997!

Nop2/Yna1! NOP2;!!
NP_006161.2!

Putative!RNA!methyltransferase! Hong!et+al.!1997;!!!!!!!!!!!!!!
Talkish!et+al.!2012!

Rpf2! RPF2;!!
NP_115570.1!

Brix!domain! Morita!et+al.!2002;!!!!!!!!!!!!
Wehner!and!Baserga!2002;!
Zhang!et+al.!2007!!

Rrs1! RRS1;!!
NP_055984.1!

! Tsuno!et+al.!2000;!!!!!!!!!!!!!!
Zhang!et+al.!2007!

Spb4! DDX55;!
NP_065987.1!

DEADBbox!RNA!helicase( de!la!Cruz!et+al.!1998;!!!!!!!!!!!!!!!!!!
GarciaBGomez!et+al.!2011!

Dbp10! DDX54;!
NP_001104792.1!

DEADBbox!RNA!helicase! Burger!et+al.!2000!

Mak11! PAK1IP1;!
NP_060376.2!

WD40!repeats! Saveanu!et+al.!2007!

C2(cleavage(

Tif6!/Cdc95! EIF6;!!
NP_852133.1!

eIF6!domain! Basu!et+al.!2001;!!!!!!!!!!!!!!
Senger!et+al.!2001!
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Rlp24! RSL24D1;!
NP_057388.1!

TRASH!domain!and!a!coiledBcoil! Saveanu!et+al.!2003!

Nog1! GTPBP4;!
NP_036473.2!

GTPase! Kallstrom!et+al.!2003;!!!!!!!!!!!!!!!!!!!!
Saveanu!et+al.!2003!

Spb1! FTSJ3;!!
NP_060117.3!

AdoBMet!dependent!
methyltransferase!

Kressler!et+al.!1999!

Nsa2! NSA2;!!
NP_055701.1!

Member!of!the!ribosomal!protein!
S8e!superfamily!

Lebreton!et+al.!2006!

Nog2/Nug2! GNL2;!!
NP_037417.1!

GTPase! Bassler!et+al.!2001;!!!!!!!!!!!!!
Saveanu!et+al.!2001!
!

Nug1! GNL3L;!
NP_061940.1!

GTPase! Bassler!et+al.!2001!

(

Cgr1! CCDC86;!
NP_077003.1!

CoiledBcoil! Moy!et+al.!2002!

! ! ! ! !

Rix7! NVL;!!
NP_002524.2!

AAABATPase! Gadal!et+al.!2001;!!!!!!!!!!!!
Kressler!et+al.!2008!

27SB(stability( Nsa1! WDR74;!
NP_060563.2!

Released!from!preBribosomes!by!
Rix7!

Kressler!et+al.!2008!

! ! ! ! !

Ipi3! WDR18;!
NP_077005.2!

WD40!repeats! Galani!et+al.!2004;!!!!!!!!!!!!!
Krogan!et+al.+2004!

Ipi2/Rix1! ! ! Galani!et+al.!2004;!!!!!!!!!!!!!!
Krogan!et+al.+2004!

Ipi1! ! ! Galani!et+al.!2004;!!!!!!!!!!!!
Krogan!et+al.+2004!

Rea1/Mdn1! MDN1;!!
NP_055426.1!

Dynein!related!AAABtype!ATPase;!
Releases!Ytm1!and!Rsa4!!!!!!!!!!!!!!!!!!
from!preBribosomes!

Bassler!et+al.!2010;!!!!!!!!!!!!!!!
Galani!et+al.!2004;!!!!!!!!!!!
Ulbrich!et+al.!2009!

Rsa4! NLE1;!!
NP_060566.2!

WD40!repeats! de!la!Cruz!et+al.!2005!

7S(processing(
and(nuclear(
release(of(
assembly(
factors(

Mtr4/Dob1! SKIV2L2;!
NP_056175.3!

DEADBbox!RNA!helicase! de!la!Cruz!et+al.!1998!

! ! ! ! !
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Nop53! GLTSCR2;!
NP_056525.2!

CoiledBcoil! Granato!et+al.!2005;!!!!!!!!!!!!!!!!!!!!!
Granato!et+al.!2008!

Sda1! SDAD1;!
NP_060585.2!

Also!required!for!actin!
cytoskeleton!organization!

Dez!et+al.!2006!

Rrp12! RRP12;!
NP_055994.2!

HEATBrepeats! Oeffinger!et+al.!2004!

Arx1! PA2G4;!
NP_006182.2!

CoiledBcoil! Bradatsch!et+al.!2007;!!
Bradatsch!et+al.!2012;!
!Lebreton!et+al.!2006!

Alb1! ! Nuclear!shuttling!factor! Bradatsch!et+al.!2007;!
!Bradatsch!et+al.!2012;!!!!!
Lebreton!et+al.!2006!

Nmd3/Src5! NMD3;!!
NP_057022.2!

CoiledBcoil! Hedges!et+al.!2005;!!!!!!!!!!!!!!
West!et+al.!2005!
!

Mex67! TAP;!!
NP_006353.2!

Also!involved!in!nuclear!RNA!
export!

Yao!et+al.!2007;!Yao!et+al.!2008!

Mtr2! ( Also!involved!in!nuclear!RNA!
export!

Yao!et+al.!2007;!Yao!et+al.!2008!

Nuclear(
export(

Bud20! ! Zinc!finger!domain! Bassler!et+al.!2012!

! ! ! ! !

Ngl2! ( Ccr4Blike!Rnase! Faber!et+al.!2002;!!!!!!!!!
Thomson!and!Tollervey!2010!

Rex1/Rnh70! REX1;!!
NP_065746.3!

3'!to!5'!exoribonuclease! van!Hoof!et+al.!2000!
6S(processing(

Rex2! ( 3'!to!5'!exoribonuclease! van!Hoof!et+al.!2000!

( ! ! ! !

Drg1/Afg2! SPATA5;!
NP_660208.2!

AAABATPase;!Releases!Nog1!and!
Rlp24!

Pertschy!et+al.!2007!

Rei1! ZNF622;!
NP_219482.1!

Zinc!finger!domains;!Release!of!
Arx1!and!Alb1!

Lebreton!et+al.!2006;!!!!!!!!!!!!!!!!!!!!!!
Parnell!and!Bass!2009!

Reh1! ! Zinc!finger!domains! Lebreton!et+al.!2006;!!!!!!!!!!!!!!!!!!!!!!!!!!
Parnell!and!Bass!2009!

Cytoplasmic(
maturation(

Jjj1! DNAJC21;!
NP_919259.3!

Contains!a!zinc!finger!domain!and!a!
DNA!J!domain;!Release!of!Arx1!and!
Alb1!

Demoinet!et+al.!2007;!Greber!et+
al.!2012;!Meyer!et+al.!2007;!
Meyer!et+al.!2009!
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Ssa1! HSP70;!!
NP_005337.2!

ATPase;!Member!of!HSP70!family;!
Releases!Arx1!and!Alb1!

Meyer!et+al.!2007!

Ssa2! HSC70;!!
NP_006588.1!

ATPase;!Member!of!HSP70!family;!
Releases!Arx1!and!Alb1!

Meyer!et+al.!2007!!

Yvh1! DUSP12;!
NP_009171.1!

DualBspecificity!phosphatase! Kemmler!et+al.!2009;!!
Lo!et+al.!2009!

Mrt4! MRT04;!
NP_057267.2!

Similar!to!the!rBprotein!P0! Kemmler!et+al.!2009;!!!!!!!!!!!!!!!!!
RodriguezBMateos!et+al.!2009!

Sdo1! SBDS;!!
NP_057122.2!

Responsible!for!ShwachmanB
BodainBDiamond!syndrome;!
Release!of!Tif6!

Menne!et+al.!2007!

Efl1/Ria1! EFTUD1;!
NP_078856.4!

Cytoplasmic!GTPase;!Releases!Tif6! Senger!et+al.!2001!

Lsg1/Kre35! LSG1;!!
NP_078856.4!

Cytoplasmic!GTPase;!Releases!
Nmd3!

Hedges!et+al.!2005;!!!!!!!!!!!!!!!!!!!!!!!!!!
Kallstrom!et+al.!2003!

(

Sqt1! AAMP;!
!NP_001078.2!

WD40!repeats! West!et+al.!2005!

( ! ! ! !

Puf6! KIAA0020;!
NP_055693.4!

Pumilio!family!RNA!binding!
domain!

!

Fpr4! ( PeptidylBprolyl!cisBtrans!isomerase! !
Unknown(

Fpr3! !( PeptidylBprolyl!cisBtrans!isomerase! !!

Assembly+factors+isolated+as+a+subcomplex+are+color?coded+

(

(

(

(

(

(

(
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1.3.1(Functions(of(assembly(factors(

Based! on! preBrRNA! processing! defects,! biochemical! characterization,! and! sequence!

analysis,! assembly! factors! can! be! broadly! placed! into! functional! groups:! (1)! EndoB! and!

exonucleases!required!for!the!various!cleavage!events!during!preBrRNA!processing.!!While!

many!of!the!nucleases!that!function!in!preBrRNA!processing!have!been!identified,!a!few!still!

remain! to! be! determined;! (2)! Proteins! associated! with! snoRNPs! involved! in! base!

modification! of! the! preBrRNAs;! (3)! Enzymes! that! postBtranslationally! modify! rBproteins!

and/or! assembly! factors;! (4)! RNA! binding! proteins,! RNA! chaperones,! and! scaffolding!

proteins! that! stabilize! and! promote! correct! proteinBprotein,! RNABprotein,! and! RNABRNA!

interactions,! preventing! the! formation! of! incorrect! structures;! (5)! Factors! that! facilitate!

export!of!preBribosomes!out!of!the!nucleus;!(6)!RNA!helicases/ATPases,!AAA!ATPases,!and!

GTPases! that! utilize! the! energy! of! NTP! hydrolysis! to! refold! preBrRNAs,! reorganize! preB

ribosome! structure,! release! other! proteins! from! the! preBribosome,! trigger! preBrRNA!

processing!events,!and!act!as!potential!“proofBreaders”!of!assembly.! !The!NTPases,!due!to!

their! conserved! nature! and! enzymatic! function,! are! one! of! the! most! studied! classes! of!

assembly!factors,!yet!precise!molecular!mechanisms!of!these!proteins!still!remain!elusive.!!

A!subBsection!of!Chapter!3!of!my! thesis! focuses!on! the! function!of! the!DEADBbox!protein!

Drs1.! ! Thus,! I!will! discuss! the! role! of! RNA! helicases/ATPases! in! ribosome! biogenesis,! in!

more!detail.!

!

1.3.2((RNA(helicases/ATPases(are(the(movers(and(shakers(of(ribosome(biogenesis(

Large! RNPs,! such! as! the! maturing! ribosome,! are! dynamic! complexes! with! continually!

changing! RNABRNA! and! RNABprotein! interactions! (Staley! and! Woolford! 2009).! Many! of!
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these!changing!interactions!require!RNA!structures,!such!as!stemBloops!and!helices,!to!be!

unwound!and!refolded.!These!molecular!rearrangements!require!“helper”!proteins!such!as!

RNA! helicases! that! can! disrupt! RNABRNA! interactions,! dissociate! proteins! from! RNA!

molecules,!and!assist! in!proper!tertiary!structure!formation!(Bleichert!and!Baserga!2007;!

RodriguezBGalan!et!al.!2013).!RNA!helicases!belong!to!a!conserved!superfamily!of!proteins,!

39!of!which!are!thought!to!function!in!RNA!metabolism!in!S.+cerevisiae.!The!largest!subset!

of!these!helicases!belong!to!the!subfamily!of!the!soBcalled!DEADBbox!proteins!(DBPs).!The!

yeast! genome! encodes! 25! DBPs,! the! majority! of! which! function! in! spliceosome! and!

ribosome!assembly.!DBPs!contain!at! least!11!amino!acid!motifs,!nine!of!which!are!highly!

conserved! and! form! the! core! of! the! two! RecABlike! domains.! Motif! II! (Walker! B! motif)!

contains! the! amino! acids! DBEBABD! giving! the! family! its! name.! The! nine! core! motifs! all!

cooperate! to! bind! RNA,! bind! ATP,! hydrolyze! ATP,! and! couple! ATP! hydrolysis! to! cause!

structural!rearrangements.!

In!S.+ cerevisiae,! 20!putative!RNA!helicases,!15!of!which!are!DBPs,!are! required! for!

ribosome!biogenesis!(Kressler!et!al.!2010).!It!is!thought!that!these!proteins!use!the!energy!

of!NTP!hydrolysis! to! remove!or!deliver! assembly! factors,! act! as! reversible!place!holders,!

and!cause!conformational! rearrangements! in! the!nascent! ribosome.!A! few!helicases!have!

been! implicated! in! snoRNA! removal! (Kos! and!Tollervey!2005;! Liang! and!Fournier! 2006;!

Bohnsack! et! al.! 2008).! Others! have! been! proposed! to! unwind! helices! or! cause!

conformational! rearrangements! within! preBrRNAs! to! trigger! exonucleolytic! processing!

steps!(de!la!Cruz!et!al.!1998;!Pertschy!et!al.!2009;!Dembowski!et!al.!2013).!!

Although! not! a! DBP,! the! AAABATPase! Rea1! is! probably! the! best! mechanistically!

understood! assembly! factor.! ! Rea1,! the! largest! protein! in! yeast! (559! kD),!was! shown! to!
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harness! the! energy! of! ATP! hydrolysis! to! release! itself,! as! well! as! a! number! of! other!

assembly!factors,!from!preBribosomes!(Ulbrich!et!al.!2009;!Bassler!et!al.!2010).!!Rea1!can!be!

broadly!defined!as!having!a!globular!domain,!containing!the!AAA!motif,!and!a!long!flexible!

tail! domain.! ! Electron!microscopy! revealed! that! the! flexible! tail! of!Rea1! contacts! specific!

assembly! factors,!and!upon!ATP!hydrolysis!removes! these!proteins!(and! itself)! from!preB

ribosomes.!While!this!mechanism!of!action!may!be!unique!to!Rea1,!other!assembly!factors!

are!certain!to!harness!the!energy!of!NTP!hydrolysis!to!strip!proteins!off!of!the!assembling!

ribosome.!

!

1.4(Formation(of(preEribosomal(particles(

Ribosome! biogenesis! begins! in! the! nucleolus! with! the! formation! of! either! a! 90S! preB

ribosome!containing!35S!preBrRNA!(postBtrancriptionally!generated),!or!separate!66S!and!

43S!preBribosomes!containing!27SA2!and!20S!preBrRNAs,!respectively!(coBtranscriptionally!

generated)(Fig! 5).! ! As! transcription! proceeds,! many! assembly! factors! and! rBproteins!

associate!with! the!nascent!RNA! (Gallagher!et! al.!2004;!Osheim!et! al.!2004;!Granato!et! al.!

2008;!Wery!et!al.!2009;!Kos!and!Tollervey!2010;!Hierlmeier!et!al.!2012).!43S!preBribosomes!

containing!20S!preBrRNA!are!rapidly!exported!to!the!cytoplasm!where!they!undergo!final!

steps! of!maturation! to! form! functional! 40S! subunits.! ! In! contrast,!maturation! of! the! 60S!

subunit! is! more! complicated! and! thus! slower.! ! Based! on! the! preBrRNA! processing!

intermediates!generated!during!assembly,!at! least!four!distinct!66S!preBribosomes!can!be!

detected.!!PreBribosomes!containing!27SA2,!27SA3,!and!27SB!preBrRNA!reside!mainly!in!the!

nucleolus.!!It!is!thought!that!during!processing!of!27SB!preBrRNA,!preBribosomes!make!the!

transition!from!being!nucleolar!to!nucleoplasmic,!although!it!still!remains!unclear!how!and!
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why! preBribosomes! are! released! from! the! nucleolus! during! this! step.! ! Late! 66S! preB

ribosomes!are!then!exported!from!the!nucleoplasm!to!the!cytoplasm,!where!final!steps!of!

assembly!occur,!leading!to!the!production!of!mature!60S!ribosomal!subunits.!

! During! the! biogenesis! processes,! assembly! factors! must! associate! with! preB

ribosomes,!perform!their!function,!and!then!be!released.!!While!this!occurs!throughout!the!

biogenesis!pathway,!two!major!“release!points”!during!biogenesis!of!the!60S!subunit!have!

been!identified.!!The!first!occurs!prior!to!66S!preBribosome!exiting!the!nucleus.!!In!part,!this!

is! thought! to!reduce! the!size!of! the!preBribosome!enough! to! facilitate!movement! through!

the!nuclear!pore!complex.!!At!least!two!AAA!ATPases!function!to!release!factors!during!this!

transition,!one!of!which!is!the!largest!protein!in!yeast!(Rea1;!559!kD)!(Kressler!et!al.!2008;!

Ulbrich!et!al.!2009;!Bassler!et!al.!2010;!Kressler!et!al.!2011).!The!second!major!release!of!

assembly! factors! occurs! in! the! cytoplasm,! and! is! one! of! the! best! understood! aspects! of!

ribosome!assembly! (Senger!et!al.!2001;!Menne!et!al.!2007;!Pertschy!et!al.!2007;!Lo!et!al.!

2010).!!Recent!work!has!shown!that!a!number!of!assembly!factors!remain!associated!with!

late!preBribosomes! to!prevent!preBmature!association!of! the!subunits!with!each!other,!or!

with!mRNAs!and! tRNAs!(Gartmann!et!al.!2010;!Sengupta!et!al.!2010;!Strunk!et!al.!2011).!!

Many! of! these! assembly! factors! are! bound! to! the! subunit! interfaces! of! these! immature!

particles,!or!near!what!will!become!the!functional!sites!of!the!mature!ribosome.!!These!late!

assembly!factors!are!thought!to!ensure!that!immature!subunits!do!not!join!prematurely.!!!

Immediately! prior! to! maturation,! both! immature! subunits! undergo! a! functional!

proofreading!step,!or! “test!drive”.! !The! immature!40S!subunit!performs!a! translation! like!

cycle! in!which! it!associates!with!mature!60S!subunits.!During! this! time,! the! final!steps!of!

18S! maturation! and! release! of! the! last! remaining! assembly! factors! test! the! functional!
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centers!of!these!nearly!mature!particles!(Lebaron!et!al.!2012;!Strunk!et!al.!2012).!A!similar!

phenomenon!has!also!been!demonstrated!for!immature!60S!subunits.! !It!is!thought!that!a!

flexible! loop!of! rBprotein!L10!simultaneously!probes! the! tRNA!PBsite,! the!catalytic!center,!

and! the! GTPase! activating! site.! ! This! “functional! proofreading”! results! in! the! release! of!

factors!bound!the!subunit!interface!of!immature!60S!subunits!(Bussiere!et!al.!2012).!!
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Figure(5(
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Figure(5:(Maturation(of(preEribosomal(particles(in(Saccharomyces+cerevisiae+

Ribosome!assembly!begins!in!the!nucleolus!with!either!the!formation!of!90S!preBribosomes!

(postBtranscriptionally! generated)! or! separate! 43S! and! 66S! preBribosomes! (coB

transcriptionally! generated).! ! As! particles! mature! they! are! bound! by! assembly! factors!

(purple)!and!rBproteins!(teal),!and!transition!from!the!nucleolus!to!the!nucleoplasm.!Final!

steps! of!maturation! occur! upon! export! of! preBribosomes! out! of! the! nucleus! and! into! the!

cytoplasm.! Throughout! this! processes! assembly! factors! perform! their! function! and!

dissociate!from!preBribosomes!before!maturation!is!complete.!
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1.4.1(Subcomplexes(of(assembly(factors(reduce(the(complexity(of(assembly(

Numerous! studies! have! revealed! that! assembly! factors! and! rBproteins! do! not! always!

associate!with!ribosomes!individually,!but!rather!as!part!of!a!larger!subcomplex!(Xue!et!al.!

2000;!Harnpicharnchai!et!al.!2001;!Milkereit!et!al.!2001;!Granneman!et!al.!2003;!Milkereit!

et!al.!2003;!Dosil!and!Bustelo!2004;!Krogan!et!al.!2004;!Nissan!et!al.!2004;!Miles!et!al.!2005;!

Karbstein!and!Doudna!2006;!Lebreton!et!al.!2006b;!Rashid!et!al.!2006;!Rosado!et!al.!2007;!

Zhang!et! al.! 2007;!Merl! et! al.! 2010;!Hierlmeier! et! al.! 2012;!Talkish! et! al.! 2012)! (Table!1,!

colored! proteins).! ! Subcomplexes! of! proteins! are! thought! to! reduce! the! complexity! of!

ribosome! synthesis,! by! targeting! groups! of! proteins! that! function! together! during!

biogenesis!to!their!respective!assembly!neighborhoods.! !These!assembly!modules!contain!

2B10!proteins!and!are!thought!to!associate!with!preBribosomes!en+bloc.!Subcomplexes!were!

initially! identified! under! conditions! that! disrupt! interactions! within! preBribosomes,!

resulting! in! dissociation! of! the! subcomplex! from! the! assembling! particle.! ! Thus,!

subcomplexes! are! thought! to! represent! the! most! stable! interactions! among! assembly!

factors.! ! Work! from! our! lab! has! identified! and! characterized! five! subcomplexes! that!

function! in!27SA3!and!27SB!preBrRNA!processing! (Nop7B,!Pwp1B,! ITS2B,!Nop2/Nip7B,! and!

Rpf2Bsubcomplex),! but! at! least! six! other! subcomplexes! have! been! shown! to! function! in!

production! of! 60S! ribosomal! subunits.! ! In! most! cases,! proteins! within! a! subcomplex!

function!during!the!same!steps!of!preBrRNA!processing,!suggesting!these!proteins!function!

cooperatively!during!ribosome!biogenesis.!!The!roles!and!implications!of!subcomplexes!in!

60S!subunit!assembly!will!be!discussed!in!more!detail!in!Chapter!2.!!!

(

1.5(Ribosome(assembly(is(hierarchical(but(heterogeneous!
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In+ vitro+ reconstitution! of! bacterial! ribosomes! revealed! that! ribosome! biogenesis! is! a!

hierarchical!process.!!!The!Nomura!group!showed!that!functional!E.+coli!30S!subunits!could!

be! reconstituted! using! free! rRNA! and! rBproteins,! without! additional! components! (Traub!

and!Nomura! 1968).! ! Even!more! impressive,! they! later! showed! that! this! remarkable! feat!

could!be!accomplished!using!individually!purified!proteins!(or!recombinant!proteins)!and!

rRNA!transcribed!in+vitro!(Mizushima!and!Nomura!1970).!!This!was!later!demonstrated!for!

the! 50S! subunit! by! Nierhaus! and! coBworkers! (Nierhaus! and! Dohme! 1974;! Rohl! and!

Nierhaus! 1982).! By! varying! the! order! in! which! individual! proteins! were! added,! these!

studies! revealed! that! rBprotein! binding! was! often! interdependent! and! that! there! is! an!

overall!hierarchy!that!governs!assembly!(Fig.!6A!and!6B).!!Assembly!initiates!with!binding!

of!a!small!subset!of!rBproteins!to!the!rRNA!(primary!binding!proteins).! ! It! is! thought!that!

these! early! binding! events! help! organize! and! structure! the! rRNA! to! allow! subsequent!

association! other! proteins! (Stern! et! al.! 1988).! ! The! remaining! proteins,! called! secondary!

and!tertiary!binders,!only!associate!with!the!assembling!particle!after!previous!association!

of! primary! binders.! ! Although! a! general! hierarchy! exists,! a! collection! of! RNA! structure!

probing! experiments! has! demonstrated! that! each! domain! of! 16S! rRNA! can! assemble!

independently! in+ vitro! (Weitzmann!et!al.!1993;!Samaha!et! al.!1994;!Agalarov!et! al.!1999;!

Adilakshmi!et!al.!2008).!!Furthermore,!assembly!of!these!domains!occurs!primarily!in!a!5’!

to!3’!direction!(Powers!et!al.!1993;!Holmes!and!Culver!2005;!Adilakshmi!et!al.!2008).!

The! notion! of! hierarchical! assembly! also! governs! in+ vivo+ ribosome! biogenesis! in!

eukaryotes.! !Systematic! investigation!of!the!roles!of!small!subunit!rBproteins! in!yeast!and!

mammalian!cells!revealed!a!correlation!between!the!timing!of!association!of!rBproteins!and!

the!steps!in!preBrRNA!processing!for!which!they!are!required!(FerreiraBCerca!et!al.!2005;!
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FerreiraBCerca! et! al.! 2007;! O'Donohue! et! al.! 2010).! ! Eukaryotic! homologues! of! E.+ coli!

primary! binding! proteins! were! found! to! often! function! in! early! steps! of! preBrRNA!

processing,!whereas!homologues!of!secondary!or!tertiary!binders!were!found!to!affect!later!

steps.!!Furthermore,!eukaryotic!homologues!of!bacterial!primary!binding!proteins!localize!

mainly! to! the! body! of! the! small! subunit! (5’! half! of! 18S! rRNA)! whereas! homologues! of!

secondary!and!tertiary!binders!were!localized!primarily!to!the!head!domain!(3’!half!of!18S!

rRNA).!!While!this!did!not!hold!true!in!every!case,!it!suggests!a!general!5’!to!3’!directionality!

of!rBprotein!association!with!18S!rRNA.!!!

Recent!work!from!our!lab!has!demonstrated!that!many!of!these!principles!regulate!

assembly!of!the!large!ribosomal!subunit!as!well!(Gamalinda!et!al.,!submitted).!!Systematic!

depletion!of! yeast! large! subunit! rBproteins!and!analysis!of!preBrRNA!processing!and!preB

ribosome!composition!revealed!the!following:!(1)!Based!on!preBrRNA!processing!defects,!rB

proteins! required! for! production! of! 60S! subunits! can! be! grouped! as! functioning! during!

early,!middle,!or!late!steps!of!ribosome!assembly.!!(2)!Proteins!within!the!same!phenotypic!

class! cluster! together! in! the! mature! ribosome! suggesting! that! they! function! together! to!

organize! particular! neighborhoods! within! the! assembling! particle.! ! (3)! Early! acting! rB

proteins! generally! bind! the! 5’! half! of! 25S! rRNA! (domains! I! and! II)! whereas! later! acting!

proteins! bind! the! 3’! half! of! 25S! rRNA! (domain! IV! and! V).! ! Together,! these! systematic!

investigations! reinforce! the! lessons! learned! in! bacteria! and! show! that! in! eukaryotes! rB

proteins!hierarchically!associate!with!rRNA!in!a!5’!to!3’!direction.!!The!5’!to!3’!directionality!

of! assembly! is! in! good! agreement! with! the! coBtranscriptional! nature! of! preBrRNA!

processing.!
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A! large! collection! of! work! has! also! demonstrated! that! assembly! factors! associate!

with! nascent! preBribosomes! in! a! hierarchical! manner.! ! As! stated! above,! the! timing! of!

association! of! assembly! factors! can! be!mapped! by! examining! what! preBrRNAs! coBpurify!

with!each!factor!(section!1.3).!This!has!been!determined!for!a!number!of!proteins!and!has!

revealed! that! most! assembly! factors! are! present! in! more! than! one! consecutive! preB

ribosomal!particle!(Kressler!et!al.!2010).!An!orthogonal!approach!has!been!to!use!assembly!

factors! present! in! preBribosomes! at! distinct! intervals! during! the! biogenesis! pathway! as!

molecular! hooks! to! purify! consecutive! preBribosomal! intermediates.! ! Analysis! of! these!

consecutive! intermediates! by! mass! spectrometry! has! shown! that! a! large! number! of!

assembly!factors!are!present! in!early!preBribosomal!particles,!and!these!particles!become!

progressively!less!complex!as!maturation!proceeds!(Nissan!et!al.!2002).!While!these!types!

of!analyses!have!allowed!us!to!group!assembly!factors!as!early,!middle,!or!late!binders,!they!

often!do!not!provide!enough!resolution!to!understand!the!precise!timing!of!association!of!

assembly! factors! relative! to! each! other.! ! It! also! provides! little! information! about! which!

proteins! require!previous!binding!of! other!proteins! to! associate!with!preBribosomes.! !To!

address! these! issues! our! lab! has! developed! a! strategy! in!which! the! constituents! of! preB

ribosomes! are! assayed! upon! depletion,! deletion,! or! inactivation! of! a! given! protein.! ! By!

systematically! assaying! the! changes! that! occur! in! preBribosomes! in! the! absence! of!

individual!assembly!factors,!we!have!developed!a!complex!hierarchy!of!stable!association!

for! 24! assembly! factors! that! function! in! two! consecutive! steps! of! ribosome! biogenesis!

(Sahasranaman!et!al.!2011;!Jakovljevic!et!al.!2012;!Shimoji!et!al.!2012;!Talkish!et!al.!2012;!

Dembowski!et!al.!2013).! ! It!should!be!noted!that! there! is!a!difference!between!“timing!of!

association”! of! an! assembly! factor! and! “stable! incorporation”! of! that! factor! into! preB
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ribosomes.! !Most! assembly! factors! that! function! in! early! steps!of! 60S! subunit! biogenesis!

associate! with! preBribosomes! early! during! assembly.! ! In! fact! many! of! these! proteins!

probably! associate! coBtranscriptionally.! ! However,! work! from! our! lab! has! revealed! that!

they!are!“stably!incorporated”!into!the!structure!in!a!hierarchical!manner.!!Thus,!a!protein!

might!be!recruited!to!preBribosomes!early!in!assembly,!but!only!stably!incorporated!after!

prior!stabilization!of!another!protein.!!This!likely!reflects!the!idea!of!“encounter!complexes”!

in!which! a! protein! initially! binds! an! RNP!weakly! through! a! limited! number! of! contacts.!!

After! the! initial! binding! event,! rearrangements!within! the!RNP! structure! allow! a! greater!

number!of!more!robust!interactions!to!form,!stably!incorporating!the!protein!into!the!RNP!

structure.!
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Figure(6(
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Figure(6:(In+vitro+assembly(maps(of(E.+coli(small(and(large(ribosomal(subunits(

(A)!The!Nomura!assembly!map!depicts!order!of!protein!binding!during! reconstitution!of!

30S! ribosomal! subunits! in+ vitro.! ! Primary! binding! proteins! associate! with! rRNA! first,!

followed! by! subsequent! association! of! secondary! and! tertiary! binders.! (B)! The!Nierhaus!

assembly!map!depicts! the!order!of! ribosomal!protein!binding!during!construction!of!50S!

ribosomal!subunits.!
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1.5.1(Ribosome(assembly(proceeds(down(multiple,(parallel(pathways!

! More! recent! work! from! the! Williamson! group! has! expanded! upon! the! initial!

principles!of!assembly!laid!out!by!in+vitro+reconstitution!of!bacterial!ribosomes.!!While!the!

Nomura! and! Nierhaus! maps! have! been! invaluable! for! establishing! the! fundamentals! of!

assembly,! they!reflect!the!order!of!protein!binding!and!thermodynamics!during!assembly!

at! equilibrium.! ! Using! a! combination! of! pulseBcase! monitored! by! quantitative! mass!

spectrometry! (PC/QMS),! the! Williamson! group! measured! the! binding! kinetics! of! 20! rB

proteins!with!16S!rRNA!(Talkington!et!al.!2005).!Many!of!their!results!correlated!well!with!

the! initial!Nomura!and!Nierhaus!assembly!maps.! !Generally,! they!observed!faster!binding!

kinetics! for!primary!binding!proteins! than! for!secondary!or! tertiary!binders.! !Previous! in+

vitro+ assembly! studies! suggested! that! there! was! a! single! rateBlimiting! barrier! during!

ribosome! assembly.! ! This! was! due! to! the! accumulation! of! a! single,! homogeneous!

intermediate!during! assembly! in+ vitro.! By!measuring! the! temperature!dependence!of! the!

binding!rates!of!each!rBprotein,! the!Williamson!group!showed!that! this! is!not! the!case.! In!

fact! assembly! proceeds! through! multiple,! often! alternative,! barriers,! suggesting! that!

ribosome!assembly!can!proceed!down!multiple!different!pathways.! !This!is!not!surprising!

since!in+vitro,!rBproteins!do!not!have!an!absolute!dependence!of!association,!but!rather!the!

order! of! binding! can! be! slightly! varied.! ! The! idea! of! multiple! assembly! pathways! was!

solidified!by!examination!of! in+vitro+assembly! intermediates!using! timeBresolved!electron!

microscopy! (Mulder! et! al.! 2010).! ! Fourteen! distinct! assembly! intermediates! could! be!

detected.! ! Correlating! these! intermediates!with! the! crystal! structure! of! the! 30S! subunit,!

mass! spectrometry! data,! and! kinetic! data! revealed! that! these! intermediates! populate!

different,! parallel! assembly! pathways! (Fig.! 7).! Multiple! assembly! pathways! may! have!
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evolved! to! ensure! that! even! under! suboptimal! conditions,! ribosome! biogenesis! is! not!

completely!blocked.!!The!parallel!nature!of!ribosome!assembly!likely!reflects!the!ability!of!

RNA!to!fold!into!more!than!one!structure!at!equilibrium.!!Some!of!these!structures!may!be!

onBpathway! intermediates,! while! others! may! be! nonproductive! (discussed! in! 1.6.3! and!

1.6.4).!!TimeBresolved!hydroxyl!radical!footprinting!of!rRNA!structure!revealed!that!during!

in+vitro+reconstitution,!assembly!nucleates!from!multiple!different!points!along!16S!rRNA,!

indicating!many! early! assembly! intermediates! (Adilakshmi! et! al.! 2008).! ! The! rRNA!may!

adopt!slightly!different!conformations!in!these!early!intermediates!and!thus!initiate!slightly!

different!rBprotein!association!pathways.!
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Figure(7(
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Figure(7:(Ribosome(assembly(proceeds(down(multiple,(parallel(pathways.(

Shown! is! an! “assembly! landscape”! for! 30S! ribosomal! subunit! assembly.! ! The! horizontal!

axes!of!the!landscape!represent!the!conformational!space!of!16S!rRNA!and!the!vertical!axis!

is!the!free!energy!of!these!conformations.!The!native!conformation!of!16S!is!shown!in!the!

bottom!corner!(red).!The!arrows!indicate!parallel!assembly!pathways.!Folding!of!the!rRNA!

creates!binding!sites!for!proteins!(red!and!green!spheres),!association!of!which!alters!the!

energy!landscape!and!drives!folding!of!16S!rRNA!to!the!native!state.!
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1.6(RNA(Folding(

Traditionally,! RNA! was! thought! to! be! simply! a! mediator! of! the! genetic! code.!

However,!an!enormous!body!of!work!from!the!last!~30!years!has!revealed!that!this!is!not!

the! case.! !RNA! is!one!of! the!most!diverse!and!dynamic!molecules! in! cells.!RNAs! regulate!

nearly! every! cellular! process! including! transcription,! splicing! and! mRNA! editing,! and!

mRNA!stability!and!turnover,!as!well!as!protein!synthesis,!cell!signaling,!and!mitosis.!This!

wide!array!of!functions!stems!from!the!ability!of!RNA!to!fold!back!upon!itself!and!form!an!

almost!unlimited!number!of!structures.! !These!structures!often!form!the!binding!sites!for!

protein,!ions,!and!small!molecules!that!regulate!the!function!of!a!particular!RNA.!!However,!

RNA!is!not!simply!a!structural!molecule,!but!rather!can! function! in!an!enzymatic! fashion.!!

For!example,! the!ribosome!and!selfBsplicing! introns!are!complex!and!dynamic!ribozymes.!!

Because! RNA! is! intimately! tied! to! almost! every! cellular! process,! disruption! of! RNA!

structure!or!function!can!lead!to!disease.!!Thus,!to!understand!how!this!dynamic!molecule!

functions,!it!is!important!to!understand!how!it!folds.!

! Three!major!themes!are!currently!driving!the!field!of!RNA!folding!(Woodson!2010).!

The!first!is!that!RNA!folding!is!hierarchical!and!cooperative.! !RNA!folding!begins!with!the!

formation!of!secondary!interactions,!followed!by!the!formation!of!weaker,!often!longBrange,!

tertiary!interactions.!!However,!this!is!not!simply!a!linear!process,!but!rather!a!cooperative!

one.! ! Secondary! structures! often! influence! the! formation! of! tertiary! interactions,! and!

likewise!tertiary!interactions!can!often!lead!to!changes!in!secondary!structure.!!The!second!

major! theme! is! that! soon! after! the! formation! of! secondary! interactions,! RNA!molecules!

undergo!a! transition! to!a! “collapsed!state”.! !This!quasiBstable!state! is!driven!primarily!by!

sampling!of!different!tertiary!interactions,!and!often!requires!proteins!or!ions!to!fineBtune!
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the!RNA!structure!and!drive!folding!to!the!native,!functional!state.!!The!last!major!theme!is!

that!RNA!folding!pathways!are!heterogeneous!and!parallel.!!RNA!molecules!can!often!form!

more! than! one! structure,! many! of! which! are! not! functional.! ! This! can! be! especially!

problematic!for!long!RNAs,!as!the!likelihood!of!misfolding!increases!with!RNA!length.!The!

dynamic! nature! of! RNA! molecules! often! results! in! the! formation! of! heterogeneous! but!

parallel! folding! intermediates.! ! Thus,! it! is! important! to! understand! the! different! folding!

pathways!RNA!can!take,!and!the!conditions!and!factors!that!influence!these!pathways.!!!!

!

**It!is!important!to!note!that!the!principles!of!hierarchical,!cooperative,!and!parallel!folding!

are!present!throughout!ribosome!assembly,!highlighting!the!integral!role!that!RNA!folding!

plays!during!the!assembly!process.!

!

1.6.1(Secondary(interactions(are(the(driving(force(in(RNA(folding(

Stable!WatsonBCrick! base! pairs,! both! intraB! and! intermolecular,! are! the! dominant!

organizing!force!of!RNA!folding.!!RNA!secondary!structure!can!be!broadly!defined!as!double!

helices!separated!by!various!singleBstranded!loops!(Fig.!8)!(Holbrook!2008).!!Loops!present!

at! the! end! of! a! double! helix! are! considered! to! be! external! loops! (or! hairpin! loops),! and!

include!structural!motifs!such!as!the!GNRA!tetraloopBreceptor!and!the!kissing!hairpin!(Fig.!

8A)!(Chang!and!Tinoco!1994;!Pley!et!al.!1994).!External!loops!are!thought!to!be!generally!

local!in!nature,!having!little!effect!on!the!surrounding!RNA!secondary!structure.!!However,!

interactions!between!external! loops!often!contribute!to!tertiary!structure.! !Internal! loops,!

such!as!kinkBturns!and!hookBturns,!are!formed!by!two!singleBstranded!regions!connecting!

two!helices! (Fig.! 8B)! (Klein! et! al.! 2001;! Szep!et! al.! 2003).!The! singleBstranded! regions!of!
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internal! loops! often! significantly! distort! the! orientation! of! the! two! connected! helices! by!

introducing! sharp! bends! in! the! sugarBphosphate! backbone.! ! The! combination! of! two! or!

more!internal!loops!can!create!complex!junctions,!further!distorting!the!orientation!of!the!

surrounding!helices!(Fig.!8C).!Thus,!both!internal!and!external!loops!directly!influence!RNA!

tertiary!structure!(discussed!in!section!1.6.2).!!Furthermore,!proteins!and!small!molecules!

that!help!fold!or!regulate!the!function!of!an!RNA!often!recognize!unique!structures!formed!

within!loops.!!

The! formation! of! RNA! secondary! structure! occurs! rapidly! and! is! a! spontaneous!

process.! !Temperature!jump!and!NMR!studies!of!short!duplex!forming!RNAs!showed!that!

hairpins! form! in! the!range!of!10! to!100!μs! (Craig!et!al.!1971;!Porschke!and!Eigen!1971).!

Kinetic! analysis! of! duplex! formation! revealed! that! although! nucleation! of! a! helix! is!

energetically!unfavorable,!the!formation!of!each!additional!base!pair!results!in!free!energy!

changes!of!B1!to!B3.6!kcal/mol!(Freier!et!al.!1986).!Thus,! these!interactions!are! incredibly!

stable.! ! However,! this! stability! can! result! in! misfolded! RNAs! that! fall! into! kinetic! traps!

(Brion!and!Westhof!1997).!Because!of! the! large!negative!net! free!energy! changes!during!

secondary! structure! formation,! the! chances! of! an! RNA! falling! into! a! kinetic! trap! during!

early!steps!of!folding!are!high.!

!

!

!
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FIGURE(8!
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Figure(8:(RNA(secondary(structure(is(composed(of(helices,(loops,(and(junctions(

Types! of! RNA! secondary! structures.! ! Helices! are! shown! as! black! ladders! and! loops!

connecting! the! helices! are! shown! as! red! semiBcircles.! ! Representative! examples! of!

secondary!structural!motifs!are!indicated.!
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1.6.2(Tertiary(interactions(generate(the(native,(functional(state(during(RNA(folding(

The! determination! of! the! threeBdimensional! crystal! structure! of! tRNAs! was! a! landmark!

event!to!understanding!RNA!folding!(Kim!et!al.!1974;!Suddath!et!al.!1974;!Stout!et!al.!1976).!

For! the! first! time,!RNA!was!seen!not!as!a! simple! twoBdimensional!molecule!composed!of!

hairpins! and! loops,! but! rather! as! a! complex! threeBdimensional! molecule! structured! by!

tertiary! interactions! consisting! of! nonBcanonical! base! pairs,! base! stacking,! coaxial! helix!

stacking,! intercalated! strands,! and! metal! ions.! Unlike! secondary! structure! interactions,!

tertiary!contacts!are!often!weaker!and!can!occur!over! long!distances!(Brion!and!Westhof!

1997;! Lescoute! and!Westhof! 2006;!Holbrook! 2008;!Woodson! 2010).! ! These! interactions!

provide!the!glue!to!organize!preformed!secondary!structures!into!a!biologically!functional!

architecture.! In! general,! tertiary! interactions! are! thought! to! increase! the! fidelity! of! RNA!

folding! and! direct! helix! assembly! by! biasing! secondary! interactions! toward! nativeBlike!

structures!(Chauhan!and!Woodson!2008).!Many!tertiary!interactions!can!be!grouped!into!

recurrent!motifs!or! structures.! !These! include!coaxial!helices! (Kim!et!al.!1974),! tetraloop!

receptor! interactions! (Cate! et! al.! 1996),! ABminor!motif! interactions! (Nissen! et! al.! 2001),!

kissing! loops! (Chang!and!Tinoco!1994),! tRNABtype!DBloopBTBloop! interactions! (Kim!et! al.!

1974),! pseudoknots! (Rietveld! et! al.! 1982),! and! ribose! zippers! (Tamura! and! Holbrook!

2002).!The!most!dominant!of!these!motifs!is!coaxial!helical!stacking,!or!COIN!stacking.!

! RNA! molecules! attempt! to! maximize! baseBstacking,! particularly! at! helix! termini!

(Butcher!and!Pyle!2011).! !Stacking!between!the!aromatic!nucleic!acid!bases!stabilizes!the!

doubleBhelical! nature! of! RNA! (Walter! et! al.! 1994).! If! two! helices! are! separated! by! a!

phosphodiester! linkage,! the! terminal! base! pairs! will! stack! and! the! two! helices! become!

colinear,! or! coaxially! stacked.! Thus,! COIN! stacking! is! thought! to! provide! an! overall!
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architecture!to!RNA!molecules.!!One!of!best!examples!of!this!is!the!“L!shaped”!structure!of!

tRNAs! (Fig.! 9).! Analysis! of! the!T.+ thermophilis+ small! and! the!H.+marismortui+ large! rRNAs!

revealed!that!COIN!stacking!is!a!common!feature!of!RNA!molecules:!~85%!of!the!helices!in!

these!rRNAs!are!present!in!COIN!stacks!(Ban!et!al.!2000;!Wimberly!et!al.!2000).!Similar!to!

canonical! helix! formation,! COIN! stacking! is! energetically! favorable,! but! sequence!

dependent.! ! Helices! surrounding! complicated! junctions! in! RNA! secondary! structure! can!

often!alternatively!stack!with!each!other,!and!in!some!cases!act!as!conformational!switches!

(Groeneveld!et!al.!1995;!Poot!et!al.!1997;!Lilley!1998;!van!Meerten!et!al.!2001).!However,!

alternative!stacking!can!also!lead!to!the!formation!of!kinetic!traps.!

! While! COIN! stacking,! particularly! around!RNA! junctions,! is! thought! to! provide! an!

overall!organization!to!RNAs,!other!tertiary! interactions!help!fineBtune!and!stabilize!helix!

orientation.! ! Kissing! loops,! formed! by! WatsonBCrick! baseBpairing! of! external! loop!

nucleotides!between!two!helices,!have!been!found!in!many!RNAs!and!provide!a!mechanism!

to! bring! together! secondary! structures! separated! over! long! distances.! ! Pseudoknots,!

formed! by! longBrange! baseBpairing! of! single! stranded! RNA! with! an! external! loop,! often!

function! in! the! same! fashion! (Staple! and!Butcher! 2005).! The! formation! of! a! pseudoknot!

results! in! the! generation! of! a! second! helix! that! can! coaxially! stack!with! the! first.! ! These!

structures!are!often!important!for!the!function!of!catalytic!RNAs!such!as!the!hepatitis!delta!

virus!(HDV)!ribozyme,!selfBsplicing!introns,!and!rRNA!(Brink!et!al.!1993;!Poot!et!al.!1996;!

FerreBD'Amare! et! al.! 1998;! Adams! et! al.! 2004).! TetraloopBreceptor! motifs! are! also!

extremely!prevalent!in!RNA!structures!and!assist!in!forming!longBrange!interactions!(Costa!

and! Michel! 1997).! These! motifs! often! involve! a! terminal! hairpin! loop! contacting! highly!

conserved! internal! loops! or! bulged! bases.! ! The! terminal! hairpin! loop! usually! contains! a!
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highly! conserved! consensus! sequence! such! as! GNRA! or! GANC.! ! The! receptors,! although!

highly! conserved,! can!often!vary! in! structure!and! complexity.! ! Last,! a!number!of! tertiary!

interactions! occur! within! the! major! or! minor! grooves! of! RNA! helices! and! include! the!

formation!of!baseBtriples!(ABminor!motif),!complex!tripleBstranded!motifs,!and!interactions!

between!2’Bhydroxyl!groups!of!the!RNA!backbone!(ribose!zipper!motif).! !

While! individual! tertiary! interactions! are! energetically! favorable,! the! net! folding!

energies!can!be!relatively!small!(Russell!et!al.!2002a;!Chauhan!et!al.!2005).!!One!reason!is!

the! enormous! electrostatic! forces! generated! by! juxtaposition! of! phosphates! in! the! RNA!

backbone.! !These!phosphates!are!often!much!closer! to!each!other! in! tertiary! interactions!

than! in! canonical! double! helices.! ! To! circumvent! these! repulsive! forces,! RNA! tertiary!

structures!often!fold!around!multivalent!ions!such!as!Mg2+!(Draper!et!al.!2005).!!A!second!

reason!is!that!RNA!functional!sites!often!lie!within!internal!loops!and!helical!junctions!that!

distort! the! RNA! backbone! and! create! the! binding! sites! for! small! molecules! or! proteins.!!

Formation! of! these! pockets! often! requires! the! disruption! of! previously! formed!WatsonB

Crick! base! pairs.! Thus,! the! net! free! energy! change! during! tertiary! structure! formation! is!

often!reduced!by!the!energy!needed!to!disrupt!or!reorganize!secondary!structures.!

!
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FIGURE(9(
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Figure(9:(COIN(stacking(is(the(dominant(organizing(force(of(RNA(tertiary(structure(

Shown! is! a! schematic! of! tRNA! secondary! structure! (top)! and! the! crystal! structure! of!

phenylalanine!tRNA!(bottom;!PDB:!6TNA).!Coaxial!stacking! is!observed!between!the!blue!

and!purple!helices!and!the!red!and!green!helices.!
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1.6.3(Compact(intermediates(in(RNA(folding(

A!large!collection!of!work!has!revealed!that!as!RNAs!fold!to!their!native!state,!they!undergo!

a!collapse!(or!compaction),!akin!to!the!moltenBglobular!state!of!protein!folding!(Woodson!

2000;! Woodson! 2010).! This! was! first! observed! using! a! combination! of! biochemical!

approaches!and!small!angle!xBray!scattering!(SAXS)!that!showed!large!ribozymes!collapse!

to!a!nonBnative!intermediate!~5B15%!larger!than!the!native!structure!(Buchmueller!et!al.!

2000;! Russell! et! al.! 2000).! ! TimeBresolved! SAXS! of! the! Tetrahymena! group! I! ribozyme!

showed!that!this!collapse!occurs!extremely!rapidly,!on!the!order!of!10B20!ms!(Russell!et!al.!

2002a;!Das!et!al.!2003).!This!results!in!an!ensemble!of!intermediates,!many!of!which!only!

reach!the!native!structure!after!1B100!min+in+vitro!(Zarrinkar!and!Williamson!1994;!Pan!et!

al.!1997;!Russell!et!al.!2002b).!It!is!during!this!collapsed!state!that!the!search!for!the!final!

native!structure!occurs.!RNA!helices!are!largely!formed!and!participate!in!transient!tertiary!

interactions,!but!have!not!yet!stably!packed!into!a!functional!structure.!!

! During! the! collapsed! state,! the! formation! of! the! final! tertiary! contacts! and!

remodeling! of! secondary! structures! are! highly! cooperative.! Using! hydroxyl! radical!

footprinting,!the!Woodson!group!showed!that!disruption!of!a!single!tertiary!interaction!in!

the! Azoarcus! ribozyme! reduced! cooperativity! of! helix! assembly! resulting! in! a! larger!

fraction! of! misfolded! RNA! molecules! (Chauhan! and! Woodson! 2008).! This! led! to!

destabilization!of!all!other! tertiary!contacts!as!well!as!misfolding!of!secondary!structures!

around! the! ribozyme! core! (Chauhan! et! al.! 2009).! ! Thus,! the! transition! of! RNAs! to! a!

collapsed! state! and! the! subsequent! formation! of! native! tertiary! contacts! is! essential! for!

accurate!helix! folding.! ! It! is! likely! that! the! tertiary! interactions!within! the!collapsed!state!
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bias! the! ensemble! of! secondary! structure! conformations! to! nativeBlike! structures!

(Woodson!2010).!

!

1.6.4(Parallel(pathways(of(RNA(folding(–(kinetic(partitioning(

To!understand!the!thermodynamic!parameters!that!govern!RNA!folding,!it!is!important!to!

briefly!reflect!on!the!principles! that!have!emerged! from!the!study!of!protein! folding!(Dill!

and! Chan! 1997).! Pioneering! work! in! the! early! 1960’s! showed! that! denatured! bovine!

pancreatic!ribonuclease!could!spontaneously!refold!to!its!native,!functional!state!(Anfinsen!

et!al.!1961;!Anfinsen!1973).!This!suggested!that!protein!folding!is!a!selfBassembly!process!

and!that!the!“information”!required!for!a!protein!to!fold!into!its!native!state!was!present!in!

the! primary! amino! acid! sequence.! Furthermore,! this! implied! that! the! structure! of! some!

globular!proteins! is! thermodynamically!stable!and!represents!global!minima! in! their! free!

energies.!However,!these!experiments!did!not!provide!the!mechanisms!of!protein!folding.!!

A!breakthrough!arose!when!Cyrus!Levinthal!raised!a!question!in!the!late!1960s:!With!the!

nearly!unlimited!number!of!possible!conformations,!how!does!a!protein!search!among!all!

of!them!to!reach!its!native!state!(Levinthal,!1969)?!He!postulated!that!a!protein!could!not!

simply! sample! every!one!of! the! enormously! large!number!of! possible! conformations! (he!

estimated!10300)!and!still!fold!in!a!biologically!relevant!timeBscale.!Instead,!rapid!formation!

of! local! interactions!could!stabilize!and!guide! further! folding!events,!continually!reducing!

the!number!of!possible!confirmations.!This!thought!experiment!led!to!the!idea!that!proteins!

fold! to! their!native! state! along!a!number!of!different! folding!pathways,! all! occupying! the!

same!energy!landscape.!!Because!RNAs!have!the!ability!to!form!alternative!structures,!some!
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as! energetically! favorable! as! the! native! state,! many! of! the! questions! raised! and! initial!

principles!uncovered!regarding!protein!folding!are!applicable!to!RNA!folding.!

! The! current! view! of! RNA! folding! is! that! it! is! a! stochastic! search! among! probable!

conformations! toward! the! most! stable! state! (Woodson! 2010).! ! This! occurs! within! an!

“energy! landscape”! defined! by! the! free! energies! of! the! different! conformations! and! the!

energy! barriers! between! them! (Thirumalai! et! al.! 2001).! Because! of! the! relatively! low!

complexity! of! the! primary! sequence! and! stability! of! RNA! secondary! structure,! RNAs! can!

fold! into! structures! that! are! not! always! compatible! with! the! native! fold.! ! The! energy!

barriers!needed!to!correct!misfolded!structures!introduce!minima!into!the!landscape.!Thus,!

energy!landscapes!are!usually!composed!of!a!single!global!minima!(representing!the!native!

state),! surrounded! by! many! local! minima! (representing! folding! intermediates! and/or!

kinetic! traps)(refer! to!Fig.!7).! !These! local!minima! introduce!alternative! folding!routes! to!

the! native! state.! Generally,! more! complex! RNAs! have! a! greater! number! of! folding!

intermediates! as! well! as! a! greater! chance! to! misfold.! ! This! leads! to! “rough”! energy!

landscapes!that!become!“smoother”!as!the!RNA!continually!folds!to!its!native!state.!!!

! In! this! model,! known! as! the! kinetic! partitioning! mechanism,! a! fraction! of! a!

population!of!unfolded!RNAs! rapidly! folds! to! the!native! state!by!direct!paths.! !The!other!

fraction! becomes! trapped! in! stable,! misfolded! structures.! ! In+ vitro+ analysis! of! the!

Tetrahymena+selfBsplicing!RNA!revealed!that!only!~8%!of!the!population!folded!directly!to!

the!native!state,!but!briefly!heating!the!misfolded!population!resulted!in!~70%!folding!to!

the! native! state! (Pan! et! al.! 1997).! ! Heating! is! thought! to! partially! denature! the! trapped!

intermediates,! allowing! another! opportunity! to! fold! properly.! ! Consistent! with! this,! a!

greater!fraction!of!RNAs!folded!to!the!native!state!in!the!presence!of!low!concentrations!of!
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denaturants!such!as!urea! (Pan!et!al.!1997;!Pan!and!Sosnick!1997).!Single!molecule!FRET!

experiments! confirmed! these! results,! showing! that! 6%! of! the! RNAs! transitioned! rapidly!

from!a!low!FRET!state!(unfolded)!to!a!highBFRET!state!(folded),!with!a!rate!constant!of!1!sB1.!

The!remaining!fraction!underwent!much!slower!transitions!and!included!an!intermediate!

FRET! state! (Zhuang! et! al.! 2000).! Kinetic! partitioning! can! be! perturbed! even! further! by!

mutations! in! the! RNA! that! either! destabilize! interactions! or! introduce! alternative,! more!

stable!structures.!!A!single!point!mutation!in!the!Tetrahymena!selfBsplicing!RNA!resulted!in!

only!~3%!folding!to!the!native!state!(Pan!et!al.!1997).!!Together!these!principles!show!that!

RNA! folding! can! proceed! down! multiple! pathways,! some! more! productive! than! others.!!

Generally,!direct!folding!to!the!native!state!occurs!fast,!whereas!molecules!that!fold!through!

alternative!pathways!do!so!slowly!(Zhuang!et!al.!2002).!Due! to! the!stability!of!secondary!

interactions,! the! folding!pathway!of!an!RNA! is!determined!early! in! the! folding!processes.!!

Furthermore,! the! fraction!of!RNA!molecules! that! fold!directly! to! the!native!state!depends!

on! the! relative! stability! of! alternative! secondary! structures,! as! well! as! the! strength! of!

tertiary!interactions.!!

!

**Together,!the!principles!of!discussed!in!sections!1.6.1!–!1.6.4!reveal!the!following!model!

of!RNA!folding:!1)!Secondary!structures!are!highly!stable!and!form!rapidly.!!However,!this!

stability! provides! ample! opportunity! for! misfolding.! 2)! Following! secondary! structure!

formation,! RNAs! transition! to! a! collapsed! state,! in! which! tertiary! contacts! are! loosely!

formed.!!During!this!time,!sampling!of!different!tertiary!interactions!can!cause!refolding!of!

secondary! structures! further!driving! folding! to! the!native! state.! !3)!Tertiary! interactions,!

while!often!weaker!than!secondary!interactions,!fold!the!RNA!into!a!biologically!functional!
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molecule.! !4)! !RNA!folding!occurs!within!an!energy! landscape!through!parallel!pathways.!!

Some!RNA!molecules! fold! rapidly! to! the!native! state,!whereas! others!become! trapped! in!

local!minima!and!proceed!down!alternative!folding!routes.!

!

1.6.5(Current(approaches(to(probing(RNA(structure(

Because!the!function!of!RNA!is!directly!tied!to!its!structure,! it! is! important!to!understand!

how!these!molecules!fold!to!their!native!state.!!While!crystallographic!and!NMR!approaches!

are!powerful!tools!to!understand!the!structure!of!RNA!on!the!atomic!level,!they!often!only!

provide!a!snapBshot!of!the!native!state!and!fail!to!capture!the!dynamic!nature!of!RNA!as!it!

folds.!!Tools!such!as!SAXS!have!been!applied!to!RNA!structure!determination,!but!often!only!

provide! structural! changes! on! a! global! level.! ! To! better! understand! the! dynamics! and!

conformational!changes!during!RNA!folding,!a!barrage!of!techniques!has!been!developed!to!

probe! the! local! environment! of! individual! nucleotides! (Peattie! and! Gilbert! 1980;!

Ehresmann! et! al.! 1987;! Stern! et! al.! 1988).! These! approaches! often! use! small!molecules,!

chemicals,!or!enzymes!that!modify!or!cleave!RNA!in!a!manner!that!reports!secondary!and!

tertiary! structural! information.! !Experiments!are!performed!under! conditions! so! that,! on!

average,!only!one!modification!occurs!per!RNA!molecule,!reducing!the!risk!of!modification!

causing! unintended! structural! changes.! ! Many! of! these! modifications! sterically! block!

processivity!of! reverse! transcriptase,!and! thus!can!be!detected!as!a!reverse! transcriptase!

stops! using! primer! extension! assays! (Fig.! 10A).!While! all! of! these! techniques! have! been!

traditionally! used! in+ vitro,! recent! advances! in! technology! and! the! development! of! new!

molecules! that!can!penetrate! the!cell!have!allowed!some!of! the!approaches! to!be!used! in+

vivo+(Wells!et!al.!2000;!Spitale!et!al.!2012).!
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! A! number! of! reagents! have! been! developed! to! probe! the! local! environment! of!

nucleobases! (Fig.! 10B)! (Brunel! and! Romby! 2000).! The! most! common! include!

dimethysulfate! (DMS),! kethoxal,! diethyl! polycarbonate! (DEPC),! CMCT,! and! bisulphate.!!

These! chemicals! often! modify! the! WatsonBCrick! face! of! nucleobases,! and! thus! provide!

structural!information!about!hydrogen!bonding!and!baseBpairing.!!Many!of!these!reagents!

are! baseBspecific! and! therefore!multiple! chemicals!may! have! to! be! utilized! to! probe! the!

environment!of!all!nucleotides!in!an!RNA.!!For!example,!DMS!modifies!N1!of!adanines,!N3!

of!cytosines,!and!N7!of!guanines.!!However,!uracils!are!not!modified!and!traditional!primer!

extension! approaches! do! not! detect! modification! of! G(N7).! Thus,! to! obtain! information!

about!guanines!and!uracils,!other!chemicals!such!as!kethoxal!(modifies!G!at!N1!and!N2)!and!

CMCT! (modifies! G! and! N1! and! U! at! N3)! must! also! be! employed.! While! most! of! these!

chemicals! are! limited! to! in+ vitro! assays,! DMS! is! applicable! both! in+ vitro+ and! in+ vivo!

(discussed! in! Chapter! 2! and! Chapter! 4).+ New! developments! of! sequenceBindependent!

chemicals!(SHAPE!analysis)!have!addressed!some!of!these!issues!by!allowing!interrogation!

of!all!nucleotides!in!an!RNA!both!in+vitro+and!in+vivo!(see!below).!

! Many! RNases! have! also! been! applied! to! structure! probing! experiments.! ! Most!

RNases!(T1,!S1,!etc.)!cleave!singleBstranded!RNA.! !However,!RNase!V1!from!cobra!venom!

exclusively!cleaves!doubleBstranded!RNA.!!Therefore,!secondary!structure!information!can!

be! obtained! by! comparing! the! cleavage! patterns! of! RNA! digested! with! singleBstranded!

nucleases! to!RNA!digested!with!doubleBstranded!nucleases.! ! Caution!must! be! taken!with!

this! approach! because! cleavages! within! the! RNA! may! induce! conformational!

rearrangements!that!potentially!provide!new!cleavage!sites.! !Furthermore,!because!of!the!

large!size!of!many!RNases,!they!are!susceptible!to!steric!hindrance!and!therefore!may!not!
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provide! single! nucleotide! resolution.! ! However,! this! approach! has! been! successful! in!

determining! the!overall! secondary!structure! for!a!number!of! large!RNAs,! including!rRNA!

(Kean!and!Draper!1985;!Baudin!et!al.!1987;!Mougel!et!al.!1987).!!

! Hydroxyl! radicals! can! also! be! used! to! probe! RNA! structure,! providing! highB

resolution!tertiary!structure!data!(Tullius!and!Greenbaum!2005).!These!highly!reactive!and!

sequenceBindependent!species!cause!strand!scission!by!abstracting!a!hydrogen!atom!from!

the!deoxyribose!sugars.!!The!small!size!of!hydroxyl!radicals!means!they!are!limited!only!by!

the! solvent! accessibility!of!RNA.! !Traditionally,! hydroxyl! radicals!have!been!generated! in+

vitro! by! reacting! iron(II)! EDTA!with! hydrogen!peroxide.!While! this! is! still! a!widely! used!

method,!new!approaches!have!begun!utilizing!highBenergy,! synchrotronBgenerated!xBrays!

to!produce!hydroxyl!radicals!from!radiolysis!of!water!(Brenowitz!et!al.!2002).!SyncrotronB

generated!hydroxyl!radicals!provide!a!number!of!advantages.!!First,!there!is!no!need!for!the!

addition! of! chemical! reagents! to! the! sample,! reducing! the! risk! of! perturbing! the! RNA!

structure.! ! Second,! the! generation! of! hydroxyl! radicals! by! xBrays! is! extremely! fast.!

Combining!stoppedBflow!technology!with!synchrotronBgenerated!hydroxyl!radicals!allows!

investigation! of! RNA! folding! at! millisecond! timescales,! providing! highBresolution! snapB

shots!of!RNA!folding!over!time!(Adilakshmi!et!al.!2006;!Adilakshmi!et!al.!2008).!!Last,!xBrays!

can!be!used!to!generate!hydroxyl!radicals!in+vivo!by!irradiation!of!frozen!cell!pellets.!!While!

this!was!originally!developed!using!E.+coli,!I!have!shown!that!this!technique!is!also!feasible!

in!yeast!(Appendix!5.4).!!!

! The! most! recent! addition! to! the! arsenal! of! RNA! structure! probing! techniques! is!

selective!2’Bhydroxyl!acylation!analyzed!by!primer!extension!(SHAPE)!(Merino!et!al.!2005).!

SHAPE!chemistry! interrogates! local!nucleotide! flexibility!by!reacting!with!the!2’Bhydroxyl!
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group!and!thus!is!not!limited!by!baseBspecificity.!!Highly!dynamic!or!flexible!nucleotides!are!

better!able!to!adopt!conformations!that!react!with!SHAPE!reagents.!!Thus,!interactions!that!

constrain! nucleotide! dynamics,! including! baseBpairing,! reduce! the! reactivity! of! the! 2’B

hydroxyl! group.! ! Analyzing! SHAPE! reactivity! by! capillary! electrophoresis,! instead! of!

traditional!primer!extension,!has!allowed!complete! interrogation!of!extremely! long!RNAs!

including!the!HIVBI!genome!and!!yeast!rRNA!(Wilkinson!et!al.!2008;!Leshin!et!al.!2011).!

! While! the! approaches! listed! above! have! been! invaluable! for! understanding! how!

RNA!folds,!they!are!fairly!lowBthroughput!in!nature.!!Primer!extension!and!polyacrylamide!

gel!electrophoresis!only!allow!analysis!of!~150!nt!per!oligonucleotide!primer.!!Thus,!40B60!

different!oligonucleotides!would!be!necessary!to!assay!the!entire!length!of!especially!long!

RNAs,! such! as! rRNA.! ! Assaying! nucleotide!modifications! by! capillary! electrophoresis! has!

somewhat!alleviated!this!problem,!but!interrogating!the!entire!length!of!rRNA!still!requires!

at!least!20!different!oligonucleotide!primers!(Leshin!et!al.!2011).!A!number!of!approaches!

have!begun!utilizing!nextBgeneration!sequencing!in!an!effort!to!increase!the!throughput!of!

these! assays.! ! FragSeq! and! parallel! analysis! of! RNA! structure! (PARS)! utilize! highB

throughput! sequencing! to! assay! RNAs! cleaved! by! singleBstranded! and! doubleBstranded!

RNases!in+vitro!(Kertesz!et!al.!2010;!Underwood!et!al.!2010).!In!a!similar!manner,!SHAPEB

Seq! has! been! employed! to! assay! the! structure! of! RNAs! in+ vitro! (Lucks! et! al.! 2011).!!

Limitations!to!these!and!the!above!approaches!will!be!discussed!in!detail!in!Chapter!4.!!!

To!better!understand!the!structure!of!RNAs,!I!have!worked!with!the!McManus!group!

at! Carnegie! Mellon! University! to! develop! a! highBthroughput! technique! to! assay! the!

structure! of! RNAs! probed! in+ vivo.! Our! technique,! called!ModBseq,! combines! in+ vivo+DMS!

probing!and!nextBgeneration!sequencing!to!simultaneously!assay!the!structure!of!the!entire!
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transcriptome.! ! The! approach! and! applications! of! this! technique! will! be! discussed! in!

Chapter!4.!
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FIGURE(10(

!
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Figure(10:(Chemical(probing(of(RNA(secondary(structure(

(A)!Overview!of!RNA!structure!probing!using!chemical!probes!and!primer!extension.!!RNA!

is!modified!by!small!molecules,!chemicals,!or!enzymes!(e.g.!DMS).!Modifications!(red)!are!

then! detected! by! primer! extension! using! a! fluorescently! labeled! or! radiolabeled!

oligonucleotide!(blue)!and!visualized!either!by!capillary!electrophoresis!or!PAGE!(shown).!

(B)!Classes!of!RNA!structural!information!obtained!using!various!chemical!probes.!
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1.6.6(Recent(insights(into(in+vivo+preErRNA(folding(during(ribosome(biogenesis(

Many!of! the! techniques!described!above!have!been!used! to! investigate! the!structure!and!

dynamics!of!mature!ribosomes!assembled! in+vitro! (Moazed!et!al.!1986;!Stern!et!al.!1989;!

Powers!and!Noller!1995;!Culver!2003;!Adilakshmi!et!al.!2005).!However,!only! in! the! last!

five! years! have! these! techniques! been! employed! to! study! rRNA! folding! in! eukaryotes! in+

vivo.!!A!number!of!factors!make!studying!preBrRNA!folding!in+vivo+!a!daunting!task.!!A!major!

challenge!is!differentiating!the!structure!of!preBrRNAs!from!mature!rRNAs.! !This!problem!

has!been!partially! solved!by!designing!oligonucleotide!primers! for!primer!extension! that!

hybridize! within! preBrRNA! spacer! sequences! not! present! in! mature! rRNAs! (Fig.! 4).!!

However,!because!primer!extension!and!PAGE!analysis!only!allows!interrogation!of!~150!

nucleotides,! the! ability! to! assay! the! structures! of!what!will! become! the!mature! rRNAs! is!

limited!by!how!far!a!primer!extension!reaction!can!extend!“out!of!the!spacers”!and!“into!the!

sequences!of!mature!rRNAs”.!Another!challenge!is!the!heterogeneous!nature!of!preBrRNAs.!!

Most!of! the!spacer!sequences!used!as!primer!binding!sites!are!present! in!more! than!one!

consecutive! preBrRNA! intermediate.! ! Furthermore,! these! intermediates! are! present! in!

dynamic!RNPs!and!thus!each!intermediate!may!be!present!in!more!than!one!conformation.!!

Thus,!these!assays!reflect!the!ensemble!structure!of!preBrRNAs,!making!data!analysis!more!

difficult.! !Nevertheless,!a!number!of!recent!studies!have!begun!looking!at!how!preBrRNAs!

fold!during! assembly,! primarily! in!mutants! that! block! a! particular! step! in! the!biogenesis!

process.!!By!comparing!the!structure!of!preBrRNAs!from!wildBtype!cells!to!those!in!mutants,!

we! are! beginning! to! understand! the! transitions! that! these! molecules! undergo! during!

biogenesis,! protein! factors! that! contribute! to! these! transitions,! and! effects! on! preBrRNA!
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processing!when!such! transitions!do!not!occur.! !Here! I!will!briefly!highlight! three! recent!

examples!of!in+vivo+preBrRNA!structure!probing!in!yeast.!!

!

1.6.6.1(The(U3(snoRNA(is(required(for(proper(folding(of(preE18S(rRNA(

CoBtranscriptional! processing! and!modification! of! preBrRNAs! requires! a! number! of! small!

nucleolar!RNP!complexes!(snoRNPs).!!These!complexes!are!directed!to!their!target!sites,!by!

small! nucleolar! RNAs! (snoRNAs)! that! baseBpair! with! sequences! in! preBrRNAs.! ! The! U3!

snoRNP!has!previously!been!shown!to!be!required!for!early!steps!in!preBrRNA!processing!

and!was!proposed!to!play!a!role!in!structuring!18S!rRNA!(Hughes!and!Ares!1991;!Hughes!

1996;!Henras!et!al.!2008).!Using!a!combination!of!genetics!and!in+vivo+chemical!probing,!the!

Baserga! group! showed! that! depletion! of! U3! snoRNA! results! in!misfolding! of! preBrRNAs,!

particularly!within! the!5’!ETS! (Dutca!et! al.! 2011).! ! Furthermore,! they! found!a!previously!

uncharacterized! interaction!between! the!3’!end!of! the!U3!snoRNA!and! the!5’!ETS!of!preB

rRNA,! highlighting! the! ability! of! this! approach! to! not! only! detect! structural! changes,! but!

also!identify!novel!baseBpairing!interactions.!

!

1.6.6.2(A(conformational(switch(regulates(preErRNA(cleavage(by(Nob1(

As! described! in! section! 1.2,! the! last! processing! step! of! 18S! rRNA! maturation! involves!

removal! of! the! remainder! of! ITS1! by! endonucleolytic! cleavage! at! the!D! site.! ! It! had! long!

been! suspected! that! the! assembly! factor! Nob1! was! the! endonuclease! required! for! this!

cleavage!(Fatica!et!al.!2003a).!Nob1!was!shown!to!bind!18S!rRNA!both!in+vitro+and!in+vivo,!

and! recombinant! Nob1! exhibited! weak! RNA! cleavage! activity! in+ vitro! (Lamanna! and!

Karbstein! 2009;! Pertschy! et! al.! 2009).! More! recent! work! from! Lamanna! and! Karbstein!
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showed!that!Nob1!is! indeed!the!nuclease!that!cleaves!the!D!site,!and!that!this!cleavage! is!

regulated! by! a! conformational! change! within! 18S! rRNA! (Lamanna! and! Karbstein! 2009;!

Lamanna! and! Karbstein! 2010).! Using! a! combination! of! in+ vitro+ and! in+ vivo+ structure!

probing,! they! showed! that! sequences! within! ITS1! baseBpair! with! 18S! rRNA! in! early!

assembly! intermediates,! but! cleavage! of! the! A2! site! results! in! a! conformational! switch!

resulting!in!the!formation!of!decoding!site!of!18S!rRNA.!!During!this!conformational!switch,!

the! D! site! is! brought! into! close! proximity! to! Nob1,! facilitating! its! cleavage! and! final!

maturation!of!18S!rRNA.! !This!work!highlights!the!highly!cooperative!nature!of!preBrRNA!

folding,!protein!binding,!and!preBrRNA!processing.!

!

1.6.6.3(A(subcomplex(of(assembly(factors(are(required(for(proper(folding(of(ITS2(

The! spacer! sequence! ITS2! is! removed! through! a! series! of! endoB! and! exonucleolytic!

digestions! that! eventually! give! rise! to! mature! 5.8S! and! 25S! rRNAs.! ! This! spacer! was!

previously!shown!to!be!essential! for!ribosome!assembly;! its!absence!blocks!processing!of!

27S!preBrRNAs,!suggesting!it!is!required!for!processing!steps!upstream!of!its!removal!(van!

der!Sande!et!al.!1992).!Chemical!probing!and!phylogenetic!analysis!suggested!that!ITS2!can!

fold!into!at!least!two!stable!conformations!(Yeh!and!Lee!1990).!In!one!conformation,!called!

the!hairpin!model,! ITS2! is! highly!baseBpaired! and! folds! into! a! series! of! extended!helices.!!

The!other!conformation,!referred!to!as!the!ring!model,!predicts!that!ITS2!folds!into!a!more!

open!conformation!with!a! series!of! short!hairpins! surrounding!a! central,! singleBstranded!

core.!These!predictions!were!supported!by!making!mutations!within!ITS2!predicted!to!shift!

the!equilibrium!from!one!structure!to!the!other!(Cote!et!al.!2002).!!This!analysis!suggested!

that!ITS2!forms!the!open!ring!conformation!early!in!assembly,!and!later!refolds!to!form!the!
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hairpin!structure.! !While!this!still!has!yet!to!be!definitively!proven,!recent!work!from!our!

laboratory!and!others!work!has!supported!these!ideas.!!Relatively!new!RNABprotein!crossB

linking! approaches! have! shown! that! the! assembly! factors! Cic1,! Nop15,! and! Rlp7! bind!

within! ITS2! (Granneman! et! al.! 2011)(Dembowski! et! al.,! accepted).! ! In+ vivo+DMS! probing!

revealed! that! in! the! absence! of! these! proteins,! ITS2! becomes! misfolded,! adopting! a!

conformation! that! resembles! the! hairpin! structure.! ! These! studies! suggest! that! these!

proteins!may!function!early!in!assembly!to!maintain!ITS2!in!the!ring!conformatation!,!and!

support! the! model! that! ITS2! is! dynamic! and! undergoes! refolding! during! assembly.!!

However,! DMS! probing! is! not! sufficient! to! definitively! differentiate! between! the! two!

structures.! Thus,! further! analysis! of! this! potential! conformational! switch! is! needed.! ! The!

dynamics!of!ITS2!will!be!discussed!further!in!Chapter!2!and!Appendix!5.5.!
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CHAPTER(2:(Ribosome(assembly( factors(Pwp1(and(Nop12(aid( folding(of( 5.8S( rRNA(

during(ribosome(biogenesis(in(Saccharomyces+cerevisiae+

(

2.1(Introduction(

Numerous!studies!have!shown!that!subsets!of!AFs!can!be!isolated!as!subcomplexes!(Xue!et!

al.! 2000;! Harnpicharnchai! et! al.! 2001;! Milkereit! et! al.! 2001;! Granneman! et! al.! 2003;!

Milkereit!et!al.!2003;!Dosil!and!Bustelo!2004;!Krogan!et!al.!2004;!Nissan!et!al.!2004;!Miles!

et!al.!2005;!Karbstein!and!Doudna!2006;!Lebreton!et!al.!2006b;!Rashid!et!al.!2006;!Rosado!

et!al.!2007;!Zhang!et!al.!2007;!Merl!et!al.!2010;!Hierlmeier!et!al.!2012;!Talkish!et!al.!2012).!

Interestingly,!proteins!within!a!subcomplex!are!often!required! for! the!same!steps!of!preB

rRNA! processing,! suggesting! that! they! function! together! during! ribosome! biogenesis! to!

achieve!a!common!goal.!One!subcomplex!that!functions!in!assembly!of!the!60S!subunit! in!

Saccharomyces+ cerevisiae+ is! composed! of! the! AFs! Brx1,! Ebp2,! Nop12,! and! Pwp1! and! rB

proteins,! L8!and!L15! (referred! to! as! the!Pwp1!subcomplex).! ! !HighBspeed! centrifugation,!

followed!by!coimmunoprecipitation!(coBIP)!using!epitope!tagged!Nop12!or!Pwp1,!revealed!

that! these!proteins! interact! in! a! stable! complex! that! can!be! isolated! independent! of! preB

ribosomes!(Krogan!et!al.!2004;!Zhang!et!al.!2004).!Furthermore,!Brx1,!Ebp2,!Nop12!and!L8!

have!all!been!shown!to!be!required!for!processing!of!27SA2!and!27SA3!preBrRNAs.!(Poll!et!

al.!2009;!Granneman!et!al.!2011;!Jakovljevic!et!al.!2012;!Shimoji!et!al.!2012).!!!

In!the!mature!60S!subunit,!rBproteins!L8!and!L15!closely!interact!with!each!other!as!

well!as!with!the!ITS2Bproximal!stem!(helix!10),!a!conserved!helix! formed!by!baseBpairing!

between! the! 3’! end! of! 5.8S! rRNA! and! the! 5’! end! of! 25S! rRNA! (Fig.! 11)! (BenBShem! et! al.!

2011).! ! These! two! rRNA! ends! are! generated! upon! the! removal! of! Internal! Transcribed!
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Spacer!2!(ITS2)!during!processing!of!27SB!preBrRNA.!It!was!recently!reported!that!Nop12!

can!be!UV!crosslinked!within! the! ITS2Bproximal!stem,!as!well!as!a!nearby!stretch!of!5.8S!

rRNA!(helix!8)!(Fig.!11)(Granneman!et!al.!2011).!This!result,!as!well!as!the!known!location!

of!L8!and!L15!in!mature!60S!subunits,!suggests!that!this!complex!binds!within!or!near!the!

ITS2Bproximal! stem! and! may! play! a! role! in! folding! rRNA! and! structuring! this! essential!

neighborhood.!!!

Most!of!what!we!know!about!RNA!folding!during!ribosome!assembly!has!emerged!

from!in+vitro+studies!of!bacterial!ribosomes!(Nierhaus!1991;!Culver!2003;!Woodson!2008;!

Sykes! and! Williamson! 2009;! Shajani! et! al.! 2011;! Woodson! 2012).! Only! recently! have!

investigations!initiated!on!how!rRNA!folds!in!eukaryotes,! in+vivo!(Lamanna!and!Karbstein!

2010;! Dutca! et! al.! 2011;! Granneman! et! al.! 2011;! Babiano! et! al.! 2012;! Dembowski! et! al.!

2013).!Our!lab!and!others!have!shown!that!depletion!of!proteins!that!bind!to!ITS2!causes!

ITS2! to! refold! prematurely,! suggesting! that! these! proteins! help! regulate! the! structure! of!

this!spacer!(Granneman!et!al.!2011)!(Dembowski!et!al.,!in!press).!However,!these!proteins!

are!required!for!the!removal!of!ITS1!and!generation!of!the!5’!end!of!5.8S!rRNA!(Dunbar!et!

al.! 2000;! Gadal! et! al.! 2002;! Fatica! et! al.! 2003b).! In!mature! ribosomes! the! 5’! end! of! 5.8S!

rRNA! is! ~160Å! from! the! ITS2Bproximal! stem! suggesting! longBrange! coupling! between!

removal! of! ITS1! and! removal! of! ITS2.! By! binding! to! the! ITS2Bproximal! stem,! the! Pwp1!

subcomplex!appears! to!be! located! in! the!preBribosome!at!a!position! to!enable! longBrange!

communication!between!these!two!spacers!(Fig.!11).!!!

Our!laboratory!has!recently!characterized!the!essential!Pwp1!subcomplex!proteins!

Ebp2,! Brx1,! and! rBprotein! L8,! and! established! a! hierarchy! of! association! between! these!

proteins!and!other! factors! required! for!27SA3!preBrRNA!processing! (Sahasranaman!et! al.!
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2011;! Jakovljevic! et! al.! 2012;! Shimoji! et! al.! 2012).! To! address! the! role! of! the! Pwp1!

subcomplex!in!forming!the!ITS2Bproximal!stem!and!structuring!the!surrounding!rRNA,!we!

focused!on!the!less!characterized!proteins!Nop12!and!Pwp1.!Interestingly,!Both!Nop12!and!

Pwp1!are!nonessential!proteins!(Duronio!et!al.!1992;!Wu!et!al.!2001).!Because!of!this,!we!

rationalized! that! the! changes! observed! in! their! absences! would! be! minimal,! but! highly!

specific.!Nop12!contains!a!classic!RNA!recognition!motif!(RRM)!and!Pwp1!contains!a!WD40!

motif,!examples!of!which!have!been!recently!shown!to!bind!RNA!(Lau!et!al.!2009).!!Here!we!

show! that! like! other! members! of! the! Pwp1! subcomplex,! Pwp1! functions! in! 27SA2! and!

27SA3! preBrRNA! processing.! Additionally,! we! have! further! defined! the! association!

hierarchy! between! the! Pwp1! subcomplex! and! other! A3! factors.! Most! importantly,! Both!

Nop12!and!Pwp1!are!required!for!proper!folding!of!5.8S!rRNA!and!the!ITS2!proximal!stem.!!

In!the!absence!of!both!proteins,!helices!in!the!3’!half!of!5.8S!rRNA!do!not!stably!form,!and!in!

the!absence!of!Nop12!helix!5!is!folded!into!an!alternative,!unproductive!helix.!
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FIGURE(11(
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Figure( 11:( The( Pwp1( subcomplex( associates( with( preEribosomes( near( the( ITS2E

proximal(stem(

Shown!is!the!crystal!structure!of!the!Saccharomyces+cerevisiae+60S!subunit!viewed!from!the!

solvent! accessible! side! (28)! (PDB:!3U5H,!3U5I).! 5.8S! rRNA! is! shown! in!black.! ! The! ITS2B

proximal!stem!is!shown!in!orange.!!RBproteins!L8!and!L15!are!colored!dark!blue!and!light!

blue,!respectively.!!Sequences!of!rRNA!crossB!linked!to!Nop12,!Nop7,!and!Erb1!are!shown!in!

red,!green,!and!purple,! respectively! (25).! ! ITS2! is! represented!by! the!dashed!grey! line! to!

indicate!the!approximate!locations!of!Cic1,!Nop15,!and!Rlp7.!
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2.2(Results(

(

2.2.1(Pwp1(is(nonessential(and(functions(in(60S(subunit(biogenesis(

Previously,!Nop12!was!shown!to!be!a!nonessential!protein,!although!deletion!causes!cold!

sensitivity!and!blocks!large!subunit!preBrRNA!processing!(Wu!et!al.!2001;!Granneman!et!al.!

2011).! LargeBscale! surveys! of! the! yeast! genome! reported! Pwp1! as! an! essential! protein!

(Giaever!et!al.!2002),!yet!closer!inspection!by!Duronio!and!coBworkers!showed!that!a!strain!

containing!an!insertion!in!the!PWP1+gene!was!viable,!although!slow!growing!(Duronio!et!al.!

1992).! ! To! clarify! this,! we! precisely! replaced! the!PWP1+ORF!with!HIS3+ in! diploid!W303!

yeast.!Upon!sporulation!and!dissection!of!tetrads,!we!recovered!four!viable!spores,!two!of!

which! were! extremely! slow! growing! (data! not! shown).! This! confirmed! previous! results!

that!Pwp1!is!nonessential.!!Although!viable,!pwp1Δ+cells!had!doubling!times!~8!fold!longer!

compared!to!the!wildBtype!spores!and!were!coldBsensitive,!causing!lethality!at!18!°C!(Fig.!

12A).!!!

To!test!the!role!of!Pwp1!in!ribosome!assembly,!we!assayed!the!amounts!of!mature!

ribosomes! (by! sucrose! gradient! centrifugation)! in!wildBtype! and!pwp1Δ! strains,! at! 30! °C!

and! the! nonBpermissive! temperature! of! 18! °C.! We! also! assayed! the! levels! of! mature!

ribosomes! in! a! strain! conditional! for! expression! of! Pwp1,! in!which! the! promoter! of! the!

PWP1!gene!was!replaced!with!the!GAL1!promoter!and!thus!repressed!in!glucoseBcontaining!

medium!(Fig.!12B).!In!all!cases,!the!amounts!of!free!60S!subunits!relative!to!40S!subunits!

were! decreased! and! halfmer! polyribosomes!were! present! (Fig.! 13ABF).! ! The! decrease! in!

ratio!of!60S!subunits!to!40S!subunits!was!exacerbated!in!the!pwp1Δ!strain!shifted!to!18!°C,!

consistent!with! the! coldBsensitivity! (Fig.! 13C!and!13D).! ! Interestingly,! an! extra!peak!was!
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present!in!the!pwp1Δ!strain,!sedimenting!near!the!43S!peak!(Fig.!13B!and!13D).!!This!has!

been! previously! observed! in! other! ribosome! assembly!mutants! defective! in! propagating!

the! killer! toxinBencoding!M1! satellite! doubleBstranded!RNA!of! the! LBA! virus! (Ohtake! and!

Wickner! 1995).! Together,! these! results! show! that! like! Nop12,! Pwp1! is! a! nonessential!

protein! that! functions! in! 60S! ribosome! biogenesis,! deletion! of! which! causes! coldB

sensitivity.!!!
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FIGURE(12(
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Figure(12:(PWP1+is(nonEessential(and(its(deletion(confers(coldEsensitivity.(((

(A)! Growth! of! the! pwp1Δ+ and! nop12Δ! deletion! strains.! (B)! Depletion! of! HABPwp1! upon!

shifting!the!GAL?HA?PWP1+strain!to!glucoseBcontaining!medium.!Sec61!serves!as!a!loading!

control.!
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FIGURE(13(
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Figure(13:(Deletion(of(Pwp1(affects(production(of(60S(ribosomal(subunits.(((

Polysome! profiles! of! wildBtype! and! pwp1Δ+ strains! grown! at! either! 30! °C! (A! and! B)! or!

shifted! to!18! °C! for!4!hours! (C!and!D).! (E!and!F)!Polysome!profiles!of! the!GAL?HA?PWP1+

strain! either! grown! in! YEPGal! (E)! or! shifted! to! YEPGlu! (F)! for! 16! hours.! Halfmer!

polyribosomes! (polysomes! containing! a! 43S! initiation! complex! bound! to! an! AUG! start!

codon!in!mRNA!without!a!corresponding!60S!subunit)!are!indicated!by!vertical!arrows.!
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2.2.2(Pwp1(is(important(for(efficient(processing(of(27SA2(and(27SA3(preErRNAs(

Recently! it! was! shown! that! Nop12! is! required! for! processing! of! 27SA3! preBrRNA!

(Granneman!et!al.!2011).!!To!determine!what!step!in!production!of!60S!ribosomal!subunits!

Pwp1!functions,!we!assayed!preBrRNA!processing!in!wildBtype!cells!and!pwp1Δ+cells!grown!

at! either!30! °C,! or! shifted! to! 18! °C!or! 37! °C! for! four!hours.!We! also! examined!preBrRNA!

processing!in!the!GAL?PWP1!strain!either!grown!at!30!°C!in!YEPGal,!or!shifted!to!YEPGlu!for!

16!hours!to!deplete!Pwp1.!As!controls,!we!compared!the!defects!observed!in!the!absence!of!

Pwp1!to!the!preBrRNA!processing!defects!observed!in!the!absence!Nop12!and!another!A3!

factor,!Rlp7!(Dunbar!et!al.!2000;!Wu!et!al.!2001;!Gadal!et!al.!2002).!Deletion!or!depletion!of!

PWP1!resulted!in!similar!preBrRNA!processing!defects!as!deletion!of!NOP12+or!depletion!of!

Rlp7!(Fig.!14).! !Consistent!with! the!extreme!slow!growth!phenotype!of! the!pwp1Δ+strain,!

the!intensity!of!the!preBrRNA!processing!defect!in!the!absence!of!Pwp1!was!nearly!identical!

to!that!in!the!absence!of!the!essential!A3!factor!Rlp7,!and!stronger!than!that!in!the!absence!

of! Nop12.! Furthermore,! the! observed! effects! on! preBrRNA! processing! in! the! absence! of!

Pwp1!were!exacerbated!when!pwp1Δ!cells!were!grown!at!18!°C,!consistent!with!the!coldB

sensitive!growth!phenotype.!!!

The! absence! of! Pwp1! resulted! in! a! marked! reduction! in! the! levels! of! 25S! rRNA!

relative! to! 18S! rRNA! (Fig.! 14A,! lanes! 7B14).! Northern! blotting! and! primer! extension!

revealed!an!accumulation!of!35S,!33S/32S,!27SA2,!27SA3,!and!27SBL!preBrRNAs!(Fig.!14A!

and! B,! lanes! 7B14).! ! The! accumulation! of! 27SA3! preBrRNA! was! accompanied! by! a!

corresponding!decrease! in!27SBs! preBrRNA,! suggesting! that! either!27SA3! preBrRNA! is!not!

being! processed,! or! 27SBs! preBrRNA! is! being! turned! over.! ! Additionally,! we! observed! a!

decrease! in! 7S! preBrRNAs! and! 5.8S! rRNA! (data! not! shown).! ! We! also! observed! an!
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accumulation!of!23S!preBrRNA,! consistent!with!a!delay! in! cleavage!at! sites!A0,!A1,! and!A2!

(Fig.!14A!and!B,!lanes!7B14).!!A!delay!in!these!initial!cleavage!events!was!also!evident!by!a!

decrease! in!20S!preBrRNA.! !Because!18S! rRNA! levels!are! relatively!unaffected,! it! is! likely!

that!the!23S!preBrRNA!generated!in!the!absence!of!Pwp1!can!be!processed!into!18S!rRNA.!

To! better! discern! the! effects! on! preBrRNA!processing! in! the! absence! of! Pwp1,!we!

assayed! preBrRNA! synthesis! and! turnover! kinetics! by! pulseBchase! analysis.! In! wildBtype!

cells!at!both!30!°C!and!18!°C,!nascent!preBrRNAs!are!rapidly!converted!into!27SA,!27SB,!and!

20S! preBrRNAs,! and! these! are! ultimately! processed! to! 25S! and! 18S! rRNAs.! In! contrast,!

deletion! of! PWP1+ results! in! a! delay! in! both! the! formation! and! processing! of! preBrRNA!

intermediates!and!mature!rRNAs!(Fig.!14C!and!14D).!!Levels!of!25S!rRNA!from!the!pwp1Δ!

strain!grown!at!30!°C!were!lower!than!those!in!wildBtype!cells,!while!18S!rRNA!appeared!to!

be!relatively!unaffected.!This!was!accompanied!by!an!accumulation!of!35S,!27SA,!and!27SB!

preBrRNAs! relative! to!wildBtype! (Fig.! 14C).! ! There!was! also! a! slight! accumulation! of! 23S!

preBrRNA!and!a!mild!delay!in!processing!of!20S!preBrRNA.!Interestingly,!at!18!°C,!deletion!

of!PWP1+causes!27S!preBrRNAs!to!be!turned!over,!and!thus!results! in!no!25S!rRNA!being!

produced!(Fig.!14D).! !This! is!not! simply!a! result!of!a! failure! to! incorporate! label! into! the!

RNA!at!18!°C!because!we!observed!the!formation!of!20S!preBrRNA!and!18S!rRNA,!although!

at!slightly!lower!amounts.!!These!results!are!strikingly!similar!to!pulseBchase!analyses!upon!

depletion! of! rBprotein! L8,! a! member! of! the! same! subcomplex,! or! of! other! essential! A3!

factors!or!rBproteins!that!are!required!for!27SA2!and!27SA3!processing!(Dunbar!et!al.!2000;!

Gadal!et!al.!2002;!Jakovljevic!et!al.!2012;!Dembowski!et!al.!2013).!

! Taken! together,! these! results! demonstrate! that! Pwp1,! like! other! subcomplex!

members,! participates! in! early! steps! of! 60S! subunit! biogenesis.! ! Pwp1! functions! in!
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processing! of! 27SA2! and! 27SA3! preBrRNAs.! Consistent! with! an! early! block! in! preBrRNA!

processing,! fluorescence! microscopy! revealed! a! nucleolar! accumulation! of! 66S! preB

ribosomes!in!the!absence!of!Pwp1!(Fig.!15).!Similar!to!the!deletion!of!NOP12,!the!effects!on!

preBrRNA!processing!are!most!evident!when!pwp1Δ+cells!are!grown!in!the!cold.! !Because!

both!Nop12!and!Pwp1!have!domains!proposed!to!bind!RNA,!the!coldBsensitive!phenotype!

suggests! that! in! the!absence!of! these!proteins,!preBrRNAs!may!be!misfolded!or!unable! to!

undergo! a! conformational! switch! (Guthrie! et! al.! 1969;! Dammel! and!Noller! 1993).! In! the!

case!of!Pwp1!this!may!lead!to!turnover!of!misassembled!preBribosomes.!
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Figure(14:(Pwp1(functions(in(processing(of(27SA2(and(27SA3(preErRNAs.((

(A! and!B)! SteadyBstate! levels! of! preBrRNAs! and! rRNAs! extracted! from!wildBtype,!pwp1Δ,!

GAL?HA?PWP1,! nop12Δ,! and! GAL?HA?RLP7+ strains! assayed! by! northern! blotting! (A)! and!

primer! extension! (B).! The! nop12Δ+ and! GAL?HA?RLP7+ strains! serves! as! controls! of!

previously! characterized! mutants! defective! in! processing! 27SA3! preBrRNA.! Due! to!

overexposure,!20S!preBrRNA!was!cropped!from!the!“ITS1BA,!long!exposure”!panel!in!(A)!for!

clarity.! !B1S!and!B1L!in!(B)!refer!to!the!5’!end!of!27SBS+7SS!and!27SBL+7SL,!respectively.!(C!

and! D)! Kinetics! of! synthesis! and! turnover! of! preBrRNAs! extracted! from! wildBtype! and!

pwp1Δ+strains!assayed!by!pulseBchase.!Strains!were!grown!at!30!°C!(C)!or!shifted!to!18°C!

for!4!hours!(D).!
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FIGURE(15(
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Figure(15:(PreEribosomes(accumulate(in(the(nucleolus(in(the(absence(of(Pwp1(

WildBtype! and! pwp1Δ+ strains!were! transformed!with! a! plasmid! coBexpressing! L25BeGFP!

and!Nop1BmRFP!(nucleolar!marker).!!Cells!were!grown!in!CBura!medium!at!either!30!°C!or!

shifted!to!18!°C!for!four!hours.!!The!localization!of!L25BeGFP!and!Nop1BmRFP!were!assayed!

by!fluorescence!microscopy.!Arrows!point!to!nucleolar!accumulation!of!L25BeGFP!
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2.2.3(Pwp1(associates(with(90S(preEribosomes(and(is(exported(to(the(cytoplasm.(

Previous! work! from! our! laboratory! and! others! have! shown! Ebp2,! Brx1,! Nop12,! and! rB

protein!L8!associate!with!preBribosomes!during!early! steps!of!60S! subunit! assembly!and!

coBIP! early! 66S! preBrRNA! intermediates! (Granneman! et! al.! 2011;! Jakovljevic! et! al.! 2012;!

Shimoji!et!al.!2012).!To!better!understand!when!Pwp1!associates!with!preBribosomes,!we!

TAPBtagged! Pwp1! and! purified! preBribosomes.! ! As! a! control,! we! also! purified! preB

ribosomes! using!Nop12BTAP.! ! Like!Nop12,! Pwp1! associates!with! preBribosomes! early! in!

assembly;!it!coBIPed!35S,!27SA,!27SB,!and!7S!preBrRNAs!above!background!amounts!from!

an! untagged! strain! (Fig.! 16A).! ! Pwp1! also! coBIPed! appreciable! amounts! of! mature! 5.8S!

rRNA,!suggesting!that!Pwp1!is!associated!with!preBribosomes!exported!to!the!cytoplasm.!

! As! an!orthogonal! approach! to!map! the! timing!of! association!of!Pwp1,!we!purified!

preBribosomes!using! the!TAPBtagged!AFs!Ssf1! (nucleolar),!Arx1! (nucloplasmic),! and!Lsg1!

(cytoplasmic),!and!assayed!by!western!blotting!for!the!presence!of!HABtagged!Pwp1!(Fatica!

et! al.! 2002;! Nissan! et! al.! 2002).! All! three! TAPBtagged! proteins! coBIPed! Pwp1BHA,!

corroborating!the!results!that!Pwp1BTAP!coBpurifies!the!earliest!preBrRNA!intermediate,!as!

well! as!mature!5.8S! rRNA! (Fig.! 16B).! ! Thus,!we! conclude! that! like!other!members!of! the!

Pwp1! subcomplex,! Pwp1! associates! with! preBribosomes! early! during! biogenesis! and!

remains!associated!until!preBribosomes!are!exported!from!the!nucleus!to!the!cytoplasm.!
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Figure(16:(Pwp1(associates(with(preEribosomes( in( the(nucleolus(and( is(exported(to(

the(cytoplasm.((

(A)! PreBrRNAs! and! rRNAs! that! coBimmunoprecipitate! with! PWP1?TAP+ and! NOP12?TAP+

(control)!detected!by!primer!extension!and!northern!blotting.!Detected!preBrRNAs,!rRNAs,!

and! preBrRNA! 5’! ends! are! indicated.! B1S! and! B1L! refer! to! the! 5’! end! of! 27SBS+7SS! and!

27SBL+7SL,!respectively.!(B)!Western!blotting!analysis!for!the!presence!of!Pwp1BHA!in!preB

ribosomes! purified! using! TAPBtagged! Ssf1! (nucleolar),! Arx1! (nuclear),! or! Lsg1!

(cytoplasmic).!L17!serves!as!a!loading!control.!
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2.2.4( Pwp1( is( important( for( stable( association( with( preEribosomes( of( assembly(

factors(required(for(27SA3(preErRNA(processing.(

Work! from!our! lab!has!established!a!hierarchy! in!which! the!Pwp1!subcomplex!members!

Ebp2!and!Brx1!are!required!for!stable!association!of!six!interdependent!A3!factors!(Nop7,!

Erb1,!Ytm1,!Cic1,!Rlp7,!and!Nop15),!which! in! turn!are!necessary! for!stable!association!of!

two!DEADBbox!proteins!(DBPs),!Has1!and!Drs1!(Sahasranaman!et!al.!2011;!Jakovljevic!et!al.!

2012;!Dembowski!et!al.!2013).!To!better!understand!the!relationship!between!association!

of! Pwp1! and! assembly! of! other! proteins! required! for! this! step! in! biogenesis,! we!

investigated! changes! in! preBribosome! composition! in! the! absence! of! Pwp1.! ! Because! the!

extreme! slow! growth! phenotype! of! the! pwp1Δ! strain! made! it! difficult! to! grow! large!

volumes!of! cells! at! sufficient!density,!preBribosomes!were!affinityBpurified! from!an!Rpf2B

TAP!strain!conditional!for!expression!of!Pwp1!(as!described!above).!After!shifting!cells!for!

16!hours!to!glucoseBcontaining!media,!HABPwp1!was!undetectable!by!western!blotting!(Fig.!

17B!and!Fig.!12B).!

! PreBribosome! constituents! were! resolved! by! SDSBPAGE! and! visualized! by! silverB

staining!(Fig.!17A).!Previous!mass!spectrometry!analysis!from!our!lab!has!identified!many!

of! the! polypeptides! present! in! each! of! the! gel! bands! (Zhang! et! al.! 2007).! Interestingly,!

depletion! of! Pwp1! results! in! a! characteristic! pattern! of! silverBstained! bands! similar! to!

depletion!of!other!A3! factors! (Fig.!18)! (Sahasranaman!et!al.!2011;! Jakovljevic!et!al.!2012;!

Shimoji! et! al.! 2012).! Specifically,! there! was! an! observable! decrease! in! gel! bands!

corresponding!to! the! interdependent!A3! factors!Erb1,!Nop7,!Ytm1,!Cic1,!Rlp7,!and!Nop15!

(Fig.!17A,!asterisks),!suggesting!that!Pwp1!is! important! for!stable!association!of!these!six!

interdependent!proteins.!
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! !Western! blotting! confirmed! that! in! the! absence! of! Pwp1,! Nop7! and! Cic1! fail! to!

stably! associate! with! preBribosomes! (Fig.! 17B).! ! Consistent! with! this,! we! observed! a!

decrease! in! the!DEAD!box!protein!Has1.! !Additionally,! levels! of! several!AFs! (Tif6,!Rlp24,!

Nog1,! Nsa2,! Nog2)! and! rBproteins! (L17)! that! function! in! the! next! step! of! ribosome!

biogenesis,!processing!of!27SB!preBrRNA,!were!decreased!(Fig.!17B,!B!factors)!(Basu!et!al.!

2001;! Saveanu! et! al.! 2001;! Saveanu! et! al.! 2003;! Lebreton! et! al.! 2006a;! Gamalinda! et! al.!

2013).!These!proteins!have!all!been!shown!to!be!dependent!on!the!A3!factors!to!stably!bind!

preBribosomes! (Sahasranaman! et! al.! 2011;! Jakovljevic! et! al.! 2012;! Dembowski! et! al.!

2013)(J.!Talkish,!unpublished!data).!!In!summary,!Pwp1!is!important!for!stable!association!

of! a! group! of! interdependent! A3! factors! that! function! in! the! same! step! of! preBrRNA!

processing,!as!well!as!B!factors!that!function!in!the!following!step.!

To! begin! to! understand! the! interdependence! of! the! six! proteins! in! the! Pwp1!

subcomplex,! we! used! available! antibodies! to! assay! changes! in! the! levels! of! Ebp2! and! rB

protein!L8!in!preBribosomes!purified!in!the!presence!or!absence!of!Pwp1.!Western!blotting!

revealed!that!upon!depletion!of!Pwp1,!both!Ebp2!and!L8!associated!with!preBribosomes!at!

wildBtype!levels!(Fig.!17B).!!We!also!wanted!to!test!for!changes!in!the!levels!of!Nop12,!but!

were!unable!to!obtain!positive!transformants!after!numerous!attempts!to!MycBtag!Nop12!

in! the!GAL?HA?PWP1+strain.! ! It! is! likely! that!Nop12! fails! to!associate!with!particles! in! the!

absence!of!Pwp1!because!in+vivo+chemical!probing!of!preBrRNA!structure!in!the!absence!of!

Pwp1!revealed!many!of!the!same!changes!in!RNA!structure!as!those!in!a!nop12Δ!strain!(see!

below,!Fig.!19).!!Furthermore,!many!of!the!changes!in!the!absence!of!Pwp1!were!at!or!near!

the!known!Nop12!binding!site,!likely!reflecting!the!failure!of!Nop12!to!associate!with!preB

ribosomes.! ! These! results! indicate! that! Pwp1! is! not! required! to! recruit! the! subcomplex!
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protein! Ebp2! and! L8,! and! suggests! a! hierarchy! in!which! Pwp1,! like! Ebp2! and! L8,! stably!

associates!with!preBribosomes!prior!to!the!interdependent!A3!factors!(Sahasranaman!et!al.!

2011;!Jakovljevic!et!al.!2012;!Shimoji!et!al.!2012).!
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FIGURE(17(

(

(

(

(

(

(

(

(

(

(

(

(

(



! 93!

Figure( 17:( Changes( in( composition( of( preEribosomes( in( the( absence( of( Pwp1( and(

Nop12.(((

(A)! Protein! constituents! of! preBribosome! components! purified! from! the! GAL?HA?PWP1+

RPF2?TAP+strain,!grown!in!YEPGal,!or!shifted!to!YEPGlu!for!16!hours,!were!resolved!by!SDSB

PAGE!and!visualized!by!silverBstaining.! !Stained!polypeptide!bands!of! the! interdependent!

A3! factors! are! indicated.! ! (B)! PreBribosome! constituents! purified! in! (A)!were! assayed! by!

western!blotting.!(C)!PreBribosomes!were!purified!from!wildBtype!and!nop12Δ+strains!using!

Rpf2BTAP!from!cells!either!grown!at!30!°C!or!shifted!to!18!°C!for!four!hours.!!PreBribosome!

constituents! were! resolved! by! SDSBPAGE! and! visualized! by! silverBstaining.! ! (D)! PreB

ribosomes! purified! in! (C)! were! assayed! by! western! blotting.! Cuts! in! the! nitrocellulose!

membrane!are!indicated!with!an!asterisk!(B!and!D).!
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2.2.5(The(composition(of(preEribosomes(is(largely(unaffected(in(the(absence(of(Nop12((

To!investigate!changes!in!preBribosome!composition!in!the!absence!of!Nop12,!we!purified!

preBribosomes!from!wildBtype!and!nop12Δ!strains!grown!at!either!30!°C!or!shifted!to!18°C!

for!four!hours.!!SDSBPAGE!and!silverBstaining!revealed!that!preBribosomes!are!largely!intact!

in! the! absence! of! Nop12! (Fig.! 17C),! as! the! pattern! of! silverBstained! gel! bands! is! clearly!

different!from!the!that!observed!in!the!absence!of!Pwp1!or!other!essential!A3!factors!(Fig.!

17A!and!Fig.!18).!!Western!blotting!confirmed!that,!even!upon!shifting!the!nop12Δ!strain!to!

18!°C,! there!were!no!significant!changes! in! the! levels!of! the! interdependent!A3! factors!or!

the!DBP!Has1!(Fig.!17D).!This!is!especially!interesting!because!to!our!knowledge,!this!is!the!

first!example!of!a!ribosome!assembly!mutant!in!which!the!known!A3!factors!are!associated!

with! preBribosomes,! but! 27SA3! preBrRNA! is! not! efficiently! processed.! Additionally,! we!

observed!no!significant!changes!in!the!levels!of!the!B!factors!tested.!!

To! test! the! requirement! of! Nop12! for! association! of! other!members! of! the! Pwp1!

subcomplex,!we!also!examined!the!levels!of!Ebp2,!Pwp1BHA,!and!rBprotein!L8!by!western!

blotting.!!We!observed!no!changes!in!the!levels!of!these!proteins,!even!from!preBribosomes!

purified!from!nop12Δ+cells!shifted!to!18!°C!(Fig.!17D).!These!results!suggest!that!the!Ebp2,!

Pwp1,!and!L8!either!associate!with!preBribosomes!prior!to!Nop12,!or!that!their!association!

is!independent!of!Nop12.!

Taken!together,!these!data!suggest!that!Nop12,!although!important!for!processing!of!

27SA3!preBrRNA,! is!not!directly! involved! in!recruiting!other!proteins!that! function!during!

this!step!of!ribosome!biogenesis.!In!the!absence!of!Nop12!at!18!°C,!processing!of!27SA3!preB

rRNA! is!blocked!at! levels! comparable! to! the!absence!of! the!essential!A3! factors! (Fig.!14A!

and!14B),!yet!the!protein!composition!of!preBribosomes!is!largely!unaffected.!!Furthermore,!
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this! is! the! first! example! of! a! strong! block! in! 27SA3! processing! that! does! not! lead! to!

significant!turnover!of!preBrRNAs!(data!not!shown)(Wu!et!al.!2001).!This!suggests!that!the!

observed! defects! in! preBrRNA! processing! in! the! absence! of! Nop12! are! not! due! to! an!

incomplete!complement!of!proteins,!but!rather!the!preBrRNA!may!not!be!in!a!conformation!

to!facilitate!efficient!removal!of!ITS1.!!

!

2.2.6(Pwp1(and(Nop12(are(not(dependent(on(the(A3(factors(for(stable(association(with(

preEribosomes.(

It!was!previously!shown!that!the!Pwp1!subcomplex!members!Ebp2,!Brx1,!and!L8!were!able!

to! stably! associate! with! preBribosomes! in! the! absence! of! the! interdependent! A3! factors!

(Sahasranaman!et!al.!2011).!To!test!the!requirement!of!these!proteins!for!stable!binding!of!

Pwp1! and! Nop12,! we! HABtagged! Pwp1! and! MycBtagged! Nop12! in! an! Rpf2BTAP! strain!

conditional! for! expression! of! the! A3! factor! Rlp7.! Upon! depletion! of! Rlp7,! SDSBPAGE! and!

silverBstaining!of!affinity!purified!preBribosomes!revealed!the!characteristic!pattern!of!gel!

bands! seen! upon! depletion! of! any! one! of! the! A3! factors! (Fig.! 18,! asterisks).! ! ! Western!

blotting! demonstrated! that! in! the! absence! of! Rlp7,! both! Pwp1! and!Nop12! remain! stably!

associated!with!preBribosomes!(Fig.!18).!!The!observed!increase!of!Pwp1!and!Nop12!in!the!

absence! of! Rlp7!most! likely! represents! the! enrichment! of! early! preBribosomes,! and! thus!

these!two!proteins.!

Together,!these!and!the!above!data!suggest!a!hierarchy!of!association!in!which!the!

Pwp1! subcomplex! associates! with! preBribosomes! prior! to! stable! binding! of! the!

interdependent! A3! factors.! Association! of! Nop12! occurs! independently! of! the! other! A3!

factors;!Nop12! is! able! to! associate! in! the! absence! of! these!proteins! and! conversely,! they!
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stably! associate! in! the! absence! of! Nop12.! ! However,! Pwp1! is! important! for! stable!

recruitment!into!preBribosomes!of!the!interdependent!A3!factors.!
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FIGURE(18(
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Figure(18:(Pwp1(and(Nop12(are(not(dependent(on(the(interdependent(A3(factors(for(

association(with(preEribosomes.(((

PreBribosome!components!purified!from!the!GAL?RLP7+RPF2?TAP+PWP1?HA!strain!or!GAL?

RLP7+RPF2?TAP+NOP12?13MYC+strain,!were!resolved!by!SDSBPAGE!and!visualized!by!silverB

staining!or!subjected!to!western!analysis!after!transferring!to!nitrocellulose!membrane.!!RB

protein!L5!serves!as!a!loading!control.!!Pwp1BHA!and!Nop12BMyc!were!detected!with!antiB

HA!antibody!(12CA5)!and!antiBmyc!antibody!(9e10),!respectively.!
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2.2.7(Pwp1(and(Nop12(are(important(for(proper(folding(of(of(5.8S(rRNA.(

Pwp1!and!Nop12!both!contain!domains!predicted!to!bind!RNA,!and!Nop12!was!shown!to!

crosslink!helices!8!and!10!(ITS2Bproximal!stem)!of!5.8S!rRNA!(Duronio!et!al.!1992;!Wu!et!

al.! 2001;! Granneman! et! al.! 2011).! Furthermore,! the! absence! of! both! of! these! proteins!

results! in! coldBsensitivity,! a! phenotype! often! associated!with! ribonucleoprotein! particles!

(RNPs)!in!which!the!RNA!is!misfolded!or!unable!to!undergo!a!structural!transition!(Guthrie!

et! al.! 1969;! Dammel! and! Noller! 1993).! ! Thus,! we! hypothesized! that! these! two! proteins!

might!be!important!for!structuring!5.8S!rRNA!and!neighboring!domain!I!of!25S!rRNA.!!To!

investigate! this,! we! used! the! small! chemical! dimethylsulfate! (DMS)! to! perform! in+ vivo+

structure!probing!of!preBrRNAs!in!the!presence!or!absence!of!Pwp1!and!Nop12!(Wells!et!al.!

2000;!Liebeg!and!Waldsich!2009).!DMS!methylates!the!nitrogenous!rings!of!adenines!and!

cytosines! in! a! manner! that! impedes! reverse! transcriptase,! which! can! be! visualized! as!

primer!extension!stops!(Stern!et!al.!1988).! !The!extent!of!methylation! is!dependent!upon!

the! environment! of! each! base:! nucleotides! that! are! baseBpaired,! folded! into! a! complex!

structures,!or!protected!by!proteins!exhibit!low!DMS!reactivity,!whereas!unpaired,!solventB

accessible!bases!exhibit!high!DMS!reactivity.!To!address!the!role!that!Pwp1!and!Nop12!play!

in!structuring!5.8S!rRNA,!we!treated!wildBtype,!pwp1Δ,!and!nop12Δ+cells!with!DMS!at!30!°C!

and! 18! °C.! ! The! modified! RNA! was! then! assayed! by! primer! extension! with! an!

oligonucleotide! complementary! to! the! 5’! half! of! ITS2.! ! Using! an! oligonucleotide! in! ITS2!

ensures!that!we!are!assaying!the!structure!of!5.8S!rRNA!sequences! in!preBrRNAs!and!not!

mature!5.8S!rRNA.!!

Deletion!of!Pwp1!at!both!30!°C!and!18!°C!resulted!in!differential!DMS!reactivity!of!a!

number!of!nucleotides!in!the!3’!half!of!preB5.8S!rRNA!(Fig.!19A,!19C,!and!19D).!These!were!
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highly!specific! to! this!RNP!neighborhood!as!analysis!of! ITS2!revealed!no!changes! in!DMS!

reactivity!(data!not!shown).!The!majority!of!modifications!were!the!same!in!the!absence!of!

Pwp1!at!both!30!°C!and!18!°C,!however!there!were!a!greater!number!of!changes!at!18!°C,!

consistent! with! the! cold! sensitive! phenotype! of! the! pwp1Δ+ strain.+ The! majority! of!

differentially! modified! nucleotides! exhibited! increased! modification! and! lie! in! singleB

stranded!regions,!likely!reflecting!the!footprint!of!Pwp1,!Nop12,!and/or!the!other!A3!factors!

and! rBproteins! that! do! not! stably! associate! in! the! absence! of! Pwp1.! A! number! of! these!

increased!modifications!occurred!at!or!near!the!Nop12!crosslinking!site,!suggesting!Nop12!

also!fails!to!associate!with!preBribosomes!in!the!absence!of!Pwp1!(Fig.!19C!and!19D).!We!

also! observed! increased!modification! of! nucleotides! within! helices! 5! (A2904,! A2903),! 7!

(A2953),!and!the!ITS2Bproximal!stem!(A3010)!suggesting!at!least!two!possibilities:!i)!Pwp1!

aids!in!forming!these!structures!during!assembly!and!in!its!absence!these!helices!form!less!

stably,!or!ii)!deletion!of!Pwp1!impedes!assembly!at!a!step!before!these!helices!stably!form!

and!their!absence!enriches!for!a!population!of!intermediates!prior!to!the!formation!of!these!

helices.! !However,!because!a!number!of!other!assembly! factors!are!diminished! from!preB

ribosomes!in!the!absence!of!Pwp1,!it!is!difficult!to!differentiate!direct!from!indirect!effects.!!

We! also! observed! a! few! nucleotides! with! decreased! modification! suggesting! these!

nucleotides!potentially!become!baseBpaired!in!the!absence!of!Pwp1.!

Because! preBribosomes! are! largely! intact! in! the! absence! of! Nop12,! the! observed!

DMS!modification!patterns!in!its!absence!should!be!highly!specific.!!Similar!to!the!absence!

of!Pwp1,!deletion!of!Nop12!resulted!in!increased!modification!of!nucleotides!at!or!near!the!

Nop12! crosslinking! sites,! and!within! helices! 5,! 7,! and! the! ITS2Bproximal! stem! (Fig.! 19B,!

19C,! and! 19D).! Interestingly,!we! observed! nucleotides!with! decreased! reactivity! to! DMS!
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(A2970! and! C2971! in! helix! 8),! but! only! at! 18! °C.! We! also! observed! decreased! DMS!

modification!of!nucleotides!A2902,!A2940,!and!C2960,!indicating!that!these!nucleotides!are!

becoming!more!protected,!possibly!through!baseBpairing.!!In!mature!60S!subunits,!A2902!is!

singleBstranded!and!immediately!5’!of!helix!5!of!5.8S!rRNA.! !Helix!5!is!three!baseBpairs!in!

length! and! is! formed! by! pairing! of! G2903,! A2904,! and!A2905! (Fig.! 19C! and! 19D,! green)!

with!U2963,!U2962,!and!U2961!(Fig.!19C!and!19D,!orange),!respectively.!!Interestingly,!this!

sequence! (GAA),! composing! the! 5’! half! of! helix! 5,! is! repeated! immediately! 5’! of! helix! 5!

(referred! to! as! GAA*).! ! G2900,! A2901,! and! A2902! (Fig.! 19C! and! 19D,! purple)! have! the!

potential!to!baseBpair!with!U2963,!U2962,!and!U2961,!respectively.!!This!would!also!allow!

the! formation!of! three! additional! interactions!between!U2899BG2964,!G2903BC2960,! and!

A2904BU2959,! resulting! in!a!helix!extended!by! three!baseBpairs.!The!observed!pattern!of!

DMS!modification!at!18! °C!suggests! that! in! the!absence!of!Nop12,! an!extended!helix!5! is!

formed!by!baseBpairing!of!GAA*!to!U2963,!U2962,!and!U2961.!!!

Together,!our!data!suggest!the!following:!i)!In!the!absence!of!both!proteins!at!30!°C,!

helix!5!is!not!stably!formed,!as!evident!by!increased!DMS!modification!of!A2903!and!A2904!

(Fig.!20,!left).!!ii)!In!the!absence!of!Nop12!at!18!°C,!an!alternative,!yet!unproductive!helix!5!

is! formed! by! pairing! of! GAA*! to! the! 3’! UUU.! ! This! accounts! for! the! decreased! DMS!

modification!we!observe! for!A2902!and!C2960,! and! the! increased!modification!of!A2904!

(Fig.! 20,! right).! Although! we! observed! nucleotides! with! decreased! modification! in! the!

absence! of! Pwp1! at! both! 30! °C! and! 18! °C,! they! were! not! entirely! consistent! with! an!

alternative! helix! 5.! One! potential! reason! is! that! the! formation! of! this! alternative! helix!

requires!stable!association!of!the!interdependent!A3!factors.!!Alternatively,!this!alternative!
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helix!might!not!be!as!evident!due!to!the!extensive!turnover!of!preBrRNAs!in!the!absence!of!

Pwp1!at!18°C.!
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FIGURE(19(
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Figure(19:(Pwp1(and(Nop12(are(important(for(proper(folding(of(5.8S(rRNA.((

(A! and! B)! in+ vivo+ DMS! probing! of! wildBtype,! pwp1Δ,! and! nop12Δ+ strains! visualized! by!

primer! extension! using! an! oligonucleotide! complimentary! to! the! 5’! half! of! ITS2.!!

Corresponding!sequencing!lanes!(U,!G,!C,!A)!with!nucleotide!positions!are!shown.!!Controls!

include!a!no!DMS!control! (B)! and!a! Stop! control! in!which!βBmercaptoethanol! is! added! to!

cells!prior!to!DMS.!Nucleotides!with!enhanced!DMS!modification!in!the!absence!of!Nop12!

and! Pwp1! are! indicated! with! solid! red! and! blue! circles,! respectively.! ! Nucleotides! with!

decreased!DMS!modification!in!the!absence!of!Nop12!and!Pwp1!are!represented!with!red!

and!blue!hollow!circles,!respectively.!(B!and!C)!Changes!in!nucleotide!reactivity!at!30!°C!(B)!

and!18!°C!(C)!are!indicated!on!the!secondary!structure!of!5.8S!rRNA!as!described!in!(A)!(U.!

Texas).!!The!Nop12!crosslinking!sites!are!highlighted!in!red.!!The!5’!and!3’!halves!of!helix!5!

are!highlighted! in!green!and!orange,! respectively.! !Nucleotides! that!have! the!potential! to!

form!an!alternative!helix!5!are!shown!in!purple.!!
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FIGURE(20(
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Figure(20:(Helix(5(of(5.8S(rRNA(is(misfolded(in(the(absence(of(Pwp1(and(Nop12.((

Model!of!structural!changes!that!occur!in!helix!5!in!the!absence!of!Nop12!and!Pwp1!at!!30!

°C!and!18!°C.! ! In!wildBtype!cells,!helix!5! is! formed!by!baseBpairing!between!sequences! in!

green! and! orange! (middle).! ! In! the! absence! of!Nop12! and! Pwp1,! at! 30! °C,! helix! 5! is! not!

stably! formed! as! evident! by! increased! DMS! modification! of! A2904! (left).! ! Decreased!

modification!of!A2902!and!C2960!indicated!that!in!the!absence!of!Nop12!and!Pwp1!at!18!

°C,!an!alternative!helix!5! is! formed!between! the!upstream!GAA*!(purple)!and! the!3’!UUU!

(orange)(right).!Changes!in!DMS!reactivity!are!shown!as!described!in!Figure!19.!!
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2.3(Discussion!

Processing!of!27SA2!and!27SA3!preBrRNAs,!and!subsequent!generation!of!the!5’!end!of!5.8S!

rRNA,!requires!at!least!12!AFs!and!10!rBproteins!(Dunbar!et!al.!2000;!Pestov!et!al.!2001;!Wu!

et!al.!2001;!Adams!et!al.!2002;!Gadal!et!al.!2002;!Oeffinger!et!al.!2002;!Fatica!et!al.!2003b;!

Oeffinger! and! Tollervey! 2003;!Miles! et! al.! 2005;! Poll! et! al.! 2009;! Jakovljevic! et! al.! 2012;!

Shimoji!et!al.!2012)(M.!Gamalinda,!submitted).!Numerous!physical!and!genetic!interactions!

exist!among!these!proteins,!suggesting!that!they!function!in!a!highly!cooperative!manner!to!

form!preBribosomes!competent!to!undergo!removal!of!ITS1.! !At!least!12!of!these!proteins!

can! be! isolated! in! one! of! three! subcomplexes.! These! include! (i)! the! Pwp1! subcomplex!

(Krogan!et!al.!2004;!Zhang!et!al.!2004),!(ii)!the!Nop7!subcomplex!composed!of!Nop7,!Erb1,!

and!Ytm1! (Miles! et! al.! 2005),! and! (iii)! the! ITS2! subcomplex! containing!Cic1,!Nop15,! and!

Rlp7!(J.!Dembowski,!submitted)!

Isolation!of!assembly!subcomplexes!was!initially!achieved!by!affinity!purifying!AFs!

under!conditions!that!disrupt!interactions!within!the!preBribosome!(Harnpicharnchai!et!al.!

2001;!Horsey!et!al.!2004;!Miles!et!al.!2005).!These!subcomplexes!are!thought!to!represent!

the!most! stable! interactions!between!AFs! and! rBproteins,! and! thus! are! thought! to! reflect!

groups! of! proteins! that! function! cooperatively! during! ribosome! biogenesis.! At! least! nine!

subcomplexes! function! in! construction! of! 60S! ribosomal! subunits! (Xue! et! al.! 2000;!

Harnpicharnchai!et!al.!2001;!Milkereit!et!al.!2001;!Krogan!et!al.!2004;!Nissan!et!al.!2004;!

Zhang!et!al.!2004;!Miles!et!al.!2005;!Lebreton!et!al.!2006b;!Rosado!et!al.!2007;!Zhang!et!al.!

2007;! Merl! et! al.! 2010;! Hierlmeier! et! al.! 2012;! Talkish! et! al.! 2012).! HighBspeed!

centrifugation!of!whole!cell!extracts,! followed!by!affinity!purification,!or!sedimentation!of!

whole! cell! extracts! on! sucrose! gradients! and! subsequent! isolation!of! subcomplexes! from!
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light! fractions! showed! that! some! subcomplexes! exist! independently! of! preBribosomes.!!

Consistent! with! this,! recent! work! from! the! Milkereit! group! showed! that! subcomplexes!

could! be! isolated! upon! shutting! down! transcription! of! rDNA,! and! thus! independently! of!

nascent!preBribosomes!(Merl!et!al.!2010).!By!assembling!en+bloc,!subcomplexes!are!thought!

to! function! as! discrete! building! blocks,! minimizing! complexity! and! ensuring! efficient!

assembly!of!these!highly!complex!RNPs.!

Work!from!our!lab!has!shown!that!three!of!these!subcomplexes!assemble!into!preB

ribosomes! in!a!coordinated!and!hierarchical!manner.!We!have!previously!shown!that:! (i)!

binding!of!Ebp2!is!required!for!association!of!Brx1!(Shimoji!et!al.!2012),!(ii)!both!Ebp2!and!

Brx1!are!required!for!binding!of!rBprotein!L8!(Shimoji!et!al.!2012),!(iii)!L8!is!required!for!

binding! of! the! interdependent! A3! factors! Nop7,! Erb1,! Ytm1,! Cic1,! Nop15,! and! Rlp7!

(Jakovljevic!et!al.!2012),!(iv)!and!all!of!the!aforementioned!proteins!are!required!for!stable!

association!of!the!DBPs!Drs1!and!Has1!(Sahasranaman!et!al.!2011;!Dembowski!et!al.!2013).!!

In! the! absence! of! any! of! these! proteins,! ITS1! is! not! removed! and! preBribosomes! are!

unstable!and!turned!over.!!

Here!we!have!begun! to!analyze! the! function!of! the!previously!uncharacterized!AF!

Pwp1,!and!further!characterized!the!A3!factor!Nop12.!!We!show!that!like!Nop12,!Pwp1!is!a!

nonBessential! protein! that! functions! in! production! of! 60S! ribosomal! subunits.! ! Although!

cells!are!viable!in!the!absence!of!Pwp1,!their!growth!is!severely!compromised!at!30!°C!and!

they!are!inviable!at!low!temperatures.!!Like!other!members!of!the!Pwp1!subcomplex,!Pwp1!

associates!with!preBribosomes!early!in!biogenesis!and!is!necessary!for!efficient!processing!

of! 27SA2! and! 27SA3! preBrRNAs.! ! We! have! been! able! to! further! refine! the! association!

hierarchy! of! proteins! that! function! in! this! step! of! assembly! by! showing! that! Pwp1! is!
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upstream! of! the! interdependent! A3! factors;! Pwp1! is! important! for! stable! association! of!

these!proteins,!but!not!vice!versa.!Nop12!however,!does!not!play!an!active!role!in!recruiting!

other!A3! factors.! !Last,!we!show!that!Nop12!and!Pwp1!are!required! for!proper! folding!of!

5.8S!rRNA!and!the!ITS2!proximal!stem.!In!the!absence!of!these!proteins,!particularly!when!

cells!are!grown!at!low!temperature,!5.8S!rRNA!sequences!within!preBrRNAs!are!misfolded!

and!27SA3!preBrRNA!is!unable!to!be!efficiently!processed.!

! In!most!of!our!assays,!deletion!of!Pwp1!results!in!the!same!phenotype!as!deletion!of!

Nop12,!only!stronger.!The!nop12Δ+strain!behaves! like!a!traditional!coldBsensitive!mutant,!

growing!at!nearly!wildBtype!rates!at!30!°C!but!much!more!slowly!when!cells!are!shifted!to!

18!°C.!However,!deletion!of!Pwp1,!although!nonBlethal,!results!in!an!extremely!slow!growth!

phenotype!at!30!°C,!and!lethality!at!18!°C.!Pwp1!is!a!WDB40!protein,!whereas!Nop12!is!an!

RRMBcontaining!RNA!binding!protein!(Duronio!et!al.!1992;!Wu!et!al.!2001).!Pwp1,!through!

its! WDB40! motif,! may! participate! in! a! greater! number! of! interactions! with! the!

interdependent! A3! factors.! Thus,! in! the! absence! of! Pwp1,! one! might! expect! greater!

perturbations! in! preBribosome! structure! and! thus! stronger! assembly! defects! and! growth!

phenotypes.!Consistent!with!this,!examination!of!preBribosomes!revealed!no!changes!in!the!

interdependent! A3! factors! in! the! absence! of! Nop12,! but! decreased! association! of! those!

proteins! in! the! absence! of! Pwp1.! Our! recent! investigations! of! A3! factors! show! that! preB

rRNAs!are!rapidly!turned!over!in!their!absence,!however!it!was!unclear!if!this!results!from!

a! failure!to!process!27SA3!preBrRNA!or! the!A3! factors! failing!to!stably!associate!with!preB

ribosomes! (Sahasranaman! et! al.! 2011;! Jakovljevic! et! al.! 2012;! Dembowski! et! al.! 2013).!!

Interestingly,!preBrRNAs!are!not!turned!over!in!the!absence!of!Nop12!(Wu!et!al.!2001)(data!
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not!shown),!suggesting!that! turnover! is!a!result!of!an! incomplete!set!of!assembly! factors,!

and!not!simply!due!to!unprocessed!27SA3!preBrRNA.!

HighBresolution!crystal!structures!of!the!yeast!ribosome,!as!well!as!newly!developed!

proteinBRNA! crosslinking! approaches,! indicate! that! the! Pwp1,! Nop7,! and! ITS2!

subcomplexes!bind!preBribosomes!adjacent!to!each!other,!near!domain!I!of!25S/5.8S!rRNA!

and!ITS2!(Fig.!11).!Using!UV!crosslinking!and!analysis!of!cDNA!(CRAC),!it!was!shown!that!

Nop12!crosslinks!to!preBrRNA!sequences!within!the!ITS2Bproximal!stem!as!well!as!helix!8!

at!the!5’!end!of!5.8S!rRNA!(Granneman!et!al.!2011).!!This!is!in!close!proximity!to!the!binding!

sites!of!rBproteins!L8!and!L15!in!mature!60S!subunits!(BenBShem!et!al.!2011).!TwoBhybrid!

interactions!between!Ebp2BBrx1!and!Ebp2BNop12!suggest!that!Brx1!and!Ebp2!also!occupy!

this!neighborhood!(Shimoji!et!al.!2012).!!The!Nop7!subcomplex!is!thought!to!lie!adjacent!to!

the!Pwp1!subcomplex.!!CRAC!analysis!revealed!that!Erb1!and!Nop7!crosslink!to!sequences!

in!domain!I!and!domain!III!of!25S!rRNA,!respectively!(Granneman!et!al.!2011).!!Last,!Cic1,!

Nop15,!and!Rlp7!crosslink!to!sequences!in!ITS2!and!the!ITS2!proximal!stem!(Granneman!et!

al.!2011;!Babiano!et!al.!2013)(J.!Dembowski,!submitted).! !Thus,!these!three!subcomplexes!

are! positioned! near! each! other! within! preBribosomes,! occupying! mostly! domain! I! of!

5.8S/25S!rRNA!and!ITS2!(Fig.!11).!!!

Interestingly,! these! proteins! associate!with! preBribosomes! near! the! 3’! end! of! 5.8S!

rRNA,!yet!they!are!necessary!for!the!removal!of!ITS1!and!generation!of!the!5’!end!of!5.8S!

rRNA!(Fig.!11).!!In!mature!60S!subunits,!the!5’!end!of!5.8S!rRNA!is!situated!~160Å!from!the!

3’! end.! !Depletion!of! the!AFs! that! cluster!around! the!3’! end!of!5.8S! rRNA!and/or!bind! to!

ITS2! causes! ITS2! to!misfold,! but! results! in! a! failure! to! remove! ITS1! (Dunbar! et! al.! 2000;!

Gadal!et!al.!2002;!Fatica!et!al.!2003b;!Oeffinger!and!Tollervey!2003;!Granneman!et!al.!2011)!



! 111!

(J.!Dembowski,!submitted).!These!results!highlight!two!key!principles!that!drive!processing!

of!27SA3!preBrRNA:!1)!Proper!folding!of!ITS2!is!at!least!in!part!a!prerequisite!for!removal!of!

ITS1,! and! 2)! There! is! longBrange! communication! between! the! removal! of! ITS1! and!

subsequent!formation!of!the!5’!end!of!5.8S!rRNA,!and!removal!of!ITS2!and!generation!of!the!

3’!end!of!5.8S!rRNA.!

Pioneering! studies! of! bacterial! ribosome! biogenesis! from!Nomura! and! coworkers!

used!genetic!screens!to! identify!coldBsensitive!mutants!defective! in!ribosome!assembly! in+

vivo!(Guthrie!et!al.!1969).!They!rationalized!that!because!in+vitro!assembly!requires!heating!

the!reaction!at!an!intermediate!step,!presumably!to!cause!structural!rearrangements!of!the!

assembling! particle,! ribosome! assembly! in+ vivo! would! also! be! temperature! dependent.!!

Thus,! defects! in! ribosome! assembly! might! be! exacerbated! at! low! temperatures.! The!

temperature! dependent! nature! of! ribosome! assembly,! as! well! as! other! RNP! particles,!

reflects! the!ability!of!RNA! to! fold! into!a!myriad!of! secondary!and! tertiary! structures.! !As!

RNA! folds,! it! samples! a! number! of! different! conformations! as! it! transitions! to! its! native,!

functional! state! (Woodson! 2010).! ! Many! of! these! conformations! are! nonfunctional! and!

represent! kinetic! traps! that!must!be!overcome.! !At! low! temperature,! greater! amounts!of!

energy!are!needed!for!an!RNA!to!transition!from!one!conformer!to!the!next,!increasing!the!

likelihood!that!it!will!fall!into!a!kinetic!trap.!During!ribosome!biogenesis,!these!kinetic!traps!

and! energy! barriers! are! thought! to! be! overcome! in! part! by! AFs! and! rBproteins! (Culver!

2003;!Shajani!et!al.!2011).!!

Analysis!of!preBribosomal!particles!in!the!absence!of!Nop12!revealed!few!changes!in!

their!composition.!!This!is!in!contrast!to!depletion!of!Pwp1!or!the!essential,!interdependent!

A3! factors! that! cause! a! number! of! changes! in! preBribosome! composition.! The!
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interdependent!nature!of! the!A3! factors!often!makes! it!difficult! to!tease!apart!direct! from!

indirect!effects,!making!RNA!structure!probing!studies!difficult!to!interpret.!Although!nonB

essential,! deletion! of! Nop12,! especially! in! the! cold,! results! in! the! accumulation! of!

unprocessed!27SA3!preBrRNAs! to! a! similar! extent! as!depletion!of! the!essential!A3! factors!

(compare! to! GAL?RLP7).! Because! the! composition! of! preBribosomes! appears! to! be!

unaffected! when! Nop12! is! not! present! in! preBribosomes,! any! changes! in! RNA! structure!

should!be!highly!specific!to!the!absence!of!Nop12.!Thus,!our!data!suggest!that!the!defects!

observed! in! 27SA3! preBrRNA! processing! in! the! absence! of! Nop12! are! not! due! to! an!

incomplete!inventory!of!AFs!and!rBproteins,!but!rather!are!due!to!misfolded!RNA.!

In!this!study!we!show!that!Pwp1!and!Nop12!function!to!assist!in!folding!5.8S!rRNA.!!

In+vivo!structure!probing!of!preBrRNAs!revealed!that!in!the!absence!of!these!proteins,!5.8S!

sequences! in!preBrRNAs!are!misfolded.! !The! changes!we!observed! in!preBrRNA!structure!

are!highly!specific!to!the!absence!of!Pwp1!and/or!Nop12!and!appear!to!be!localized!to!the!

RNP! neighborhood! in! which! they! bind.! Of! particular! interest! is! helix! 5.! ! In! mature! 60S!

subunits,!this!three!baseBpair!helix!is!generated!by!base!pairing!of!a!5’!AAG!to!a!3’!UUU.!!Our!

results! suggest! that! in! the! absence! of! Pwp1! and! Nop12,! at! 30! °C,! helix! 5! is! not! stably!

formed.!!This!was!evident!by!increased!DMS!accessibility!to!A2904!of!the!5’!half!of!helix!5.!!

However,!in!the!absence!of!Nop12!at!18!°C,!our!DMS!probing!data!are!consistent!with!the!

formation!of!an!alternative!helix!5.!!This!alternative!helix!5!is!generated!by!base!pairing!of!

an!AAG!(AAG*),!repeated!immediately!upstream!of!the!AAG!that!composes!helix!5,!to!the!3’!

UUU.!!BaseBpairing!of!the!AAG*!to!the!3’!UUU!would!allow!the!original!AAG!to!participate!in!

additional! baseBpairs,! resulting! in! an! alternative! helix! 5! that! is! extended! by! three! baseB

pairs.!These!results!are!reminiscent!of!work!from!Dammel!and!Noller!which!showed!that!a!
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mutation! in! 16S! rRNA! that! confers! coldBsensitivity! is! due! to! competition! between! two!

helices,!only!one!of!which! is!productive!(Dammel!and!Noller!1993).! !What!remains! to!be!

determined!is!whether!the!alternative!helix!5!is!an!onBpathway!folding!intermediate!that!is!

normally! resolved!with! the! assistance! of!Nop12,! or!whether! this! is! simply! a! kinetic! trap!

that! occurs! at! low! temperature.! ! In! mature! subunits,! helix! 5! is! in! close! proximity! to! a!

number!of! rBproteins!surrounding! the!polypeptide!exit! tunnel.! !RBproteins!L17,!L26,!L35,!

and!L37!fail!to!stably!associate!with!preBribosomes!in!the!absence!of!the!interdependent!A3!

factors! (Sahasranaman! et! al.! 2011).! These! proteins! associate! with! preBribosomes! early!

during!assembly,!but!are!not!stably!incorporated!into!preBribosomes!until!after!removal!of!

ITS1.!!Rearrangement!of!preBrRNA!structures!during!27SA3!processing!might!allow!these!rB

proteins! to!participate! in! greater!number!of!proteinBRNA! interactions!and! thus! integrate!

more! tightly! into! the! ribosome! structure.! Thus,! a!more! interesting! possibility! is! that! the!

alternative!helix!5!is!a!normally!occurring!structure!that!is!refolded!before!or!during!27SA3!

processing!to!form!the!helix!5!observed!in!the!mature!60S!subunits,!and!to!help!tighten!the!

association! of! the! surrounding! rBproteins.! Our! working! hypothesis! is! that! during! and!

immediately! after! removal! of! ITS1,! 5.8S! rRNA! undergoes! a! series! of! conformational!

changes.!!These!conformational!changes!achieve!two!goals;!i)!efficient!removal!of!ITS1!(and!

possibly!ITS2)!!and!ii)!stable!integration!of!the!rBproteins!surrounding!the!exit!tunnel.!

The!complex!network!of! interactions!among!the!A3! factors,!as!well!as!their!known!

locations!within!the!preBribosome!suggest!long!range!communication!between!the!5’!and!3’!

ends! of! 5.8S! rRNA.! ! Because! the! removal! of! spacer! sequences! is! an! irreversible! process,!

their!excision!from!preBrRNAs!is!thought!to!act!as!checkpoints!during!ribosome!biogenesis.!!

By! coupling! the! removal! of! two! spacers! (ITS1! and! ITS2),! the! cell! may! have! evolved!
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additional! layers! of! regulation,! ensuring! that! both! spacers! are! competent! for! removal!

before! the! first! spacer! is! excised.! ! Our! in+ vivo+ RNA! structure! probing! data! show! that!

relatively! small! perturbations! in! rRNA! structure! are! sufficient! to! disrupt! preBrRNA!

processing! and! spacer! removal.! ! This! is! not! surprising! since! RNA! folding! is! inherently!

cooperative,! ensuring! that!RNAs!proceed!down!a! smooth! folding! landscape! to! form! their!

native!structures!(Dill!and!Chan!1997;!Pan!et!al.!1997;!Chauhan!et!al.!2009;!Shajani!et!al.!

2011).! !We! speculate! that! the! longBrange! communication! between! the! two! ends! of! 5.8S!

rRNA!is!facilitated!by!an!intricate!network!of!proteinBprotein!and!proteinBRNA!interactions!

between! the! Pwp1,!Nop7,! and! the! ITS2! subcomplexes.! The! absence! of!Nop12! and! Pwp1!

results! in! a! weakening,! but! not! complete! loss,! of! some! of! these! interactions! and! a!

breakdown! in! communication! between! the! 5’! and! 3’! ends! of! 5.8S! rRNA.! ! Although! the!

number! of! changes! observed! in! the! secondary! structure! of! preBrRNAs! was! small! in! the!

absence!of!Nop12!and!Pwp1,!we!believe!these!changes!are!highly!specific!and!could!have!

profound!consequences!on!the!stability!of!tertiary!interactions!within!5.8S!rRNA.!!In+vitro+

folding!studies!of!ribozymes!have!shown!that!the!loss!of!a!single!baseBpair!or!disruption!of!

a! single! tertiary! interaction! can! have! drastic! results! and! cause! global!misfolding! of! RNA!

(Silverman!et!al.!1999;!Chauhan!and!Woodson!2008;!Chauhan!et!al.!2009).!

!

2.4(Materials(and(Methods(

Construction(of(yeast(strains(

Yeast!strains!used!in!this!study!were!derived!from!JWY6147,!W303,!or!S288C!and!are!listed!

in!Table!5.! !nop12Δ+and!pwp1Δ+strains!were! constructed!as!described! in! (Longtine!et! al.!

1998).! ! PCR! products! containing! the!HIS3+ gene! and! sequences! complementary! to! either!
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NOP12+or!PWP1!were!transformed!into!diploid!W303!and!transformants!were!screened!on!

selective!media! lacking! histidine.! Correct! integration! of! the!HIS3+gene! at! the!NOP12+and!

PWP1+ loci! was! verified! by! PCR.! ! Diploids! were! sporulated! and! tetrads! were! dissected.!!

Individual! spores!were! screened! for! the! ability! to! grow!on! cBhis!media! and! correct! gene!

disruptions!were!verified!by!PCR.!

! A! yeast! strain! conditional! for! Pwp1! expression! was! constructed! as! described! in!

Longtine!et+al.!(1998).!!Briefly,!sequences!containing!the!selectable!marker!KANMX6+ ,!plus!

the! GAL1+ promotor! sequence! followed! by! an! ATG! and! sequences! encoding! 3HA! were!

amplified!by!PCR.! ! PCR!products!were! transformed,! as! described! in!Rigaut!et+ al.! (1999),!

into!JWY6147!and!transformants!were!screened!for!their!ability!to!grow!on!selective!media!

containing!galactose.!!G418r!transformats!were!screened!for!correct!integration!of!the!GAL1!

promotor!and!3HA!tag!by!western!blotting!with!antiBHA!sera.!

! Yeast! strains! expressing! CBterminal! TAPBtagged! Rpf2,! 13MycBtagged! Nop12,! and!

3HABtagged!Pwp1!were!constructed!by!PCR!of!a!selectable!marker!(TAP,!URA3;!13Myc!and!

3HA,!KANMX6)!and!transformation!as!previously!described!(Longtine!et!al.!1998;!Rigaut!et!

al.! 1999).! ! Transformants! that! grew! on! selective! media! were! screened! for! correct!

integration! of! the! PCR! product! and! expression! of! the! tagged! protein! by! SDSBPAGE! and!

western!blotting.!

!

Growth(of(yeast(strains(

Unless! otherwise! indicated,! strains! were! grown! in! either! YEPGlu! (2%! dextrose,! 2%!

peptone,!and!1%!yeast!extract)!or!YEPGal!(2%!glactose,!2%!peptone,!and!1%!yeast!extract)!

at!30!°C.!nop12Δ+and!pwp1Δ+strains!were!grown!at! the!permissive! temperature!of!30!°C!
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and!then!shifted!to!either!18!°C!or!37!°C!for!4!hours.! !GAL?HA3?PWP1+and!GAL?HA3?RLP7+

strains!were!grown!in!liquid!YEPGal,!pelleted!by!centrifugation,!susupended!in!YEPGlu,!and!

grown!for!indicated!times!to!deplete!Pwp1!and!Rlp7.!!Growth!of!the!GAL?HA3?PWP1+strain!

and! depletion! of! Pwp1!was! assessed! by! growth! in! liquid! YEPGal! or! YEPGlu.! ! Cells!were!

continually! diluted! to! ensure! exponential! growth! and! growth! was! monitored! with! a!

Genesis!20!spectrophotometer!(Thermo!Fisher!Scientific).!!Aliquots!were!taken!at!indicated!

time! points! and! assayed! by! SDSBPAGE! and! western! blotting! against! 3HABPwp1.! An!

antibody! against! Sec61! serves! as! a! loading! control.! Growth! of! the! nop12Δ+ and! pwp1Δ+

strains!was!assessed!at!18!°C,!30! °C,! and!37! °C!by! spotting! serial!dilutions! (undiluted! to!

1:100,000)!of!liquid!cultures!on!solid!YEPGlu!medium.!!

!

RNA(analysis(

RNA! from! whole! cell! lysates! was! extracted! and! assayed! by! northern! blotting,! primer!

extension,! and! pulseBchase! as! previously! described! (Horsey! et! al.! 2004).! ! PulseBchase!

analysis!was!performed!using! [3HBmethyl]Bmethionine.! For! northern!blotting! and!primer!

extension,! RNA! was! quantified! using! a! Nano! Drop! 2000C! spectrophotometer! (Thermo!

Fisher!Scientific).!5!ug!of!RNA!was!used!in!each!lane!or!reverse!transcription!reaction.!

!

Protein(extraction,(SDSEPAGE,(and(western(blot(analysis(

Proteins!in!whole!cell!extracts!were!prepared!for!gel!electrophoresis!by!dissolving!in!SDS!

sample!buffer!as!previously!described!(Ausubel!et!al.!1994).!!Proteins!were!recovered!from!

eluates!during!affinity!purification!by!precipitation!with!10%!TCA!and!suspended! in!SDS!

sample!buffer.!Proteins!were!resolved!by!electrophoresis!on!4%B20%!TrisBGlycine!Novex!
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gels! (Invitrogen).! !To!assay!Nog2!by!western!blotting,!4%B12%!BisBTris!gels! (Invitrogen)!

were!used,! since!Nog2!coBmigrates!with! IgG!on!4%B20%!TrisBGlycine!gels.!Proteins! from!

whole!cell!extracts!and!affinityBpurified!preBribosomes!were!assayed!by!western!blotting!as!

previously!described!(Ausubel!et!al.!1994).!To!enable!detection!of!multiple!proteins!from!a!

single!blot!and!to!conserve!antiserum,!after!electroblotting,!nitrocellulose!membranes!were!

cut!based!on!the!known!mobility!of!the!proteins!of!interest.!Visible!cuts!in!the!membrane!

are! indicated! with! asterisks! in! the! figures.! TAPBtagged! proteins! were! detected! using!

alkaline! phosphatase! conjugated! to! IgG! (Pierce).! ! Mouse! monoclonal! antibodies! 12CA5!

(Roche)! and! 9e10! (Developmental! Studies! Hybridoma! Bank)! were! used! to! detect! HAB

tagged!and!MycBtagged!proteins,!respectively.!!Otherwise,!antibodies!specific!to!rBproteins!

or! AFs! were! used.! ! APBconjugated! antiBmouse! or! antiBrabbit! secondary! antibodies!

(Promega)!were!used,! and!proteins!were! visualized!by! colorimetric! detection!using!NBT!

and!BCIP!(Promega).!

!

Affinity(purification(of(preEribosomes(

Ribosome! assembly! intermediates! were! affinityBpurified! from! whole! cell! extracts! with!

magnetic! Dynabeads! (Invitrogen),! using! TAPBtagged! Rpf2,! as! previously! described!

(Sahasranaman!et! al.! 2011).!Rpf2!associates!with!preBribosomes!early!during!biogenesis,!

with! 35S! or! 27SA2! preBrRNA,! and! is! present! in! each! consecutive! 66S! intermediate.!!

Furthermore,! association! with! preBribosomes! of! Rpf2! is! not! affected! upon! depletion! of!

other!proteins!required!for!27SA2!or!27SA3!preBrRNA!processing.!

!

Sucrose(gradient(assays(of(ribosomes(and(polyribosomes(
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PreBribosomes,! ribosomes,! and! polyribosomes! were! fractionated! from! 40! OD254! units! of!

whole! cell! extracts! on! 7%B47%(w/v)! sucrose! gradients! as! previously! described!

(Deshmukh!et!al.!1993),!with!the!following!modifications.!Cycloheximide!(5!mg)!was!added!

to! cultures! twenty! minutes! before! harvesting! cells.! A! Teledyne! ISCO! Foxy! R1! density!

gradient!fractionator!was!used!to!fractionate!and!analyze!gradients.!!

!

In+vivo+DMS(probing(

In+ vivo+ structure! probing! using! dimethyl! sulfate! (DMS)! was! performed! as! previously!

described!(Babiano!et!al.!2012).!!Briefly,!10!ml!of!cells!were!grown!in!YEPGlu!to!an!OD610!of!

0.4! and! incubated! with! 200! μl! of! a! fresh! dilution! (1:4! vol/vol! in! 95%! ethanol)! of! DMS!

(SigmaBAldrich)! for! 2! min.! ! Reactions! were! quenched! by! placing! the! tubes! on! ice! and!

adding! of! 5!ml! of!waterBsaturated! isoamyl! alcohol! and! 5!ml! of! 0.6M! βBmercaptoethanol.!!

Cells!were!pelleted,!washed!again! in!0.6M!βBmercaptoethanol,!and!RNA!was! immediately!

phenol!extracted.!!!

Nucleotide! modifications! were! assayed! by! primer! extension! with! Transcriptor!

reverse! transcriptase! (Roche)!and!oligonucleotides! complementary! to! ITS2!as!previously!

described!in!Liebeg!and!Waldsich!(2009)!with!the!following!changes.!For!each!reaction,!2.5!

μl!(3!µg)!of!wholeBcell!RNA!was!incubated!with!1!μl!(0.2!μM)!of!32PBlabeled!primer!and!1!μl!

of!4.5x!hybridization!buffer!(225!mM!Hepes!pH!7.0;!450!mM!KCl)!at!95!°C!for!5!minutes.!

Reactions!were!then!cooled!to!the!annealing!temperature!of!54!°C!for!20!minutes.!!15!μl!of!

preBwarmed! (54! °C)! extension! mix! containing! 4! μl! of! 5X! hybridization! buffer! (Roche!

Applied!Science)!(250!mM!TrisBHCl;!150!mM!KCl;!40!mM!MgCl2,!pH!is!approximately!8.5),!

2.0! μl! 2.5!mM!dNTP!mixture,! 1.0! μl! 0.1!mM!DTT,! 0.5! μl! (20U)!RNasin! (Promega),! 0.5! μl!
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(10U)!Transcriptor!Reverse!Trascriptase! (Roche!Applied! Science),! and!7.5!μl! of! nuclease!

free!water!was!added! to!each! reaction.!For! sequencing! reactions,!2!μl!of! the!appropriate!

ddNTP!(10!mM)!(Roche!Applied!Science)!was!also!added.!!Reactions!were!incubated!at!54!

°C!for!one!hour.!!RNA!was!degraded!by!the!addition!of!3!μl!1M!NaOH!to!each!reaction!and!

incubation!at!55!°C!for!one!hour.!!Reactions!were!neutralized!by!the!addition!of!3!μl!1.0!M!

HCl.!!cDNAs!!were!precipitated!with!1!μl!of!glycogen!(10!mg/ml),!1!μl!0.5!M!EDTA!pH!8.0,!

2.8! μl! 3.0!M! NaOAc! pH! 5.0,! and! 84! μl! of! ethanol.! Following! ethanol! precipitation,! dried!

cDNA!pellets!were!resuspended!in!6!μl!of!1X!loading!dye!(45%!formamide;!0.01!M!EDTA!

pH!8.0),!resolved!on!6%!polyacrylamide/7M!urea!gels,!and!visualized!by!autoradiography.!

Oligonucleotide!sequences!are!available!in!Table!6.!

!

Fluorescence(microscopy(

Export! of! preBribosomes! to! the! cytoplasm! was! assayed! by! monitoring! the! cellular!

localization!of!rBprotein!L25BeGFP!as!previously!described!in!Babiano!et+al.!(2012).! !WildB

type!and!pwp1Δ+strains!were!transformed!with!pRS316!plasmid!constructs!coBexpressing!

the!nucleolar!marker!mRFPBNop1!and!L25BeGFP!(Ulbrich!et!al.!2009).!Cells!were! imaged!

using!a!Carl!Zeiss!LSMB510!META!UV!DuoScan!inverted!spectral!confocal!microscope!and!

analyzed!using!ImageJ!(Schneider!et!al.!2012).!

(
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CHAPTER( 3:( Disruption( of( ribosome( biogenesis( in( yeast( blocks( coEtranscriptional(

preErRNA(processing(and(affects(the(global(hierarchy(of(ribosome(biogenesis(

(

PREAMBLE(

This! chapter! focuses! on! two! different! but! related! stories.! ! My! thesis! work! began! by!

investigating!the!role!of!the!DEADBbox!protein!Drs1!during!ribosome!assembly.!Our!initial!

hypothesis! was! that! Drs1,! through! ATP! hydrolysis,! releases! assembly! factors! from! preB

ribosomes.! !We!arrived!at!this!hypothesis!after!purifying!preBribosomes!in!the!absence!of!

Drs1! and! observing! enrichment! of! a! number! of! assembly! factors! associated! with! these!

particles.!!Many!of!these!assembly!factors!were!known!to!be!released!from!preBribosomes!

during! the! steps!of! assembly! in!which!Drs1! functions.! !However,!we! came! to! realize!our!

hypothesis!was!not!proven!by!these!results!and!thus!I!subsequently!switched!to!a!different!

project:!investigating!the!roles!of!the!assembly!factors!Nop12!and!Pwp1!(Chapter!2).!!While!

studying!these!factors,!new!views!emerged!about!ribosome!assembly,!primarily!that!early!

steps! of! preBrRNA! processing! occur! coBtranscriptionally.! ! In! light! of! these! new! ideas,! I!

reinterpreted!much!of!the!data!I!generated!regarding!Drs1,!and!came!to!the!conclusion!that!

in! the!absence!of!Drs1,! early!preBrRNA!processing! steps! switch! from!primarily!occurring!

coBtranscriptionally! to! occurring! postBtranscriptionally.! ! Here! we! present! data! that!

indicates! that! when! this! occurs,! the! overall! hierarchy! of! ribosome! biogenesis! changes.!!

Because!postBtranscriptional!processing!does!occur!a!fraction!of!the!time!in!wildBtype!cells,!

this!work! supports! in+ vitro+analyses! showing! that! ribosome!assembly! can!occur! through!

multiple,!different,!parallel!pathways.!!!
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Work! from!our! lab! on! a! number! of! different! assembly!mutants! suggests! that! this!

effect! is! not! necessarily! specific! to! Drs1,! but! rather! due! to! disruption! of! 60S! subunit!

biogenesis.! ! Our! working! hypothesis! is! that! disruption! of! ribosome! biogenesis! leads! to!

decreased!cell!growth!and!division,!resulting!in!a!shift!from!coB!to!postBtranscriptional!preB

rRNA! processing.! Here! I! will! initially! summarize! my! investigations! of! Drs1! and! then!

present!data!supporting!our!new!hypothesis.!
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3.1(INTRODUCTION(

The!principles! learned!about!hierarchical! assembly!of!bacterial! ribosomes! in+ vitro!

have! largely! framed! the! way! ribosome! assembly! is! studied! in! eukaryotes! in+ vivo.!

Purification! of! preBribosomal! intermediates! revealed! that! there! is! a! global! hierarchy! of!

association!of! assembly! factors!with!preBribosomes! (Nissan!et!al.!2002).! ! Some!assembly!

factors!associate!with!preBribosomes!very!early! in!assembly,!others! that!associate!during!

middle!steps!of!assembly,!those!that!bind!to!preBrRNPs!at!the!end!of!assembly,!and!a!few!

that! are! present! in! particles! throughout! assembly.! ! The! hierarchical! association! of! these!

factors,! and! the! subsequent! irreversible! removal! of! spacer! sequences! from! preBrRNA,! is!

thought! to! provide! directionality! to! ribosome! biogenesis,! thus! ensuring! that! assembly!

occurs! in! the! proper! order,! and! that! late! steps! of! assembly! do! not! occur! prematurely!

(Strunk!and!Karbstein!2009).!

! Recently,!a!number!of!studies!have!shown!that!in!addition!to!hierarchical!assembly!

between!steps!of!biogenesis!(early,!middle,!and!late!preBribosome!intermediates),!there!is!a!

more! refined!hierarchy!of! association!within! each! step.! !As!discussed! in!Chapter!2,!Brx1!

and!Ebp2! are! two! assembly! factors! required! for!processing!of! 27SA!preBrRNAs.! ! Both!of!

these!proteins!associate!early! in!assembly,!with!preBribosomes!containing!35S!and!27SA2!

preBrRNAs! (Shimoji! et! al.! 2012).! A! more! careful! analysis! revealed! a! hierarchy! in! which!

Ebp2!associates!with!preBribosomes!first!and!is!necessary!to!recruit!Brx1.!Another!example!

of!hierarchical!assembly! is!evident! from!recent!work!about!a!group!of! fourteen!assembly!

factors! required! for! 27SB! preBrRNA! processing! (Appendix! 5.1).! ! Most! of! these! factors!

associate!early!with!preBribosomes!containing!35S!or!27SA2!preBrRNA!(Saveanu!et!al.!2003;!

Graindorge!et!al.!2005;!Saveanu!et!al.!2007;!Zhang!et!al.!2007;!GarciaBGomez!et!al.!2011),!
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whereas! two! of! these! factors! associate! in! the! middle! of! assembly! with! preBribosomes!

containing!27SB!preBrRNA!(Saveanu!et!al.!2001;!Lebreton!et!al.!2006a).!!By!systematically!

depleting! each! of! these! factors! it! was! shown! that! even! though! the! majority! of! them!

associate! with! early! preBribosomes,! they! become! more! stably! incorporated! into! preB

ribosomes!in!a!hierarchical!manner!(Talkish!et!al.!2012).!This!presumably!reflects!changes!

in!the!preBrRNA!structure!as!these!particles!mature.!

! Traditionally,! ribosome! assembly! is! yeast! has! been! portrayed! as! beginning! with!

transcription!of!a!35S!preBrRNA!and!the!formation!of!a!90S!preBribosome!in!the!nucleolus.!!

The! 35S! preBrRNA! contains! sequences! for! mature! 18S,! 5.8S,! and! 25S! rRNAs! as! well! as!

spacer!sequences!that!are!removed!through!a!series!of!endoB!and!exonucleolytic!cleavages!

(Woolford!and!Baserga,!in!press)(Fig.!3A!and!4A).!Cleavage!of!35S!preBrRNA!at!the!A0,!A1,!

and! A2! sites! separates! the! maturation! of! 43S! preBribosomes! from! 66S! preBribosomes.!!

However,! recent!electron!microscopy!and!rapid!pulseBchase!analyses!have!shown! that! in!

rapidly! dividing! yeast! cells,! ~70B80%! of! preBrRNA! transcripts! are! cleaved! at! the! A2! site!

before!transcription!of!the!preBrRNA!is!completed!(Osheim!et!al.!2004;!Kos!and!Tollervey!

2010).!!Thus,!the!majority!of!ribosome!assembly!actually!initiates!with!43S!preBribosomes!

that! contain!20S!preBrRNA!and!66S!preBribosomes! that! contain!27SA2!preBrRNA! (Fig.! 3B!

and!4B).!!

! Previously! we! showed! that! the! DEADBbox! protein! (DBP)! Drs1! functions! in! 60S!

subunit!biogenesis!and!that!missense!mutations! in!Drs1!block!27SB!preBrRNA!processing!

(Ripmaster!et!al.!1992;!Adams!et!al.!2002).! !Here!we!show!that!depletion!of!Drs1!affects!

earlier!steps!of!preBrRNA!processing,!suggesting!that!Drs1!may!function!in!more!than!one!

consecutive! step!of! ribosome!assembly.! ! Furthermore,!we! show! that!Drs1!physically!and!
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functionally!interacts!with!a!subcomplex!of!proteins!containing!the!assembly!factors!Nop7,!

Erb1,!and!Ytm1.!!Depletion!of!this!subcomplex!results!in!a!failure!of!Drs1!to!associate!with!

preBribosomes,! suggesting!Drs1! is!physically! recruited! to!preBribosomes!by! this! group!of!

proteins.!!!

! Most! importantly,! careful! examination! of! the! composition! of! preBribosomes! upon!

depletion!of!Drs1!revealed!a!novel!phenotype!that!we!believe!results!from!a!shift!from!coB

transcriptional! preBrRNA! processing! to! postBtranscriptional! preBrRNA! processing.!

Disruption! of! coBtranscriptional! cleavage! at! the! A2! site,! and! transition! to! postB

transcriptional! cleavage,! results! in! the! formation! of! preBribosomal! intermediates! that!

contains! both! earlyB! and! lateBassociating! assembly! factors! and! rBproteins! that! do! not!

coexist! in! the! same!particles!when!processing!occurs! coBtranscriptionally.!This!was!most!

evident!by!the!fact!that!we!see!lateBbinding!66S!assembly!factors!(Nog2,!Arx1,!and!Lsg1)!as!

well! as! lateBassociating! 40S! rBproteins! (S3! and! S20)! associating! with! 35S! preBrRNA.!

Furthermore,!we!show!that!when!cells!are!grown!to!high!density,!a!greater!fraction!of!preB

rRNA! processing! occurs! postBtranscriptionally,! and! follows! an! alternative! pathway,!

expanding!upon!previously!published!data!and!highlighting! the!relationship!between!cell!

growth!rates!and!ribosome!biogenesis.!!!

Together,! these! data! show! that! the! neighborhoods! or! binding! sites! of! late!

associating! assembly! factors! have! the! potential! to! also! form! very! early! in! ribosome!

biogenesis,! before! preBrRNA! processing! removes! spacer! sequences,! thus! changing! the!

global!hierarchy!of!ribosome!biogenesis.!Furthermore,!this!raises!the!question!of!how!the!

sites!for!late!associating!proteins!are!created!through!cooperative!and!hierarchical!proteinB

binding!and!RNABfolding!events.!
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3.2(RESULTS(

3.2.1(Drs1(is(required(for(processing(27SA2(and(27SA3(preErRNAs(

We!previously!showed!that!coldBsensitive!drs1!missense!mutants!block!ribosome!assembly,!

resulting!in!a!deficit!of!60S!subunits,!but!not!40S!subunits!(Ripmaster!et!al.!1992).!PulseB

chase!analysis!showed!that!upon!shifting!to! the!cold,!drs1+mutants!accumulate!27SB!preB

rRNA! and! do! not! produce! 25S! rRNA,! but! maturation! of! 18S! was! unaffected! (Fig.! 21)!

(Adams!et!al.!2002).! !Because! the!mutant!Drs1!proteins!are!stable!and!can!still!assemble!

into!preBribosomes!(J.!Talkish,!data!not!shown),!we!wanted!to!test!the!effect!on!ribosome!

assembly! of! a! drs1+ null! mutant.! ! To! do! so,! we! placed! DRS1! under! control! of! the! GAL1!

promoter.!We!assayed!preBrRNA!processing!upon!depletion!of!Drs1!by!northern!blotting,!

primer! extension,! and! pulseBchase! analysis.! Depletion! of! Drs1! results! in! a! strong!

accumulation! of! 27SA2! and! 27SA3! preBrRNAs! as! early! as! 4! hours! after! shifting! cells! to!

YEPGlu!(Fig.!22A,!lane!2!and!Fig.!22B),!and!a!significant!increase!in!35S!and!33S/32S!preB

rRNAs!at!later!time!points!(Fig.!22A,!lanes!3!and!4!and!Fig.!22C).!PulseBchase!experiments!

showed! that! preBrRNAs! destined! for! the! 60S! subunit! are! either! never! made,! or! rapidly!

turned!over.!Furthermore,!the!35S!preBrRNA!that!accumulates!upon!depletion!of!Drs1!can!

be!processed! to!18S!rRNA,!but!preBrRNAs! that!are!normally!processed! to!5.8S! rRNA!and!

25S!rRNA!are!unstable.!!This!was!accompanied!by!a!decrease!in!mature!25S!rRNA!(Fig.!22A!

and!C).!The!decrease!in!20S!preBrRNA!suggests!that!18S!rRNA!is!generated!through!direct!

cleavage!of!35S!preBrRNA!at!the!A3!site,!and!subsequent!processing!of!23S!preBrRNA!(Fig.!

22A!and!22C).!We!conclude!that!depletion!of!Drs1!blocks!processing!of!27SA2!and!27SA3!

preBrRNAs,!resulting!in!turnover!of!66S!preBribosomes.!!This!is!in!contrast!to!drs1!missense!
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mutants! in! which! the! subsequent! step! in! assembly,! processing! of! 27SB! preBrRNA,! is!

blocked.!
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FIGURE(21(
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Figure(21:(drs1(missense(mutants(block(27SB(preErRNA(processing.(

To!assay!synthesis!and!turnover!of!preBrRNA!intermediates!in!the!missense!mutants,!wildB

type!and!drs1?1+strains!were!grown!in!CBmet!media!at!30!°C!and!subsequently!shifted!to!the!

nonBpermissive! temperature! of! 13! °C! for! 4! hours.! ! Cells! were! pulseBlabeled! with! [3H!

methyl]Bmethionine! for! 10! minutes! and! chased! with! a! molar! excess! of! unlabeled!

methionine!for!2,!5,!10,!and!60!minutes.!!Total!RNA!was!extracted!and!separated!on!a!1.2%!

agaroseB6%!formaldehyde!gel.!

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(



! 130!

FIGURE(22(
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Figure(22:(Depletion(of(Drs1(blocks(27SA2(and(27SA3(preErRNA(processing(

(A)! To! assay! steadyBstate! levels! of! preBrRNAs! in! the! absence! of! Drs1,! the!GAL?HA?DRS1+

strain!was!grown!in!YEPGal!or!shifted!to!YEPGlu!media!for!the!indicated!time!points.!!Total!

RNA!was!extracted!from!cells!and!separated!on!a!1.2%!agaroseB6%!formaldehyde!gel.!!PreB

rRNAs!were! assayed! by! northern! blotting! using! oligonucleotide! probes! specific! for! each!

intermediate.!!(B)!The!steadyBstate!levels!of!the!5’!ends!of!27S!preBrRNAs!were!assayed!by!

primer! extension.! ! RNA!was! extracted! from! the!GAL?HA?DRS1! strain! grown! in!YEPGal! or!

shifted! to! YEPGlu! for! 16! hours.! ! The! oligonucleotide! used! for! primer! extension! was!

complementary! to!sequences!within! ITS2.! !B1L!and!B1S! represent! the!5’!end!of!27SBL+7SL!

and!27SBS+7SS!preBrRNAs,! respectively.! (C)!To!assay!synthesis!and! turnover!of!preBrRNA!

intermediates!in!the!absence!of!Drs1,!the!GAL?HA?DRS1+strain!was!grown!in!CBmet+Gal!or!

shifted!to!CBmet+Glu!for!16!hours.! !Cells!were!pulse! labeled!with![3H!methyl]Bmethionine!

for!5!minutes!and!chased!with!a!molar!excess!of!unlabeled!methionine!for!2,!5,!10,!and!60!

minutes.!!Total!RNA!was!extracted!and!separated!on!a!1.2%!agaroseB6%!formaldehyde!gel.!
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3.2.2(Association(of(Drs1(with(preEribosomes(requires(the(Nop7(subcomplex(

! A!number!of!results!of!suggest!that!Drs1!functionally!and!physically!interacts!with!

the! A3Bfactors,! specifically! Nop7! or! the! Nop7! subcomplex:! 1)! Mutations! in! NOP7+ are!

synthetically!lethal!with!drs1!mutations,!in!an!alleleBspecific!manner+(Adams!et!al.!2002).!2)!

Depletion!of!Drs1!results!in!a!similar!preBrRNA!processing!phenotype!as!depletion!of!Nop7!

or!the!other!A3Bfactors!(Fig.!22).!3)!Drs1!can!be!purified!with!the!Nop7Bsubcomplex!upon!

turning!off!transcription!of!rRNA!and!disrupting!assembly!of!ribosomes!(Merl!et!al.!2010).!

4)! Over! expression! of!DRS1+ can! suppress! temperatureBsensitive! growth! defects! of! nop7!

mutants! (Fig.! 23A).! 5)! Drs1! is! dependent! upon! Nop7! to! associate! with! preBribosomes,!

although!Nop7!is!not!dependent!on!Drs1!(Fig.!23B!and!23C).!6)!Drs1!is!part!of!a!saltBstable!

Nop7Bsubcomplex!(Fig.!23D).!7)!Drs1!can!bind!the!Nop7Bsubcomplex!in+vitro!(Fig.!23E).!

! These!data!suggest!that!Drs1!interacts!with!the!Nop7Bsubcomplex,!possibly!through!

direct!interactions!with!Nop7.!!Drs1!is!required!for!the!same!steps!of!preBrRNA!processing!

as!Nop7,!but!appears!to!be!recruited!to!preBribosomes!only!after!the!Nop7Bsubcomplex!and!

other!interdependent!A3Bfactors!have!associated.!
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FIGURE(23(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(



! 134!

Figure(23:(Drs1(functionally(and(physically(interacts(with(the(Nop7Esubcomplex.(

(A)!Overexpression!of!Drs1!partially!suppresses!the!temperatureBsensitivity!of!the!nop7?3!

strain! at! 36! °C.! ! The! nop7?3+ strain! was! transformed! with! highBcopy! vectors! (Yep24! or!

Yep352)! bearing!DRS1+or!NOP7! (positive! control),! or! empty! vectors! (negative! controls).!

Cells!were!grown!to!early!log!phase,!serially!diluted,!spotted!onto!solid!YEPGlu!media,!and!

incubated!at!25!°C!or!36!°C.!(B)!Nop7!is!required!for!stable!incorporation!of!Drs1!into!preB

ribosomes.!!The!GAL?HA?NOP7+DRS1?HA+RPF2?TAP!strain!was!grown!in!YEPGal!or!shifted!to!

YEPGlu!for!16!hours!to!deplete!Nop7.!!PreBribosomes!were!affinity!purified!using!Rpf2BTAP!

and!visualized!on!4B20%!acrylamide!gels!by!silverBstaining.!!Western!blots!were!performed!

using! antibodies! against! specific! proteins,! or! antibodies! against! specific! epitope! tags.!

Western! blots! against! L5! serve! as! a! loading! control.! (C)! Drs1! is! not! required! for! stable!

association! of! Nop7!with! preBribosomes.! ! PreBribosomes!were! affinity! purified! from! the!

GAL?HA?DRS1+ RPF2?TAP+ strain! grown! in! YEPGal! or! shifted! to! YEPGlu! to! deplete! Drs1.!!

Purified! preBribosomes! were! visualized! on! 4B20%! acrylamide! gels! by! silverBstaining.!!

Western! blots! were! performed! as! described! in! (B).! (D)! PreBribosomes! were! affinity!

purified! from! either! the! GAL?HA?DRS1+ NOP7?TAP+ strain! or! the! GAL?HA?DRS1+ RPF2?TAP+

strain!in!the!presence!of!increasing!amounts!of!MgCl2.!!Purified!proteins!were!separated!by!

SDSBPAGE! and! stained! with! silver! for! visualization.! ! Western! blots! were! performed! to!

compare! the! amount! of! HABDrs1! to! L5! in! each! sample.! (C)!WholeBcell! extracts! from! the!

rrp1?1+NOP7?TAP!and!rrp1?1+RPF2?TAP!strains!were!subjected!to!highBspeed!centrifugation!

followed! by! affinity! purification! to! purify! the! Nop7Bsubcomplex! and! Rpf2Bsubcomplex,!

respectively.!Synthetic![35S]Bmethionine!labeled!Drs1!or!Rlp7!proteins!(*)!were!incubated!

with!the!purified!Nop7Bsubcomplex!or!Rpf2Bsubcomplex.!Complexes!were!eluted,!subjected!
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to!SDSBPAGE,!and!visualized!by!autoradiography.!!40%!of!the!input![35S]!labeled!protein!in!

each!assay!!(lanes!1!and!2)!and!100%!of!the!eluted!complexes!(lanes!3B6)!are!shown.!
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3.2.3(In(the(absence(of(Drs1,(Nop7Econtaining(preEribosomes(are(enriched(for(early(

associating(66S(assembly(factors(and(SSU(components,(but(also(late(associating(small(

subunit(rEproteins.(

To!more!thoroughly!understand!the!relationship!between!Drs1!and!the!A3Bfactors,!and!the!

preBrRNA! processing! defect! observed! upon! depletion! of! Drs1,! we! investigated! how! the!

composition!of!66S!preBribosomes!changes!in!the!absence!of!Drs1!using!a!combination!of!

semiBquantitative! iTRAQ! mass! spectrometry! and! western! blotting.! When! 66S! preB

ribosomes!purified!from!wildBtype!cells!and!from!Drs1Bdepleted!cells!were!assayed!by!SDSB

PAGE!and!silverBstaining,!we!observed!only!a!few!changes!in!the!number!and!intensity!of!

polypeptide! bands! present! (Fig.! 24D).! ! In! support! of! this! observation,! iTRAQ! mass!

spectrometry!and!western!blotting!showed!that!amounts!of!the!majority!of!60S!assembly!

factors! and! rBproteins! either! did! not! change,! or! changed! less! than! 2Bfold! in!mutant! preB

ribosomes!(Fig.!24A!and!24C).!Consistent!with!an!early!block!in!60S!subunit!assembly,!we!

observed!an!accumulation!of!66S!assembly!factors!known!to!associate!with!preBribosomes!

early! in! assembly! (Fig.! 22A! and! 22D;! Dbp2,!Mak5,! Nop4,! Rrp5,!Mak11,! and! Rrp15)! and!

diminished!amounts!of!66S!assembly!factors!thought!to!associate!late!in!assembly!(Nog2,!

Nsa2,!Arx1,!Rix1,! and!Drg1)! (Nissan!et! al.! 2002).!This!phenotype! is!often!observed!upon!

blocking! early! steps! in! ribosome! biogenesis! (Lebreton! et! al.! 2008;! Sahasranaman! et! al.!

2011;!Jakovljevic!et!al.!2012;!Shimoji!et!al.!2012;!Dembowski!et!al.!2013).! !We!also!saw!a!

decrease!of!rBproteins!L17,!L19,!L26,!L35,!and!L37!(Fig.!24C!and!D).!!These!rBproteins!bind!

to!domain!I!of!25S/5.8S!rRNA,!near!the!polypeptide!exit!tunnel,!in!close!proximity!to!each!

other! (BenBShem! et! al.! 2011).! As! discussed! in! Chapter! 2,! these! rBproteins! have! been!

observed! to! decrease! in! the! absence! of! the! A3! factors! or! rBproteins! that! function! in!
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processing! of! 27SA3! preBrRNA.! ! Many! of! the! A3! factors! bind! to! domain! I! of! rRNA!

(Granneman! et! al.! 2011)! and! their! absence! is! thought! to! result! in! a! gross!misfolding! of!

rRNA!domains!I!and!III!(Chapter!2)!(Jakovljevic!et!al.!2012).!

Last,!we!also!observed!a!strong!accumulation!of!small!subunit!rBproteins!(Fig.!24C),!

40S!subunit!assembly!factors,!and!small!subunit!processome!components!(Fig.!24B)!upon!

depletion!of!Drs1.!Of!the!small!subunit!rBproteins!that!are!enriched!in!Nop7BTAP!particles,!

those!that!are!most!enriched!are!proteins!that!bind!the!3’!domain!of!18S!rRNA!and!whose!

bacterial!homologues!have!been!shown!to!be!late,!tertiary!binders!(S20!and!S3)!(Fig.!24E)!

(Mulder!et!al.!2010;!Karbstein!2011).!!Whereas!early!steps!of!preBrRNA!processing!occur!co!

transcriptionally!in!yeast!(Osheim!et!al.!2004;!Kos!and!Tollervey!2010),!rBproteins!S3!and!

S20!are!thought!to!associate!with!the!assembling!40S!subunit!postBtranscriptionally,!or!else!

after!release!of!the!nascent!43S!preBribosome!by!cleavage!at!the!A2!site!(Mulder!et!al.!2010;!

Strunk!et!al.!2011).!Consistent!with!the!late!association,!depletion!of!S3!or!S20!affects!late!

steps!of!20S!preBrRNA!processing!as!well!as!export!of!20SBcontaining!preBribosomes!out!of!

the! nucleus! (FerreiraBCerca! et! al.! 2005).! Nop7,! on! the! other! hand,! assembles! into! preB

ribosomes!prior! to!A2! cleavage,! and! thus! should!not!be!present! in!preBribosomes!with! rB

proteins!S3!and!S20!when!preBrRNAs!are!processed!coBtranscriptionally!(Harnpicharnchai!

et!al.!2001;!Granneman!et!al.!2011).!Thus,!the!fact!that!we!see!significant!enrichment!of!S3!

and!S20!in!Nop7BTAP!particles!suggests!that!there!is!decreased!cleavage!at!the!A2!site,!and!

may! reflect! a! shift! from! coBtranscriptional! to! postBtranscriptional! preBrRNA! processing!

upon!Drs1!depletion.!

!
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FIGURE(24((continued(on(the(next(page)(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(



! 139!

FIGURE(24(cont.(
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Figure( 24:( In( the( absence( of( Drs1,( preEribosomes( are( enriched( for( early( assembly(

factors(and(contain(diminished(amounts(of(late(assembly(factors.(

(ABC)!PreBribosomes!were!affinity!purified!from!the!GAL?HA?DRS1+NOP7?TAP+strain!grown!

in!YEPGal!or!shifted!to!YEPGlu!for!16!hours!to!deplete!Drs1.!!Purified!preBribosomes!were!

assayed! by! semiBquantitative! iTRAQ!mass! spectrometry! to! identify! 60S! assembly! factors!

(A),! 40S! assembly! factors! and! SSU! components! (B),! and! ribosomal! proteins! (C)! and! to!

compare! relative! amounts! of! each! in!wildBtype! and!Drs1Bdepleted! cells.! Each! data! point!

shows!the!fold!change!of!the!respective!protein!upon!depletion!of!Drs1.!!Error!bars!indicate!

the! SEM.! (D)! To! confirm! iTRAQ! results,! preBribosomes!were! purified,! separated! by! SDSB

PAGE,! and! visualized! by! silverBstaining.!Western! blots!were! performed! against! indicated!

proteins.!(E)!The!crystal!structure!of!the!yeast!40S!ribosomal!subunit!(PDB:!3U5F,!3U5G).!!

RBproteins! that! are! enriched! in! Nop7BTAP! containing! preBribosomes! are! highlighted.!!

Colors! indicate! the! foldBchange! observed! for! each! rBprotein.! ! RBproteins! S3! and! S20! are!

most!enriched!upon!Drs1!depletion!and!are!indicated.!
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3.2.4( In( the( absence( of( Drs1,( early( 66S( preEribosomes( are( enriched( for( late(

associating(assembly(factors.(

( In! wildBtype! cells,! Nop7! is! associated! with! a! number! of! consecutive! 66S!

intermediates,! and! thus! coBpurifies! a! heterogeneous! population! of! preBribosomes!

(Harnpicharnchai! et! al.! 2001).! ! Because! upon! depletion! of! Drs1! we! observed! a! strong!

accumulation! of! small! subunit! rBproteins! that! are! thought! to! associate! with! nascent!

ribosomes! only! after! cleavage! at! the! A2! site,! we! wondered! whether! the! decrease! we!

observed! in!66S!assembly! factors! that! associate!after!A2! cleavage!was!an!effect!of!Nop7B

TAP! being! distributed! among! a! different! population! of! preBribosomes,! containing! earlier!

preBrRNAs.! ! Indeed,! Nop7BTAP! was! associated! with! more! 35S! preBrRNA! upon! Drs1!

depletion.! ! Furthermore,!Nop7BTAP!was! associated!with! fewer!preBribosomes! containing!

27SB!preBrRNA,!most!likely!resulting!from!a!combination!of!a!block!in!preBrRNA!processing!

and!enrichment!of!early!preBribosomes!(Fig.!25A).!

! Because!Nop7BTAP!is!associated!with!an!earlier!subset!of!preBribosomes!when!Drs1!

is! depleted,! we! tested! the! effects! of! Drs1! depletion! on! the! composition! of! early! 66S!

intermediates.!!To!do!so,!we!purified!preBribosomes!from!wildBtype!and!Drs1Bdepleted!cells!

using!TAPBtagged!Ssf1,!an!assembly!factor!present!only!in!early!preBribosomes!(Fatica!et!al.!

2002).! In! the! course! of! our! investigation!we! found! that! Ssf1BTAP!preBribosomes!become!

enriched!with!Nog2!in!the!absence!of!Drs1!(Fig.!25B).!Nog2!associates!with!preBribosomes!

immediately!before!27SB!preBrRNA!is!processed!(Saveanu!et!al.!2001).!However,!a!number!

of!studies!have!convincingly!shown!that!although!both!Ssf1!and!Nog2!coBpurify!27SB!preB

rRNA,! these! two! proteins! are! associated! with! mutually! exclusive! populations! of! preB

ribosomes!(Saveanu!et!al.!2001;!Kressler!et!al.!2008).!The!fact!that!we!can!detect!Nog2!in!



! 142!

early!preBribosomes!suggests! the! following:!1)!LateBassociating!assembly! factors! can!still!

associate!with!preBribosomes!in!the!absence!of!Drs1.!This!is!evident!by!observing!Nog2!in!

Ssf1BTAP!particles.!2)!However,!their!relative!distribution!between!each!of!the!consecutive!

particles!changes.!!We!believe!this!accounts!for!the!“observed”!decrease!of!Nog2!in!Nop7B

TAP!particles.!!This!will!be!discussed!more!in!section!3.2.8.(
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FIGURE(25(
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Figure( 25:( 60S( assembly( factors( Nop7( and( Nog2( are( associated( with( a( different(

subset(of(preEribosomes(upon(depletion(of(Drs1(

(A)! PreBribosomes!were! affinity! purified,! using!Nop7BTAP,! from! the!GAL?HA?DRS1+ strain!

grown! in!YEPGal! or! shifted! to!YEPGlu! for!16!hours! to!deplete!Drs1.! !RNA!was! extracted!

from! purified! preBribosomes! and! preBrRNAs! that! copurified! were! detected! by! primer!

extension.!!An!oligonucleotide!complementary!to!the!5’BETS!was!used!to!detect!the!5’!end!

of!35S!preBrRNA!and!an!oligonucleotide!complementary!to!ITS2!was!used!to!detect!the!5’!

ends! of! 27S!preBrRNAs.!BL! and!BS! represent! the! 5’! end!of! 27SBL+7SL! and!27SBS+7SS! preB

rRNAs,! respectively.! (B)! Depletion! of! Drs1! results! in! a! population! of! preBribosomes! that!

contain!both!Ssf1!and!Nog2.!!PreBribosomes!were!affinity!purified,!using!Ssf1BTAP,!from!the!

GAL?HA?DRS1+ strain! grown! in!YEPGal! or! shifted! to!YEPGlu! for!16!hours! to!deplete!Drs1.!!

Western! blots! were! performed! using! antibodies! against! specific! proteins,! or! antibodies!

against!specific!epitope!tags.!
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3.2.5( In( the( absence( of( Drs1,( lateEassociating( 66S( assembly( factors( and( early(

associating(66S(assembly(factors(are(in(the(same(preEribosome(particles.(

The! data! above! suggest! that! in! the! absence! of! Drs1,! a! population! of! preBribosomes! is!

generated! that! contain! both! 40S! proteins! (S3! and! S20)! and! 60S! proteins! (Nog2)! that!

normally! only! associate! with! preBribosomes! after! cleavage! at! the! A2! site! has! separated!

maturation!of!the!40S!and!60S!subunits.!To!further!investigate!this!idea,!we!tested!whether!

lateBassociating!66S!assembly! factors!might!behave!similarly! to!rBproteins!S3!and!S20.! ! If!

depletion! of! Drs1! really! does! affect! coBtranscriptional! cleavage! of! the! A2! site,! we! might!

predict! that! late! associating! 66S! assembly! factors! would! coBpurify! early! associating!

assembly!factors!upon!Drs1!depletion.!Indeed,!examination!of!early!preBribosomes!purified!

using!Ssf1BTAP!suggested!that! lateBassociating!60S!assembly! factors,!such!as!Nog2,!might!

be!assembling!into!early!preBribosomal!particles.!To!further!investigate!this!idea,!we!TAPB

tagged!Nog2,! Arx1,! and! Lsg1! in! the!GAL?HA?DRS1+ strain.! ! ! Nog2! and! Arx1! are! primarily!

nucleoplasmic! assembly! factors,! thought! to! associate! with! 66S! preBribosomes! only! after!

27SB!preBrRNA!is!generated!(Saveanu!et!al.!2001;!Nissan!et!al.!2002).!!Lsg1!has!been!shown!

to! be! cytoplasmic,! and! is! one! of! the! last! assembly! factors! to! associate! with! 66S! preB

ribosomes! (Nissan! et! al.! 2002).! We! used! each! of! these! TAPBtagged! assembly! factors! to!

purify! preBribosomes! from! wildBtype! cells! and! cells! in! which! Drs1! was! depleted! for! 16!

hours.!!As!shown!in!Figure!26D!(lanes!1,!3,!and!5),!late!preBribosomes!purified!from!wildB

type!cells!expressing!Drs1!are!fairly!simple!particles,!primarily!composed!of!lowBmolecular!

weight!rBproteins!as!well!as!a!few!assembly!factors.!!However,!when!we!depleted!Drs1!we!

saw!that!Nog2BTAP,!Arx1BTAP,!and!Lsg1BTAP!purified!more!complex!particles,!enriched!for!

highBmolecular!weight! 66S! factors! (Fig.! 26D,! lanes! 2,! 4,! and! 6).! In!wildBtype! cells,! these!
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highBmolecular!weight! proteins! assemble! early! and! dissociate! early! from!preBribosomes,!

before!or! immediately!after!these! late!TAPBtagged!proteins! join!the!nascent!particle.!This!

was!consistent!with!our!results!that!showed!Nog2!is!present!in!early!Ssf1BTAP!containing!

preBribosomes!upon!depletion!of!Drs1.!

! To! investigate! in! more! detail! the! changes! in! Nog2BTAP! preBribosomes! upon!

depletion!of!Drs1,!we!used!iTRAQ!mass!spectrometry!and!western!blotting!(Fig.!26ABC!and!

E).!Many!66S!assembly!factors!become!enriched!in!Nog2BTAP!preBribosomes!when!Drs1!is!

depleted,!especially!early!assembly!factors!known!to!dissociate!from!preBribosomes!during!

the!same! interval! that!Nog2!binds! (Fig.!26A,!26D,!and!26E).! !For!example,!we!see!strong!

enrichment! of! Ssf1,! Npa1,! and! Rrp5.! ! All! three! of! these! proteins! have! been! reported! to!

dissociate!from!preBribosomes!before!27SB!preBrRNA!is!generated!and!before!Nog2!binds!

the! preBribosomes! (Fatica! et! al.! 2002;! Nissan! et! al.! 2002;! Dez! et! al.! 2004).! ! Even! more!

striking,!we!observed!substantial!enrichment!of!small! subunit! rBproteins!as!well!as!small!

subunit!processome!components!and!40S!assembly!factors!(Fig.!26B!and!26C).!!Similar!to!

our! results! with! Nop7BTAP! (Figure! 24),! we! see! that! Nog2BTAP! preBribosomes,! purified!

from!Drs1Bdepleted!cells,!are!highly!enriched!for!the!late!associating!rBproteins!S3!and!S20!

(Fig.!26C).!Because!Nog2!normally!associates!with!preBribosomes!only!after!A2!cleavage!has!

separated!maturation!of!the!40S!subunit!from!the!60S!subunit,!Nog2!should!not!be!present!

in!the!same!particles!as!proteins!involved!in!maturation!of!40S!ribosomal!subunits.!Taken!

together,! our! results! demonstrate! that! depletion!of!Drs1! results! in! the! formation!of! preB

ribosomes!that!are!enriched! for!both!40S!rBproteins!and!40S!assembly! factors,!as!well!as!

lateBassociating!60S!factors.!

!
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FIGURE(26((continued(on(the(next(page)(
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FIGURE(26(cont.(
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Figure( 26:( Late( 60S( preEribosomes( are( enriched( for( early( assembly( factors( in( the(

absence(of(Drs1.(

(ABC)!PreBribosomes!were!affinity!purified!from!the!GAL?HA?DRS1+NOG2?TAP+strain!grown!

in!YEPGal!or!shifted!to!YEPGlu!for!16!hours!to!deplete!Drs1.!!Purified!preBribosomes!were!

assayed!by!iTRAQ!mass!spectrometry!as!described!in!Figure!24.!!Shown!is!the!fold!change!

in!60S!assembly!factors!(A),!40S!assembly!factors!and!SSU!components!(B),!and!ribosomal!

proteins! (C).! !Error!bars! indicate! the!SEM.! (D)!PreBribosomes!were!affinityBpurified! from!

the!GAL?HA?DRS1+strain!grown!in!YEPGal!or!shifted!to!YEPGlu!using!Nog2BTAP,!Arx1BTAP,!

or!Lsg1BTAP.!!Purified!preBribosomes!were!separated!by!SDSBPAGE!and!visualized!by!silver!

staining.!!The!bracket!indicates!the!enrichment!of!high!molecular!weight!assembly!factors!

that!are!known!to!be!present!in!early!66S!preBribosomes,!but!absent!in!late!preBribosomes.!

(E)!Western!blotting!was!performed!to!confirm!the!GAL?HA?DRS1+NOG2?TAP!iTRAQ!data.!
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3.2.6( Late( 66S( assembly( factors( coEimmunoprecipitate( early( preErRNAs( in( the(

absence(of(Drs1.(

( To!more! clearly! delineate! the! effect! of!Drs1! depletion! on! the! composition! of! preB

ribosomes,!we!assayed!with!what!preBrRNAs!late!assembly!factors!associate!when!Drs1!is!

absent.! ! To! test! this! we! purified! preBribosomes! from! wildBtype! and! Drs1Bdepleted! cells!

using!Nog2B,!Arx1B,!and!Lsg1BTAP!and!then!assayed!by!primer!extension!what!preBrRNAs!

copurified! with! each! assembly! factor.! ! As! controls,! we! compared! this! to! the! preBrRNAs!

copurified!in!a!Nob1BTAP!strain!and!the!untagged!parent!strain.!!Nob1!associates!with!preB

ribosomes!immediately!prior!to!cleavage!at!the!A2!site,!but!after!cleavage!at!sites!A0!and!A1!

(Fatica!et!al.!2003a).!!Thus,!we!consider!the!signal!observed!for!35S!preBrRNA!coBIPed!with!

Nob1BTAP!to!be!background!amounts!(Fig.!27A;!lane!7).!!When!preBribosomes!and!the!preB

rRNAs!contained!within!them!were!purified!from!cells! in!which!Drs1! is!expressed,!Nog2B

TAP!and!Arx1BTAP!coBimmunoprecipitate!27SB!preBrRNA,!but!not!35S,!27SA2,!and!27SA3!

preBrRNAs,!and!Lsg1BTAP!did!not!coBIP!35S!or!27S!preBrRNAs!(Fig.!27A;!lanes!1,!3,!and!5).!

Interestingly,!upon!depletion!of!Drs1,!we!observed!that!Nog2B,!Arx1B,!and!Lsg1BTAP!coBIPed!

aboveBbackground!amounts!of!35S,!27SA2,!and!27SA3!preBrRNAs!(Fig.!27A;!lanes!2,!4,!and!

6).!!Consistent!with!an!early!block!in!27SA!preBrRNA!processing!we!see!that!Nog2BTAP!and!

Arx1BTAP!coBIPed!decreased!amounts!of!27SB!preBrRNA!relative!to!27SA!preBrRNA!(Figure!

27A;! lanes! 2! and!4).! Thus,! depletion! of!Drs1! results! in!Nog2,!Arx1,! and!Lsg1! associating!

with! a! very! different! population! of! preBribosomal! particles! that! contain! early! preBrRNA!

intermediates!compared!to!wildBtype!cells!(Fig.!27B).!

! Together,! our! data! indicate! that! depletion! of! Drs1! results! in! the! formation! of! a!

population!of!preBribosomes!that!contain!both!earlyB!and!lateBassociating!assembly!factors,!
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which! in!wildBtype! cells! are!not! found! in! the! same!particles.! ! Interestingly,! these!mutant!

particles!contain!both!40S!and!60S!assembly!factors!and!small!subunit!rBproteins!that!are!

thought! to! associate! with! preBribosomes! only! after! A2! cleavage! has! occurred.! ! Because!

cleavage! at! the! A2! site! separates! maturation! of! 43S! and! 66S! preBribosomes,! these! late!

associating! proteins! should! not! be! found! in! the! same! particles.! ! Most! striking,! upon!

depletion!of!Drs1,!we!observed!that!the!lateBassociating!66S!assembly!factors!Nog2,!Arx1,!

and!Lsg1!associate!with!preBribosomes!containing!35S!preBrRNA.!!We!believe!this!reflects!a!

shift!from!coBtranscriptional!to!postBtranscriptional!A2!cleavage.!
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FIGURE(27(
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Figure( 27:( In( the( absence( of(Drs1,( late( associating( assembly( factors( copurify( early(

preErRNA(intermediates.(

(A)!PreBribosomes!were!affinity!purified,!using!Nog2BTAP,!Arx1BTAP,!or!Lsg1BTAP,!from!the!

GAL?HA?DRS1+ strain! grown! in!YEPGal! or! shifted! to!YEPGlu! for!16!hours! to!deplete!Drs1.!!

RNA! was! extracted! from! purified! preBribosomes! and! preBrRNAs! that! copurified! were!

detected!by!primer!extension.! !An!oligonucleotide!complementary!to!the!5’BETS!was!used!

to!detect! the!5’!end!of!35S!preBrRNA!and!an!oligonucleotide!complementary! to! ITS2!was!

used! to! detect! the! 5’! ends! of! 27S! and! 7S! preBrRNAs.! B1L! and!B1S! represent! the! 5’! end! of!

27SBL+7SL! and! 27SBS+7SS! preBrRNAs,! respectively.! Nob1BTAP! and! the! untagged! parent!

strain!serve!as!negative!controls.! (B)!Model!describing! the! timing!of!association!of!Nog2,!

Arx1,!and!Lsg1! in!wildBtype!and!Drs1Bdepleted!cells.! !Spheres!represent!consecutive!preB

ribosome!intermediates.!!Solid!lines!indicate!the!preBrRNAs!associated!with!each!assembly!

factor! in! wildBtype! cells.! ! Dashed! lines! indicate! the! preBrRNAs! associated! with! each!

assembly!factor!in!the!absence!of!Drs1.!
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3.2.7( Nog2Econtaining( preEribosomes( are( enriched( with( RNA( polymerase( I(

components(upon(depletion(of(Drs1.(

( Recently,!a!number!of!ribosome!assembly!factors!were!shown!to!coBpurify!with!RNA!

polymerase! I! (Pol! I),! suggesting! they! are! recruited! to! preBribosomes! coBtranscriptionally!

(Hierlmeier!et!al.!2012).!!Many!of!these!factors,!including!Drs1,!are!proteins!that!associate!

with!preBribosomes!early!in!ribosome!biogenesis.!!LateBassociating!proteins,!such!as!Nog2,!

were!not!identified!in!a!complex!with!Pol!I,!consistent!with!their!binding!of!preBribosomes!

after! the! completion!of! transcription.! In! the! course!of!our!mass! spectrometry!analysis!of!

preBribosomes!isolated!from!cells!when!Drs1!is!depleted,!we!identified!subunits!specific!to!

Pol!I!(Rpa49!and!Rpa135),!but!not!Pol!II!or!Pol!III.!!When!preBribosomes!were!depleted!of!

Drs1!and!purified!using!Nop7BTAP,!no!enrichment!of!Rpa49!and!Rpa135!was!seen!(Fig.!28).!

Interestingly,! when! Drs1Bdepleted! preBribosomes! were! purified! using! Nog2BTAP,! Rpa49!

and!Rpa135!were!enriched!~4.5!fold!and!3.5!fold,!respectively!(Fig.!28).!We!believe!these!

data!reflect!a!shift!from!coB!to!postBtranscriptional!preBrRNA!processing.!!In!wildBtype!cells,!

Nop7! is! coBpurified!with! Pol! I,! suggesting! it! normally! associates!with! preBribosomes! coB

transcriptionally! (Hierlmeier! et! al.! 2012).!Thus,!we!would!predict! that! even!upon!a! shift!

from!coB!to!postBtranscriptional!preBrRNA!processing,!Nop7!would!still!associate!with!preB

rRNAs!coBtranscriptionally,! and!not! result! in!enrichment!of!PolBI! components!with!Nop7.!!

Conversely,!Nog2!normally!associates!only!after!transcription!is!finished.!The!fact!that!we!

see!strong!enrichment!of!Pol!I!subunits!in!preBribosomes!purified!using!Nog2BTAP!suggests!

that!upon!depletion!of!Drs1,!Nog2!now!associates!with!preBribosomes!coBtranscriptionally.!!

These!data,!plus!our!finding!that!Nog2!can!associate!with!35S!preBrRNA!upon!depletion!of!

Drs1!further!strengthens!our!conclusion!that!depletion!of!Drs1,!and!subsequent!disruption!
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of!ribosome!assembly,!causes!a!shift!from!coB!to!postBtranscriptional!preBrRNA!processing.!

When! this! occurs,! normally! “late”! associating! assembly! factors! bind! preBribosomes!

containing!35S!preBrRNA!and!the!Pol!I!machinery!(Fig.!29).!!
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FIGURE(28(
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Figure( 28:( Nog2Econtaining( preEribosomes( are( enriched( with( RNA( polymerase( I(

subunits(upon(depletion(of(Drs1.(

PreBribosomes!were!affinity!purified!using!either!Nop7BTAP!(dark!grey!bars)!or!Nog2BTAP!

(light! grey! bars)! from! the!GAL?HA?DRS1+ strain! grown! in! YEPGal! or! shifted! to! YEPGlu! to!

deplete! Drs1.! ! Purified! preBribosomes! were! assayed! by! iTRAQ! mass! spectrometry! as!

described! in!Figure!24.! !Shown!is! the! fold!change! in!PolBI!subunits! identified.! !Error!bars!

indicate!the!SEM.!
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FIGURE(29(
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Figure( 29:( Depletion( of( Drs1( causes( a( shift( from( coEtranscriptional( preErRNA(

processing(to(postEtranscriptional(preErRNA(processing.(

In!wildBtype!yeast!cells,!preBrRNAs!are!synthesized!by!Pol! I!and!cleaved!at!the!A2!site!coB

transcriptionally!(left).!!This!results!in!the!formation!of!a!43S!preBribosome!containing!20S!

preBrRNA!(blue)!and!a!66S!preBribosome!containing!27SA2!preBrRNA!(green).! !The!27SA2!

preBrRNA! is! rapidly! processed! to! 27SB! preBrRNA! followed! by! the! association! of! Nog2!

(yellow).! ! Upon! depletion! of! Drs1,! preBrRNAs! are! processed! postBtranscriptionally!

generating! 90S! preBribosomes! containing! 35S! preBrRNA! (right;! blue/green).! ! The!

enrichment!of!PolBI!subunits!(red)!and!35S!preBrRNA!associated!with!Nog2BTAP!containing!

preBribosomes! indicates! that! Nog2! is! able! to! associate! with! preBribosomes! coB

transcriptionally!in!the!absence!of!Drs1.!
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3.2.8(***Clarifying(discrepancies(in(our(data***(

The!results! in!sections!3.2.4B3.2.6!regarding! the!association!of!Nog2!appear! to!contradict!

themselves.! ! In! 3.2.4!we! show! that! in! the! absence! of!Drs1,! there! is! less!Nog2! associated!

with!Nop7BTAP!containing!preBribosomes.!!However,!in!3.2.5!we!show!that!Nog2!is!present!

in! early! Ssf1BTAP! containing! preBribosomes! and! in! 3.2.6! we! show! that! preBribosomes!

purified! using! Nog2BTAP! contain! Nop7.! ! Thus,! all! of! our! data! suggest! Nog2! can! still!

associate! with! early! particles,! however! we! see! decreased! amounts! of! Nog2! when! preB

ribosomes!are!purified!using!Nop7BTAP.!!In!simpler!terms,!if!Nog2!is!really!associating!with!

35S! preBrRNA! in! the! absence! of! Drs1,! then!why! do!we! see! decreased! amounts! of! Nog2!

when!preBribosomes!are!purified!using!Nop7BTAP?!

! I! think! there! are! two! issues! here:! a! technical! “loading”! issue! and! a!more! relevant!

biological! issue.! ! The! “loading”! issue! is! actually! less! clear! to!me! than!potential! biological!

issues.!!This!is!because!it!is!still!not!entirely!clear!to!us!(the!field)!on!how!the!proportion!(of!

total! intermediates)! of! each! assembly! intermediate! changes! relative! to! the! others! upon!

disruption! of! ribosome! biogenesis.! ! In! a! simplistic! view,! when! we! block! assembly! at! a!

particular!step,!particles!in!the!proceeding!steps!accumulate,!and!particles!in!the!following!

steps! are! present! in! diminished! amounts.! ! However,! in! reality! this! situation! is! more!

complex!and!is!accompanied!by!turnover!of!some!intermediates!(e.g.!Fig!22C),!alternative!

pathways!of!preBrRNA!processing!(as!shown!in!Fig.!22A!and!22C,!and!Fig.!22),!an!overall!

decrease! in! ribosome! production,! and! a! shift! from! coB! to! postBtranscriptional! preBrRNA!

processing.! ! Thus,! when!we! purify! these! particles! from!wildBtype! and!mutant! cells,! and!

compare! their! constituents! (by! SDSBPAGE,! western! blotting,! iTRAQ,! etc.),! we! are! really!

comparing! two! populations! of! preBribosomes,! intermediates! of! which! are! distributed!
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differently!among!each!population.! ! In!wildBtype!cells,! the!majority!of!Nog2! is!associated!

with! 27SB! preBrRNA,! by! far! the!most! abundant! intermediate.! ! However,!when!we! block!

assembly!early,!we!prevent! the! formation!of! this! longBlived! intermediate,!and! thus! lose!a!

large! fraction!of!preBribosomes! that!contain!both!Nop7!and!Nog2.! !This!could!potentially!

account! for! the! overall! decrease! we! observe! for! Nog2! and! other! late! proteins! upon!

depletion!of!Drs1.!

However,! I! think! there! is! a! more! biologically! relevant! issue! at! play! as! well.! For!

clarity!purposes! I!will!be!a!bit! candid!and! in!some!places!make!extreme!assumptions.! ! If!

there! is! an! equilibrium! between! coB! and! postBtranscriptional! cleavage! in! wildBtype! cells!

(say!70%!occurs!coBtranscriptinally!and!30%!postBtranscriptionally),!then!70%!of!the!time!

Nog2!enters!postBtranscriptionally!and!30%!of! the! time! it!enters!coBtranscriptionally!and!

pulls!down!35S!(see!Fig.!29!and!Fig.!30).!!All!of!our!data!suggest!that!early!protein!binding!

events!are!less!stable!than!later!ones.!!We!and!others!have!shown!that!the!affinities!of!some!

assembly! factors! and! rBproteins! for! early! preBribosomes! are!more! sensitive! to! high! salt!

concentrations,!than!those!of!later!particles.! !Thus,!there!is!a!"tightening!up!effect"!where!

some!proteins!become!more!stably!integrated!into!the!preBribosome!structure!as!assembly!

progresses.!!Following!this!logic,!one!might!expect!that!Nog2!has!a!low!affinity!for!35S!preB

rRNA! and! a! high! affinity! for! 27SB! preBrRNA.! !Thus,!when!we! purify! preBribosomes!with!

Nop7BTAP! from!wildBtype! cells,! (say!we! purify! 10! particles)! 70%! of! Nop7! particles!will!

have!"tight"!Nog2!and!30%!would!have!"loose"!Nog2.!!Let!us!be!extreme!and!say!when!we!

do!pullBdowns!with!Nop7BTAP,!our!conditions!are!such! that!we! lose!100%!of! the! "loose"!

Nog2.!Thus,!out!of!10!Nop7BTAP!particles!we!pull!down!7!Nog2s.! !In!the!mutant,!we!shift!

the!equilibrium!between!coBtranscriptional!and!postBtranscriptional!cleavage!of!the!A2!site!



! 162!

(lets!say!now!only!30%!is!coBtranscriptional!and!70%!is!postBtranscriptional)!so!now!when!

we!purify!10!Nop7!particles!we!only!get!3!Nog2s.!!Furthermore,!an!early!block!in!assembly!

would!also!prevent!the!formation!of!some!of!these!later!particles!containing!“tight”!Nog2,!

further! exacerbating! the! decrease! (discussed! above).! Thus,! the! decrease! of! Nog2! we!

observe! in! Nop7BTAP! particles! might! actually! reflect:! 1)! the! enrichment! of! early! postB

transcriptionally!processed!particles!that!contain!both!Nop7!and!Nog2,!but!2)!Nog2!has!a!

relatively!low!affinity!for!these!early!particles.!!!
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FIGURE(30(
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3.2.9(PreErRNA(processing(is(dependent(on(cell(growth(rates(

Electron! microscopy! of! actively! transcribed! rDNA! revealed! that! when! cells! are! rapidly!

dividing,!a!greater!fraction!of!preBrRNAs!are!processed!coBtranscriptionally!(Osheim!et!al.!

2004).! However,!when! cells!were! grown! to! high! density,! nascent! transcripts!were!more!

frequently!processed!postBtranscriptionally.!!While!establishing!a!link!between!cell!growth!

rates!and!coB!versus!postBtranscriptional!preBrRNA!processing,! these!experiments!did!not!

address!the!order!in!which!preBrRNAs!were!processed!in!these!two!competing!scenarios.!!!

To!better!understand!the!relationship!between!cell!growth!rate!and!preBrRNA!processing,!

we!extracted!RNA!from!cells!grown!from!OD610!0.5!–!6.0!and!assayed!preBrRNA!processing!

by! northern! blotting! (Fig.! 32).! ! We! hypothesized! that! as! cells! reached! high! density! we!

would!observe!an!increase!in!35S!preBrRNA!relative!to!other!intermediates.!!!

Generally,! we! observed! decreased! steady! state! amounts! of! both! preBrRNAs! and!

rRNAs! as! cells! approached! stationary! phase,! suggesting! a! global! downBregulation! in!

nascent!ribosome!production!(Fig.!31!and!Fig.!32).!!It!is!likely!that!the!decrease!of!25S!and!

18S!rRNAs!is!due!to!a!combination!of!decreased!ribosome!production!and!dilution!of!preB

existing!ribosomes!by!cell!division.!Consistent!with!previous!work!from!the!Warner!group,!

the! decrease! in! preBrRNAs! occurred! slightly! prior! to! exit! from! exponential! growth,!

suggesting!cells!regulate!ribosome!synthesis!according!to!their!“estimates”!for!the!potential!

for! growth! (Ju! and! Warner! 1994).! ! At! OD610! 2.0B4.0! cells! were! still! rapidly! dividing,!

however!there!was!a!significant!decrease!in!the!levels!of!27SA2,!27SB,!and!20S!preBrRNAs!

(Fig.!32,!lanes!4!and!5).!From!OD610!4.0B6.0,!the!steadyBstate!levels!of!these!intermediates!

remained!largely!the!same,!declining!only!slightly!(Fig.!32,!lanes!5B8).!!
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Interestingly,! as! cell! division! approached! stationary! phase! we! observed! a! strong!

accumulation!of!23S!preBrRNA!coincident!with!the!decrease!in!20S!preBrRNA!(Fig.!32,!lanes!

4!and!5).!This!intermediate,!extending!from!the!5’!end!of!the!35S!preBrRNA!to!the!A3!site,!is!

generated!by!direct! cleavage!of! the!A3! site!prior! to! cleave!at! sites!A0,!A1,! and!A2.! !This! is!

thought!to!occur!exclusively!postBtranscriptionally!resulting! in!the!generation!of!23S!preB

rRNA!(5’!product)!and!27SA3!preBrRNA!(3’!product).!23S!preBrRNA!has!been!observed!in!a!

number!of!ribosome!assembly!mutants!and!has!been!suggested!by!some!to!be!an!aberrant!

intermediate.!Work! from!our! lab!has! shown!23S!preBrRNA!accumulates! in!most!mutants!

that!block!60S!assembly,!but!it!can!be!processed!to!18S!rRNA!and!serves!as!an!alternative!

route!for!maturation!of!the!small!subunit!(Fig.!22C)(Jakovljevic!et!al.!2012).!Because!cells!

grown! to! high! density! remain! viable,! and! normal! preBrRNA! processing! can! be! restored!

upon!dilution!of!the!culture!with!fresh!media!(Fig.!32,!lane!9),!it!is!likely!that!23S!preBrRNA!

is!a!bona+fide!preBrRNA!processing!intermediate.!!While!we!did!not!directly!observe!35S!in!

this! experiment,! a! previous! independent! analysis! showed! accumulation! of! this! postB

transcriptionally!derived!intermediate!relative!to!other!preBrRNAs!as!cell!density!increased!

(Fig.!33).!!

! Together,! these!data!confirm!the!previous!electron!microscopy!analyses!and!show!

that!as!cells!exit!from!exponential!growth!and!approach!stationary!phase,!a!greater!fraction!

of!preBrRNA!processing!occurs!postBtranscriptionally!as!evident!by!the!accumulation!of!35S!

preBrRNA!and!23S!preBrRNA.!Our!data! suggest! that!when!preBrRNAs!are!processed!postB

transcriptionally,!a!large!fraction!of!35S!preBrRNA!undergoes!direct!cleavage!at!the!A3!site,!

prior! to! cleavage! at! A0,! A1,! and! A2,! resulting! in! 23S! and! 27SA3! preBrRNAs.! Thus,! the!

accumulation!of!23S!preBrRNA,!and!the!corresponding!decrease!of!20S!preBrRNA,!indicate!



! 166!

that! nascent! preBrRNAs! are! processed! through! different! pathways! when! preBrRNA!

processing!occurs!postBtranscriptionally.!!!

!

**It! should! be! noted! that! experiments! are! currently! underway! to! more! thoroughly!

investigate!the!effects!of!cell!density!on!preBrRNA!processing.! !Specifically,!I!am!repeating!

the!experiments!discussed!in!section!3.2.8!in!an!effort!to!visualize!35S,!23S,!and!20S!preB

rRNAs! on! the! same! northern! blot.! ! Furthermore,! experiments! are! underway! to! test! the!

effects! of! environmental! stress! on! preBrRNA! processing.! ! PreBrRNA! processing! will! be!

assayed!under!the!following!conditions:!1)!heatBshock,!2)!coldBshock,!3)!TOR!inhibition,!4)!

amino! acid! starvation,! and! 5)! alternative! carbon! sources! (ethanol,! acetate,! etc.).! ! Upon!

completion! of! these! experiments! this! work! will! be! submitted! to! Molecular+ Cell! for!

consideration.!
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FIGURE(31(
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Figure(31:(Growth(of(W303(from(OD610(0.1E6.0(

Yeast! strain!W303!was! grown! in! YEPGlu!medium! to! increasing! density.! ! Aliquots! of! the!

culture!were!taken!at!indicated!timeBpoints!and!the!OD610!was!measured!with!a!Genesis!20!!

spectrophotometer.!
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FIGURE(32(
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Figure(32((and(33):(PreErRNA(processing(in(cells(grown(to(high(density(

PreBrRNAs! extracted! from! aliquots! of! cells! at! the! indicated! densities! were! assayed! by!

northern! blotting! using! oligonucleotides! complimentary! to! ITS1! and! ITS2.! ! 25S! and! 18S!

rRNA!was!detected!by!staining!with!ethidium!bromide.! !Lane!9!corresponds! to!cells! that!

were!diluted!from!OD610!=!6.0!to!OD610!=!0.1,!and!then!allowed!to!grow!to!OD610!=!0.5.!

! PreBrRNAs!assayed!by!northern!blotting!in!Figure!33!(below)!were!extracted!at!the!

indicated!densities!from!a!different!culture,!grown!independently!of!the!culture!described!

in!Figures!31!and!32.!
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FIGURE(33(
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3.3(DISCUSSION(

Previously,!we!showed!that!missense!mutations!in!the!DBP!Drs1!cause!coldBsensitivity!and!

block! processing! of! 27SB! preBrRNA! (Fig.! 21)(Ripmaster! et! al.! 1992;! Adams! et! al.! 2002).+

Here!we! report! that! depletion! of! Drs1! affects! earlier! steps! in! 27S! preBrRNA! processing,!

resulting! in! a! different! phenotype! than! that! observed! in! drs1+missense! mutants.! ! This!

highlights! the! necessity! and! benefit! of! looking! at! multiple! different! kinds! of! mutants,!

including!missense!mutants!and!null!mutants.!!!

Additionally,!we!provide!evidence!indicating!that!Drs1!can!physically!interact!with!

the! Nop7Bsubcomplex,! and! that! Nop7! is! required! for! association! of! Drs1! with! preB

ribosomes.!Last,!we!describe!a!previously!unreported!phenotype!observed!upon!depletion!

of!Drs1,!in!which!a!population!of!preBribosomes!is!produced!that!contains!both!earlyB!and!

lateBassociating! proteins,! as! well! as! early! preBrRNA! intermediates.! ! While! initially!

confusing,!we! believe! these! results! reflect! that! depletion! of!Drs1! causes! a! shift! from! coB

transcriptional! to! postBtranscriptional! preBrRNA! processing.! ! This! work! highlights! and!

discusses! novel! ideas! about! ribosome! assembly! regarding! the! order! and! timing! of! preB

rRNA! processing,! and! the! overall! hierarchy! of! protein! association! with! nascent! preB

ribosomal!particles,!and!the!effects!on!preBrRNA!processing!when!early!steps!of!assembly!

occur!postBtranscriptionally.!

Traditionally,!many!assembly!factors!were!concluded!to!function!in!a!particular!step!

of!ribosome!biogenesis,!based!on!preBrRNAs!that!accumulate!in!a!given!mutant.!!Often,!only!

one! particular! kind! of!mutant! has! been! studied;! either! the! original!mutant! isolated! in! a!

screen!for!defects!in!ribosome!biogenesis,!or!a!conditional!null!mutant.!This!has!served!the!

field!of!ribosome!assembly!well!for!initial!classification!of!most!of!the!proteins!that!function!
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in! this! complex! processes.! !Nevertheless,! it! is! becoming! clear! that!many! of! these! factors!

may!function!in!more!than!one!step!of!ribosome!biogenesis,!thus!necessitating!the!need!to!

assay!ribosome!assembly!in!more!than!one!kind!of!assembly!factor!mutant.!

Originally,!Drs1!was!classified!as!an!assembly!factor!required!for!processing!of!27SB!

preBrRNA!(Adams!et!al.!2002).!!This!was!based!on!pulseBchase!analysis!of!drs1!mutants!that!

were! isolated! in! our! screens! for! coldBsensitive! mutants! defective! in! ribosome! synthesis!!

(Ripmaster!et!al.!1992).!Here!we!show!that!depletion!of!Drs1!blocks!processing!of!27SA2!

and!27SA3!preBrRNAs!(Fig.!22).!!The!preBrRNA!processing!defect!observed!upon!depletion!

of!Drs1!is!earlier!than!that!observed!in!the!coldBsensitive!missense!mutants!suggesting!that!

Drs1!might!function!in!more!than!one!consecutive!step!of!ribosome!assembly.!!Sequencing!

of! the! original! coldBsensitive! drs1+mutants! revealed! single! amino! acid! changes,! near! the!

conserved! motifs! for! RNA! binding,! ATP! binding,! or! ATP! hydrolysis.! Furthermore,! these!

original!drs1!mutant!proteins!are!stable!and!able!to!associate!with!preBribosomes!(data!not!

shown).! Thus,! one! possibility! is! that! the! physical! presence! of! Drs1! is! required! for!

processing!of!27SA!preBrRNAs,!but!a!fully!active!form!is!necessary!to!proceed!past!the!next!

step!of!preBrRNA!processing,!cleavage!of!27SB!preBrRNA!at! the!C2!site.! !Alternatively,! the!

mutant!drs1!proteins!may!have!enough!activity!to!allow!processing!of!27SA!preBrRNA,!but!

not!enough! to!proceed!past!processing!of!27SB!preBrRNA.!A!similar!phenomenon! for! the!

DEADBbox!protein!Has1!has!been!described!by!Dr.!Jill!Dembowski!in!our!lab!(Dembowski!

et!al.!2013).!

We! have! shown! that!Drs1! physically! and! functionally! interacts!with! the!A3! factor!

Nop7!(Fig.!23).!Depletion!of!Nop7!results!in!a!very!similar!preBrRNA!processing!phenotype!

to!depletion!of!Drs1,!and!Drs1!cannot!assemble!into!preBribosomes!when!Nop7!is!absent.!
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Furthermore,!we!show!that!Drs1!can!physically!interact!in+vitro!with!the!Nop7Bsubcomplex.!

These! data,! plus! previously! observed! genetic! interactions,! suggest!Drs1! is! recruited! into!

preBribosomes!by!Nop7,!strengthening!the!idea!that!Drs1!functions!in!processing!of!27SA!

preBrRNAs,! in! addition! to! 27SB! preBrRNA.! ! Since! depletion! of! Drs1! has! no! effect! on! the!

association!of!Nop7!with!preBribosomes,!and!both!proteins!associate!with!preBribosomes!

early!in!assembly!(data!not!shown),!our!data!also!begin!to!establish!an!order!of!assembly,!

suggesting!Nop7!associates!with!preBribosomes!before!Drs1.!

The!Nop7Bsubcomplex! is! composed!of! the!assembly! factors!Nop7,!Erb1,!and!Ytm1!

(Miles! et! al.! 2005).! ! Previously,! it! was! shown! that! the!mammalian! homologues! of! these!

proteins! (Pes1,! Bop1,! and!WDR12)! also! form! a! stable! subcomplex! and! are! required! for!

biogenesis!of!the!large!ribosomal!subunit!(Strezoska!et!al.!2002;!Lapik!et!al.!2004;!Holzel!et!

al.! 2005).! ! Interestingly,! overexpression! of! dominant! mutant! alleles,! or! siRNABmediated!

knockBdown!of!these!proteins!blocks!processing!of!32S!preBrRNA!in!mammalian!cells.!!32S!

preBrRNA! contains! the! sequences! for! 5.8S! rRNA,! ITS2,! and! 28S! rRNA,! and! thus! is! the!

mammalian! equivalent! to! yeast! 27SB! preBrRNA.! ! This! is! consistent! with! previous!

observations!that!coldBsensitive!drs1!mutants!are!defective! in!27SB!preBrRNA!processing,!

and!solidifies!our!conclusion!that!Drs1!functions!with!the!Nop7Bsubcomplex!in!processing!

of!both!27SA!and!27SB!preBrRNAs.!

As! discussed! in! Chapter! 2,! a! number! of! the! A3Bfactor! RNABbinding! sites! were!

determined!by!UV!crosslinking! (Granneman!et!al.!2011).! !Nop7!and!Erb1!were!shown!to!

crosslink! to!domains! III! and! I!of!25S! rRNA,! respectively.! !When!viewed!using! the! crystal!

structure!of!the!yeast!60S!subunit,!the!RNA!binding!sites!of!Nop7!and!Erb1!lie!above!and!

below!the!ITS2Bproximal!stem,!a!helix!formed!by!the!5’!end!of!25S!rRNA!and!the!3’!end!of!
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5.8S! rRNA! (refer! to! Fig.! 11).! Three! other! A3Bfactors,! Rlp7,! Nop15,! and! Cic1,! have! been!

shown!to!bind!within!ITS2!(Granneman!et!al.!2011;!Babiano!et!al.!2013).! !These!proteins!

were!originally!classified!as!A3!factors!because!their!depletion!results!in!an!accumulation!of!

27SA3!preBrRNA!and!reduction!in!the!downstream!product!of!27SA3!processing,!27SB!preB

rRNA.!!It!still!remains!unclear!whether!the!reduction!in!27SB!preBrRNA!upon!depletion!of!

the!A3Bfactors!results!from!a!failure!to!generate!it,!or!because!it!is!rapidly!turned!over!when!

the!A3Bfactors!are!absent.!!The!location!of!the!A3!factors,!particularly!Rlp7,!Cic1,!and!Nop15!

strongly! suggests! they! may! also! play! a! role! in! either! processing! of! 27SB! preBrRNA,! or!

maintaining! its! stability! after! it! is! generated.! ! The! A3! factors,! including! Drs1,! may! be!

precisely!positioned!within!the!assembling!ribosome!to!first!function!in!processing!27SA3!

preBrRNA!to!generate!the!5’!end!of!5.8S!rRNA,!and!then!to!function!in!processing!of!27SB!

preBrRNA! to! generate! the! 3’! end! of! 5.8S! rRNA.! Furthermore,! it! is! becoming! increasingly!

clear!that!proper!folding!of!ITS2!is!a!prerequisite!for!processing!ITS1.!It!will!be!interesting!

to! see! if! appropriate! mutations! in! yeast! Nop7,! Erb1,! and! Ytm1! have! similar! preBrRNA!

processing!defects!compared!to!mutations!in!mammalian!Pes1,!Bop1,!and!WDR12.!

Recently,! it!was!shown!that!cleavage!at! the!A2!site!(and!presumably!the!A0!and!A1!

site)! predominantly! occurs! coBtranscriptionally! in! yeast! (Osheim! et! al.! 2004;! Kos! and!

Tollervey!2010).!!CoBtranscriptional!cleavage!at!the!A2!site!occurs!~70B80%!of!the!time!in!

rapidly! dividing! yeast! cells.! ! Thus,! only!~20B30%!of! rRNA! transcription! results! in! a! 35S!

preBrRNA! that! is! cleaved! at! the! A2! site! postBtranscriptionally.! ! Furthermore,! when! yeast!

cells! are! grown! to! high! OD600,! the! frequency! of! coBtranscriptional! A2! cleavage! decreases!

dramatically,! suggesting! that! coBtranscriptional! preBrRNA! processing! is! regulated! by! cell!

growth! and! division! (Osheim! et! al.! 2004).! It! was! recently! shown! that! preBrRNA! in! C.!
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albicans! is! processed! coBtranscriptionally! in! rapidly! dividing! cells,! but! processed! postB

transcriptionally!after!cells!undergo!the!diauxic!shift!(Pendrak!and!Roberts!2011).!!Kos!and!

Tollervey! predicted! that! 27SA! preBrRNA! generated! coBtranscriptionally! has! a! relatively!

short!lifetime!(~15!s)!and!is!rapidly!converted!to!27SB!preBrRNA!(Kos!and!Tollervey!2010).!!

Conversely,!27SA!preBrRNA!generated!postBtranscriptionally!was!predicted!to!have!a!much!

longer!lifetime!(~95!s).!!Thus,!we!would!reason!that!more!postBtranscriptional!cleavage!at!

the!A2!site!would!result!in!greater!steady!state!amounts!of!35S!and!27SA!preBrRNAs.!

Depletion!of!Drs1,!as!well!as!the!A3Bfactors!and!other!proteins!that!function!early!in!

the! biogenesis! of! 60S! subunits,! results! in! the! accumulation! 27SA3! preBrRNA! and! a!

subsequent!decrease! in!27SBs!preBrRNA!relative! to!27SBL!preBrRNA!(Sahasranaman!et!al.!

2011).! ! Interestingly,!many! of! these! 66S! assembly!mutants! are! also! accompanied! by! an!

increase!of!27SA2!and!35S!preBrRNAs!(Dunbar!et!al.!2000;!Gadal!et!al.!2002;!Fatica!et!al.!

2003b;! Oeffinger! and! Tollervey! 2003).! ! This! phenotype! is! often! attributed! to! the!

sequestration!of!earlyBfunctioning!assembly!factors!on!stalled!66S!preBribosomes,!causing!

early! steps! in! preBrRNA! processing! to! be! affected.! ! An! equally! plausible! scenario! is! that!

disruption!of!early!steps!of!ribosome!biogenesis!causes!a!shift!from!coBtranscriptional!preB

rRNA!processing!to!postBtranscriptional!preBrRNA!processing!(Fig.!29).!!We!believe!that!in!

our!mutants,!ribosome!assembly!is!disrupted,!leading!to!decreased!cell!growth,!and!thus!a!

shift!from!coB!to!postBtranscriptional!preBrRNA!processing.!!This!shift!could!account!for!the!

increased!steadyBstate!amounts!of!35S!and!27SA2!often!observed!in!66S!assembly!mutants,!

since!more!35S!preBrRNA!would!be!produced,!and!27SA2!preBrRNA!is!predicted!to!have!a!

much!longer!lifetime!when!generated!postBtranscriptionally.!
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Here! we! directly! confirmed! the! idea! that! cells! grown! to! high! density! undergo! a!

greater! fraction! of! postBtranscriptional! preBrRNA! processing.! ! By! northern! blotting! we!

observed!an!enrichment!of!35S!preBrRNA!relative!to!other!coBtranscriptional!intermediates!

(33S/32S! preBrRNA).! A! majority! of! postBtranscriptionally! produced! 35S! appeared! to! be!

directly!cleaved!at!the!A3!site,!resulting!in!the!accumulation!of!23S!preBrRNA.!!These!results!

suggest!that!preBrRNAs!produced!postBtranscriptionally!can!mature!through!an!alternative!

processing!route.!!However,!if!this!is!the!case,!one!might!not!expect!to!see!the!accumulation!

of!27SA2!as!described!above.! !One!possibility! is! that!postBtranscriptionally!derived!35S! is!

not!always!cleaved!directly!at!the!A3!!site,!but!rather!is!in!an!equilibrium!between!cleavage!

of!the!A2!site!and!A3!site.!When!cleavage!at!the!A2!site!occurs,!the!resulting!27SA2!preBrRNA!

might! have! a! longer! lifetime! than!when! generated! coBtranscriptionally.!Alternatively,! the!

predicted! longer! lifetime! of! 27S! preBrRNA! could! be! attributed! to! 27SA3! preBrRNA.! ! The!

work!done!by!Kos!and!Tollervey!did!not!differentiate!between!27SA2!and!27SA3!preBrRNAs!

(Kos!and!Tollervey!2010).!

Our! results! demonstrate! that! depletion! of! Drs1,! and! subsequent! disruption! of!

ribosome!biogenesis,! causes! the! formation!of!preBribosomes! that! contain!both!earlyB!and!

lateBassociating!assembly!factors!(Fig.!24).! !What!is!most!striking!about!this!phenotype!is!

that!preBribosomes!contain!both!40S!and!60S!factors!that!are!thought!to!associate!with!preB

ribosomes!only!after!A2! cleavage!has! separated!maturation!of! the! large!subunit! from! the!

small! subunit.! !Upon!depletion!of!Drs1! for!4!hours,!we!observed!an!accumulation!of!27S!

preBrRNA!but!little!effect!on!processing!of!35S!or!33S/32S!preBrRNAs!(Fig.!22).!!It!was!only!

at! later! timeBpoints! that! an! accumulation! of! 35S! and! 33S/32S! preBrRNAs!was! observed,!

suggesting!that! initial!depletion!of!Drs1!does!not!affect!cleavage!at!sites!A0,!A1,!or!A2.!We!
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believe!that!the!later!accumulation!of!35S!and!33S/32S!does!not!reflect!a!defect!in!cleavage!

at!the!A2!site,!as!but!rather!the!shift!from!coB!to!postBtranscriptional!cleavage!of!the!A2!site.!

Furthermore,!we!see! that!Nog2,!Arx1,!and!Lsg1!coBimmunoprecipitate!35S!preBrRNA!and!

are!associated!with!increased!amounts!of!Pol!I!components!upon!Drs1!depletion!(Fig.!27A!

and!Fig.!28).!In!rapidly!dividing!cells,!coBtranscriptional!cleavage!at!the!A2!site!prevents!the!

formation!of!large!amounts!of!35S!preBrRNA.! !Once!transcription!is!finished,!the!resulting!

27SA2!molecule! is! rapidly! converted! to! 27SA3! preBrRNA! and! subsequently! to! 27SB! preB

rRNA.! !These!preBrRNA!processing!steps!may!occur!more!rapidly!than!the!folding!and/or!

formation! of! the! binding! sites! of! Nog2,! Arx1,! and! Lsg1.! ! Thus,! these! proteins! mainly!

associate!with!late!66S!preBribosomes!containing!27SB!preBrRNA!(Fig.!29,!left).!!Disruption!

of! ribosome! assembly,! and! subsequent! shift! from! coB! to! postBtranscriptional! preBrRNA!

processing! would! increase! the! amount! of! 35S! preBrRNA! transcribed! and! the! lifetime! of!

27SA!preBrRNA.!!This!may!provide!a!longer!window!of!opportunity!for!the!binding!sites!of!

normally!“late”!associating!proteins!to!form!within!nascent!transcripts!and!35S!and!27SA!

preBrRNAs!(Fig.!29,!right).!!

Previous!results!suggest!there! is!an!underlying!relationship!between!Pol! I!pausing!

and!coBtranscriptional!cleavage!at!the!A2!site!(El!Hage!et!al.!2010).!Electron!microscopy!and!

chromatin!immunoprecipitation!analysis!of!actively!transcribed!rDNA!revealed!a!“pileBup”!

of!Pol!I!over!18S!rRNA!and!ITS1.!Deletion!of!topoisomerase!I!and!II!exacerbated!the!pileBup!

suggesting!that!this!was!due!to!positive!torsion!forces!and!supercoiling!of!the!rDNA!in!front!

of!Pol!I.!!Furthermore,!loss!of!Top1!and!Top2!resulted!in!the!accumulation!of!aberrant!preB

rRNAs!with!5’! ends! corresponding! to!either! the! transcription! start! site,! or! the!A2! site.! In!

yeast,! cleavage! of! nascent! transcripts! generated! by! Pol! II! is! essential! to! avoid!



! 179!

transcriptional!“roadblocks”!and!for!cell!viability!(Sigurdsson!et!al.!2010).!Yeast!may!have!

evolved! a! similar!mechanism! for! Pol! I! derived! transcripts.! ! In! rapidly! dividing! yeast,! coB

transcriptional!cleavage!at!the!A2!site!may!be!necessary!to!accommodate!the!large!number!

of!polymerases!actively!transcribing!rDNA.!!An!interesting!possibility!is!that!fluctuations!in!

Pol! I! pausing! afford! the! preBrRNA! opportunities! to! sample! a! greater! number! of! folding!

pathways,!one!of!which!leads!to!coBtranscriptional!cleavage.!

!

3.4(MATERIALS(AND(METHODS(

Construction(and(growth(of(yeast(strains(

Yeast!strains!used!in!this!study!were!derived!from!JWY6147!and!are!listed!in!the!strain!list.!!

Unless!otherwise!noted,!yeast!were!grown!at!30!°C!in!YEPGlu!(2%!dextrose,!2%!peptone,!

and!1%!yeast!extract)!or!YEPGal!(2%!galactose,!2%!peptone,!and!1%!yeast!extract).!!Cells!

were!harvested!at!midBlog!phase,!at!3B5x107!cells/ml,!unless!otherwise!indicated.!

Yeast! strains! conditional! for! expression! of! Drs1! were! constructed! as! previously!

described!(Longtine!et!al.!1998).!!Briefly,!sequences!containing!the!selectable!marker!TRP1,!

plus! the! GAL1+ promoter! followed! by! an! ATG! and! codons! encoding! three! copies! of! the!

hemaglutinin!(HA3)!epitope!were!amplified!by!PCR.!!The!PCR!products!were!transformed!

into!yeast!and!transformants!were!screened!for!correct!integration!of!the!GAL1+promoter!

and! HA! tag! by! western! blotting! with! antiBHA! antisera.! Strains! containing! the! GAL1!

promoter!fused!with!the!DRS1!ORF!were!grown!at!30!°C!in!YEPGal!to!3B5x107!cells/ml,!or!

were!grown!in!YEPGal!and!then!shifted!to!YEPGlu!for!indicated!times,!to!3B5x107!cells/ml,!

to!deplete!Drs1!in+vivo.!
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Yeast!strains!expressing!CBterminal!TAPBtagged!proteins!or!CBterminal!3HABtagged!

proteins!were!created!by!PCR!of!the!tag!sequences!and!a!selectable!marker!(URA3+for!the!

TAP!tag!and!HIS3+or!kanMX6!for!the!3HA!tag),!transformation,!and!selection!as!described!in!

Rigaut!et+al.!(1999)!or!Longtine!et+al.+(1998)+respectively.!

(

Assaying(preErRNA(processing(and(turnover(

SteadyBstate!levels!of!preBrRNAs!and!rRNAs!were!assayed!by!northern!blotting!and!primer!

extension,!and!synthesis!and!turnover!of!preBrRNAs!were!monitored!by!pulseBchase!assays,!

as! previously! described! (Horsey! et! al.! 2004;! Jakovljevic! et! al.! 2012),! with! the! following!

modifications.! ! 5! μg! of! RNA! was! used! for! northern! blotting! and! primer! extension.!!

Oligonucleotides! used! for! northern! blotting! and! primer! extension! are! listed! in! the!

Oligonucleotide! list.! ! For! pulseBchase! assays,! cells! were! pulse! labeled! with! [3H!methyl]B

methionine! for!5!or!10!minutes!and!chased!with!a!molar!excess!of!unlabeled!methionine!

for!2,!5,!10,!and!60!minutes.!!Total!RNA!was!extracted!and!equal!counts!per!minute!of!each!

sample!was!loaded!and!separated!on!a!1.2%!agaroseB6%!formaldehyde!gel.!

!

Affinity(purification(of(preEribosomes(

Ribosome! assembly! intermediates! were! affinityBpurified! from! wholeBcell! extracts! using!

magnetic! Dynabeads! (Invitrogen)! as! described! in! Sahasranaman! et+ al.! (2011).! RNA!

enriched!in!these!purified!preBribosomes!was!extracted,!as!described!in!Sahasranaman!et+

al.! (2011),!and!was!assayed!by!primer!extension!as!described!in!Horsey!et+al! (2004).! !To!

test!the!association!of!HABDrs1!with!the!Nop7Bsubcomplex,!preBribosomes!were!purified!as!

described!above!with!the!following!modification.!!After!incubating!wholeBcell!extracts!with!
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magnetic!Dynabeads,!the!beads!were!washed!with!buffer!containing!the!indicated!amounts!

of!MgCl2!prior!to!elution!with!TEV!protease.!

!

Protein(extraction,(SDSEPAGE,(and(western(blot(analysis(

Proteins! in! whole! cell! extracts! were! prepared! for! gel! electrophoresis! as! previously!

described! in! Ausubel! et+ al.! (1994).! ! Proteins! were! isolated! from! affinityBpurified! preB

ribosomes! by! precipitation!with! 10%!TCA,! and!were! resuspended! in! SDS! sample! buffer.!

Proteins! were! resolved! by! SDSBPAGE! on! 4%B20%! TrisBGlycine! Novex! precast! gels!

(Invitrogen),! and! stained! with! silver! by! standard! methods.! ! Proteins! from! wholeBcell!

extracts!or!from!purified!preBribosomes!were!assayed!by!western!blot!analysis.!To!enable!

detection! of! multiple! different! proteins! on! the! same! blot,! after! electroblotting,!

nitrocellulose! membranes! were! cut! into! smaller! pieces! based! on! previously! established!

mobility! of! different! proteins.! ! Each! section! of! membrane! was! then! probed! with! the!

appropriate!antibody,!developed,!and!the!membrane!reconstructed.! !TAPBtagged!proteins!

were!detected!using!alkaline!phosphatase!conjugated!to!IgG!(Pierce).! !HABtagged!proteins!

were! identified! with! mouse! monoclonal! antibody! 12CA5.! ! MycBtagged! proteins! were!

identified! with! mouse! monoclonal! antibody! 9e10! (Developmental! Studies! Hybridoma!

Bank).! ! Otherwise,! antibodies! specific! for! rBproteins! or! ribosomal! assembly! factors!were!

used.! ! To! assay! Nog2! protein! by! western! blotting,! NuPage! 4%B12%! BisBTris! gels!

(Invitrogen)! were! used,! since! Nog2! coBmigrates! with! IgG! on! 4%B20%! Novex! gels.! ! APB

conjugated! antiBmouse! or! antiBrabbit! secondary! antibodies! (Promega)! were! used,! and!

colorimetric! detection!was! performed! using! NBT! and! BCIP! (Promega)! to! visual!western!

blots.!
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!

Affinity(purification(of(preEribosomes(and(analysis(by(iTRAQ(mass(spectrometry(

For!semiBquantitative!iTRAQ!mass!spectrometry,!preBribosomes!were!purified!as!described!

above.!PreBribosomes!were!purified! from!1! l!of! cell! culture!at!3B5x107! cells/ml.! !Purified!

preBribosomes! were! eluted! from! the! IgG! Dynabeads,! precipitated! with! 10%! TCA,! and!

resuspended! in! 20! μl! of! 20! mM! HEPES! pH! 7.4.! ! iTRAQ! labeling! and! quantification! was!

performed!as!previously!described!in!Jiang!et+al.!(Jiang!et!al.!2007).!!

!

PyMOL(

( The! PyMOL! image! of! the! structure! of! yeast! the! yeast! 40S! ribosomal! subunit! was!

generated!using!PDB!files!3U5f!and!3U5G.!

!

HighEcopy(suppressor(screens(

Mutations!in!NOP7+were!generated!by!error!prone!PCR.!!Plasmids!containing!the!mutated!

genes! were! transformed! into! a! nop7Δ+ strain! harboring! a! plasmid! containing! wildBtype!

NOP7+and!the!URA3!gene.!!Transformants!were!grown!on!solid!5BFOA!medium!to!force!loss!

of! the!URA3+plasmid! containing!wildBtype!NOP7.+ +Transformants!were! then! screened! for!

temperatureBsensitive!growth!phenotypes!at!36!°C.! !To!test!whether!extra!copies!of!DRS1+

could! suppress! the! nop7! mutants,! DRS1+was! cloned! into! highBcopy! vectors! Yep24! and!

Yep352!and!transformed!into!nop7!mutant!strains.! !Suppression!was!assayed!by!spotting!

serial!dilutions!(1B,!10B,!100B,!1,000B,!and!10,000Bfold)!on!solid!medium!and!incubating!at!

25!°C!and!36!°C.!

!
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Subcomplex(purification(and(in+vitro+pullEdown(assays(

The! Nop7Bsubcomplex! and! Rpf2Bsubcomplex! were! purified! from! rrp1?1! mutant! cell!

extracts! as! previously! described! (Miles! et! al.! 2005).! ! PreBribosomes! are! unstable! in! the!

rrp1?1!mutant,!allowing!better!purification!of!assembly!subcomplexes.! ! Instead!of!eluting!

from!the!calmodulin!column,!the!subcomplexes!were!left!on!the!beads!after!the!initial!wash!

and!later!used!in!pullBdown!assays.!

[35S]BmethionineBlabeled!Drs1!and!Rlp7!were!synthesized!in+vitro!using!the!TNT!T7!

Quick!for!PCR!DNA!kit!(Promega).!!PullBdowns!were!performed!as!described!in!Miles!et+al.!

(2005)!with!the!following!modifications.!40%!of!each!labeling!reaction!was!incubated!with!

the!Nop7Bsubcomplex! and!Rpf2Bsubcomplex,! still! bound! to! the! calmodulin! column.! After!

incubation! at! 4! °C! for! 2! hours,! complexes! were! eluted! from! the! calmodulin! column,!

separated!by!SDSBPAGE,!and!visualized!by!autoradiography.!

!

!

!

!

!

!

!

!

!

!

!
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CHAPTER( 4:( ModEseq:( HighEthroughput( sequencing( for( chemical( probing( of( RNA(

structure(

(

PREAMBLE(

Over!the!last!few!years!our!lab!has!come!to!realize!the!importance!of!RNA!folding!during!

ribosome! biogenesis! and! have! begun! assaying! RNA! structure! in! ribosome! assembly!

mutants.!!Traditional!RNA!structure!probing!approaches!are!tedious,!timeBconsuming,!and!

labor!intensive.!!Therefore,!I!was!extremely!excited!when!the!McManus!group!approached!

us!about!collaborating!to!develop!a!method!to!assay!RNA!structure!probing!experiments!by!

nextBgeneration! sequencing.! ! This! work! was! a! collaboration! in! the! truest! sense:! each!

person! involved!contributed! through! their!particular!area!of!expertise!and! the!work!was!

divided! evenly! among! all.! I! contributed! by! performing! in+ vivo+ DMS! probing,! primer!

extension!and!PAGE!analysis,!as!well!as!preparing!parts!of!the!manuscript.!!I!also!played!a!

large! role! in! initially! designing! the! “proofBofBprinciple”! experiments! and! data!

interpretation.!Gemma!May!performed!sequencing!library!preparation!and!contributed!to!

preparation! of! the! manuscript.! ! The! general! experimental! design,! data! analysis,! and!

manuscript!preparation!were!done!by!Joel!McManus.!The!work!presented!here!is!currently!

under!consideration!for!publication!in!RNA.!

! I! will! be! joining! the!McManus! group! for! a! short! postBdoctoral! appointment! upon!

completion!of!my!tenure!in!the!Woolford!laboratory.!

!

!

!
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4.1(INTRODUCTION(

To!date,!the!RCSB!Protein!Data!Bank,!contains!structures!for!~83,000!proteins,!compared!

to!only!~1,000!RNAs!(Berman!et!al.!2000).! !Thus,!our!knowledge!of!RNA!structure!at!the!

atomic! level! is! still! in! its! infancy.! However,! classical! “footprinting”! approaches! to!

understand!RNA! structure! have! revealed! how! these! dynamic!molecules! can! fold! up! into!

complex! secondary! and! tertiary! structures.! ! As! discussed! in! Chapter! 1! (1.6.5),! these!

techniques!rely!on!small!molecules,!ions,!or!enzymes!to!cleave!or!modify!the!RNA,!often!in!

a! solvent! accessible! manner! (Peattie! and! Gilbert! 1980;! Ehresmann! et! al.! 1987;! Weeks!

2010).! Cleavages! or! modifications! can! then! be! detected! using! a! radioactively! labeled!

primer,! reverse! transcription,! and! PAGE! analysis! (Stern! et! al.! 1988;! Wells! et! al.! 2000).!!

While! these! approaches! have! been! invaluable! to! gaining! insight! into! the! secondary! and!

tertiary! structures! of! RNAs,! they! are! often! labor! intensive! and! timeBconsuming.! ! The!

resolution!of!primer!extension!and!SDSBPAGE!analysis!only!allows! interrogation!of!~150!

nucleotides!per!radiolabeled!primer,!and!only!a!handful!of!RNAs!can!be! investigated!at!a!

time.!Furthermore,!quantifying!the!signals!on!an!autoradiograph!can!be!extremely!tedious!

even!with!the!development!of!new!software!such!as!SAFA!(Das!et!al.!2005).!

( New!approaches!have!helped!streamline! investigating!RNA!secondary!and!tertiary!

structures.! A! relatively! new! approach! to! assaying! RNA! structure,! Selective! 2’BHydroxyl!

Acylation! and! Primer! Extension! (SHAPE)! measures! nucleotide! flexibility,! providing!

structural!information!such!as!baseBpairing!and!tertiary!interactions!(Merino!et!al.!2005).!

Combining!SHAPE!with!fluorescently!labeled!oligonucleotides!and!capillary!electrophoresis!

has!allowed!rapid!interrogation!of!much!longer!RNAs,!including!E.+coli!and!yeast!ribosomal!

RNAs!(Deigan!et!al.!2009;!Leshin!et!al.!2011)!and!the!HIVBI!RNA!genome!(Wilkinson!et!al.!
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2008;!Watts! et! al.! 2009).! ! Resolving! the! extension! reactions! by! capillary! electrophoresis!

(SHAPEBCE),! in! combination! with! automated! sequencing! and! data! analysis,! allows!

approximately!600B700!nucleotides!of!a!given!RNA!to!be!assayed!per!fluorescently!labeled!

oligonucleotide.!!While!this!has!greatly!improved!the!speed!and!accuracy!of!obtaining!and!

analyzing!structure!probing!data,!there!are!still!limitations!to!this!approach:!1)!Analysis!of!

data!obtained!by!capillary!electrophoresis!is!still!relatively!timeBconsuming.!!Data!must!be!

corrected!for!background,!mobility!shifts!due!to!the!different!primers,!and!signal!decay!of!

longer!read!lengths.!!Then,!the!sequencing!traces!must!be!aligned,!and!the!area!under!each!

nucleotide! peak! calculated.! 2)! Furthermore,! because! each! nucleotide! modification! is!

detected!by!primer!extensions!initiating!from!the!same!site!on!the!RNA!of!interest,!complex!

modeling!of!polymerase!dropBoff!is!needed!during!data!interpretation.!3)!Last,!because!this!

approach!uses!oligonucleotides!complementary!to!an!RNA!of!interest,!structure!probing!of!

long!RNAs!requires!the!use!of!more!than!one!oligonucleotide,!and!only!a!limited!number!of!

RNAs!can!be!assayed!at!a!time.!

In! an! effort! to! characterize! the! structures! of! multiple,! different! RNAs! in! a! single!

experiment,! recent! approaches!have!begun!utilizing!nextBgeneration! sequencing! to! assay!

modifications! or! cleavages! in! RNA! structure! probing! experiments.! ! FragSeq! and! parallel!

analysis! of! RNA! structure! (PARS)! rely! on! structureBspecific! nucleases! that! cleave! either!

singleBstranded! or! doubleBstranded! RNAs! (Kertesz! et! al.! 2010;! Underwood! et! al.! 2010).!

While!a!significant!step!forward,!these!techniques!are!limited!to!in+vitro+analysis!and!only!

provide!a!lowBresolution!picture!of!RNA!secondary!structure.!!SHAPEBSeq!combines!SHAPE!

chemistry!with!deep!sequencing!technology!to!simultaneously!assay!nucleotide! flexibility!

of! multiple! RNAs! (Lucks! et! al.! 2011).! ! While! providing! higher! resolution! structure!
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information,! SHAPEBSeq! has! been! limited! to! the! analysis! of! relatively! short! RNAs! (~300!

nts)!transcribed!in+vitro.!

! To!overcome! the!challenges! listed!above!we!have!developed!a!new!method!called!

ModBseq! for! assaying! the! in+ vivo! structure+ of! long! RNAs! by! nextBgeneration! sequencing.!!

This! approach! is! applicable! both! in+ vivo+and! in+ vitro,! and! can! be! utilized!with! any! small!

molecule,! chemical,! or! enzyme! that! cleaves! or! modifies! RNA! and! blocks! processivity! of!

reverse! transcriptase.! ! Using! the! small! molecule! dimethyl! sulfate! (DMS)! and! deep!

sequencing,! we! probed! the! entire! yeast! transcriptome! in! a! single! experiment.! ! ModBseq!

analysis!of!total!cellular!RNA!generated!secondary!structure!information!for!all!four!yeast!

rRNAs! and! 32! other! highly! abundant! nonBcoding! RNAs! in+ vivo.! Our! approach! produced!

DMS!modification!patterns!consistent!with!the!published!structure!of!the!yeast!ribosome,!

highlighting!the!power!of!this!technique!to!investigate!the!structure!of!especially!long!RNAs!

(BenBShem!et!al.!2011).!To!validate!this!technique,!we!assayed!the!structural!changes!that!

occur! in! 80S! yeast! ribosomes! in! a! previously! characterized! rpl26Δ+ deletion! mutant!

(Babiano!et!al.!2012).!By!combining! in+vivo+DMS!probing!with!deep!sequencing,!we!were!

able! to! detect! previously! characterized! structural! changes! in! 5.8S! and! 25S! rRNAs,! and!

footprinted!the!L26!binding!site.!!Thus,!ModBseq!is!sure!to!be!a!powerful!new!approach!to!

understanding!the!dynamics!and!folding!of!long!RNAs!and!complex!RNA!mixtures.!

!
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4.2(RESULTS(

(

4.2.1!Overview(of(the(ModEseq(strategy(and(pipeline(

We! sought! a! highBthroughput! method! to! probe! long! RNA! structures! in+ vivo! to! advance!

research! in!RNA!biology.!While!DMS!probing! is! a!wellBestablished,!powerful! approach! to!

interrogate! RNA! structural! characteristics! in! living! cells,! identifying! the! sites! of! DMS!

modification! using! traditional! electrophoresis! approaches! is! tedious! and! relatively! slow.!

We! developed! a! new!method,! called! ModBseq,! to! map! RNA! chemical! modification! using!

highBthroughput!sequencing!(Fig.!34).!ModBseq!introduces!several!features!that!allow!highB

throughput!probing!of!long!RNAs.!Chemically!treated!RNA!is!randomly!fragmented!and!an!

adapter!oligonucleotide!is!ligated!to!3’!ends!of!RNA!fragments.!This!3’!adapter!serves!as!a!

universal!primerBbinding!site!for!reverse!transcription,!allowing!modification!mapping!on!

RNAs! of! any! length.! However,! fragmentation! of! the! RNA! introduces! another! challenge;!

differentiating!reverse!transcriptase!stops!due!to!DMS!modification!from!those!that!result!

from!runoff!of!reverse!transcriptase!from!the!fragmented!RNA!ends.!!To!solve!this!problem,!

a! second! adapter! oligonucleotide! is! ligated! to! 5’! ends! of! RNA! fragments.! RNA! fragments!

containing! the! 5’! adapter! are! enriched! and! converted! to! cDNA! via! reverse! transcription!

using!a!primer!containing!a!5’!phosphorylated!end.!Finally,!cDNA!products!are!circularized!

and! PCR! amplified! to! produce! barcoded! libraries! for! multiplexed! highBthroughput!

sequencing.! HighBthroughput! sequence! reads! that! initiate! with! the! 5’! adapter! indicate!

reverse!transcriptase!drop!off!at!random!fragment!ends,!while!reads!without!the!5’!adapter!

result!from!reverse!transcriptase!release!at!a!modified!nucleotide.!!

!
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FIGURE(34(
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Figure(34:(Mapping(DMS(modification(sites(with(highEthroughput(sequencing(

(A)!RNA!from!DMS!treated!cells!is!randomly!fragmented,!ligated!to!specific!5’!(blue)!and!3‘!

(green)!adapter!oligonucleotides!and!reverse!transcribed.!cDNA!is!circularized!and!

products!containing!5’!adapter!sequences!are!reduced!via!subtractive!hybridization.!

Remaining!cDNA!products!are!PCR!amplified!to!introduce!Illumina!library!sequences.!Each!

library!is!given!a!unique!6!nucleotide!barcode!and!pooled!for!highBthroughput!sequencing.!

Reads!containing!the!5‘!adapter!sequence!are!removed!from!further!analysis.!(B)!Genome!

browser!view!(IGV)!showing!the!number!of!5’!read!ends!from!DMS!treated!(+,!purple)!and!

untreated!(Neg,!blue)!samples.!The!peak!in!the!“no!DMS”!sample!corresponds!to!a!known!

site!of!endogenous!rRNA!methylation.!The!difference!between!these!plots!is!shown!in!red,!

after!shifting!peaks!1!nucleotide!5’!to!represent!actual!sites!of!chemical!modification.!(C)!

Enlarged!genome!browser!view!of!structure!probing!on!the!5.8S!rRNA.!Reverse!

transcriptase!blocks!due!to!DMS!modification!are!mostly!A!and!C!nucleotides,!and!map!to!

known!singleBstranded!regions!in!5.8S!rRNA.!
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4.2.2(In+vivo+ModEseq(analysis(of(yeast(rRNA(

! As!proofBofBprinciple,!we!used!ModBseq!to!identify!sites!of!in+vivo!DMS!modification!

of!yeast!ribosomal!RNA.!ModBseq!libraries!were!prepared!using!RNA!from!DMSBtreated!(T)!

and!control!(C)!cells.!Libraries!were!sequenced!to!produce!an!average!of!5.7!million!reads!

from!each!of! two!replicate!experiments!(Table!2).!We! identified!606!nucleotides! from!36!

highly! abundant! nonBcoding! RNAs! (rRNA,! tRNA,! and! snoRNA)! with! significantly! more!

chemical! modification! after! DMS! treatment! (Table! 3).! ModBscores! from! significant! sites!

ranged! over! more! than! three! orders! of! magnitude,! suggesting! our! approach! is! highly!

sensitive.! The!modBscores! for! sites! on! scR1! (7S! RNA! of! signal! recognition! particle)! and!

rRNAs! are! depicted! in! Figures! 35! and! 36,! respectively.! Sites! with! high! modBscores! are!

localized! to! regions! of! singleBstranded!RNA,! and!were! consistent!with! traditional! primer!

extension!analysis! (Fig.!37).!DMSBspecific! reverse! transcriptase! stops!were!enriched!at!A!

residues,! consistent! with! the! known! baseBspecificity! of! DMS! (1.8Bfold! enrichment!

compared!to!genomic!A!frequency,!Fisher’s!Exact!Test,!P!=!2.1x10^B8).!In!addition,!several!

robust! reverse! transcriptase! stops! were! present! in! negative! control! experiments.! These!

DMSBindependent!stops!occurred!at!known!endogenously!modified!rRNA!nucleotides!(Fig.!

34B).!!We!conclude!that!ModBseq!can!successfully!map!chemically!modified!nucleotides!on!

large!RNAs!from!living!cells.!

!
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Figure(35:(Sites(of(in+vivo+DMS(modification(of(scR1(detected(by(ModEseq(

(A)!Example!of!ModBseq!sites!on!the!522!nucleotide!long!SRP!RNA!(SCR1).!Nucleotides!with!

significantly!enriched!sites!of!DMS!modification!are!shown!with!colored!bars!depicting!

relative!modification!strength!(modBscore).!Sites!with!high!modBscores!(orange!and!red)!

are!exclusively!located!at!As!and!Cs!in!single!stranded!regions.!MidBrange!modBscores!

included!significant!modification!of!4!Gs!located!in!internal!bulges!and!multiBhelix!

junctions.!(B)!Nucleotide!composition!of!significant!modification!sites.!The!bargraph!shows!

the!number!of!significant!modifications!at!each!of!the!four!RNA!nucleotide!bases.!Bars!are!

colored!to!represent!the!distribution!of!modBscores!for!each!nucleotide.!Sites!with!high!

modBscores!are!almost!exclusively!A!and!C,!while!significantly!modified!Gs!have!smaller!

enrichment!scores.!
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Figure S1-A. Secondary structure model of 5.8S and the 5’ end of 25S rRNAs.
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Figure S1-B. Secondary structure model of the 3’ end of 25S rRNA.
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Figure(36:(Modified(nucleotides(in(rRNA(detected(by(ModEseq(

Secondary! structure! model! of! 25S,! 18S,! and! 5.8S! with! significantly! modified! residues!

identified! by!ModBseq.!ModBscores! of! significantly!modified! nucleotides! are! shown!using!

color!coding!for!5.8S!and!the!5’!end!of!25S!rRNAs,!the!3’!end!of!25S!rRNA,!and!18S!rRNA.!
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FIGURE(37(
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Figure( 37:( Sites( of( in+ vivo+ DMS( modification( of( 5.8S( rRNA( identified( by( primer(

extension(and(PAGE(analysis.(

Cells!were!treated!with!a!range!of!DMS!concentrations.!!The!asterisk!indicates!the!

concentration!of!DMS!utilized!in!ModBseq!experiments.!!For!comparison,!modBscores!of!

modified!nucleotides!identified!by!ModBseq!are!indicated.!!The!“STOP”!reaction!serves!as!a!

control!for!the!effectiveness!of!DMS!quenching.!
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4.2.3(Detection(of(modified(guanines(by(ModEseq(

! Treatment! with! DMS! methylates! N1! of! adenine! and,! to! a! lesser! extent,! N3! of!

cytosine.! These!modifications! lead! to! termination! of! reverse! transcription! by! disrupting!

base! pairing! with! incoming! nucleotides.! Position! N7! of! guanines! is! also! methylated,!

however! the! resulting! modification! (7mG)! is! thought! to! have! little! effect! on! reverse!

transcription,!because!the!added!methyl!group!is!not!on!the!base!pairing!face.!Traditional!

approaches! for! detecting! this! modification! require! cleavage! of! the! RNA! backbone! by!

reduction!with!sodium!borohydride!and!treatment!with!analine!(Stern!et!al.!1988)!(Wells!

et!al.!2000).!However,!several!studies!have!reported!rare!increases!in!reverse!transcription!

termination!at!G!residues!upon!treatment!with!DMS!(Wells!et!al.!2000).!This!has!previously!

been! interpreted! as! resulting! from! rare!methylation! at! position!N1,!which!may!occur!on!

enolBtautomers!of!guanosine!(Moazed!and!Noller!1986).!Surprisingly,!we!found!that!nearly!

one! third! of! significant! modifications! mapped! to! G! residues! (Fig.! 35B).! However,! G!

modifications! have! a! weaker! effect! on! reverse! transcription! termination.! Over! ninety!

percent! of! sites! in! the! highest! quintile! of! modBscores! are! A! or! C! residues,! with! few! G!

residues.! In! contrast,! G! residues! make! up! roughly! half! of! the! sites! in! the! lower! two!

quintiles.!Modified! U! residues!were! rarely! identified,! comprising! only! two! percent! of! all!

significant!sites.!

!

4.2.4(Detection(of(RBP(binding(sites(and(RNP(structural(changes(by(ModEseq(

! We!next!determined!the!efficacy!of!using!ModBseq!to!map!the!binding!site!of!an!RNA!

binding!protein!(RBP)!in+vivo.!We!used!ribosomal!protein!L26!as!a!test!case,!as!deletion!of!

L26!has!little!effect!on!growth!in!rich!media!(Babiano!et!al.!2012)!and!its!binding!site!on!the!
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ribosome!is!well!known!from!the!crystal!structure!model!(BenBShem!et!al.!2011).!Thus,!we!

predicted!that!in!its!absence!the!number!of!observed!changes!would!be!minimal,!but!highly!

specific.!ModBseq!was!performed! in!duplicate!experiments!on!an!L26!deletion!strain.!We!

identified!58!nucleotides!with!significantly!more!modification! in!rpl26∆! than! in!wildtype;!

however! most! of! these! sites! have! modBscores! less! than! 1.0! (Table! 4).! Viewed! on! rRNA!

secondary! structure,! L26Bsensitive! sites! of! DMS! probing! are! concentrated! on! the! baseB

pairing!interface!of!5.8S!and!25S!rRNAs,!localized!primarily!to!domain!I!of!rRNA!(Fig.!38).!

These! sites! form! a! cluster! of! nucleotides! around! the! L26! protein! in! the! yeast! ribosome!

crystal!structure!(Fig.!39).!Importantly,!these!results!also!indicate!reduced!baseBpairing!in!

helices!4!and!24!in!25SB5.8S!rRNA!suggesting!that!the!absence!of!L26,!although!tolerated,!

results! in! subtle! structural! changes! in! the! neighborhood! in! which! it! binds.! Thus,! we!

conclude!that!ModBseq!is!an!effective!method!to!map!specific!binding!sites!of!RBPs.!

It! is! interesting! to! note! that! we! also! observed! differentially!modified! nucleotides!

outside!of!the!L26!neighborhood.!!While!most!of!these!nucleotides!had!relatively!low!modB

scores,!they!may!indicate!subtle!changes!in!the!overall!structure!or!dynamics!of!ribosomes!

in!the!absence!of!L26.!!A!number!of!these!modifications!cluster!around!the!two!interfaces!of!

the!40S!and!60S!ribosomal!subunits!(Fig.!40A).!During!translation,!translocation!of!proteins!

into!or!across!membranes!requires!the!signal!recognition!particle.!CryoBEM!of!SRP!bound!

to! ribosomes! revealed! that! the! AluBdomain! contacts! the! ribosome! near! the! subunit!

interfaces!at!the!elongation!factor!binding!site,!whereas!the!SBdomain!binds!ribosomes!at!

the!polypeptide!exit! tunnel,!near! the!L26!binding!site! (Fig.!40B)!(Halic!et!al.!2004).! ! ! !An!

interesting! possibility! is! that! the! some! of! the! subtle! changes! we! observe! in! nucleotide!
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reactivity!are!due!to!reduced!affinity!of!SRP!for!the!translating!ribosome,!or!slight!changes!

in!the!dynamics!of!these!two!RNPs!during!translation!and!translocation.!
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Figure S3-B. Secondary structure model of the 3’ end of 25S rRNA.
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FIGURE(38(cont.(
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Figure S3-C Secondary structure model of the 18S rRNA.
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Figure( 38:( Differentially( modified( nucleotides( in( the( absence( of( rEprotein( L26(

detected(by(ModEseq.(

Secondary!structure!model!of!25S,!18S,!and!5.8S!showing!nucleotides!with!significantly!

more!modification!in!the!rpl26∆!strain,!compared!to!wildtype!(BY4741).!ModBscores!of!

significantly!modified!nucleotides!are!shown!using!color!coding!for!5.8S!and!the!5’!end!of!

25S!rRNAs,!the!3’!end!of!25S!rRNA,!and!18S!rRNA.!The!most!prominent!differences!are!

indicated!with!arrows,!and!cluster!around!the!protein!binding!site!in!the!5.8S!and!25S!

rRNAs.!
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FIGURE(39(
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Figure(39:(rRNA(structural(changes(in(the(absence(of(rEprotein(L26(detected(by(ModE

seq.(

Views!of!the!xBray!crystal!structure!model!of!the!yeast!80S!ribosome!generated!with!pymol!

(PDB:!3U5F,!3U5G,!3U5H,!3U5I).!(A)!The!large!(left)!and!small!(right)!subunits!are!shown!in!

different! shades! of! grey.! Ribosomal! protein! L26! is! shown! in! a! transparent! surface!

rendering.!Nucleotides!with!increased!modification!by!DMS!in!the!absence!of!L26!protein!

in! vivo! are! shown! in! colors! representing! their!modBscores.! (B)!Magnified! views! showing!

residues!with!the!largest!differences!in!DMS!sensitivity!(red!and!orange!nucleotides).!These!

nucleotides!cluster!around!the!site!of!L26!binding.(
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FIGURE(40(
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Figure(40:(Differentially(modified(nucleotides(in(the(absence(of(L26(localize(near(the(

SRP(binding(site(

(A)!Shown! is! the!crystal! structure!of! the!80S!yeast! ribosome!with!differentially!modified!

nucleotides! colored! according! to! their!modBscore.! The! dashed! line! indicates! the! subunit!

interfaces.!!(B)!CryoBEM!map!of!mammalian!SRP!bound!to!80S!ribosomes.!!The!40S!and!60S!

subunits!are!shown!in!yellow!and!blue,!respectively.! !SRP! is!red.! !The!Alu!domain!of!SRP!

can!be!seen!contacting!the!60S!subunit!near!the!subunit!interface.!
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4.2.5(ModEseq(provides(secondary(structure(information(for(preErRNAs(

Although! beyond! the! scope! of! the! initial! development! of! ModBseq,! we! also! obtained!

structural! information! about! preBrRNAs.! ! In!wildBtype! cells!we! observed!modification! of!

nucleotides!in!the!5’!ETS,!ITS1,!and!ITS2;!however!the!number!of!sequencing!reads!was!low!

due!to!the! fact! that!preBrRNAs!are!present! in!much! lower!abundance!than!mature!rRNAs!

and!other!ncRNAs.!!I!have!previously!assayed!in+vivo+modification!of!ITS2!(Appendix!5.5)!by!

primer!extension!and!PAGE,!and!the!results!obtained!by!ModBseq!are! in!good!agreement,!

identifying! some! of! the! “strongest”! modifications! (Fig.! 41).! ! Thus,! ModBseq! will! be! a!

powerful! tool! for! assaying! structural! changes! in! preBribosomes,! but! will! require! prior!

enrichment! of! preBrRNAs.! ! Strategies! to! enrich! for! preBrRNAs! will! be! discussed! in! the!

Appendix!(5.7).!
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FIGURE(41(
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Figure(41:(ModEseq(analysis(of(preErRNAs(

Shown!are!representative!gels!of!nucleotides!in!ITS2!modified!in+vivo+with!DMS!and!

visualized!by!primer!extension!and!PAGE.!!Modified!nucleotides!detected!by!ModBseq!are!

indicated!with!colored!circles!representing!their!modBscores.!The!“STOP”!reaction!serves!as!

a!control!for!the!effectiveness!of!DMS!quenching.!
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4.3(DISCUSSION(

ModBseq!differs!from!prior!approaches!in!that!it!can!be!used!both+in+vivo!or!in+vitro,!and!can!

be! applied! to! RNAs! of! any! length.! Random! fragmentation! of! cellular! RNA! ensures! that!

reverse! transcription! will! initiate! at! random! positions,! alleviating! the! need! for! complex!

reverse! transcriptase! stop! probability! modeling.! However,! random! fragmentation!

introduces! a! problem! B! differentiating! reverse! transcriptase! stops! due! to! chemical!

modification! from! those! resulting! from!run!off! of! random! fragment!ends.!We! solved! this!

problem!by!ligating!5’!adapters!to!our!RNA!before!reverse!transcription.!HighBthroughput!

sequence!reads!that! initiate!with!the!5’!adapter! indicate!reverse!transcriptase!drop!off!at!

random!fragment!ends,!while!reads!without!the!adapter!result!from!reverse!transcriptase!

release! at! a! modified! nucleotide.! We! used! ModBseq! to! map! significant! sites! of! DMS!

modification! simultaneously!on!36!nonBcoding!RNAs! in+ vivo.! Identified!modification! sites!

were! consistent! with! known! secondary! structure! models! from! these! RNAs.! Finally,! we!

show! that! comparing! ModBseq! results! in! the! presence! and! absence! of! an! RNABbinding!

protein!can!reveal!its!binding!site!and!resulting!structural!changes!in!its!absence.!

! We! found! that! many! DMSBdependent! sites! of! modification! were! located! at!

guanosines.! Although! guanosine! sites! have! lower! mod! scores,! we! suggest! they! likely!

represent! legitimate! sites! of! modification! for! the! following! reasons.! First,! falseBpositive!

sites! should! be! equally! likely! to! occur! at! U! or! G! residues,! yet! we! see! very! few! DMS!

dependent! termination! sites! at!Us.! Second,! some!of! the! rRNA!nucleotides!with! increased!

modification! in! the!rpl26∆! strain! that! are! footprinted! to! the!L26!binding! site! are!Gs,! and!

were!previously!observed!when!assayed!with!radiolabeled!primer!extension!(Babiano!et!al.!

2012).! Finally,!methylation!of! guanosine!N7! (m7G)! is! known! to!occur!more! rapidly! than!
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that!of!As!and!Cs! (Lawley!and!Brookes!1963).!Several! factors! could!make!ModBseq!more!

sensitive!to!m7G,!as!compared!to!traditional!approaches!relying!on!primer!extension!and!

gel!electrophoresis.!For!example,!m7G!could!cause!a! subtle! increase! in! the!probability!of!

reverse! transcriptase! termination! only! detectable! with! deep! sequencing.! Another!

possibility! is! that!this!modification!may!increase!the!probability!of!RNA!fragmentation!or!

impede!ligation!of!5’!linkers!by!RNA!ligase!1.!

!! !

4.3.1(Applications(of(ModEseq(

Recent! advances! in! sequencing! technologies! and! the! Encyclopedia! of! DNA! Elements!

(ENCODE)!project!have!revealed!that!a!much!greater!fraction!of!the!genome!is!transcribed!

than! previously! thought.! RNABseq! analysis! showed! that! 62%! of! genomic! bases! are!

transcribed!into!RNA,!but!only!5%!of!these!bases!are!within!exons!of!protein!coding!genes!

(Djebali!et!al.!2012).! !Thus,!a! large! fraction!of! the! transcriptome! is! represented!as!either!

introns!or!intergenic!nonBcoding!RNAs.!!Among!others,!these!include!RNAs!that!function!in!

splicing! (snRNAs),! translation! (microBRNAs)! and! protein! synthesis! (rRNAs,! tRNAs,!

snoRNAs,! RNaseBP,! SRPB7S),! as!well! as! a! relatively! new! class,! the! long! nonBcoding! RNAs!

(lncRNAs).!Although!these!RNAs!do!not!encode!proteins,!they!play!key!roles!in!regulating!

gene!expression!and!are!therefore!indispensible!for!life.!

We!envision!many!applications! for!ModBseq,!as! this!method! is! suitable! for!RNA!of!

any! length.! Selective! removal! of! rRNA! before! library! preparation! would! allow! genomeB

wide!probing!of!mRNA!structure!in+vivo.!In!alternative!splicing,!splice!site!selection!can!be!

dictated!by!the!secondary!structure!of!the!preBmRNA.!!Sequestration!of!splice!sites!or!cis?

regulatory! sequences! into! complex! secondary! structures! has! been! shown! to! inhibit!
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splicing.! In! fact,! many! alternative! splice! sites! are! enriched! for! conserved! secondary!

structures;! suggesting! a! strong! relationship! between! secondary! structures,! splice! site!

selection,! and!alternative! splicing! (Shepard! and!Hertel! 2008).! Conversely,! folding!of!preB

mRNA!has!also!been! shown! to!aid! in! splicing,!by!bringing!distal! regulatory! sequences! in!

close! proximity! to! each! other! (Buratti! and! Baralle! 2004;! Warf! and! Berglund! 2010;!

McManus!and!Graveley!2011).!Thus,!a!deeper!knowledge!of!preBmRNA!structure!will!allow!

a!better!understanding!of!the!mechanisms!that!govern!alternative!splicing.!

For!more!targeted!studies,!oligonucleotides!can!be!used!to!purify!RNAs!of! interest!

prior! to! sequencing! library! preparation.! This! strategy! would! be! applicable! to!

understanding! the!dynamics!and!assembly!of! large!RNP!complexes!such!as! the!ribosome!

and! the! spliceosome.!By! targeting!preBrRNAs!and!snRNAs,! either! from!wildBtype!cells,!or!

mutants! blocked! at! various! stages! of! assembly,! one! can! visualize! structural! changes! in!

these!RNPs!over!time.!!!

This! approach! will! also! greatly! advance! our! understanding! of! lncRNAs,! some! of!

which! are! longer! than! ribosomal!RNAs.!These! are!RNAs!>200!nucleotides! (not! including!

classical!nonBcoding!RNAs!such!as!rRNA,!snRNAs,!telomeraseBassociated!RNA,!etc.),!that!do!

not! act! as! templates! for! protein! synthesis.! The! ENCODE! project! predicts! human! cells!

express! at! least! 15,000! different! lncRNAs.! The! exact! mechanism! of! how! many! of! these!

RNAs! function! still! remains! a! mystery,! but! lncRNAs! have! been! shown! to! participate! in!

regulating! transcription,! splicing,! translation,! the! cellBcycle,! and! diseases! such! as! cancer!

(Rinn!and!Chang!2012)!(Yoon!et!al.!2012).! !Even!less! is!know!about!the!overall!structure!

and!architecture!of! lncRNAs.! !Do!lncRNAs!fold! into!complex!threeBdimensional!structures!

similar! to! rRNA?! ! Are! lncRNAs! present! in! large! RNP! complexes,! bound! by! numerous!
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proteins?!How!does!folding!of! lncRNAs!regulate!their!activity!and!function?!Only!recently!

has!the!first!experimentally!derived!structure!of!a!lncRNA!(steroid!receptor!RNA!activator)!

been!determined!(Novikova!et!al.!2012).!!This!comprehensive!analysis!used!a!combination!

of!DMS,!RNase!V1,!inBline,!and!SHAPE!probing!and!revealed!that!this!~1!kb!RNA!is!highly!

structured! with! domain! architectures! reminiscent! of! rRNAs.! ! However,! analysis! of! the!

probing!data!by! capillary! electrophoresis! required!at! least!5B10!different!oligonucleotide!

primers! (for! each! of! the! four! structure! probing! approaches).! Thus,! ModBseq! is! sure! to!

streamline!this!process!in!future!analyses!of!other!lncRNAs.!

Precise!footprinting!of!protein!binding!sites,!as!demonstrated!here!with!ribosomal!

protein! L26,! is! also! possible.! Thus,! ModBseq! could! be! utilized! for! transcriptomeBwide!

mapping!of!RBP!binding!sites!in+vivo.!Furthermore,!applying!ModBseq!with!SHAPE!reagents,!

either!in+vitro!or!in+vivo,!would!provide!a!powerful!approach!to!interrogating!RNA!tertiary!

structure! (Spitale! et! al.! 2012).! Last,! in! the! absence! of! DMS,! we! observed! reverse!

transcriptase!termination!sites!at!nucleotides!with!known!endogenous!modifications!(e.g.!

m1A,! at! positions! 645! in! 25S! rRNA),! suggesting! that! ModBseq! could! be! used! to! identify!

naturally! occurring!modifications.!More! sequencing! depth!will! likely! be! needed! for! such!

genomeBwide! applications.! However,! the! everBdecreasing! cost! of! highBthroughput!

sequencing!makes!these!studies!approachable!to!labs!of!any!size.!
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4.4(MATERIALS(AND(METHODS(

Growth(of(Yeast(Strains,(DMS(Probing,(and(RNA(extraction(

All!strains!were!grown!at!30!°C!in!liquid!YEPD!media!(2%!dextrose,!2%!peptone,!and!1%!

yeast! extract).! ! DMS! probing!was! performed! as! previously! described!with! the! following!

modifications! (Wells! et+ al.! 2000).! 10! ml! cultures! of! WT! (BY4741;!MATa+ his3Δ1+ leu2Δ0+

met15Δ0+ura3Δ0)+(Euroscarf)!and!rpl26Δ!(JWY9670;!MATa+his3Δ1+leu2Δ0+met15Δ0+ura3Δ0+

RPL26A::kanMX4! RPL26B::kanMK4)! (Babiano! et+ al.! 2012)! strains! were! grown! to! midB

logarithmic!phase,!at!3B5!X!107!cells/ml.!400!μl!of!freshly!diluted!DMS!(1:4!vol/vol!in!95%!

ethanol)!(SigmaBAldrich)!was!added!to!the!cells!to!a!final!concentration!of!100!mM.!!Cells!

were!incubated!with!shaking!at!30!°C!for!2!minutes.!The!DMS!reactions!were!quenched!by!

placing!the!cultures!on!ice!and!adding!5!ml!of!iceBcold!0.6M!βBmercaptoethanol!and!waterB

saturated!isoamyl!alcohol.!!Cells!were!pelleted!by!centrifugation!at!5000!x!g!for!5!minutes.!

Cell!pellets!were!resuspended!and!washed!in!5!ml!of!iceBcold!0.6M!βBmercaptoethanol!and!

centrifuged! again.! ! Total! RNA! was! immediately! phenolBextracted! from! the! cell! pellets,!

ethanol! precipitated,! and! resuspended! in! RNaseBfree! water! as! previously! described!

(Horsey! et+ al.! 2004).! ! “No! DMS”! controls! were! treated! the! same! as! the! experimental!

samples! except! for! the! addition! of! DMS.! ! “Stop”! controls! were! treated! the! same! as! the!

experimental! samples! except! that!DMS!was!not! added!until! after! the! addition!of! 5!ml! of!

0.6M!βBmercaptoethanol!and!waterBsaturated! isoamyl!alcohol.! ! “Stop”!controls!serve!as!a!

measure!of!how!effectively!the!DMS!reactions!were!quenched.!

(

Primer(extension(and(PAGE((
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DMS!modifications!were!assayed!by!primer!extension!with! radiolabeled!oligonucleotides!

as!described!in!Liebeg!and!Waldsich!(2009)!with!the!following!changes.!For!each!reaction,!

2.5!μl!(500!ng)!of!wholeBcell!RNA!was!incubated!with!1!μl!(0.2!μM)!of!32PBlabeled!primer!(5´!

AAATGACGCTCAAACAGGCATGC!3´),!and!1!μl!of!4.5x!hybridization!buffer!(225!mM!Hepes!

pH!7.0;!450!mM!KCl)!at!95!°C!for!5!minutes.!Reactions!were!then!cooled!to!the!annealing!

temperature! of! 54! °C! for! 20! minutes.! ! 15! μl! of! preBwarmed! (54! °C)! extension! mix!

containing!4!μl!of!5X!hybridization!buffer!(Roche!Applied!Science)!(250!mM!TrisBHCl;!150!

mM!KCl;!40!mM!MgCl2,!pH! is!approximately!8.5),!2.0!μl!2.5!mM!dNTP!mixture,!1.0!μl!0.1!

mM!DTT,!0.5!μl! (20U)!RNasin!(Promega),!0.5!μl! (10U)!Transcriptor!Reverse!Trascriptase!

(Roche!Applied!Science),!and!7.5!μl!of!nuclease!free!water!was!added!to!each!reaction.!For!

sequencing!reactions,!2!μl!of!the!appropriate!ddNTP!(10!mM)!(Roche!Applied!Science)!was!

also!added.! !Reactions!were! incubated!at!54! °C! for!one!hour.! !RNA!was!degraded!by! the!

addition!of!3!μl!1M!NaOH!to!each!reaction!and!incubation!at!55!°C!for!one!hour.!!Reactions!

were!neutralized!by!the!addition!of!3!μl!1.0!M!HCl.!!cDNAs!!were!precipitated!with!1!μl!of!

glycogen! (10!mg/ml),! 1! μl! 0.5!M!EDTA!pH!8.0,! 2.8! μl! 3.0!M!NaOAc! pH!5.0,! and! 84! μl! of!

ethanol.!Following!ethanol!precipitation,!dried!cDNA!pellets!were!resuspended!in!6!μl!of!1X!

loading!dye!(45%!formamide;!0.01!M!EDTA!pH!8.0),! resolved!on!6%!polyacrylamide/7M!

urea!gels,!and!visualized!by!autoradiography.!

(

Library(preparation(

Total! RNA! (3! μg)! was! randomly! fragmented! using! RNA! Fragmentation! Reagents!

(Ambion®)! for!3!minutes! at! 70°C! in! a!20!μl! reaction.!The! fragmented!RNA!was!purified!

using!a!RNA!Clean!&!Concentrator™B5!column!(Zymo!Research)!using!the!manufacturer’s!>!
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17!nucleotide! long!protocol,!and!resuspended! in!15.5!μl!of!nuclease! free!water.!The!RNA!

fragments!were!phosphataseBtreated!to!remove!2’B3’!cyclic!phosphate!groups!by!incubating!

with!15U!of!T4!Polynucleotide!Kinase!(PNK)!(New!England!Biolabs)!with!20U!of!SUPERaseB

In™(Life!Technologies)!for!one!hour!at!37°C!in!a!20!μl!reaction.!RNA!fragments!were!then!5’!

phosphorylated!by!adding!12.5!μl!of!nuclease!free!water,!2!μl!10X!T4!PNK!buffer,!15U!T4!

PNK,!and!ATP!to!a!concentration!of!1!mM,!and!incubating!at!37°C!for!one!hour.!The!RNA!

fragments!were!purified!using!a!RNA!Clean!&!Concentrator™B5!column!and!resuspended!in!

11.75!μl!of!nuclease!free!water.!

The!end!prepared!RNA!fragments!were!ligated!to!500ng!of!universal!miRNA!cloning!

linker! (5´! rAppCTGTAGGCACCATCAAT–NH2! 3´)! (New! England! Biolabs).! RNA! fragments!

and!linker!were!heated!at!80!°C!for!2!minutes!and!then!placing!on!ice!to!disrupt!secondary!

structures,! and! incubated! overnight! at! 16! °C! in! a! 20! μl! reaction! containing! 12.5%! PEG!

8000,! 10%! DMSO,! 20U! SUPERaseBIN™,! 200U! T4! RNA! Ligase! 2! truncated! (New! England!

Biolabs),!and!1X!T4!RNA!ligase!reaction!buffer!(NEB).!The!RNA!was!purified!using!a!RNA!

Clean! &! Concentrator™B5! column! (Zymo! Research)! using! the! manufacturer’s! >! 200!

nucleotide! long!protocol,! and! resuspended! in!10!μl!of!nuclease! free!water.!The!RNA!was!

then! ligated! at! it’s! 5’! end! to! the! 5’! linker! (5’! End! Acceptor! Oligonucleotide! 17.93R,! 5’!

ATCGTaggcaccugaaa!3’,!(Lau!et!al.!2001))!where!uppercase!is!DNA!and!lowercase!is!RNA.!

To! reduce! secondary! structure,! the! 5’! linker! was! incubated! at! 70°C! for! 2! minutes! and!

placed!immediately!on!ice.!The!RNA!and!5’!linker!were!incubated!at!22°C!overnight!in!a!30!

μl!reaction!containing!10%!DMSO,!1X!Quick!Ligase!Buffer!(NEB),!20U!SUPERaseBIN™,!and!

15U!T4!RNA!ligase!1!(NEB).!!The!RNA!was!purified!using!a!RNA!Clean!&!Concentrator™B5!

column!(Zymo!Research,!>200nt!protocol)!and!resuspended!in!26!μl!of!nuclease!free!water.!



! 235!

! RNA!fragments!with!ligated!5’!linkers!were!selectively!enriched!using!a!biotinylated!

oligonucleotide!(5’!TTTCAGGTGCCTACGAT!3’!–!BiotinBTEG)!complimentary!to!the!5’!linker.!

The!RNA!and!0.67!μM!oligonucleotide!were!denatured! in!a!30!μl! reaction!at!90°C! for!90!

seconds! in! 1.3X! SSC.! The! RNA! and! oligonucleotide! were! then! annealed! by! cooling! from!

37°C!to!room!temperature!at!3°C!per!minute!in!a!thermocycler,!and!bound!to!streptavidin!

beads! (Dynabeads! MyOne! C1,! Life! Technologies)! according! to! the! manufacturers!

instructions.!To!elute!bound!RNA!from!the!beads,!the!sample!was!resuspended!in!12!μl!of!

TE,! heated! to! 80°C! for! 2! minutes,! immediately! placed! on! a! magnet,! and! all! of! the!

supernatant!was!removed.!

The!RNA!was! reverse! transcribed! using! Superscript®! II! Reverse! Transcriptase! at!

50°C! according! to! the!manufacturers! instructions.! The! reverse! transcription! primer! (5′B

(Phos)! AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCB(SpC18)B

CACTCAB(SpC18)BTTCAGACGTGTGCTCTTCCGATCTATTGATGGTGCCTACAGB3′)! as!

described!in!(Ingolia!et!al.!2012)!is!complimentary!to!the!Universal!miRNA!cloning!linker!

(NEB)!and!also! contains! sequence!complimentary! to! Illumina™! forward!and! reverse!PCR!

primers.!After!reverse!transcription,!the!RNA!template!was!destroyed!by!adding!NaOH!to!a!

concentration!of!100mM!and!incubating!the!reaction!at!98°C!for!20!minutes.!The!cDNA!was!

ethanol!precipitated!and!resuspended!in!10!μl!TE.!!Fragments!in!the!size!range!of!150B330!

base!pairs!were!extracted!from!an!8%!denaturing!urea!gel!and!resuspended!in!15!μl!of!TE.!

The! size! selected! cDNA! fragments! were! circularized! by! incubating! with! 100U!

CircLigase™!ssDNA!Ligase!(Epicentre)!at!60°C!for!1.5!hours!according!to!the!manufacturers!

instructions.! Because! the! reverse! transcription! terminates! at! DMS!modified! bases,! cDNA!

that! contains! the! 5’! linker! would! not! have! contained! a! DMS!modified! base.! In! order! to!
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enrich! for! cDNA! that! contain! information! on! DMS! stops,! the! cDNA!was! first! annealed! a!

biotinylated!oligonucleotide!complimentary!to!the!5’!linker!cDNA!sequence!(Biotin!–!TEG!–!

5’ATCGTAGGCACCTGAAA3’)! and! then! sequences! containing! the! 5’! linker! sequence! were!

removed!using!streptavidin!beads!(Dynabeads!MyOne!C1,!Life!Technologies)!according!to!

the! manufacturers! instructions.! The! remaining! cDNA! was! ethanol! precipitated! and!

resuspended!in!20!μl!TE.!

The! cDNA! was! amplified! by! PCR! using! forward! and! reverse! primers! containing!

sequences! specific! to! the! Ion! Torrent™! (Life! Technologies)! sequencing! platform.! The!

reverse! primer! (5’! CCTCTCTATGGGCAGTCGGTGATCCGATCTATTGATGGTGCCTACAG! 3’)!

was!universal!whereas! the! forward!primer! (5’BCCATCTCATCCCTGCGTGTCTCCGACTCAG! B

(6nt!barcode)B!CTACACGACGCTCTTCCGATCTB3’)!contained!a!6!nucleotide!barcode!specific!

to!each!sample.!In!a!20!μl!reaction,!1!μl!of!cDNA!template,!0.5μM!each!forward!and!reverse!

primer,!0.5mM!dNTPs,!0.4U!Phusion®!DNA!polymerase!(Finnzymes),!and!1X!Phusion!HF!

buffer,!were! cycled! for! 12! rounds! using! an! annealing! temperature! of! 64°C.! The! libraries!

were!purified! and!eluted! in!10!μl!TE!using! a!MinElute!PCR!purification! column! (Qiagen)!

according! to! the! manufactures! instructions.! The! libraries! were! assessed! and! quantified!

using! a! Agilent! 2200! TapeStation! System.! Libraries! were! pooled! and! sequenced! on! and!

Illumina!HiSeq!2000!at!the!University!of!Southern!California!Epigenome!Center.!

(

Data(Analysis(

Sequence!reads!were!first!processed!to!remove!5’!and!3’!adapter!sequences!using!cutadapt!

(Martin! 2011).! Reads! matching! the! 5’! adapter! (adapter! reads)! result! from! reverse!

transcription! termination! at! random! fragment! ends! and! were! removed! from! further!
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analyses.! Reads! lacking! the! 5’! adapter! (modBreads)! were! aligned! to! the! current! yeast!

genome!sequence!(SacCer3)!using!bowtie!(version!0.12.8;!(Langmead!et!al.!2009)).!Reverse!

transcriptase! can! sometimes! add! untemplated! nucleotides! to! cDNA! 3’! ends.! ModBread!

alignments! often! had! mismatches! at! their! 5’! ends! corresponding! to! these! untemplated!

nucleotides.!We! corrected! these!mismatches! by! trimming! them! from! the! alignment! files!

using!a!custom!perl!script.!Aligned!modBreads!were!mapped!to!annotated!genes!using!the!

intersectBed! program! from! bedtools.! GeneBmapped! reads! from! treatment! and! control!

samples!were!then!combined!into!tables!containing!the!number!of!read!5’!ends!mapping!to!

each!nucleotide!of!each!gene.!

The!resulting!data!were! further!analyzed! to! identify! sites!significantly!enriched! in!

treatment! sample! reverse! transcriptase! stops! using! a! custom! program! in! R.! All! tests! of!

statistical! significance! were! performed! in! R! (version! 2.15.2).! CochranBMantelBHaenszel!

tests! were! used! to! estimate! the! odds! ratios! of! enrichment.! Resulting! PBvalues! were!

corrected!using!the!BenjaminiBHochberg!method!(Benjamini!et!al.!2001).!ModBscores!were!

also!calculated!in!R.!For!a!given!nucleotide!position!(n),!the!ModBscore!(Mn)!is!defined!as:!

€ 

Mn = Log10 Tn / T∑( )*100 − Cn / C∑( )*100( )* l$ 
% & 

' 
( ) !

where!Tn!and!Cn!represent!the!number!of!RT!stops!at!a!particular!nucleotide,!and!ΣT!and!ΣC!

represent!the!sum!of!all!stops!in!treatment!(T)!and!control!(C)!samples,!respectively,!and!

(l)!denotes!the!length!of!the!RNA.!ModBscores!were!mapped!to!rRNA!secondary!structure!

models!(Cannone!et!al.!2002)!by!modification!of!previously!described!programs!(Leshin!et!

al.!2011).!

(
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Data(access(

( HighBthroughput!sequencing!data!have!been!submitted!to!NCBI!Short!Read!Archive!

under!accession!number!SRP029192.!GenomeBbrowser!track!files!(bedGraph)!are!available!

upon!request.!

(
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CHAPTER(5:(APPENDIX(

(

5.1(Hierarchical(Recruitment(into(Nascent(Ribosomes(of(Assembly(Factors(Required(

for(27SB(preErRNA(Processing(in(Saccharomyces+cerevisiae+

+

**I!worked!on!this!project!with!Jingyu!Zhang!as!a!rotation!student!in!the!lab.!!When!Jingyu!

graduated! in!2008,! I! took!over! and! completed! the! remainder!of! this!work.! ! Some!of! this!

data!is!already!presented!in!Jingyu’s!thesis,!but!our!model!has!been!slightly!refined.! !This!

work!was!published!in!Nucleic+Acids+Research+in!February,!2013.!

(

INTRODUCTION(

Eukaryotic!ribosome!biogenesis!initiates!in!the!nucleolus,!where!ribosomal!RNA!(rRNA)!is!

transcribed,! folded,! bound! by! ribosomal! proteins! (rBproteins)! and! assembly! factors,!

modified,!and!processed!to!begin!to!form!mature!ribosomal!subunits.!Subsequent!steps!in!

maturation! of! preBribosomal! particles! (preBrRNPs)! occur! upon! their! release! from! the!

nucleolus! to! the! nucleoplasm! and! finally,! upon! export! to! the! cytoplasm.! This! assembly!

pathway! requires! a! dynamic! series! of! remodeling! steps! in! which! proteinBprotein,! RNAB

protein,!and!RNABRNA! interactions!are!established,!disrupted,!and!reconfigured!(Venema!

and!Tollervey!1999;!Henras! et! al.! 2008;! Staley! and!Woolford!2009;!Kressler! et! al.! 2010;!

Panse!and!Johnson!2010;!Karbstein!2011).!

Ribosome! biogenesis! is! best! studied! in! the! yeast!Saccharomyces+ cerevisiae,!where!

more! than! 200! phylogenetically! conserved! transBacting! ribosome! assembly! factors! have!

been! discovered! (Henras! et! al.! 2008;! Kressler! et! al.! 2010).! Genetic! analyses! led! to! the!
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discovery!of!many!of! these! factors,! and!pinpointed! specific! steps! in! ribosomal!precursor!

RNA!(preBrRNA)!processing! for!which!each!of! these!proteins! is! required! (Fig.!4).!Affinity!

purifications! of! preBribosomes! containing! preBrRNA! processing! intermediates! enabled!

identification!of!many!other!assembly!factors!and!determined!with!which!preBrRNAs!each!

factor!associates.!While!this!approach!establishes!a!timeline!of!association!of!factors!with!

nascent! ribosomes,! assembly! no! doubt! involves! more! steps! than! those! defined! by! the!

known!preBrRNA!processing!reactions.!Thus!we!need!to!understand!recruitment!at!higher!

resolution.!

Having!discovered!most!of! the! factors! required! for! ribosome!biogenesis,! it! is!now!

critical!to!determine!how!these!molecules!facilitate!rearrangement!of!preBrRNAs!and!preB

rRNPs.!Transitions!between!different! conformations!may!create! the! structures!necessary!

for! protein! binding,! preBrRNA! processing,! and! export! from! the! nucleus! to! produce!

functional! ribosomes.!To!understand! these! rearrangements,!we!are! studying!one! specific!

step! in!assembly,!processing!of!27SB!preBrRNA! to!generate!25.5S!and!7S!preBrRNAs.!The!

clearest!landmark!for!this!processing!step!is!endonucleolytic!cleavage!at!the!C2!site!of!ITS2!

(Internal! Transcribed! Spacer! 2)! (Fig.! 4).! This! step! is! thought! to! require! major!

conformational!rearrangements!of!preBrRNAs!and!preBrRNPs.!For!example,!structural!and!

mutational!analysis!supports!two!possible!secondary!structures!of!the!ITS2!RNA,!the!“ring!

structure”!(Joseph!et!al.!1999),!and!the!“hairpin!structure”!(Yeh!et!al.!1990).+Processing!of!

27SB! preBrRNA! may! be! an! important! control! point! in! ribosome! biogenesis;! nascent!

ribosomes! are! released! from! the! nucleolus! into! the! nucleoplasm! once! this! step! is!

completed!(Gadal!et!al.!2002).!!
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Of! the! approximately! 75! different! assembly! factors! reproducibly! found! in! 66S!

precursors! to! 60S! ribosomal! subunits! (Table! 1),! fourteen! assembly! factors,! hereafter!

referred!to!as!the!“BBfactors”,!have!been!shown!to!be!necessary!for!processing!of!27SB!preB

rRNA!(Ripmaster!et!al.!1992;!Hong!et!al.!1997;!Zanchin!et!al.!1997;!de!la!Cruz!et!al.!1998;!

Burger!et!al.!2000;!Tsuno!et!al.!2000;!Basu!et!al.!2001;!Saveanu!et!al.!2001;!Morita!et!al.!

2002;!Wehner!and!Baserga!2002;!Kallstrom!et!al.!2003;!Saveanu!et!al.!2003;!Emery!et!al.!

2004;! Lebreton! et! al.! 2006a;! Saveanu! et! al.! 2007;! Zhang! et! al.! 2007;!GarciaBGomez! et! al.!

2011).! Yeast! strains! mutant! for! each! of! these! BBfactors! exhibit! a! diagnostic! preBrRNA!

processing!phenotypeBincreased! amounts! of! 27SB!preBrRNA! relative! to!27SA2! and!27SA3!

preBrRNAs,! indicating!a!failure!to!cleave!the!C2!site!within!ITS2!(Fig.!4).!The!BBfactors!fall!

into!several!functional!categories:!RNA!binding!proteins!Tif6,!Nip7,!Rpf2,!Rlp24,!and!Nsa2,!

GTPases! Nog1! and! Nog2,! DEAD! box! proteins! (DBPs)/ATPases! Spb4,! Dbp10,! Drs1,! and!

Has1,! and+ the! scaffolding! protein! Mak11.! Nop2! is! thought! to! function! as! an! RNA!

methyltransferase!and!Rrs1!has!no!predicted! function.!Because!Drs1!and!Has1!appear! to!

also!function!during!earlier!steps!of!preBrRNA!processing,!(Ripmaster!et!al.!1992;!Emery!et!

al.!2004)!we!have!not!included!them!in!this!study.!This!work!focuses!on!the!order!by!which!

these! BBfactors! are! recruited! into! nascent! ribosomes,! by! systematically! examining! their!

interdependence! for! assembly! into! preBrRNPs.! Defining! the! recruiting! pathway! for! the!

proteins! involved! in! this! step! in! assembly! will! enable! identification! of! cofactors! that!

function!with!each!BBfactor!and!the!substrates!on!which!they!act.!These!are!important!steps!

to!more!precisely!determine!the!roles!of!these!proteins!in!ribosome!assembly.!!

FromontBRacine!and!colleagues!showed!that!Mak11,!Rlp24,!Nog1,!and!Nsa2!form!a!

network!of!genetic!and!physical!interactions!to!generate!a!recruiting!pathway!ending!with!
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Nog2!(Saveanu!et!al.!2001;!Saveanu!et!al.!2003;!Lebreton!et!al.!2006a;!Saveanu!et!al.!2007;!

Lebreton!et!al.!2008).!They!showed!that!Nsa2!and!Nog2!associate!with!preBribosomes!only!

after!27SB!preBrRNA!is!generated!and!that!Nsa2!is!required!to!recruit!Nog2.!Here!we!show!

that!all!BBfactor!proteins!are!required!to!recruit!Nog2.!Interestingly,!we!found!that!only!a!

subset!of!the!BBfactors!are!required!to!recruit!Nsa2,!and!that!Nsa2!alone!is!not!sufficient!to!

recruit!Nog2.!!

We! further! define! the! order! in! which! the! BBfactors! bind! to! preBribosomes,! by!

assaying!their!association!in!yeast!strains!depleted!of!each!protein.!We!show!that!a!newly!

defined!subcomplex!containing!Nop2!and!Nip7!is!necessary!for!the!stable!incorporation!of!

the! previously! characterized!Rpf2! subcomplex! containing! the! assembly! factors! Rpf2! and!

Rrs1! and! the! ribosomal! proteins! (rBproteins)! L5! and! L11! (Zhang! et! al.! 2007).! The! Rpf2!

subcomplex! is! required! for! association! of! the! DBP! Spb4,! which! is! necessary,! but! not!

sufficient! to! load! the! GTPase! Nog2! into! nascent! ribosomes.! Furthermore,! we! found! the!

Nop2/Nip7! subcomplex! is!necessary! for! stable! association!of!Rlp24,!Nog1,! and!Tif6!with!

preBribosomes.! Dbp10! also! seems! to! be! important! for! the! recruitment! of! Rlp24;! it! is!

involved! in! association! of! Rlp24!with! preBribosomes,! but! is! not! necessary! for! recruiting!

Rpf2,!Tif6,!or!the!Nop2/Nip7!subcomplex.!Taken!together,!our!data! lead!to!a!recruitment!

model!in!which!the!BBfactors!assemble!into!nascent!ribosomes!in!a!hierarchical!manner!via!

two!largely!independent!linear!recruiting!pathways!that!converge!on!Nog2.!Lastly,!we!also!

identified!a!means!by!which!this!step!in!ribosome!biogenesis! is!regulated!in!concert!with!

cell!growth!via!the!TOR!protein!kinase!pathway.!

!

(
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RESULTS(

PreEribosomes(are(largely(intact(in(the(absence(of(BEfactors.(

To! determine! the! interdependence! of! BBfactors! for! assembly! into! preBribosomes,! we!

assayed! association! of! these! proteins! with! preBrRNPs! in! the! absence! of! each! BBfactor.!

Because!this!is!a!first!attempt!to!understand!the!order!in!which!all!BBfactors!assemble!and!

there! are! few! if! any!missense! alleles! for! each! of! the! genes! encoding! these! proteins,! we!

chose! to! assay! interdependence! in! conditional! null! strains.! To! do! so,! we! replaced! the!

promoter!of!each!BBfactor!gene!with!the+GAL1!promoter.(In!galactose,!the!GAL1!promoter!is!

active,! but! in! the! presence! of! glucose,!GAL1! is! repressed.!We! used!TAPBtagged! assembly!

factor!Nop7!to!affinityBpurify!preBribosomes!from!these!strains!containing!or!lacking!each!

BBfactor.!Nop7!is!present!in!90S!particles!as!well!as!each!of!the!66S!preBRNPs,!but!does!not!

depend! on! BBfactors! for! association! with! preBribosomes! (data! not! shown),! and! is! not!

known! to!be!required! for!processing!of!27SB!preBrRNA!(Harnpicharnchai!et!al.!2001).! In!

addition,! the! population! of! preBrRNAs! with! which! Nop7! is! associated! does! not! change!

significantly! in!the!absence!of! the!BBfactors.!Thus,!any!changes!that!we!observe! in!any!BB

factor! mutant! most! likely! would! not! result! from! Nop7! failing! to! associate! with! preB

ribosomes!or!being!associated!with!a!different!population!of!assembly!intermediates.!

PreBribosome! were! purified! upon! depletion! of! each! of! nine! BBfactors! and! preB

ribosomal!proteins!were!resolved!by!SDSBPAGE!(Fig.!42).!Typically!we!observed!changes!in!

the! levels! of! 4B8! assembly! factors! associated!with! preBribosomes! in! each! of! the! BBfactor!

mutants.!Many!of!these!changes!were!the!same!in!each!mutant,!but!there!were!observable!

differences.!The!fact!that!we!see!only!a!small!number!of!changes!in!each!mutant!suggests!

that! preBribosomes! are! largely! intact.! In! contrast,! depletion! of! proteins! that! block! the!
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preceding! step! in! ribosome! assembly,! processing! of! 27SA3! preBrRNA,! causes! a! greater!

number!of!changes!in!preBribosome!composition!(Fig.!42,!A3!factor!control).!The!proteins!

required!for!this!earlier!step!are!interdependent!for!their!association!with!preBribosomes,!

and! in! their! absence! preBribosomes! are! unstable! and! turned! over! (Sahasranaman! et! al.!

2011).!Thus,!the!phenotype!that!we!observe!in!BBfactor!mutants!is!specific!to!blocking!this!

step!of!assembly,!and!is!different!from!that!seen!when!previous!steps!are!blocked.!
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FIGURE(42(
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Figure( 42:( Depletion( of( BEfactors( causes( few( changes( in( the( SDSEPAGE( profile( of(

proteins(contained(in(preEribosomes.((

Nine!of!the!twelve!BBfactors!necessary!for!processing!of!27SB!preBrRNA!were!individually!

depleted!using!the!conditional!GAL!promoter.!TAPBtagged!ribosome!assembly!factor!Nop7!

was!used! to!purify! 90S! and!66S!preBribosomes! from!yeast! grown! in!YEPGal! (left! lane! in!

each!pair),!and!from!strains!grown!in!YEPGal!and!shifted!to!YEPGlu!for!16h!to!deplete!each!

BBfactor! (right! lane! in! each! pair).! Proteins! present! in! purified! preBribosomes! were!

separated!by!SDSBPAGE!and!stained!with!silver.!TAPBtagged!Rpf2!was!used!to!purify!preB

ribosomes! from! the! GAL?RLP7! strain! in! which! Rlp7! was! depleted.! Rlp7! is! required! for!

processing! of! 27SA3! preBrRNA.! Thus,! this! strain! serves! as! a! control! to! demonstrate!

specificity! of! the! gel! profiles! for! BB! factorBdepleted! strains.! SilverBstained! bands! that!

increased!in!the!absence!of!each!assembly!factor!are!indicated!with!solid!circles.!Bands!that!

decreased!are!indicated!with!hollow!circles.!When!able!to!be!identified,!the!protein!under!

control!of!the!GAL!promoter!is!indicated!with!#.!
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Nog2( is( the( last( BEfactor( to( associate(with( preEribosomes( and( is( dependent( on( the(

other(BEfactors.(

Previously(two!sets!of!interacting!assembly!factors,!the!Rpf2!subcomplex,!as!well!as!Rlp24,!

Mak11,!and!Nog1,!were!shown!to!be!required!to!recruit!Nog2!to!preBribosomes!(Saveanu!et!

al.!2003;!Saveanu!et!al.!2007;!Zhang!et!al.!2007).!These!proteins!assemble! into!early!preB

ribosomal! particles! containing! 35S! or! 27SA2! preBrRNAs.! However,! these! proteins! do! not!

appear!to!be!required!for!subunit!maturation!until!much!later,!for!processing!of!27SB!preB

rRNA!within! 66S! preBrRNPs.! In! contrast,!Nog2! assembles! into! preBribosomes! just! before!

27SB!preBrRNA!is!cleaved!at!the!C2!site!(Saveanu!et!al.!2001).!Thus,!the!BBfactors!may!serve!

as!a!recruiting!scaffold!or!help!create!preBrRNP!structures! in!early!precursor!particles,! to!

enable!proper!loading!of!Nog2!and!other!BBfactors.!

To!test!the!requirement!of!the!other!BBfactors!for!the!recruitment!of!Nog2!into!preB

ribosomes,!we!assayed!levels!of!Nog2!in!preBribosomes!purified!from!strains!in!which!each!

BBfactor!was! depleted.! Consistent!with! previous! results,!we! saw! that! the! levels! of! Nog2,!

associated!with!preBribosomes,!were!severely!decreased,!and!in!some!cases!undetectable,!

in! the!absence!of!Rpf2,!Rlp24,!and!Nog1! (Fig.!43A).! In!addition,!we!saw! that!Nog2! levels!

were! strongly! diminished! in! preBribosomes! in! the! absence! of! Nop2,! Nip7,! Spb4,! Tif6,! or!

Dbp10.!This!was!not!simply!a!result!of!protein!turnover,!as!Nog2!was!stable!in!wholeBcell!

extracts!upon!depletion!of!other!BBfactors!(Fig.!44A).!Thus,!all!of!the!known!BBfactors!are!

required!to!recruit,!and/or!maintain!stable!association!of!Nog2!with!preBribosomes.!

Because! Nog2! assembles! into! preBribosomes! after! 27SB! preBrRNA! is! generated,!

whereas! the! other! BBfactors! assemble! earlier! (excluding! Nsa2),! we! reasoned! that! Nog2!

would!not!be!required!to!recruit!these!proteins.!Semiquantitative!assays!of!preBribosomes!
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in!Nog2Bdepleted!yeast!using!SILAC!mass!spectrometry!suggested!that!few!changes!occur!

in!its!absence!(Lebreton!et!al.!2008).!To!test!this!idea!in!more!detail,!we!assayed!by!western!

blotting!for!the!presence!of!eight!other!BBfactor!proteins!in!preBribosomes!when!Nog2!was!

depleted! (Fig.! 43B).! We! observed! no! changes! in! the! level! of! these! proteins! in! preB

ribosomes,!consistent!with!Nog2!associating!with!preBribosomes!after!the!other!BBfactors.!
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FIGURE(43(
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Figure(43:(All(of(the(BEfactors(are(necessary(to(recruit(Nog2(to(preEribosomes;(only(a(

subset(of(BEfactors(are(required(to(recruit(Nsa2(into(preEribosomes.((

(A)!Changes!in!the!levels!of!preBribosomeBassociated!Nsa2!and!Nog2!in!the!absence!of!each!

of! the! BBfactors.! PreBribosomes! were! purified! from! cells! grown! in! YEPGal,! or! shifted! to!

YEPGlu!to!deplete!each!BBfactor.!Proteins!from!preBrRNPs!were!resolved!by!SDSBPAGE,!and!

assayed!by!western!blotting.!In!each!pair!of!samples!shown!in!this!figure!and!in!Figures!45,!

47,! 48,! and! 49,! protein! from! the! undepleted! strain! is! on! the! left! and! protein! from! the!

depleted!strain!is!on!the!right.!In!this!blot!and!all!subsequent!blots,!where!two!bands!are!

detected,! the! bona+ fide+ protein! is! indicated! with! an! asterisk.! Nop7BTAP! serves! as! the!

loading! control.! (B)!Nog2! is!not! required! to! recruit! any!of! the!BBfactors.!Proteins! in!preB

ribosomes!purified!from!GAL?NOG2!yeast!grown!in!YEPGal,!or!shifted!to!YEPGlu!to!deplete!

Nog2!were!assayed!by!western!blotting.!Nop7BTAP!serves!as!a!loading!control.!Each!pair!of!

samples!is!shown!as!described!in!Figure!43A.!(C)!All!of!the!BBfactors!are!required!to!recruit!

Nog2!to!preBribosomes.!!A!subset!of!BBfactors!is!required!to!recruit!Nsa2!and!Nog2.!
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FIGURE(44(
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Figure(44:(Stability(of(the(BEfactors(in(the(absence(of(others.((

(A)!Nog2!is!stable!in!the!absence!of!the!BBfactors.!Whole!cell!extracts!from!cells!depleted!of!

each!of!the!B!factors!were!assayed!by!SDSBPAGE!and!western!blotting!for!amount!of!Nog2.!

Sec61! serves! as! a! loading! control.! (B)! Nop2! and! Nip7! are! stable! in! the! absence! of! each!

other.!Whole! cell! extracts! from!Nop2!or!Nip7Bdepleted!yeast!were!assayed!by!SDSBPAGE!

and!western!blotting!for!amounts!of!Nop2!and!Nip7.!Sec61!serves!as!a!loading!control.!(C)!

Upon! depletion! of! Tif6,! Rlp24! is! unstable,! but! not! vice! versa.! Levels! of! Rlp24! and! Tif6!

present! in! whole! cell! extracts! of! strains! in! which! Rlp24! or! Tif6! were! depleted! were!

examined!by!western!blotting.!Sec61!serves!as!a!loading!control.!!
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Nsa2(is(recruited(to(preEribosomes(by(a(subset(of(BEfactors.(

Like! Nog2,! Nsa2! assembles! into! preBribosomes! only! after! 27SB! preBrRNA! is! generated!

(Lebreton! et! al.! 2006a).!Nsa2!depends!on! the!BBfactors!Rlp24,!Mak11,! and!Nog1,! and! its!

recruitment!is!a!prerequisite!for!association!of!Nog2!(Lebreton!et!al.!2006a;!Saveanu!et!al.!

2007).!We! therefore! tested! the!association!of!Nsa2!with!preBribosomes! in! the!absence!of!

the! eight! remaining! BBfactors! (Fig.! 43A).! Western! blotting! showed! that! Nsa2! fails! to!

associate!with!preBribosomes!in!the!absence!of!Nop2,!Nip7,!Tif6,!Dbp10,!Rlp24,!and!Nog1.!

However,!Nsa2!did!not!depend!on!the!Rpf2!subcomplex!or!the!DBP!Sbp4.!Thus,!there!are!BB

factor!mutants!in!which!both!Nsa2!and!Nog2!fail!to!associate!with!preBribosomes!as!well!as!

mutants! in!which!only!Nog2! fails! to!associate.!These! results! show! that!Nsa2!alone! is!not!

sufficient! to! recruit! Nog2! to! preBribosomes! and! that! recruitment! of! Nog2! requires! the!

concerted!assembly!of!additional!proteins.!Since!Nog2!is!the!last!BBfactor!recruited!to!preB

ribosomes,!it!may!use!GTP!hydrolysis!as!a!signal!or!trigger!for!cleavage!of!27SB!preBrRNA!

at!the!C2!site.!Thus!its!recruitment!may!be!highly!regulated!by!the!cooperation!of!a!number!

of!assembly!factors!to!ensure!that!cleavage!of!the!C2!site!does!not!occur!prematurely.!Thus,!

our!results,!with!those!of!the!FromontBRacine!group,!describe!a!recruiting!pathway!among!

the!BBfactor!proteins!that!culminates!with!the!association!of!the!GTPase!Nog2!(Fig.!43C).!

!

The( Rpf2( subcomplex( is( required( to( recruit( Spb4( into( preEribosomes( and( Spb4( is(

required(for(subsequent(recruitment(of(Nog2.(

We! next! tested! the! interdependence! of! the! BBfactors! that! associate! with! preBribosomes!

before!Nsa2! and!Nog2.!To!do! so,!we! assayed! their! association!with!preBribosomes!when!

each!of!the!other!BBfactors!was!depleted.!We!began!by!investigating!the!requirement!of!the!
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Rpf2!subcomplex!for!association!of!other!BBfactors.!Previous!work!showed!that!Rpf2,!Rrs1,!

L5,!and!L11!are!mutually!interdependent!for!assembly!of!the!subcomplex!and!association!

with!the!preBribosome!(Zhang!et!al.!2007).!Thus,!depleting!Rpf2!is!analogous!to!depleting!

the!entire!Rpf2!subcomplex.!To!test!whether!the!Rpf2!subcomplex!is!required!to!load!any!

of! the! other! BBfactors! into! nascent! ribosomes,! we! assayed! the! amounts! of! BBfactors! in!

purified! preBribosomes!when!Rpf2!was! depleted.! Levels! of!Nog2! and!HABtagged! Spb4! in!

preBribosomes!were!significantly!decreased!when!Rpf2!was!depleted,!but!amounts!of!Nog1,!

Nop2BHA,!Nip7,!Nsa2,! and!Tif6BHA! remained! largely! the! same! (Fig.! 43A!and!45A).!There!

was! a! reproducible! but! very! slight! decrease! of! Rlp24.! These! results,! plus! our! previous!

experiments! with! Rpf2! depletions! (Fig.! 43A)! and! (Zhang! et! al.! 2007)),! suggest! that!

association!of!Spb4!with!preBribosomes!occurs!early!during!assembly!and!depends!on!the!

Rpf2!subcomplex.!Conversely,!Spb4!recruits!Nog2!much!later.!!

We!then!tested!whether!the!other!BBfactors!depend!on!Spb4!to!associate!with!preB

ribosomes.! To! do! so! we! assayed! their! association! upon! depletion! of! Spb4.! Of! eight! BB

factors,! only! Nog2! was! decreased! (Fig.! 43A! and! 45B).! We! did! not! directly! test! the!

association!of!Dbp10!in!the!absence!of!Spb4.!Since!Nsa2!depends!on!Dbp10!(Fig!43A!and!

43C),! and! Nsa2! does! not! change! in! the! absence! of! Spb4,! we! infer! that! Dbp10! does! not!

depend! on! Spb4.!We! conclude! that! the! Rpf2! subcomplex! is! necessary! for! association! of!

Spb4! with! preBribosomes! and! that! Spb4! recruits! Nog2! (Fig.! 45C).! No! other! BBfactors!

depend!on!Rpf2,!Spb4,!or!Nog2!for!association!with!preBribosomes.!!
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FIGURE(45(
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Figure(45:(Spb4(depends(on(Rpf2(to(dock(with(preEribosomes.((

(A)! Rpf2! is! necessary! to! load! Spb4! and! into! nascent! ribosomes.! PreBribosomes! were!

purified!from!a!GAL?RPF2!strain!grown!in!YEPGal,!or!shifted!to!YEPGlu!to!deplete!Rpf2.!PreB

ribosomes!were! purified! from!whole! cell! lysates! of! undepleted! and! depleted! cells! using!

TAPBtagged!Nop7.!Proteins! from!preBrRNPs!were! resolved!by! SDSBPAGE,! and!assayed!by!

western!blotting.!Each!pair!of!samples!is!shown!as!described!in!Figure!43A.!Western!blots!

showing!the!depletion!of!Rpf2!from!preribosomes,!and!the!Nop7BTAP!loading!control!are!

shown!in!Figure!3A.!BBfactors!that!decrease!in!the!absence!of!Rpf2!are!boxed.!(B)!No!other!

BBfactors! are! recruited! into! preBribosomes! by! Spb4.! Proteins! in! preBribosomes! purified!

from!GAL?SPB4+yeast!grown!in!YEPGal!or!shifted!to!YEPGlu!to!deplete!Spb4!were!assayed!

by!western!blotting.! Each!pair! of! samples! is! shown!as! described! in! Figure!43A.!Western!

blots!showing!the!depletion!of!Spb4!from!preribosomes,!and!the!Nop7BTAP!loading!control!

are! shown! in! Figure! 43A.! (C)! Hierarchy! for! recruiting! Rpf2,! Spb4,! and! Nog2! into! preB

ribosomes.!
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Nop2(and(Nip7(form(a(subcomplex(important(for(recruitment(of(the(other(BEfactors(

into(preEribosomes.(

Previously!Nop2! and!Nip7!were! found! to! be! necessary! for! processing! of! 27SB!preBrRNA!

(Hong! et! al.! 1997;! Zanchin! et! al.! 1997).! Both! proteins! cosedimented! with! 66S! preB

ribosomes!when!whole!cell!extracts!were! fractionated!by!sucrose!gradient!centrifugation!

(Fig.!46),!and!both!are!commonly!found!in!affinityBpurified!66S!preBribosomes!(Table!1).!To!

investigate!Nop2!and!Nip7!in!more!detail,!we!TAPBtagged!each!of!them!and!assayed!which!

preBribosomal!proteins!copurified!with!them.!!

When!affinity!purification!was!carried!out!with!whole!cell!extracts!from!a!Nip7BTAP!

strain,! large! amounts! of! Nop2! copurified! with! Nip7BTAP,! and!much! smaller! amounts! of!

other!preBribosomal!proteins!were!present!(Fig.!47,!lane!3).!This!may!be!caused!by!the!CB

terminal! TAPBtag! interfering! with! the! CBterminal! PUA! RNA! binding! domain! of! Nip7,!

weakening! its! association! with! preBribosomes,! but! not! with! Nop2.! Consistent! with! this!

potentially!deleterious!effect!of!the!TAPBtag!on!Nip7,!we!observed!that!the!NIP7?TAP!strain!

grew!more! slowly! than! wildBtype,! untagged!NIP7! strains! (data! not! shown).! In! addition,!

extracts! prepared! from! the! NIP7?TAP! strain! contain! halfmer! polyribosomes! (Fig! 46B),!

indicative! of! a! defect! in! production! or! function! of! 60S! subunits! (Helser! et! al.! 1981;!

Rotenberg!et!al.!1988).!Affinity!purification!of!Nop2BTAP!using!whole!cell!extracts!revealed!

the! typical! SDSBPAGE!profile!of!proteins!present! in! early! and!middle!66S!preBrRNPs! (Fig!

47A,!lane1!and!Table!1).!However,!when!whole!cell!extracts!from!a!NOP2?TAP!strain!were!

subjected! to! highBspeed! centrifugation,! to! pellet! ribosomes! and! preBribosomes! before!

affinity! purification!with!Nop2BTAP,! primarily!Nop2! and!Nip7!were! recovered! (Fig.! 47A,!
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lane! 2).! Taken! together,! these! results! demonstrate! that! Nop2! and! Nip7! are! tightly!

associated!and!form!a!heteromeric!subcomplex.!

! Another! indication!that!Nop2!and!Nip7! form!a!subcomplex! is! the!observation!that!

both! proteins! were! detected! in! fractions! 3B5! near! the! top! of! gradients! (as! well! as! in!

fractions! containing! 66S! preBribosomes),! when! wildBtype! whole! cell! extracts! were!

subjected! to!centrifugation!(Fig.!46A).!Furthermore,!much!greater!amounts!of!both!Nop2!

and! Nip7BTAP! sedimented! near! the! top! of! gradients! when! NIP7?TAP+ extracts! were!

subjected!to!centrifugation!(Fig.!46B).!!

Since!Nip7!and!Nop2!form!a!subcomplex,!we!assayed!whether!they!depend!on!each!

other! to!assemble! into!preBribosomes,!as!well! as!whether!any!other!BBfactors!depend!on!

either! of! them.! Indeed,! Nop2!was! not! present! in! preBribosomes! purified! from! strains! in!

which! Nip7! was! depleted! (Fig.! 47B).! Likewise,! preBribosomes! from! Nop2Bdepleted! cells!

contained!diminished!amounts!of!Nip7!(Fig.!47C).!In!both!Nop2!and!Nip7Bdepleted!strains,!

decreased!amounts!of!Rpf2,!Tif6,!Rlp24,!Nog1,!Nsa2,!and!Nog2!were!associated!with!preB

ribosomes! (Fig.! 43A,!47B,! and!47C).! Spb4,!Mak11,!Rrs1,! and!Dbp10!were!not! tested.!We!

assume!that!when!Rpf2!is!absent,!both!Rrs1!and!Spb4!are!also!unable!to!assemble!into!preB

rRNPs!(Fig.!45A!and!(Zhang!et!al.!2007)).!The!inability!of!Nop2!or!Nip7!to!assemble!with!

preBrRNPs!in!the!absence!of!the!other!was!not!simply!a!result!of!protein!turnover!when!the!

Nip7/Nop2!subcomplex!could!not!form.!Each!protein!was!present!in!whole!cell!extracts!at!

wildBtype! levels!when! the!other!protein!was!depleted!(Fig.!44B).!We!conclude! that!Nop2!

and! Nip7! form! a! subcomplex! and! that! both! are! important! for! association! of! at! least! six!

other!BBfactors,!as!well!as!each!other,!with!nascent!ribosomes!(Fig.!47D).!

(
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FIGURE(46(
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Figure(46:(Nop2(and(Nip7(coEsediment(with(preribosomes,(but(also(with(each(other(

when(the(function(of(Nip7(is(compromised(by(TAPEtagging.((

(A)!Nop2!and!Nip7!co!sediment!with!66S!preribosomes.!Whole!cell!extracts!were!prepared!

from!the!wildtype!NIP7+strain!grown!in!YEPD!medium!at!30!°C!to!midBlog!phase,!and!were!

subjected! to! centrifugation! on! 7%B47%! sucrose! gradients.! Fractions! were! collected! and!

assayed!by!SDSBPAGE!and!western!blotting!for!Nop2!and!Nip7.!A!peak!of!Nop2!and!Nip7!is!

evident! in! fractions!14B16!where!66S!preribosomes!sediment,! and!a! second!peak! is! seen!

near!the!top!of!the!gradient!in!fractions!4B6.!(B)!Large!amounts!of!Nop2!and!Nip7!sediment!

in! fractions! near! the! top! of! a! gradient! using! extracts! from! a!NIP7?TAP+ strain! than! with!

wildtype+ NIP7+ extracts.! Whole! cell! extracts! from! the!NIP7?TAP! yeast! were! subjected! to!

centrifugation! on! 7%B47%! sucrose! gradients.! Fractions! were! collected! and! assayed! for!

Nop2! and!Nip7! by!western! blotting.! Significantly!more!Nop2! sediments! in! fractions! 3B5,!

and!less!in!fractions!14B16,!in!the!NIP7?TAP!extract!compared!to!the!wildtype!NIP7!extract.!

Additionally,! the!presence! of! the!TAPBtag! causes! accumulation! of! halfmer!polyribosomes!

indicated!by!arrows.!
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FIGURE(47(
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Figure(47:(Nop2(and(Nip7(form(a(subcomplex,(are(interdependent(for(assembly(into(

preEribosomes,(and(function(in(recruiting(of(other(BEfactors.((

(A)!Nop2!and!Nip7!form!a!heteromer!in+vivo.!Yeast!strains!expressing!TAPBtagged!Nop2!or!

Nip7!were!grown!in!YEPGlu!medium!to!3x107!cells/ml.!Whole!cell!extracts!from!the!NOP2?

TAP! strain! (lane! 1)! or! the! supernatants! after! highBspeed! centrifugation! (lane! 2)! were!

subjected!to!affinity!purification!using!Nop2BTAP,!to!purify!Nop2Bcontaining!preBribosomes!

or! subcomplexes,! respectively.! Purified! proteins! were! identified! by! mass! spectrometry.!

Proteins!labeled!with!“#”!are!common!contaminants!in!purified!samples.!Whole!cell!extract!

from! the!NIP7?TAP! strain!was! subjected! to! affinity! purification! using!Nip7BTAP! (lane! 3).!

Nop2!and!Nip7!in!these!purified!samples!were!identified!by!mass!spectrometry.!(B!and!C)!

Nop2!and!Nip7!are! interdependent! for! their!assembly! into!preBrRNPs,! and! important! for!

incorporation!of!other!BBfactors! into!preBribosomes.+GAL?nip7?1+or+GAL?NOP2+yeast!were!

grown! in! YEPGal! or! shifted! to! YEPGlu.! Whole! cell! extracts! were! subjected! to! affinity!

purification,!using!Nop7BTAP!to!isolate!preBribosomes.!Amounts!of!BBfactors!present!in!the!

purified!preBribosomes!were!analyzed!by!western!blotting.!Each!pair!of!samples!is!shown!

as! described! in! Figure! 43A.!Western! blots! showing! the! depletion! of! Nop2! or! Nip7! from!

preribosomes,!and!the!Nop7BTAP!loading!control!are!shown!in!Figure!43A.!(D)!Nop2!and!

Nip7!are!important!for!the!stable!association!of!all!of!the!BBfactors.!!
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Nog1,(Rlp24,(and(Tif6(are(interdependent(for(recruitment(into(preEribosomes.((

FromontBRacine!and!colleagues!(Saveanu!et!al.!2001;!Saveanu!et!al.!2003;!Lebreton!et!al.!

2006a;!Saveanu!et!al.!2007;!Lebreton!et!al.!2008)!defined!a!hierarchy!of!recruitment!among!

Mak11,! Rlp24,! Nog1,! Nsa2,! and! Nog2! (boldface! in! Fig.! 48C).! To! first! investigate! the!

relationship!of!Rlp24!and!Nog1!with!other!BBfactors!for!entry!into!nascent!ribosomes,!we!

surveyed! the! effects! of! depleting! either! of! these! two! proteins! on! ribosome! assembly.! As!

previously!observed!by!Saveanu!et+al.+(2003),!we!found!that!amounts!of!Nsa2!and!Nog2!in!

preBribosomes!were!diminished!when!expression!of!either+RLP24!or!NOG1!was!turned!off!

(Fig.!43A).!Saveanu!and!colleagues!had!also! found!that!Nog1!was!absent! from!preBrRNPs!

when!Rlp24!was!depleted,!but!that!Rlp24!did!not!depend!upon!Nog1!for!stable!association!

with! preBribosomes.! However,! when! we! depleted! Nog1,! we! saw! a! decrease! in! levels! of!

Rlp24!associated!with!purified!preBribosomes!(Fig.!48B).!We!also!found!that!preBribosomeB

associated!Tif6!decreased!when!either!Nog1!or!Rlp24!were!depleted,!but!Rpf2,!Nop2,!and!

Nip7!were!not!affected!(Fig.!48A!and!48B).!It!is!likely!that!the!effect!on!Tif6!that!we!observe!

upon! depleting! Nog1! or! Rlp24! is! mediated! through! these! two! proteins! rather! than! via!

downstream!factors!Nsa2!or!Nog2,!since!we!found!that!Nog2!is!not!necessary!for!docking!of!

Tif6! with! preBrRNPs! (Fig.! 43B),! and! Lebreton! and! colleagues! showed! that! Tif6! is! not!

affected! by! depletion! of! Nsa2! (Lebreton! et! al.! 2006a).! This! is! also! consistent! with! the!

observations! that! Nsa2! and! Nog2! associate! with! preBrRNPs! several! steps! after! Tif6!

(Saveanu!et!al.!2001;!Lebreton!et!al.!2006a).!Together,!our!results!and!those!of!FromontB

Racine! and! colleagues! demonstrate! a! network! of! physical! and! functional! interactions!

among!Tif6,!Nog1!and!Rlp24.!These!three!proteins!exhibit!interdependence!for!association!

with!preBribosomes!and!are!required!for!later!recruitment!of!Nsa2!and!Nog2!(Fig.!48C).!
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FIGURE(48(
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Figure(48:(Nog1(and(Rlp24(are(important(for(association(with(preEribosomes(of(Tif6,(

as(well(as(each(other.((

(A! and! B)! Changes! in! amounts! of! preBribosomal! proteins!when! either! Rlp24! or! Nog1! is!

depleted.!GAL?RLP24+or+ GAL?NOG1! yeast!were! grown! in! YEPGal! or! shifted! to! YEPGlu! for!

16h!to!deplete!either!assembly!factor.!PreBribosomes!were!purified!from!whole!cell!lysates!

of! undepleted! and! depleted! cells! using! TAPBtagged! Nop7.!Western! blotting! was! used! to!

assay! amounts! of! preBribosomal!proteins.! Each!pair! of! samples! is! shown!as!described! in!

Figure!3A.!Western!blots!showing!the!depletion!of!Nog1!or!Rlp24!from!preribosomes,!and!

the!Nop7BTAP!loading!control!are!shown!in!Figure!43A.!(C)!Interdependence!among!Rlp24,!

Nog1,! Tif6,! Nsa2,! and! Nog2! for! assembly! into! preBribosomes.! Proteins! in! boldface! were!

previously!studied!by!FromontBRacine!and!colleagues.!
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Tif6(and(Dbp10(are(important(for(association(with(preErRNPs(of(Rlp24,(Nog1,(Nsa2,(

and(Nog2.(

Tif6!is!associated!with!preBribosomes!containing!27SA2,!27SB,!25.5S!and!7S!preBrRNAs!and!

is!found!in!both!the!nucleus!and!cytoplasm!(Graindorge!et!al.!2005).!Tif6!binds!to!rBprotein!

L23!on!the!subunit!interface!of!preBribosomes,!and!therefore!prevents!premature!entry!of!

nascent!ribosomes!into!the!translation!pathway,!by!blocking!association!with!40S!subunits!

(Gartmann! et! al.! 2010).! Assembly! factors! Sdo1! and! Efl1! release! Tif6! from!preBrRNPs,! to!

enable!recycling!of!Tif6!from!the!cytoplasm!back!to!the!nucleus!(Senger!et!al.!2001;!Menne!

et! al.! 2007).!However,! Tif6! also! functions! earlier! in! 60S! subunit! biogenesis.!Depletion! of!

Tif6! causes! accumulation! of! 27SB! preBrRNA,! by! blocking! preBrRNA! processing! in! the!

nucleolus! (Basu!et! al.!2001).!To! investigate!where!Tif6! fits! into! the!hierarchy!of!BBfactor!

assembly! into! preBribosomes,! we! assayed! the! effects! of! depleting! Tif6! on! preBribosome!

constituents.!We!found!that!Rlp24,!Nog1,!Nsa2,!and!Nog2!were!diminished,!whereas!Nop2,!

Nip7,!and!the!Rpf2!subcomplex!were!not!affected!(Fig.!43A!and!Fig.!49A).!Western!blotting!

of!whole! cell! extracts! from! the!Tif6! and!Rlp24!depleted! strains! also! revealed! that! in! the!

absence! of! Tif6,! Rlp24! undergoes! turnover,! whereas! Tif6! remains! stable! when! Rlp24! is!

depleted!(Fig.!44C).!Therefore,!our!results!(Fig.!48A,!48B!and!Fig!49A),!together!with!those!

of! Saveanu! et+ al.! (2003),! show! that! association! of! Tif6,! Rlp24! and! Nog1! are! mutually!

interdependent,!but!independent!of!assembly!of!Rpf2!and!Spb4.!!

Dbp10! is! a! DEADBbox! protein! that! routinely! copurifies! with! 66S! preBribosomes!

(Table!1).!Depletion!of!Dbp10!or!growing!the!coldBsensitive!dbp10?1!mutant!at!18!˚C!leads!

to!accumulation!of!27SB!preBrRNA!(Burger!et!al.!2000).!We!investigated!the!role!of!Dbp10!

in! recruiting! proteins! to! nascent! ribosomes,! by! purifying! preBribosomes! from! a! strain! in!
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which!Dbp10!was!depleted.!Western!blotting!revealed!that!levels!of!Rlp24,!Nog1,!Nsa2,!and!

Nog2!were!decreased,!whereas!Tif6,!Nop2,!Nip7,! and! rBprotein!L5! (representative!of! the!

Rpf2! subcomplex)! were! unaffected! (Fig.! 43A! and! Fig.! 49B).! The! effects! observed! upon!

depletion! of! Dbp10!were! relatively!mild.! This!may! reflect! the! transient! nature! of! DBPs.!

While!DBPs!undoubtedly!play!a!major!role!in!ribosome!assembly,!they!may!not!always!be!

intimately!associated!with!preBribosomes.!

Taken! together,! our! studies! of! the! recruiting! pathway! of! ten! different! assembly!

factors!required!for!processing!of!27SB!preBrRNA!are!summarized!in!the!diagram!in!Figure!

49C.! Our! data! establish! that! many! of! the! BBfactors! are! recruited! into! early! assembly!

intermediates! in! two! independent! pathways.! These! two! pathways! ultimately! converge!

later!in!assembly!to!recruit!the!last!factor,!the!GTPase!Nog2.!
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FIGURE(49(
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Figure(49:(Both(Tif6(and(Dbp10(are( required( for(assembly(of(Rlp24(and(Nog1( into(

preEribosomes.((

(A)!Tif6! is! required! to! recruit!Rlp24!and!Nog1!preBrRNPs.!Proteins!present! in!preBrRNPs!

purified! from! a! GAL?TIF6! strain! grown! in! YEPGal! or! shifted! to! YEPGlu! for! 16h! were!

resolved! by! SDSBPAGE! and! subjected! to! western! blot! analysis.! Each! pair! of! samples! is!

shown! as! described! in! Figures! 43A.! Western! blots! showing! the! depletion! of! Tif6! from!

preribosomes,!and!the!Nop7BTAP!loading!control!are!shown!in!Figure!43A.! ! (B)!Dbp10!is!

important! for!association!of!Rlp24!and!Nog1!with!preBrRNPs.!The!GAL?DBP10! strain!was!

grown! in! YEPGal! or! shifted! to! YEPGlu! for! 16h! to! deplete! Dbp10.! PreBribosomes! were!

purified!from!extracts!prepared!from!each!strain!and!proteins!were!resolved!by!SDSBPAGE.!

PreBribosomal!proteins!were!assayed!by!western!blotting.!Each!pair!of!samples!is!shown!as!

described! in! Figure! 43A.! Western! blots! showing! the! depletion! of! Dbp10! from!

preribosomes,!and!the!Nop7BTAP!loading!control!are!shown!in!Figure!43A.!!(C)!Position!in!

the!association!hierarchy!for!Tif6!and!Dbp10.!
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The(TOR(protein(kinase(pathway(regulates(biogenesis(of(60S(ribosomal(subunits(via(

targeting(the(BEfactors(Rpf2,(Spb4,(Nog1,(and(Nog2.(

The!number!of! ribosomes! in! a! cell,! as!well! as! their! function,! are! adjusted! in! response! to!

cellular! growth! rates,!mediated! in! part! by! the! protein! kinase! TOR! (target! of! rapamycin)!

(Schmelzle!and!Hall!2000;!Crespo!and!Hall!2002).!TOR!inactivation!upon!treatment!of!cells!

with!rapamycin!results! in!decreased! transcription!of! rRNAs!and!nucleolar!entrapment!of!

preBrRNPs,!possibly!via!targeting!Nog1,!one!of!the!BBfactors!(Honma!et!al.!2006;!Vanrobays!

et! al.! 2008;! Huber! et! al.! 2009).! To! test!whether! other! BBfactors! serve! as! targets! of! TOR!

kinase,!we!examined!their!levels!in!preBribosomes!from!cells!treated!with!rapamycin.!After!

treatment!with!rapamycin,!preBribosomes!remained!largely!intact,!but!levels!of!Rpf2,!Spb4,!

Nog1,! and!Nog2! associated!with! preBrRNPs! decreased,!while! amounts! of! other! BBfactors!

remained! the! same! (Fig.! 50).! As! controls,! we! assayed! levels! of! assembly! factors! and!

ribosomal! proteins! that! do! not! function! in! 27SB! preBrRNA! processing.! These! proteins!

remained! stably! associated!with! preBribosomal! particles! after! treatment!with! rapamycin!

(Fig.! 50).! When! amounts! of! BBfactors! in! whole! cell! extracts! were! tested,! we! found! that!

levels!of!Rpf2,!Spb4,!Nog2,!and!Nog1!decreased!(Fig.!51).!These!data!suggest!that!the!TOR!

kinase!pathway!may!regulate!ribosome!biogenesis! in!response!to!cellular!growth!rate!via!

targeting!a!subset!of!BBfactors.!Failure!to!recruit!or!maintain!Rpf2,!Spb4,!Nog2,!and!Nog1!in!

preBrRNPs!may!block!maturation!of!60S! ribosomal! subunits,! entrapping! them!within! the!

nucleolus.!
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FIGURE(50(
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Figure( 50:( The( TOR( protein( kinase( pathway( regulates( assembly( of( 60S( ribosomal(

subunits(via(targeting(the(BEfactors(Rpf2,(Spb4,(Nog1,(and(Nog2.((

The!Nop7BTAP!strain!was!grown!at!30°C!in!YEPGlu!medium!to!3x107!cells/ml.!Two!more!

cultures! were! grown! to! 2x107! cells/ml,! and! 200ng/ml! rapamycin! was! added! to! each!

culture.!These!two!cultures!were!then!grown!for!another!1!or!2.5!hours!to!3x107!cells/ml.!

Whole! cell! extracts!were! subjected! to! singleBstep! purification! using! TAPBtagged!Nop7! to!

isolate! 66S! preBribosomes.! Proteins! present! in! the! affinityBpurified! preBribosomes! were!

resolved! by! SDSBPAGE! and! stained! with! silver! (lanes! 1B3),! or! subjected! to! western! blot!

analysis! (lanes! 4B6).! Proteins! from!untreated! cells! are! in! lanes! 1! and! 4,! those! from! cells!

treated!with!rapamycin!for!1!h!are!in!lanes!2!and!5,!and!those!from!cells!treated!for!2.5!h!

are! in! lanes! 3! and! 6.! Nop7BTAP! serves! as! the! loading! control.! Proteins! with! decreased!

association!with!preBribosomes!upon!treatment!with!rapamycin!are!boxed.!The!preBrRNA!

processing!step!in!which!each!protein!tested!functions!is!indicated.!
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FIGURE(51(
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Figure( 51:( The( amounts( of( BEfactors( Rpf2,( Spb4,( Nog1,( and(Nog2( are( decreased( in(

whole(cell(extract(upon(inactivation(of(TOR(signaling.((

The! NOP7?TAP+ strain! was! grown! as! described! in! Figure! 7.! Whole! cell! extracts! from!

rapamycin!untreated!or!treated!cells!were!assayed!by!SDSBPAGE!and!western!blotting!for!

amounts!of!BBfactors!upon!inactivation!of!TOR!signaling.!Sec61!serves!as!a!loading!control.!

BBfactors!that!change!are!boxed.!
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DISCUSSION(

Our! working! hypothesis! is! that! the! numerous! assembly! factors! associate! with! nascent!

ribosomes! in!a!hierarchical!and!cooperative!manner,! through!proteinBprotein!or!proteinB

RNA! interactions,! to!drive! forward! the! formation!of! consecutive! assembly! intermediates.!

Therefore,! our! approach! to! begin! to! uncover! the! precise! roles! of! these! factors! is! to!

systematically!investigate!physical!or!functional!interactions!among!them.!

Stable! interactions! among! some! assembly! factors! and! rBproteins! are! evident! by!

isolating! assembly! subcomplexes! containing! them.! These! subcomplexes! might! serve! as!

smaller! building! blocks! to! minimize! the! complexity! of! assembly! of! these! enormous!

ribonucleoprotein!particles!containing!so!many!components.! Importantly,! identifying!and!

characterizing!these!physical!clusters!of!assembly!factors!will!enable!discovery!of!cofactors!

and!substrates!of!these!factors,!thus!unraveling!their!functions,!and!will!also!help!define!the!

local!topology!within!preBribosomal!particles.!!

Rearrangements! of! local! structures! within! assembling! ribosomes! may! be!

propagated! by! allosteric!mechanisms! to! alter! the! global! architecture! of! preBrRNPs.! Such!

reorganizations! might! affect! recruitment! or! activity! of! assembly! factors! working! in! the!

same!step!of! subunit!biogenesis,! even! though! these!proteins!may!not!physically! interact.!

Thus,!to!obtain!a!comprehensive!picture!of!ribosome!assembly,!it!is!necessary!to!“walk!out”!

of! neighborhoods! defined! by! physical! subcomplexes! within! preBribosomes,! and! to!

investigate! interactions!among!all! assembly! factors! that! function! together! in!one! specific!

step!of!preBrRNA!processing!and!assembly.!Studying!molecules!in!one!“functional!cluster”!

will!help!to!understand!how!these!molecules!coordinate!their!precise!functions!with!each!

other!in!one!assembly!step.!
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We!previously!discovered!that!six!assembly!factors!required!for!processing!of!27SA3!

preBrRNA!assemble!early!into!preBribosomes,!are!mutually!interdependent!for!association!

with!preBribosomes,!and!are! important! for!assembly!of!ribosomal!proteins!with!domain!I!

and!II!of!25S/5.8S!rRNAs!(Sahasranaman!et!al.!2011).!Here!we!have!studied!recruitment!of!

the!factors!required!for!the!next!step!in!preBrRNA!processing,!removal!of!ITS2!from!27SB!

preBrRNA.!Previous!experiments!to!map!the!relative!timing!of!association!of!BBfactors!with!

preBribosomes!demonstrated!that!seven!of!these!proteins!assembled!rather!early,!with!90S!

preBribosomes! or! 66S! particles! containing! 27SA2! preBrRNA! (Saveanu! et! al.! 2003;!

Graindorge!et!al.!2005;!Saveanu!et!al.!2007;!Zhang!et!al.!2007;!GarciaBGomez!et!al.!2011).!In!

contrast,! Nsa2! and! Nog2! assembled! later,! with! 27SB! preBrRNA! (Saveanu! et! al.! 2001;!

Lebreton!et!al.!2006a).!The!entry!points!of!Dbp10,!Nip7,!and!Nop2!have!not!been!studied.!

Experiments! described! in! this! paper! are! consistent! with! and! extend! previous! results! to!

generate!a!higher!resolution!picture!of!the!assembly!hierarchy.!!

Building! on! work! from! the! FromontBRacine! group,! we! began! by! assaying! the!

association! of! the! lateBentering!BBfactors,!Nsa2! and!Nog2,! in! the! absence! of! the! other!BB

factors.!We!show!that!all!of!the!BBfactors!are!required!to!recruit!the!GTPase!Nog2,!but!only!

a!subset!(Nop2/Nip7,!Dbp10,!Tif6,!Rlp24,!and!Nog1)!are!required!to!recruit!Nsa2.!FromontB

Racine!and!colleagues!showed!that!Nsa2!is!necessary!to!recruit!Nog2.!Here!we!show!that!in!

the! absence! of! Rpf2! or! Sbp4,!Nsa2! is! still! recruited! into! preBribosomes,! but!Nog2! is! not.!

Thus,!Nsa2!alone!is!not!sufficient!to!recruit!the!GTPase!Nog2.!!

We! then! extended! our!model! by! systematically! testing! the! interdependence! of! all!

the! BBfactors.! We! discovered! that! these! BBfactors! are! loaded! into! preBribosomes!

sequentially! via! two! largely! separate! assembly! routes! that! converge! on!Nog2! (Fig.! 49C).!
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Association! of! Nop2! and! Nip7!with! each! other! and!with! preBribosomes! is! necessary! for!

stable! association! of! downstream! BBfactors,! beginning! with! the! Rpf2! subcomplex! (Rpf2,!

Rrs1,!rBproteins!L5!and!L11,!and!5S!rRNA),!and!Rlp24,!Tif6,!and!Nog1.!Members!of!each!of!

these! three! sets! of! proteins! are! mutually! interdependent! for! assembly! and! exhibit!

significant!physical!and!genetic!interactions!with!each!other!(Fig.!52).!Furthermore,!many!

contain! RNA! binding!motifs! and! thus! are! likely! to! bind! preBrRNA.! Taken! together,! these!

results! suggest! that! processing! of! 27SB! preBrRNA! requires! formation! of! one! or! more!

assembly!platforms!of!BBfactor! subcomplexes!within!preBribosomes,! several! steps!before!

the!processing!event.!In!contrast,!the!last!steps!in!recruiting!of!the!BBfactors!occur!later!in!

assembly,!after!formation!of!27SB!preBrRNA.!!

In! the! absence! of! each! BBfactor,! other! BBfactors! associate! less! well! with! preB

ribosomes,!but!to!varying!extents.!Western!blotting!showed!that!the!BBfactors!are!usually!

not!completely!absent!from!preBribosomes,!but!rather!diminished.!The!strongest!effect!that!

we!observed!in!our!mutants!was!the!association!of!Nsa2!and!Nog2.!This!probably!reflects!

blocking! assembly! at! a! step! before! these! proteins! associate! with! preBribosomes.!

Conversely,! effects! on! the! association! of! other! BBfactors! were! often! not! as! strong.! One!

possibility! is! that! we! observe! small! changes! in! the! levels! of! these! proteins! because! we!

purify!a!different!population!of!assembly! intermediates! in!cells!depleted!of!BBfactors.!We!

believe!this!is!not!the!case!since!TAPBtagged!Nop7!does!not!coBIP!significantly!different!preB

rRNA! intermediates! in!BBfactor!mutants! (J.!Talkish,!data!not!shown).! In! fact,!Nop7!coBIPs!

slightly!greater!amounts!of!27SB!preBrRNA!in!the!absence!of!the!BBfactors.!Unlike!Nsa2!and!

Nog2,! the! other! BBfactors! associate! with! 35S! or! 27SA2! containing! preBribosomes! and!

remain! associated! through! the! lifetime! of! 27SB! preBrRNA.! Since! 27SBBcontaining! preB



! 278!

ribosomes! are! the! longestBlived! intermediates! and! these! intermediates! accumulate! in! BB

factor! mutants,! we! predict! that! the! small! changes! that! we! see! might! in! fact! be! slightly!

underrepresented.!!

The! experiments! performed! in! this! study! fail! to! distinguish! two! possibilities! that!

could!occur! in! the! absence!of! each!BBfactor:! 1)!The!other!BBfactors! fail! to! associate!with!

preBribosomes.!2)!The!other!BBfactors!associate!with!preBribosomes,!but! fail! to!be!stabily!

incorporated.!We! believe! the! former! to! be! true! regarding! Nsa2! and! Nog2,! and! the! later!

regarding!the!other!BBfactors.!Each!BBfactor!in!our!model!does!not!necessarily!recruit!the!

next! through! direct! interaction,! but! rather! may! form! a! structure! or! niche! in! the! preB

ribosome! that! allows! stable! incorporation! of! the! next! BBfactor.! Thus,! each! BBfactor! only!

stabily!associates!with!preBribosomes!after!stable!incorporation!of!the!preceding!BBfactors.!

Our! model! shows! that! the! BBfactors! associate! with! preBribosomes! through! two!

converging! pathways! that! result! in! recruiting! Nog2.! Parallel! assembly! pathways! that!

converge! to! a! single! intermediate! have! been! observed! in! ribosome! biogenesis,! and! are!

proposed! to!be!quality! control!mechanisms! (PerezBFernandez!et!al.!2007;!Lo!et!al.!2009;!

Mulder!et!al.!2010).!Johnson!and!coworkers!showed!that!cytoplasmic!release!of!assembly!

factors!occurs!via!parallel!pathways! that!converge! to! trigger! the!release!of!Tif6! (Lo!et!al.!

2010).!This!convergence!of!pathways!may!represent!a!quality!control!checkpoint!to!ensure!

Tif6! is! not! released! before! the! assembling! 60S! subunit! is! competent! for! translation.!

Lamanna! and!Karbstein! speculate! that! parallel! assembly! pathways!may! converge! before!

irreversible! steps! in! assembly! (Lamanna! and! Karbstein! 2010).! They! reason! that!

irreversible!steps!should!be!tightly!regulated!and!it!is!easier!to!survey!a!single!intermediate!

rather!than!a!number!of!different!parallel!intermediates!before!proceeding!to!the!next!step!
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of!assembly.!This!may!be!reflected!in!the!recruitment!of!Nog2!to!preBribosomes.!As!the!last!

known!BBfactor!to!associate!with!preBribosomes,!Nog2!may!be!a!key!factor!in!triggering!C2!

cleavage.!Recruitment!of!Nog2!by!two!parallel!pathways!may!ensure!that! it! is!not! loaded!

onto!preBribosomes!prematurely,!thus!preventing!premature!cleavage!at!the!C2!site.!

Of!the!twelve!assembly!factors!required!for!processing!of!27SB!preBrRNA,!four!are!

thought! to! exert! their! action! by! using! the! power! of! NTP! hydrolysis.! Involvement! of! this!

many!NTPases!during!this!step!suggests!substantial!rearrangements!may!occur.!Consistent!

with!this,!27SB!preBrRNA!is!one!of!the!most!abundant!preBrRNA!intermediates!destined!for!

60S!subunits,!with!a!lifetime!substantially!longer!than!other!preBrRNAs!(Kos!and!Tollervey!

2010).! The! early! assembling! protein! Spb4,! a! DBP! and! potential! RNA! dependent! ATPase,!

and! the! late! assembling! factor! Nsa2,! are! necessary! to! recruit! the! GTPase! Nog2.! Neither!

Spb4! nor! Nsa2! alone! is! sufficient! to! recruit! Nog2.! Spb4! associates! early! with! preB

ribosomes,!whereas!Nsa2!associates!later.!Temporal!separation!of!the!association!of!these!

two! proteins! may! act! as! a! proofreader! of! ribosome! assembly,! ensuring! that! Nog2! is!

recruited!to!the!preBribosome!only!at!the!proper!time.!Because!Sbp4!and!Nog2!are!at!the!

end!of!the!recruiting!pathway!(Fig.!49C),!it!is!tempting!to!speculate!that!removal!of!ITS2!is!

triggered! by! the! concerted! action! of! these! NTPases.! Spb4! might! be! regulated! by! Nog2,!

analogous!to!regulation!of!the!spliceosomal!ATPase!Brr2!by!the!GTPase!Snu114!(Small!et!

al.!2006).!During!spliceosome!assembly,!GTPBbound!Snu114!activates!Brr2,!whereas!GDPB

bound!Snu114!represses!Brr2!function.!Alternatively,!Nog2!alone!could!harness!the!energy!

of!GTP!hydrolysis!to!cause!a!conformational!switch!within!the!preBribosome.!In!particular,!

the! A3! assembly! factors! Nop15! and! Cic1! that! bind! to! ITS2!may! need! to! be! removed! or!

reorganized!(Granneman!et!al.!2011).!GTP!hydrolysis!may!cause!a!structural!change!within!
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ITS2! that! makes! binding! of! Nop15! and! Cic1! less! favorable! in! the! new! conformation!

(Karbstein! 2007).! Consistent! with! Nog2! being! a! member! of! the! myosin/kinesin!

superfamily!of!GTPases,!Nog2!could!also!act!in!a!mechanical!fashion,!using!GTP!hydrolysis!

to!physically!displace!Cic1!or!Nop15!(Leipe!et!al.!2002;!Karbstein!2007).!

Rearrangements!before!and!during!processing!of!27SB!preBrRNA!may!also!occur!as!

a!result!of!posttranslational!modification!of!assembly! factors.!We!show!that! the!BBfactors!

Rpf2,! Spb4,! Nog1! and! Nog2! are! specifically! reduced! in! preBribosomes!when! the! protein!

kinase!TOR! is! inactivated.!Based!on!our! recruiting!model,!we!would!predict! that! if!Nog1!

were!diminished! in!preBribosomes,!Nsa2!would!also!be!diminished.!Contrary!to!this! idea,!

we!do!not!see!a!change!in!Nsa2!upon!inactivation!of!TOR!signaling.!This!may!indicate!that!

these! proteins! are! not! failing! to! be! recruited! to! preBribosomes,! but! rather! are! recruited!

normally,! but! then! prematurely! dissociate! from!preBribosomes! upon! inactivation! of! TOR!

signaling.!Interestingly,!three!of!these!BBfactors!are!the!putative!NTPases!Spb4,!Nog1,!and!

Nog2.! These! NTPases! may! fail! to! stably! assemble! into! preBribosomes! in! the! absence! of!

posttranslational! modifications.! This! could! be! analogous! to! rBprotein! S3,! which! must!

undergo! a! series! of! phosphorylation! and! dephosphorylation! events! in! order! to! stably!

associate!with!preB40S!intermediates!and!promote!formation!of!the!40S!beak!(Schafer!et!al.!

2006).!

Alternatively,! inactivation! of! TOR! signaling!may! repress! expression! of! a! subset! of!

assembly!factors.!Nog1!was!previously!shown!to!be!regulated!by!TOR!kinase!(Honma!et!al.!

2006).!Inactivation!of!TOR!caused!decreased!transcription!of!NOG1.!It!was!also!shown!that!

Nog1!is!rapidly!turned!over,!although!independently!of!TOR!signaling.!We!show!that!upon!

inactivation! of! TOR,! levels! of! Rpf2,! Spb4,! Nog1,! and! Nog2! are! diminished! in! whole! cell!
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extracts.!Expression!of!the!genes!encoding!these!proteins,!as!well!as!other!assembly!factors!

and!rBproteins,!is!controlled!and!coordinated!by!a!set!of!core!promoter!sequences!termed!

the!Ribi+regulon!(Ribosome!biogenesis)!and!RP!regulon.!Additionally,! inactivation!of!TOR!

signaling!represses!expression!of!genes!controlled!by!the!Ribi!and!RP!regulons!(Cardenas!et!

al.!1999;!Powers!and!Walter!1999;!Jorgensen!et!al.!2002;!Miyoshi!et!al.!2003;!Claypool!et!al.!

2004;! Jorgensen!et! al.! 2004;!Wade!et! al.! 2006;!Huber!et! al.! 2009).!Thus,!Rpf2,! Spb4,! and!

Nog2!may!be!rapidly!turned!over,!similarly!to!Nog1.!

A! current! challenge! in! understanding! ribosome! biogenesis! is! determining! where!

and!how!assembly!factors!contact!the!preBribosome.!Recent!studies!that!crosslink!proteins!

to! RNA! with! UV! light! have! revealed! the! rRNA! binding! sites! of! some! assembly! factors!

(Bohnsack! et! al.! 2009;! Granneman! et! al.! 2010;! Granneman! et! al.! 2011).! Additionally,!

advances!in!cryoBEM!have!provided!information!about!the!locations!of!assembly!factors!in!

preBribosomes!(Gartmann!et!al.!2010;!Sengupta!et!al.!2010;!Strunk!et!al.!2011),!and!higher!

resolution! crystal! structures! of! eukaryotic! ribosomes! are! allowing!better! visualization!of!

how!rBproteins!contact!rRNA!(BenBShem!et!al.!2011).!While!these!techniques!are!powerful!

for! determining! how! and! where! assembly! factors! contact! the! preBribosome,! their!

application!is!limited!in!ribosome!assembly.!For!example,!not!all!assembly!factors!contact!

rRNA!and! thus!cannot!be!crossBlinked! to!determine! their!binding!sites.!Of! those!proteins!

that! do! bind! RNA,! crosslinking!may! not! capture! all! RNA! binding! sites! in! these! dynamic!

particles.! Additionally,! structural! analyses! often! require! a! fairly! homogenous! purified!

sample.!Because!most!assembly!factors!that!function!in!60S!subunit!biogenesis!are!present!

in!more!than!one!consecutive!intermediate,!obtaining!homogenous!samples!for!cryoBEM!or!
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generating! crystals! is! difficult.! Therefore,! other! methods! need! to! be! employed! to! help!

predict!and!determine!the!binding!sites!of!assembly!factors.!

We!used!known!genetic!and!physical!interactions!among!the!BBfactors!to!generate!a!

model!of!the!locations!of!some!of!these!assembly!factors!(Fig.!52A).!Nop2!and!Nip7!form!a!

subcomplex!and!are!synthetically!lethal!with!deletion!of!genes!encoding!rBproteins!L26B!or!

L17A!respectively!(Costanzo!et!al.!2010).!These!two!rBproteins!are!adjacent!to!each!other!in!

domain! I! of! 25S/5.8S! rRNA,! lying! near! the! polypeptide! exit! tunnel.! Consistent! with! the!

synthetic!lethal!interactions!observed!between!these!two!rBproteins!and!the!BBfactors!Nop2!

and!Nip7,!L17!and!L26!function!in!processing!of!27SB!preBrRNA.!This!suggests!that!Nop2!

and!Nip7!might!dock!preBribosomes!near!these!two!rBproteins,!close!to!the!exit!tunnel!Fig.!

52A).!!

CryoBEM! studies! show! that! Tif6! binds! L23! and! L24! on! the! intersubunit! side! of!

assembling!60!subunits!and!functions!to!prevent!premature!association!of!the!60S!and!40S!

subunits!(Gartmann!et!al.!2010).!Tif6!is!one!of!the!last!assembly!factors!to!be!released!from!

the! assembling! ribosome.! Its! removal! is! dependent! on! the! ShwachmanBBodianBDiamond!

syndrome! protein! homologue! Sdo1! and! the! GTPase! Efl1! (Menne! et! al.! 2007).! Sdo1!was!

shown! to! interact! with! rBprotein! L3! in! a! twoBhybrid! screen,! positioning! Sdo1! near! Tif6.!

Interestingly,!Sdo1!was!also!shown!to!bind!directly!to!Nip7!(Luz!et!al.!2009).!Thus,! there!

may!be!a!physical!connection!between!Nip7,!Sdo1,!and!Tif6.!This!provides!a!testable!model!

that!Sdo1!may!be!involved!in!releasing!not!only!Tif6,!but!other!BBfactors!as!well.!

L5,!L11,!and!5S!rRNA,!which!are!members!of!the!Rpf2!subcomplex,!form!the!central!

protuberance!(CP)!near!the!top!of!60S!subunits!(BenBShem!et!al.!2011).!Thus!it!is!likely!that!

when! Rpf2! and! Rrs1! deliver! L5,! L11,! and! 5S! rRNA! to! assembling! ribosomes,! they! are!
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located! in! a! comparable! position.! We! speculate! that! Rpf2! and! Rrs1! are! located! on! the!

intersubunit!side!of!the!CP!based!on!the!following!evidence:!1)!Rrs1!was!shown!to!interact!

with!Ebp2!in!both!twoBhybrid!and!PCA!(protein!complementation!assay)!screens!(Tsujii!et!

al.!2000;!Tarassov!et!al.!2008).!2)!Ebp2!exhibits!two!hybrid!interactions!with!Brx1!(Shimoji!

et!al.!2012).!3)!Brx1!interacts!with!Tif6!by!PCA!(Tarassov!et!al.!2008).!These!three!pieces!of!

evidence!suggest!a!chain!of!interactions!beginning!with!Tif6,!perpetuated!through!Brx1!and!

Ebp2,!and!ending!with!the!Rpf2!subcomplex.!!

Nsa2!exhibits!twoBhybrid!interactions!with!rBproteins!L4,!L15,!and!L18!(Lebreton!et!

al.!2006a)!(Fig.!52B),!which!are!located!adjacent!to!each!other!on!the!left!edge!of!the!60S!

subunit!when!viewed! from! the! intersubunit! face.!Nsa2! shares!a!number!of!both!physical!

and!genetic!interactions!with!Rlp24,!Nog1,!and!Mak11,!suggesting!that!these!proteins!may!

associate! with! preBribosomes! in! close! proximity! to! each! other! (Saveanu! et! al.! 2003;!

Lebreton!et!al.!2006a).!Consistent!with!this! idea,!our!results,!with!those!of!Saveanu!et!al.,!

show! that! Rlp24,! Nog1,! and! Mak11! are! interdependent! for! their! assembly! into! preB

ribosomes!and!all! three!are!required!to!recruit!Nsa2.! Interestingly,!overexpression!of! the!

A3Bfactor!Nop7!suppresses!mutations!in!nog1+(Honma!et!al.!2006).!Nop7!is!a!member!of!a!

group! of! mutually! interdependent! proteins! required! for! processing! 27SA3! preBrRNA!

(Sahasranaman!et!al.!2011).!UV!crosslinking!has!shown!most!of!the!A3Bfactors!bind!rRNA!in!

domain!I!of!25S/5.8S!rRNA!or!in!ITS2,!and!in!their!absence!these!regions!are!not!properly!

assembled! (Granneman! et! al.! 2011).! Consistent! with! genetic! interactions! between! Nog1!

and!Nop7,! in! the!absence!Nop7!and!mutually! interdependent!A3Bfactors,!Nog1!and!Rlp24!

fail! to! associate! with! preBribosomes,! suggesting! they!may! also! bind! near! the! A3Bfactors.!

Specifically,! Nop7!was! shown! to! bind! rRNA! near! helix! 54! in! domain! III! (Fig.! 52B).! This!
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region!of!rRNA!is!in!close!proximity!to!the!rRNA!binding!sites!of!L4,!L15,!and!L18!further!

supporting!the!idea!Rlp24,!Nog1,!Mak11,!and!Nsa2!bind!the!left!edge!of!the!60S!subunit.!It!

is! also! interesting! that! inactivation! of! TOR! signaling! causes! both! Nog1! and! Nop7! to!

associate!less!well!with!preBribosomes!(Honma!et!al.!2006),!suggesting!this!neighborhood!

could!be!a!target!of!TOR!regulation.!

While! we! were! unable! to! predict! the! binding! sites! of! all! BBfactors,! our! model!

provides!a!number!of! important! insights.!First,!we!predict! that!a! large!majority!of! the!BB

factors!are!binding!on!the!intersubunit!face.!Could!some!of!these!factors!prevent!premature!

subunit! joining! analogous! to! Tif6?! Could! Nog2! remove! or! reorganize! these! proteins!

analogous!to!other!GTPases!that!function!on!the!subunit!interface!(Lo!et!al.!2010)?!Second,!

we!predict!that!Rlp24,!Nog1,!and!Nsa2!are!binding!near!rBproteins!L4,!L15,!and!L18.!These!

are! in! close! proximity! to! the! ITS2Bproximal! stem,!where! ITS2!would! be! predicted! to! be!

located!in!assembling!60S!subunits.!Our!predictions!for!the!location!of!these!BBfactors!put!

them!in!prime!position!to!facilitate!the!removal!of!ITS2.!!
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FIGURE(52(
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Figure(52:(Physical(and(genetic( interactions(provide(clues(about(the(location(of(the(

BEfactors(in(preEribosomes.((

(A)!Predicted! locations!of!BBfactors! in!assembling!60S!subunits.!Binding!sites!of!proteins!

were! predicted! using! a! combination! of! genetic! and! physical! interactions! and! then!

superimposed!on!a!schematic!of! the!60S!subunit!viewed!form!the! intersubunit!side.!Grey!

circles! indicate!assembly! factors! and! ribosomal!proteins! that!were!used!as! landmarks! to!

help! position! the! BBfactors.! PCA! B! protein! complementation! assay;! H.C.! sup! –! highBcopy!

suppressor;!Sup!–!extragenic!suppressor;!slB! B!synthetic! lethal.!(B)!rBproteins!L4,!L15,!and!

L18!are!shown!in!the!crystal!structure!of!the!60S!subunit!as!viewed!from!the!crown!view!of!

the!intersubunit!face!rotated!right!90!°.!Domain!I!and!domain!III!of!25S!rRNA!are!indicated!

in!red!and!blue!respectively.!The!Nop7!binding!site!determined!by!Granneman!et!al.!(2011)!

is!shown!in!cyan.!Pymol!images!of!the!ribosome!structure!were!generated!using!PDB!files!

3U5H!and!3U5I.!
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MATERIALS(AND(METHODS(

Construction(of(yeast(strains(

Yeast!strains!conditional! for!expression!of!RPF2,+RLP24,+SPB4,+NOG1,+TIF6,+or+NOG2+were!

constructed! as! described! by! Longtine! et+ al.+ (1998),! as! follows.! Sequences! containing! a!

selectable! marker,! plus! the! GAL1! promoter! sequence! followed! by! an! ATG! and! codons!

encoding!three!copies!of!the!hemaglutinin!epitope!(3HA),!were!amplified!by!PCR.!The!PCR!

products! were! transformed! into! yeast.! Transformants! were! screened! for! correct!

integration!of!the!GAL1!promoter!and!the!triple!hemaglutinin!(3HA)!tag!upstream!and!inB

frame! with! the! respective! genes,! by! western! blotting! with! antiBHA! antisera.! Strains!

conditional!for!expression!of!Nip7,!Nop2,!or!Dbp10!were!obtained!from!other!laboratories!

(Hong!et!al.!1997;!Zanchin!et!al.!1997;!Burger!et!al.!2000),!and!contain!a!genomic!knockout!

of! the! respective! genes! plus! a! plasmid! bearing! a+ GAL! promoter! fusion! of! each! gene.! For!

NIP7,!we!used!the!temperatureBsensitive!allele!nip7?1!fused!to!the!GAL!promoter.!Because!

the!Nip7B1!protein!is!functional!at!30!°C!but!is!less!stable!than!wildBtype!Nip7!(Zanchin!et!

al.!1997),!Nip7B1!can!be!more!rapidly!depleted!than!with!wildBtype!NIP7!fused!to!the!GAL1+

promoter.!

! Yeast! strains! expressing! CBterminal! TAPBtagged! Nop7! or! CBterminal! 3HABtagged!

proteins!were!created!by!PCR!of!the!tag!sequence!and!a!selectable!marker!(URA3+or+TRP1!

for! the! TAP! tag,! and!HIS3! or+ kanMX6! for! the! 3HA! tag),! transformation,! and! selection,! as!

described! in! Rigaut! et+ al.! (1999)! or! Longtine! et! al.! (1998),! respectively.! Transformants!

were!screened!by!western!blotting!to!identify!those!expressing!the!tagged!proteins,!and,!in!

most!cases,!by!polysome!gradients!for!defects!in!ribosome!assembly,!which!would!indicate!
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effects!of! the! tag!on!protein! function.!Sequences!of!oligonucleotides!used!as!PCR!primers!

are!available!upon!request.!

!

Growth(of(yeast(strains(and(depletion(of(factors(

Yeast! strains!used! in! this! study!are! listed! in!Table!5.!Unless!otherwise!noted,!yeast!were!

grown!at!30!°C! in!YEPGlu!medium!(2%!dextrose,!2%!peptone,! and!1%!yeast!extract),! or!

YEPGal!medium!(2%!galactose,!2%!peptone,!and!1%!yeast!extract).!Cells!were!harvested!

during! midBlogarithmic! phase! growth,! at! 3B5x107! cells/ml,! except! where! otherwise!

indicated.!The!strains!containing!GAL1!promoter! fusions!of!BBfactor!genes!were!grown!at!

30!°C!in!YEPGal!liquid!medium!to!3B5x107!cells/ml,!or!grown!in!YEPGal!medium!and!shifted!

to!YEPGlu!for!indicated!times,!to!3B5x107!cells/ml,!to!deplete!the!proteins!in+vivo.!Depletion!

was!assayed!by!western!blotting!of!whole!cell!extracts!with!antiBHA!antiserum,!to!measure!

amounts!of!the!3HABtagged!assembly!factors!(data!not!shown).!

!

Sucrose(gradient(assays(of(ribosomes(and(polyribosomes(

PreBribosomes,! ribosomes,! and! polyribosomes! were! fractionated! from! 40! OD254! units! of!

whole! cell! extracts! on! 7%B47%(w/v)! sucrose! gradients! as! described! in! Deshmukh! et+ al.+

(1993),! with! the! following! modifications.! Cycloheximide! (5! mg)! was! added! to! cultures!

twenty! minutes! before! harvesting! cells.! A! Teledyne! ISCO! Foxy! R1! density! gradient!

fractionator!was!used!to!fractionate!and!analyze!gradients.!!

!

Affinity(purification(of(preEribosomes(or(preEribosome(subcomplexes(



! 289!

Ribosome! assembly! intermediates! were! affinityBpurified! from! whole! cell! extracts! with!

magnetic!Dynabeads!(Invitrogen),!using!TAPBtagged!assembly!factor!Nop7,!as!described!in!

Sahasranaman!et+al.!(2011).!The!Nop2/Nip7!subcomplex!was!purified!as!follows:!extracts!

were!prepared!from!a!NOP2?TAP!strain!and!preBribosomes!and!ribosomes!were!pelleted!by!

centrifugation!of!whole!cell!extracts!at!180,000xg!for!2h!at!4!°C,!as!described!in!Krogan+et+

al.! (2004).!The!supernatant!was!subjected!to!a!second!centrifugation!at!180,000xg!for!45!

min!at!4!°C.!TAPBtagged!Nop2!was!used!to!affinityBpurify!the!Nop2/Nip7!subcomplex!from!

the!supernatant!as!previously!described!(Rigaut!et!al.!1999).!

!

Protein(extractions,(SDSEPAGE,(and(western(blot(analysis(

Proteins! in! whole! cell! extracts! were! prepared! for! gel! electrophoresis! by! dissolving! the!

extract! in!SDS!sample!buffer.!Proteins!were!recovered! from!sucrose!gradient! fractions!or!

from! eluates! during! affinity! purification! by! precipitation! with! 10%! TCA,! and! were!

subsequently! suspended! in! SDS! sample! buffer.! Proteins! were! resolved! by! SDSBPAGE! on!

4%B20%!Novex!precast!gels!(Invitrogen),!and!stained!with!silver!by!standard!methods.!To!

assay!Nog2!protein!by!western!blotting,!NuPage!4%B12%!BisBTris!gels! (Invitrogen)!were!

used,! since! Nog2! comigrates! with! IgG! on! 4%B20%!Novex! gels.! Proteins! from!wholeBcell!

extracts,! gradient! fractions! or! purified! preBribosomes! were! assayed! by! western! blot!

analysis! (Ausubel! et! al.! 1994),! with! the! following! modification.! To! enable! detection! of!

multiple!different!proteins!on!one!blot!and!to!conserve!antiserum,!after!electroblotting!we!

cut! nitrocellulose!membranes! into! smaller! sections! based! on! the! known!mobility! of! the!

different! proteins.! Edges! of! cut! membranes,! when! visible,! are! indicated! by! "<"! in! the!

Figures.!TAPBtagged!proteins!were!detected!using!alkaline!phosphatase!conjugated!to!IgG!
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(Pierce).! 3HABtagged! proteins! were! identified! with! mouse! monoclonal! antibody! 12CA5.!

Otherwise,!antibodies!specific!for!rBproteins!or!ribosomal!assembly!factors!were!used.!APB

conjugated! antiBmouse! or! antiBrabbit! secondary! antibodies! (Promega)! were! used,! and!

colorimetric! detection!was! performed! using!NBT! and!BCIP! (Promega).! Often,! two! bands!

were!seen!for!westerns!with!Nog2,!Nop2,!or!Nog1.!The!band!corresponding!to!the!bona+fide!

protein!was!confirmed!by!comigration!on!SDSBPAGE!with!silverBstained!protein!identified!

by!mass! spectrometry,! or! by! decrease! upon! turning! off! expression! of! the! corresponding!

gene,!and!is!indicated!with!#.!

!
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5.2(Ebp2(and(Brx1(function(cooperatively(in(60S(ribosomal(subunit(assembly(

This! work!was! done! in! collaboration!with! Keiko!Mizuta! at! the! University! of! Hiroshima,!

Japan.! ! Dr.!Mizuta! identified! some! very! interesting! synthetic! lethal! interactions! between!

ebp2+and!brx1!mutants!and!asked!us!if!we!could!assist! in!pinpointing!the!molecular!basis!

for! this! synthetic! lethality.! ! Together!we! found! that! the! ebp2+ brx1+double!mutants!were!

defective!in!processing!27SA!preBrRNAs,!whereas!brx1+mutants!were!not.!!Furthermore,!we!

found! that! Ebp2! and! Brx1! exhibited! strong! twoBhybrid! interactions,! but! that! these!

interactions!were!abolished! in!ebp2+brx1! double!mutants.! !However,!both!proteins! could!

still!associate!with!66S!preBribosomes,!but!assembly!was!blocked.! !Last,!we!established!a!

hierarchy! of! recruitment! in! which! Ebp2! is! necessary! for! Brx1! association,! but! not! vice+

versa.!!Together!our!data!suggest!that!Ebp2!and!Brx1!do!not!necessarily!need!to!interact!to!

remain!stably!associated!with!preBribosomes,!but!do!need!to!interact!to!properly!function!

in!27SA!preBrRNA!processing.!

! My! contribution! to! this!work! included!assaying!preBrRNA!processing! in!Ebp2!and!

Brx1!depletion!strains!and!ebp2+brx1+singleB!and!double!mutants.!Furthermore,! I!purified!

preBribosomes! using! Ebp2B! and! Brx1BTAP! to! determine! their! timing! of! association.! This!

work!was!published!in!Nucleic+Acids+Research+in!May,!2012!

!

5.2.1(Depletion(of(Ebp2(and(Brx1(block(processing(of(27SA2(and(27SA3(preErRNAs.(

To! test! the! effect! on! preBrRNA! processing! in! the! absence! of! Ebp2! or! Brx1,! strains!were!

constructed! in!which!the!expression!of!each!protein!was!placed!under!control!of! the!GAL+!

promoter.!Cells!were!grown! in!galactoseBcontaining!medium!to!express!each!protein!and!

then! subsequently! shifted! to! glucoseBcontaining! medium! for! 16! hours! to! deplete! each!
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protein.!!Upon!depletion!of!both!proteins!we!observed!an!accumulation!of!27SA2!and!27SA3!

preBrRNAs! (Fig.! 53).! !However,! depletion! of! Ebp2! resulted! in! a! slightly! earlier! preBrRNA!

processing! defect! as! evident! by! the! greater! accumulation! of! 27SA2! preBrRNA,! and! a!

relatively!small!affect!of!27SB!preBrRNA.!!On!the!other!hand,!depletion!of!Brx1!resulted!in!a!

“classic”!A3!phenotype;!an!accumulation!of!27SA3!preBrRNA!and!a!subsequent!decrease!of!

27SBS.! ! These! results! are! consistent! with! the! established! hierarchy! in! which! Ebp2!

assembles!into!preBribosomes!prior!to!Brx1.!!!
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FIGURE(53(
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Figure(53:(Ebp2(and(Brx1(are(required(for(processing(27SA2(and(27SA3(preErRNAs(

The!preBrRNA!processing!defect!in!the!absence!of!Ebp2!and!Brx1.!!RNA!was!extracted!from!

unshifted! and! shifted! strains! and! assayed! by! primer! extension! with! an! oligonucleotide!

complementary!to!ITS2.!
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5.2.2( A( combination( of( the( ebp2<14+ and( brx1<102+ or( brx1<172( mutations( leads( to(

synergistic(defects(in(preErRNA(processing.(

Because! ebp2+ brx1+ double! mutants! are! lethal! at! all! temperatures,! we! constructed!

conditional!lethal!strains.!To!do!so!we!built!strains!containing!ebp2?14+brx1?102+or!ebp2?14+

brx1?172,! plus! a! plasmid! containing!wildBtype!HABtagged!EBP2+under! control! of! the!GAL+

promoter.!When!these!strains!were!shifted!from!galactoseBcontaining!medium!to!glucoseB

containing!medium,!the!expression!of!EBP2+was!turned!off!and!the!phenotypes!of!the!ebp2+

brx1+double!mutant!could!be!seen.!

! Because!the!ebp2+single!mutants!are!temperature!sensitive,!we!examined!preBrRNA!

processing!in!the!brx1+and!ebp2+mutants!grown!at!25!°C!and!shifted!to!37!°C,!as!well!as!the!

conditional!double!mutants!grown!at!25!°C,!using!primer!extension.!!As!shown!in!Figure!54,!

lanes!1B3,!amounts!of!27SA2,!27SA3,!and!27SB!in!the!brx1?102+or!brx1?172+single!mutants!

were! similar! to! those! in! wildBtype! BRX1+ yeast.! ! The! ebp2?14+mutant! contained! slightly!

higher! levels! of! 27SA2! and! 27SA3! preBrRNAs! compared! to! the! wildBtype! strain! (Fig.! 54,!

lanes! 4! and! 5).! ! Last,! both! double!mutant! strains! shifted! to! glucose! containing!medium!

contained! increased! amounts! of! 27SA2! and! 27SA3! preBrRNAs! compared! to! the! unshifted!

strains! expressing!EBP2! (Fig! 54,! lanes!6B9),! or! either! single!mutant! alone.!However,! this!

affect!was!fairly!minimal.!
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Figure(54:(A(combination(of(the(ebp2<14+and(brx1<102+or(brx1<172(mutations(leads(to(

synergeistic(defects(in(preErRNA(processing.(

RNA!was!extracted!from!the! indicated!strains!and!assayed!by!primer!extension!using!the!

ITS2BA!oligonucleotide!complementary!to!ITS2.!
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5.2.3(Ebp2(and(Brx1(assemble(into(preEribosomes(early,(with(preErRNPs(containing(

35S(preErRNA.(

We!wanted!to!determine!with!which!preBribosomal!intermediates!Ebp2!and!Brx1!associate.!!

Both! proteins! are! routinely! identified! by! mass! spectrometry! in! preBribosomes! affinityB

purified! using! TAPBtagged! early! or!middle! assembly! factors.! ! To! do! so,!we! assayed!with!

which! of! the! consecutive! preBrRNA! intermediates! TAPBtagged! Brx1! and! Ebp2! coBpurify.!!

Nob1,!a!component!of!43S!preBribosomes,!and!an!untagged!strain!were!used!as!controls.!

Primer! extension! and! northern! blotting! indicated! that! 35S,! 27S,! and! 7S! preBrRNA! coB

purified!with!Brx1BTAP!and!Ebp2BTAP!(Fig.!55).!We!also!observed!coBpurification!of!5.8S!

and! 25S! rRNAs!with!Brx1! and!Ebp2,! however! these! rRNAs!were! present! in!much! lower!

quantities!with!Ebp2!suggesting! that!Ebp2!dissociates! from!preBribosomes!prior! to!Brx1.!

Together! these! data! suggest! that! Ebp2! and! Brx1! associate! with! early! preBribosomes!

containing! 35S! preBrRNA! and! are! present! in! each! of! the! consecutive! 66S! preBribosomal!

intermediates.!!!
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FIGURE(55(
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Figure( 55:( Ebp2( and( Brx1( assemble( into( preEribosomes( early,( with( preErRNPs(

containing(35S(preErRNA.(

TAPBtagged! Ebp2! and! Brx1! were! used! to! affinityBpurify! preBribosomes.! ! PreBrRNAs!

contained! in! these!particles!were! identified!by!primer!extension!and!gel! electrophoresis.!!

The!untagged!parent!strain!S288C!and!Nob1BTAP!were!used!as!controls.!
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5.3(Timing(of(association(of(assembly(factors(

As! discussed! throughout! this! thesis,! many! assembly! factors! are! present! in! different!

populations!of!preBribosomes,!and!thus!their!presence!in!discrete!populations!can!be!used!

as!“landmarks”!along!the!ribosome!assembly!pathway.!To!better!understand!the!timing!of!

association! of! assembly! factors! with! preBribosomes,! we! obtained! the! Yeast! TAPBTagged!

ORF!collection!from!Dr.!Joseph!Martens!at!the!University!of!Pittsburgh.!!We!affinityBpurified!

particles!using!TAPBtagged!assembly!factors!thought!to!be!present!in!preBribosomes!during!

early,!middle,!and!late!steps!of!assembly,!and!compared!the!preBrRNAs!they!coBpurify!with!

those!coBpurified!by!Nop7,!Brx1,!and!Nop4.!!These!three!assembly!factors!have!previously!

been! characterized! and! have! been! shown! to! be! present! in! preBribosomes! throughout!

assembly.!!PreBrRNAs!that!coBpurified!with!these!factors!were!assayed!by!primer!extension!

using! an! oligonucleotide! complementary! to! ITS2,! allowing! simultaneous! detection! of!

27SA2,! 27SA3,! and! 27SB! preBrRNAs! (Fig.! 56).! ! As! controls,! we! used! a! Nob1BTAP! strain!

(described! in! 5.2.3)! and! the! untagged! parent! strain! S288C.! In! general,!we! observed! that!

Rrp5,! Ssf1,! Dbp7,! Dbp6,! Dbp2,! Drs1,! and! Nsa1! associate! with! preBribosomes! early! in!

assembly! (coBpurified! 27SA2! preBrRNAs),! Nog2,! Nug1,! Rix1,! and! Arx1! associate! during!

middle!steps!(coBpurified!27SB!preBrRNAs),!and!Lsg1!associates!late!in!assembly!(27S!preB

rRNAs!were!undetectable).!!This!work!revealed!that!Rrp5!is!associated!only!with!early!preB

ribosomes! containing! 27SA2! preBrRNAs! and! has! since! been! used! routinely! by! the! lab! to!

assay!changes!in!the!composition!of!early!preBribosomes.!!
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Figure(56:(Timing(of(association(of(66S(assembly(factors(

PreBribosomes! were! purified! using! each! of! the! TAPBtagged! proteins! listed,! and! the! preB

rRNAs!contained!within!them!were!assayed!by!primer!extension!and!PAGE!using!the!ITS2B

A!oligonucleotide!complementary!to!ITS2.!!!

(

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



! 304!

5.4(In+vivo+hydroxyl(radical(RNA(structure(probing(in(yeast(

A!current!challenge!to!RNA!structure!probing!is!the!relatively!low!number!of!reagents!that!

can! be! used! in+ vivo.+Of! the! routinely! used! small!molecules,! DMS! and! recently! developed!

SHAPE!reagents!are!the!only!ones!that!can!rapidly!penetrate!the!cell!wall.! ! In!an!effort!to!

develop!new!technologies! for! in+vivo+RNA!structure!probing! in!yeast,! I!performed! in+vivo+

hydroxyl!radical!footprinting!at!the!National!Synchrotron!Light!Source!(beamline!X28C)!at!

Brookhaven! National! Laboratory.! ! This! technique! was! developed! by! Sarah! Woodson’s!

group!to!probe!RNA!structure!in!E.+coli.!Briefly,!frozen!cell!pellets!(5B10!µl)!are!placed!in!a!

cryoBcooled! sample! holder,! and! irradiated! with! synchrotronBgenerated! xBrays! to! cause!

radiolysis! of! intracellular! water! and! production! of! hydroxyl! radicals! (Fig.! 57).! ! The!

hydroxyl! radicals! produced! are! extremely! short! lived! (10B20! µs)! and! cleave! the! RNA!

backbone!in!a!solventBaccessible!manner.!!These!cleavages!can!then!be!detected!by!primer!

extension,!providing!tertiary!information!about!RNA!structure.!

! To!develop!this!technique!I!first!determined!the!optimal!exposure!time!to!achieve!a!

good!signalBtoBnoise!ratio,!while!producing!~1!cleavage!per!RNA!molecule.!!I!exposed!cells!

to! the! synchrotronBgenerated! xBrays! for! 0B1000! ms,! extracted! RNA,! and! assayed! the!

amount!of!cleavage!by!primer!extension!and!PAGE,!as!well!as!agarose!gel!electrophoresis!

(Fig.!58A,!58B,!and!58D).!!I!determined!that!100B200!ms!was!the!optimal!exposure!time!in!

yeast.! Primer! extension! analysis! of! 5.8S! rRNA! revealed! that! it! was! cleaved! in! a! solvent!

accessible!manner.!!In!general,!5.8S!rRNA!sequences!that!protrude!from!the!surface!of!the!

ribosome!were!cleaved!while!those!that!were!protected!by!rBproteins,!or!buried!inside!the!

ribosome!were!not!(Fig.!58B!and!59).!!I!also!performed!hydroxyl!radical!footprinting!in!the!

nop12Δ+ strain! but! was! surprised! to! find! no! differences! in! the! cleavage! pattern! when!
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compared!to!wildBtype!(Fig.!58C.).!!It!may!be!that!Nop12!contacts!the!ITS2Bproximal!stem!

and!helix!8!in!such!a!way!that!it!does!not!preclude!the!RNA!backbone!from!being!cleaved.!!!

! While!the!protocol!I!used!was!essentially!the!same!as!that!described!in!Adilakshmi!

et+ al.! 2006,! there!were! a! few! differences.! ! I! found! that! including! 5%! glycerol! in! the! TM!

buffer! in! which! the! cells! are! frozen! significantly! improved! the! quality! of! the! RNA! after!

phenol!extraction.!Glycerol!is!a!scavenger!of!free!radicals,!however!I!found!that!addition!of!

glycerol! did! not! significantly! change! the! exposure! time!needed! to! obtain! cleavage! of! the!

RNA.!Furthermore,!I!found!that!yeast!required!slightly!longer!exposure!times!than!E.+coli!to!

achieve! a! good! signalBtoBnoise! ratio.! ! The! published!protocol! in!Adilakshmi! et+ al.! (2006)!

reports! an! optimal! exposure! time! for! E.+ coli+ of! ~200! ms,! however! more! recently! the!

Woodson!lab!has!been!using!exposure!times!of!~75!ms!(personal!communication).!!Last,!I!

can’t!stress!enough!how!important!it!is!to!keep!the!cell!pellets!frozen!at!all!times.!!I!found!

that!brief!warming,!even!for!a!few!seconds,!is!enough!to!significantly!degrade!the!RNA.!
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FIGURE(57(
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Figure(57:(In+vivo+hydroxyl(radical(RNA(structure(probing(in(yeast(

Shown!is! the!experimental!setup!at! the!X28C!beamline!at! the!National!Synchrotron!Light!

Source.! !Tubes! containing! frozen! cell! pellets! are!placed! in! the! cryocooled! sample!holder.!!

Upon!opening!of! the!Uniblitz! shutter,! cells!are! irradiated!with!xBrays.! !This! results! in! the!

radiolysis! of! water! and! production! of! hydroxyl! radicals! that! cleave! RNA! in! a! solvent!

accessible!manner.!
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FIGURE(58(
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Figure(58:( rRNA( is( cleaved( in(a(doseEdependant(manner(by( synchrotronEgenerated(

hydroxyl(radicals.(

(A)!The!optimal!exposure!time!was!determined!by!exposing!cells!to!synchrotronBgenerated!

xBrays!for!0B1000!ms!and!assaying!the!remaining!amount!of!fullBlength!27S!preBrRNAs!by!

primer!extension.!Ethidium!bromide!staining!of!agarose!gels!was!used!to!assay!the!amount!

of! 25S! and! 18S! rRNAs! remaining! after! exposure.! (B)! The! cleavage! pattern! detected! by!

primer!extension!and!PAGE!analysis!of! the! ITS2Bproximal!stem!and!preB5.8S!rRNA! in! the!

presence! and! absence! of! Nop12.! (C)! Cleavage! sites! of! 5.8S! rRNA!were! plotted! onto! the!

crystal! structure!of! yeast! 60S! ribosomes.! !Blue! indicates! cleavage,!whereas! red! indicates!

protection.!Shown!are!sequential!slices!into!the!core!of!the!60S!subunit.!(D)!Quantification!

of!the!amount!of!fullBlength!27S!preBrRNAs!assayed!in!(A).!
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FIGURE(59(
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Figure(59:(rRNA(is(cleaved(in(a(solventEaccessible(manner(by(syncrotronEgenerated(

hydroxyl(radicals.(

Shown!is!the!crystal!structure!of!the!yeast!60S!ribosomal!subunit.!!The!ITS2Bproximal!stem!

is!shown!in!green!and!rBproteins!L8!and!L15!are!shown!in!yellow.! !Red!indicates!areas!of!

5.8S!rRNA!that!were!cleaved!by!hydroxyl!radicals,!whereas!blue!represents!areas!that!were!

protected.!
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5.5(Cic1(and(Nop15(are(required(for(proper(folding(of(ITS2(

Cic1!and!Nop15!both!have!been!shown!to!crosslink!to!sequences!in!ITS2.!!As!discussed!in!

Chapter!1!(1.6.6.3),!ITS2!has!been!proposed!to!be!dynamic,!first!folding!into!an!open!“ring”!

conformation! (Fig.! 60A)! and! then! later! refolding! into! a! more! compact! “hairpin”!

conformation!(Fig.!60B).!To!determine!the!role!of!these!proteins!in!structuring!this!spacer!I!

performed! in+vivo+DMS!probing!of!cells!either!expressing!these!proteins,!or!cells!in!which!

expression!of!Cic1!or!Nop15!was!shut!off.!Because! these!proteins!are! interdependent! for!

their! association! with! preBribosomes,! changes! in! nucleotide! reactivity! in! the! absence! of!

either!were! largely! similar.! I! observed! a! number! of! nucleotides! at! or! near! the! Cic1! and!

Nop15!binding!sites!with!increased!DMS!reactivity!(Fig.!60!and!Fig.!61).!!A!number!of!these!

nucleotides!are!predicted!to!be!baseBpaired,!suggesting!helices!near!these!proteins!are!not!

stably!formed!in!their!absence.!Furthermore,!I!observed!two!nucleotides!immediately!3’!of!

the! E! site! with! decreased! reactivity! (C3021! and! C3024).! In! the! ring! model,! these! two!

nucleotides!do!not!participate!in!base!pairs!and!thus!should!be!reactive!to!DMS.!!However,!

in!the!hairpin!model!these!two!nucleotides!are!paired!with!G3044!and!G3041,!respectively.!

While!doing!these!experiments,!this!work!was!published!by!Granneman!et+al.!(2011)!who!

observed!the!same!changes.!They!proposed!that!Cic1!and!Nop15!function!to!maintain!ITS2!

in! the! ring! conformation,! and! in! their! absence! ITS2! prematurely! folds! into! the! hairpin!

structure.!!I!disagree!with!these!results!for!two!reasons.!!First,!the!DMS!modification!patter!

of! ITS2! in! wildBtype! cells! does! not! provide! enough! information! to! distinguish! between!

these!two!conformations.!Second,!if!the!model!proposed!by!Granneman!et+al.!were!true,!we!

should! observe! decreased! modification! of! A3042! as! well.! ! However,! this! nucleotide!

becomes! more! reactive! to! DMS! in! the! absence! of! Nop15! and! Cic1.! ! I! believe! the! only!
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conclusion!that!can!be!drawn!from!these!experiments!is!that!ITS2!is!not!properly!folded!in!

the!absence!of!these!proteins.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



! 314!

FIGURE(60((
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Figure(60:(Cic1(and(Nop15(are(required(for(proper(folding(of(ITS2(

Shown! are! the! secondary! structures! of! ITS2! in! the! ring! conformation! (A)! or! the! hairpin!

conformation!(B).!!Differentially!modified!nucleotides!in!the!absence!of!Cic1!and!Nop15!are!

indicated!with!colored!circles.!!
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FIGURE(61(
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Figure(61:(Cic1(and(Nop15(are(required(for(proper(folding(of(ITS2(

Shown!are!differentially!modified!nucleotides!in!the!absence!of!Cic1!or!Nop15!detected!by!

primer!extension!and!PAGE!analysis.!Differentially!modified!nucleotides!are!indicated!as!in!

Figure!60.!!Nucleotide!positions!corresponding!to!35S!preBrRNA!are!indicated.!!Sites!in!ITS2!

that!have!been!previously!shown!to!crosslink!to!Cic1!and!Nop15!are!shown.!
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5.6(Screening(for(mutations(in(genes(synthetically(lethal(with(drs1+missense(mutants(

The!assembly!factor!Nop7!was!initially!identified!in!a!screen!for!genes!synthetically!lethal!

with!drs1?2+and!drs1?5+mutant!alleles!(Adams!et!al.,!2002).! !Subsequently,!Nop7!has!been!

shown! to! interact! with! Drs1! both! physically! and! functionally! (Chapter! 3,! 3.2.2).! ! These!

initial! screens! were! not! exhaustive! and! thus! to! search! for! other! assembly! factors! that!

potentially!function!with,!regulate,!or!are!targets!of!Drs1,!I!and!two!undergraduates,!Anna!

Park!and!Lynley!Doonan,!performed!another!screen!with!these!drs1+mutants.!We!used!an!

ade2+ade3+leu2+ura3+drs1∆!haploid!strain!containing!a!CEN+URA3+ADE3+DRS1+plasmid!and!a!

CEN+LEU2+plasmid!containing!the!drs1+allele!of!interest!(ether!drs1?2+or!drs1?5).!Colonies!of!

this! strain! exhibit! red/white! sectoring! due! to! partial! loss! of! the! CEN+ URA3+ ADE3+ DRS1+

plasmid! at! 30! °C.! Cells! were! plated! at! a! concentration! of! ~1000! cells/plate! and! then!

immediately! subjected! to! a!dose!of!UV! irradiation! that! resulted! in! a!~15%!survival! rate.!

Cells!were!grown!at!30!°C!and!colonies!were!screened!for!the!nonsectoring!red!phenotype.!

Those! colonies! that! displayed! the! nonsectoring! red! phenotype! were! plated! on! media!

containing!5Bfluoroorotic!acid!(5BFOA)!to!determine!if!growth!depends!on!the!presence!of!

the!CEN+URA3+ADE3+DRS1+plasmid.!

! We! screened!~115,000!mutagenized! colonies! and! identified!16! that! exhibited! the!

nonsectoring!phenotype!and!failed!to!grow!on!5BFOA.!!However,!upon!loss!of!the!drs1+LEU2+

plasmid!from!these!candidates,!and!subsequent!transformation!of!an!unmutagenized!drs1+

LYS2,+all!of!our!candidates!displayed!the!sectoring!phenotype.!!This!suggests!that!our!initial!

phenotypes!were! due! to! additional!mutations! in! the!drs1+ LEU2+plasmid! that! resulted! in!

nonfunctional!Drs1.!

!
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5.7(Reducing(the(heterogeneity(of(preErRNAs(for(RNA(structure(probing(

As!discussed!in!Chapter!1!(1.6.5),!a!number!of!factors!make!probing!the!structure!of!preB

rRNAs!in+vivo+a!difficult!task.!!This!stems!from!the!heterogeneous!nature!of!preBrRNAs.!!The!

first!challenge! is!distinguishing!the!structure!of!preBrRNAs!from!mature!rRNAs.! !To!solve!

this,! we! have! designed! oligonucleotide! primers! for! primer! extension! that! are!

complementary! to! the! spacer! sequences! present! only! in! preBrRNAs.! ! However,! these!

spacers!(ITS1!and!ITS2)!are!present!in!more!than!one!consecutive!preBrRNA!intermediate,!

and! thus! our! structure! probing! results! represent! the! ensemble! structures! of! all! of! these!

intermediates.! One! approach! to! purifying! specific! preBrRNA! intermediates! is! to! use! an!

assembly!factor!to!purify!a!discrete!interval!of!preBribosomal!particles.!However,!due!to!the!

nature!of!the!in+vivo!structure!probing!protocols,!purification!of!assembly!intermediates!is!

not!feasible!after!treatment!of!the!cells!with!DMS!and!quenching!with!βBmercaptoethanol.!!

! To!address!these!issues,!Jelena!Jakovljevic!and!I!have!tried!two!different!approaches!

to! reduce! the! heterogeneity! of! preBrRNAs! after! in+ vivo+RNA! structure! probing! and! RNA!

extraction.! !The!first!approach!we!took!was!to!simply!run!wholeBcell!RNA!(10B100!ug)!on!

agarose!gels! and! cut!out! the!band! that! represents!27S!preBrRNA! (contains!27SA2,!27SA3,!

and! 27SB!preBrRNAs).! ! This! approach! is! challenging! for! two! reasons.! First,! because! preB

rRNAs!are!present!in!much!lower!quantities!than!mature!rRNAs,!they!are!difficult!to!see!by!

staining! with! ethidium! bromide! or! GelStar! nucleic! acid! stain! (Lonza).! ! Second,! the!

resolution!of!our!agarose!gels!only!allows!us!to!separate!27S!preBrRNA!from!25S!rRNA!by!a!

few!millimeters.!We!were!able! to!better!visualize!where!27S!preBrRNA!ran!on! the!gel!by!

including!on!the!same!gel,!preBrRNAs!that!were!affinity!purified!using!Nop7BTAP.!While!we!

were!able! to!enrich! for!27S!preBrRNAs!by!excising! the!27S!preBrRNA!gel!band,!we! found!



! 320!

that! the! integrity! of! our! RNA! was! poor! and! our! samples! contained! contaminating! 25S!

rRNA.! !We!also!tried!to!“trough”!27S!preBrRNA!by!running!our!gels! to!separate!27S! from!

25S,!cutting!a!trough!in!the!gel!above!27S,!and!then!reversing!the!current!and!running!27S!

into! the! trough! where! it! could! subsequently! be! removed! by! pipetting.! ! This! greatly!

improved! the! integrity! of! our!RNA!and!we!were! able! to! significantly! enrich! for!27S!preB

rRNA,! however! our! samples! still! contained! amounts! of! 25S! rRNA! that! would! prevent!

further!analysis!of!27S!preBrRNA!structure.!!!

! The!second!approach!we!tried!was!based!off!of!protocols!developed!by! the!Nilsen!

laboratory,! in! which! DNA! oligonucleotides! are! splintBligated! onto! the! ends! of! RNAs! of!

interest.! ! The! protocol! relies! on! the! ability! of! T4! DNA! ligase! to! covalently! join! a! DNA!

oligonucleotide!to!the!5’!end!of!RNAs!when!the!two!ends!are!perfectly!aligned.! !The!ends!

are! aligned! by! performing! the! ligation! in! the! presence! of! a! “bridge”! oligonucleotide! that!

hybridizes!to!both!the!oligonucleotide!and!the!RNA!of!interest.!Our!experimental!setup!is!as!

follows:!1)!BiotinBconjugated!DNA!oligonucleotides!are! ligated!to!the!5’!end!of!preBrRNAs!

with!the!aid!of!bridge!oligonucleotides!complementary!to!the!biotinBoligonucleotide!and!to!

the! RNA! of! interest.! ! 2)! Following! ligation,! the! RNA! of! interest! is! affinityBpurified! using!

streptavidinBcoated! beads.! 3)! The! RNA! of! interest! in! eluted! from! the! beads! by! briefly!

heating! the!sample! to!95!°C! to!break! the!streptavidinBbiotin! interaction.! !4)!Eluted!RNAs!

are!assayed!by!primer!extension,!northern!blotting,!etc.!

I!designed!DNA!oligonucleotides!of!random!sequence!to!be!ligated!to!the!5’!ends!of!

27SA2!and!27SA3!preBrRNAs!using!bridge!oligonucleotides!complementary!to!these!RNAs.!I!

performed! the! splint! ligations,! affinity! purifications,! and! assayed! for! purified! RNAs! by!

northern!blotting.! !My! first!attempt!did!not!result! in!obtaining!any!purified!preBrRNAs.! ! I!
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think! this! approach! still! warrants! consideration,! but! needs! to! be! troubleBshooted! more!

carefully.! Before! repeating! any! affinity! purifications,! I! would! first! see! if! a! 32PBlabled!

oligonucleotide!can!be!splint!ligated!onto!27S!preBrRNA!or!25S!rRNA.!!This!would!at!least!

allow!me!to!determine!if!the!splint!ligation!is!working.!
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5.8(Mutational(analysis(of(Drs1(

To! further! characterize! the! role! of! Drs1! in! ribosome! biogenesis,! Jelena! Jakovljevic! and! I!

mutated! key! residues! in! the!Walker! A!motif! (K68A),!Walker! B!motif! (D385A),! motif! III!

(S416L),! and! the! Q! motif! (Q258A),! however! we! only! assayed! for! defects! in! ribosome!

biogenesis! in! the! D385A! and! S416L! mutants.! ! Previous! studies! on! other! RNA! helicases!

predict! that! mutation! of! D385A! in! the!Walker! B! motif! should! abolish! ATP! binding! and!

hydrolysis,!and!mutation!of!S416L!in!motif!III!should!uncouple!ATP!binding!and!hydrolysis!

from!helicase!activity.! !Furthermore,!previous!analysis!of! these!mutations!by!the!Baserga!

group!showed!they!result!in!a!dominantBnegative!growth!defect!when!overexpressed!in!the!

presence!of!wildBtype!Drs1.!!

Amino!acid!changes!were!made!by!siteBdirected!mutagenesis! in!a!pRS315!plasmid!

containing!DRS1! (T.! Ripmaster,! JWB3013)! (We!used! the! company!Retrogen,! Inc).! ! These!

plasmids! were! then! transformed! into! the! following! strains:!GAL?HA?DRS1,+ GAL?HA?DRS1+

NOP7?TAP,! GAL?HA?DRS1+ NOG2?TAP,and+ GAL?HA?DRS1+ ARX1?TAP.! ! Upon! depletion! of!

endogenous! wildBtype! Drs1,! the! effects! of! the! D385A! and! S416L! mutations! on! particle!

maturation! and! preBrRNA! processing! were! assayed! by! affinity! purifications,! northern!

blotting,!and!primer!extension.! In!general,!many!of! the!defects!we!observed!were! largely!

similar!to!depletion!of!Drs1.!Analysis!of!preBrRNA!processing!by!primer!extension!revealed!

a!mild!accumulation!of!27SA2!and!27SA3!preBrRNAs!and!a! subsequent!decrease! in!27SBS!

(Fig.! 62A).! ! SDSBPAGE! analysis! and! silver! staining! of! affinityBpurified! particles! showed!

accumulation!of!highBmolecular!weight!proteins!similar!to!that!observed!upon!depletion!of!

Drs1!(Fig.!62B,!compare!to!Fig.!26D).! !This!was!especially!evident!when!mutant!particles!

were!purified!using!Nog2BTAP.! !All!of! the!data!and!strains!generated!during! this!analysis!
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have! been! retained! in! Jelena’s! notebooks.! Frozen! stocks! of! these! strains! are! retained! in!

Jelena’s!strain!box.!

The!fact!that!these!mutant!alleles!confer!a!dominantBnegative!effect!on!growth!when!

over!expressed!suggests!these!mutant!proteins!can!assemble!into!particles,!however!all!of!

our! assays! revealed! phenotypes! similar! to! the! depletion! of!Drs1.! ! One! possibility! is! that!

these! mutant! proteins! can! associate! with! preBribosomes,! but! upon! failure! to! bind! or!

hydrolyze!ATP! they! are! not! stably! incorporated! and! fall! out! of! particles.! ! Another,!more!

interesting! possibility! is! that! these! mutations! predicted! to! abolish! ATP! binding! and!

hydrolysis! block! 27SA! preBrRNA! processing.! Our! original! analyses! of! drs1+ missense!

mutants! suggest! that! the! catalytic! activity! of! Drs1! is! required! for! 27SB! preBrRNA!

processing.!!These!original!mutants!contained!mutations!near!the!conserved!motifs!for!ATP!

binding! and! hydrolysis! and! thus! might! result! in! diminished! catalytic! activity,! but! not! a!

complete! loss! of! function.! ! This! would! suggest! that! complete! loss! of! ATP! binding! or!

hydrolysis!by!Drs1!blocks!27SA!processing,!whereas!diminished!activity!blocks!27SB!preB

rRNA! processing.! ! Similar! results! were! seen! by! Dr.! Jill! Dembowski! of! our! lab! in! her!

characterization!of!Has1.!She!found!that!mutations!predicted!to!block!Has1!activity!block!

27SB!preBrRNA!processing,!but!complete!loss!of!Has1!blocked!27SA!preBrRNA!processing!.!!
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FIGURE(62(
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Figure(62:(Catalytically(inactive(drs1+mutants(block(27SA(preErRNA(processing(

Representative!data!showing!that!the!D385A!and!S416L!drs1+mutants!block!27SA!preBrRNA!

processing! (A)!and!cause! the!accumulation!of!highBmolecular!weight!proteins! in!purified!

preBribosomes! (B).! ! The! accumulation!of! high!molecular!weight!proteins! is!most! evident!

when!preBribosomes!are!purified!using!Nog2BTAP.(
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5.9(Association(hierarchy(of(proteins((that(function(in(27S(preErRNA(processing(
(
FIGURE(63(
(
(
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!



! 327!

References(
!
Adams,!C.C.,!Jakovljevic,!J.,!Roman,!J.,!Harnpicharnchai,!P.,!and!Woolford,!J.L.,!Jr.!2002.!

Saccharomyces!cerevisiae!nucleolar!protein!Nop7p!is!necessary!for!biogenesis!of!
60S!ribosomal!subunits.!RNA!8(2):!150B165.!

!
Adams,!P.L.,!Stahley,!M.R.,!Gill,!M.L.,!Kosek,!A.B.,!Wang,!J.,!and!Strobel,!S.A.!2004.!Crystal!

structure!of!a!group!I!intron!splicing!intermediate.!RNA!10(12):!1867B1887.!
!
Adilakshmi,!T.,!Bellur,!D.L.,!and!Woodson,!S.A.!2008.!Concurrent!nucleation!of!16S!folding!

and!induced!fit!in!30S!ribosome!assembly.!Nature!455(7217):!1268B1272.!
!
Adilakshmi,!T.,!Lease,!R.A.,!and!Woodson,!S.A.!2006.!Hydroxyl!radical!footprinting!in!vivo:!

mapping!macromolecular!structures!with!synchrotron!radiation.!Nucleic+Acids+Res!
34(8):!e64.!

!
Adilakshmi,!T.,!Ramaswamy,!P.,!and!Woodson,!S.A.!2005.!ProteinBindependent!folding!

pathway!of!the!16S!rRNA!5'!domain.!J+Mol+Biol!351(3):!508B519.!
!
Agalarov,!S.C.,!Selivanova,!O.M.,!Zheleznyakova,!E.N.,!Zheleznaya,!L.A.,!Matvienko,!N.I.,!and!

Spirin,!A.S.!1999.!Independent!in!vitro!assembly!of!all!three!major!morphological!
parts!of!the!30S!ribosomal!subunit!of!Thermus!thermophilus.!Eur+J+Biochem!266(2):!
533B537.!

!
Anfinsen,!C.B.!1973.!Principles!that!govern!the!folding!of!protein!chains.!Science!

181(4096):!223B230.!
!
Anfinsen,!C.B.,!Haber,!E.,!Sela,!M.,!and!White,!F.H.,!Jr.!1961.!The!kinetics!of!formation!of!

native!ribonuclease!during!oxidation!of!the!reduced!polypeptide!chain.!Proc+Natl+
Acad+Sci+U+S+A!47:!1309B1314.!

!
Anger,!A.M.,!Armache,!J.P.,!Berninghausen,!O.,!Habeck,!M.,!Subklewe,!M.,!Wilson,!D.N.,!and!

Beckmann,!R.!2013.!Structures!of!the!human!and!Drosophila!80S!ribosome.!Nature!
497(7447):!80B85.!

!
Armache,!J.P.,!Jarasch,!A.,!Anger,!A.M.,!Villa,!E.,!Becker,!T.,!Bhushan,!S.,!Jossinet,!F.,!Habeck,!

M.,!Dindar,!G.,!Franckenberg,!S.!et!al.!2010a.!CryoBEM!structure!and!rRNA!model!of!a!
translating!eukaryotic!80S!ribosome!at!5.5BA!resolution.!Proc+Natl+Acad+Sci+U+S+A!
107(46):!19748B19753.!

!
B.!2010b.!Localization!of!eukaryoteBspecific!ribosomal!proteins!in!a!5.5BA!cryoBEM!map!of!

the!80S!eukaryotic!ribosome.!Proc+Natl+Acad+Sci+U+S+A!107(46):!19754B19759.!
!
Ausubel,!F.M.,!Brent,!R.,!Kingston,!R.E.,!Moore,!D.D.,!Seidman,!J.G.,!Smith,!J.A.,!and!Struhl,!K.!

1994.!Current+protocols+in+molecular+biology.!Wiley,!New!York.!
!



! 328!

!
Babiano,!R.,!Badis,!G.,!Saveanu,!C.,!Namane,!A.,!Doyen,!A.,!DiazBQuintana,!A.,!Jacquier,!A.,!

FromontBRacine,!M.,!and!de!la!Cruz,!J.!2013.!Yeast!ribosomal!protein!L7!and!its!
homologue!Rlp7!are!simultaneously!present!at!distinct!sites!on!preB60S!ribosomal!
particles.!Nucleic+Acids+Res.!

!
Babiano,!R.,!Gamalinda,!M.,!Woolford,!J.L.,!Jr.,!and!de!la!Cruz,!J.!2012.!Saccharomyces!

cerevisiae!Ribosomal!Protein!L26!Is!Not!Essential!for!Ribosome!Assembly!and!
Function.!Mol+Cell+Biol!32(16):!3228B3241.!

!
Ban,!N.,!Nissen,!P.,!Hansen,!J.,!Moore,!P.B.,!and!Steitz,!T.A.!2000.!The!complete!atomic!

structure!of!the!large!ribosomal!subunit!at!2.4!A!resolution.!Science!289(5481):!905B
920.!

!
Bassler,!J.,!Grandi,!P.,!Gadal,!O.,!Lessmann,!T.,!Petfalski,!E.,!Tollervey,!D.,!Lechner,!J.,!and!

Hurt,!E.!2001.!Identification!of!a!60S!preribosomal!particle!that!is!closely!linked!to!
nuclear!export.!Mol+Cell!8(3):!517B529.!

!
Bassler,!J.,!Kallas,!M.,!Pertschy,!B.,!Ulbrich,!C.,!Thoms,!M.,!and!Hurt,!E.!2010.!The!AAAB

ATPase!Rea1!drives!removal!of!biogenesis!factors!during!multiple!stages!of!60S!
ribosome!assembly.!Mol+Cell!38(5):!712B721.!

!
Basu,!U.,!Si,!K.,!Warner,!J.R.,!and!Maitra,!U.!2001.!The!Saccharomyces!cerevisiae!TIF6!gene!

encoding!translation!initiation!factor!6!is!required!for!60S!ribosomal!subunit!
biogenesis.!Mol+Cell+Biol!21(5):!1453B1462.!

!
Baudin,!F.,!Ehresmann,!C.,!Romby,!P.,!Mougel,!M.,!Colin,!J.,!Lempereur,!L.,!Bachellerie,!J.P.,!

Ebel,!J.P.,!and!Ehresmann,!B.!1987.!HigherBorder!structure!of!domain!III!in!
Escherichia!coli!16S!ribosomal!RNA,!30S!subunit!and!70S!ribosome.!Biochimie!
69(10):!1081B1096.!

!
Beltrame,!M.,!Henry,!Y.,!and!Tollervey,!D.!1994.!Mutational!analysis!of!an!essential!binding!

site!for!the!U3!snoRNA!in!the!5'!external!transcribed!spacer!of!yeast!preBrRNA.!
Nucleic+Acids+Res!22(20):!4057B4065.!

!
BenBShem,!A.,!Garreau!de!Loubresse,!N.,!Melnikov,!S.,!Jenner,!L.,!Yusupova,!G.,!and!Yusupov,!

M.!2011.!The!structure!of!the!eukaryotic!ribosome!at!3.0!A!resolution.!Science!
334(6062):!1524B1529.!

!
Benjamini,!Y.,!Drai,!D.,!Elmer,!G.,!Kafkafi,!N.,!and!Golani,!I.!2001.!Controlling!the!false!

discovery!rate!in!behavior!genetics!research.!Behav+Brain+Res!125(1B2):!279B284.!
!
Berges,!T.,!Petfalski,!E.,!Tollervey,!D.,!and!Hurt,!E.C.!1994.!Synthetic!lethality!with!fibrillarin!

identifies!NOP77p,!a!nucleolar!protein!required!for!preBrRNA!processing!and!
modification.!EMBO+J!13(13):!3136B3148.!

!



! 329!

Berman,!H.M.,!Westbrook,!J.,!Feng,!Z.,!Gilliland,!G.,!Bhat,!T.N.,!Weissig,!H.,!Shindyalov,!I.N.,!
and!Bourne,!P.E.!2000.!The!Protein!Data!Bank.!Nucleic+Acids+Res!28(1):!235B242.!

!
Bleichert,!F.!and!Baserga,!S.J.!2007.!The!long!unwinding!road!of!RNA!helicases.!Mol+Cell!

27(3):!339B352.!
!
Bohnsack,!M.T.,!Kos,!M.,!and!Tollervey,!D.!2008.!Quantitative!analysis!of!snoRNA!

association!with!preBribosomes!and!release!of!snR30!by!Rok1!helicase.!EMBO+Rep!
9(12):!1230B1236.!

!
Bohnsack,!M.T.,!Martin,!R.,!Granneman,!S.,!Ruprecht,!M.,!Schleiff,!E.,!and!Tollervey,!D.!2009.!

Prp43!bound!at!different!sites!on!the!preBrRNA!performs!distinct!functions!in!
ribosome!synthesis.!Mol+Cell!36(4):!583B592.!

!
Brenowitz,!M.,!Chance,!M.R.,!Dhavan,!G.,!and!Takamoto,!K.!2002.!Probing!the!structural!

dynamics!of!nucleic!acids!by!quantitative!timeBresolved!and!equilibrium!hydroxyl!
radical!"footprinting".!Curr+Opin+Struct+Biol!12(5):!648B653.!

!
Brink,!M.F.,!Verbeet,!M.P.,!and!de!Boer,!H.A.!1993.!Formation!of!the!central!pseudoknot!in!

16S!rRNA!is!essential!for!initiation!of!translation.!EMBO+J!12(10):!3987B3996.!
!
Brion,!P.!and!Westhof,!E.!1997.!Hierarchy!and!dynamics!of!RNA!folding.!Annu+Rev+Biophys+

Biomol+Struct!26:!113B137.!
!
Brunel,!C.!and!Romby,!P.!2000.!Probing!RNA!structure!and!RNABligand!complexes!with!

chemical!probes.!Methods+Enzymol!318:!3B21.!
!
Buchmueller,!K.L.,!Webb,!A.E.,!Richardson,!D.A.,!and!Weeks,!K.M.!2000.!A!collapsed!nonB

native!RNA!folding!state.!Nat+Struct+Biol!7(5):!362B366.!
!
Buratti,!E.!and!Baralle,!F.E.!2004.!Influence!of!RNA!secondary!structure!on!the!preBmRNA!

splicing!process.!Mol+Cell+Biol!24(24):!10505B10514.!
!
Burger,!F.,!Daugeron,!M.C.,!and!Linder,!P.!2000.!Dbp10p,!a!putative!RNA!helicase!from!

Saccharomyces!cerevisiae,!is!required!for!ribosome!biogenesis.!Nucleic+Acids+Res!
28(12):!2315B2323.!

!
Bussiere,!C.,!Hashem,!Y.,!Arora,!S.,!Frank,!J.,!and!Johnson,!A.W.!2012.!Integrity!of!the!PBsite!is!

probed!during!maturation!of!the!60S!ribosomal!subunit.!J+Cell+Biol!197(6):!747B759.!
!
Butcher,!S.E.!and!Pyle,!A.M.!2011.!The!molecular!interactions!that!stabilize!RNA!tertiary!

structure:!RNA!motifs,!patterns,!and!networks.!Acc+Chem+Res!44(12):!1302B1311.!
!
!
!
!



! 330!

Cannone,!J.J.,!Subramanian,!S.,!Schnare,!M.N.,!Collett,!J.R.,!D'Souza,!L.M.,!Du,!Y.,!Feng,!B.,!Lin,!
N.,!Madabusi,!L.V.,!Muller,!K.M.!et!al.!2002.!The!comparative!RNA!web!(CRW)!site:!an!
online!database!of!comparative!sequence!and!structure!information!for!ribosomal,!
intron,!and!other!RNAs.!BMC+Bioinformatics!3:!2.!

!
Cardenas,!M.E.,!Cutler,!N.S.,!Lorenz,!M.C.,!Di!Como,!C.J.,!and!Heitman,!J.!1999.!The!TOR!

signaling!cascade!regulates!gene!expression!in!response!to!nutrients.!Genes+Dev!
13(24):!3271B3279.!

!
Cate,!J.H.,!Gooding,!A.R.,!Podell,!E.,!Zhou,!K.,!Golden,!B.L.,!Kundrot,!C.E.,!Cech,!T.R.,!and!

Doudna,!J.A.!1996.!Crystal!structure!of!a!group!I!ribozyme!domain:!principles!of!RNA!
packing.!Science!273(5282):!1678B1685.!

!
Chang,!K.Y.!and!Tinoco,!I.,!Jr.!1994.!Characterization!of!a!"kissing"!hairpin!complex!derived!

from!the!human!immunodeficiency!virus!genome.!Proc+Natl+Acad+Sci+U+S+A!91(18):!
8705B8709.!

!
Chauhan,!S.,!Behrouzi,!R.,!Rangan,!P.,!and!Woodson,!S.A.!2009.!Structural!rearrangements!

linked!to!global!folding!pathways!of!the!Azoarcus!group!I!ribozyme.!J+Mol+Biol!
386(4):!1167B1178.!

!
Chauhan,!S.,!Caliskan,!G.,!Briber,!R.M.,!PerezBSalas,!U.,!Rangan,!P.,!Thirumalai,!D.,!and!

Woodson,!S.A.!2005.!RNA!tertiary!interactions!mediate!native!collapse!of!a!bacterial!
group!I!ribozyme.!J+Mol+Biol!353(5):!1199B1209.!

!
Chauhan,!S.!and!Woodson,!S.A.!2008.!Tertiary!interactions!determine!the!accuracy!of!RNA!

folding.!J+Am+Chem+Soc!130(4):!1296B1303.!
!
Chu,!S.,!Archer,!R.H.,!Zengel,!J.M.,!and!Lindahl,!L.!1994.!The!RNA!of!RNase!MRP!is!required!

for!normal!processing!of!ribosomal!RNA.!Proc+Natl+Acad+Sci+U+S+A!91(2):!659B663.!
!
Claypool,!J.A.,!French,!S.L.,!Johzuka,!K.,!Eliason,!K.,!Vu,!L.,!Dodd,!J.A.,!Beyer,!A.L.,!and!Nomura,!

M.!2004.!Tor!pathway!regulates!Rrn3pBdependent!recruitment!of!yeast!RNA!
polymerase!I!to!the!promoter!but!does!not!participate!in!alteration!of!the!number!of!
active!genes.!Mol+Biol+Cell!15(2):!946B956.!

!
Costa,!M.!and!Michel,!F.!1997.!Rules!for!RNA!recognition!of!GNRA!tetraloops!deduced!by!in!

vitro!selection:!comparison!with!in!vivo!evolution.!EMBO+J!16(11):!3289B3302.!
!
Costanzo,!M.,!Baryshnikova,!A.,!Bellay,!J.,!Kim,!Y.,!Spear,!E.D.,!Sevier,!C.S.,!Ding,!H.,!Koh,!J.L.,!

Toufighi,!K.,!Mostafavi,!S.!et!al.!2010.!The!genetic!landscape!of!a!cell.!Science!
327(5964):!425B431.!

!
Cote,!C.A.,!Greer,!C.L.,!and!Peculis,!B.A.!2002.!Dynamic!conformational!model!for!the!role!of!

ITS2!in!preBrRNA!processing!in!yeast.!RNA!8(6):!786B797.!
!



! 331!

Craig,!M.E.,!Crothers,!D.M.,!and!Doty,!P.!1971.!Relaxation!kinetics!of!dimer!formation!by!self!
complementary!oligonucleotides.!J+Mol+Biol!62(2):!383B401.!

!
Crespo,!J.L.!and!Hall,!M.N.!2002.!Elucidating!TOR!signaling!and!rapamycin!action:!lessons!

from!Saccharomyces!cerevisiae.!Microbiol+Mol+Biol+Rev!66(4):!579B591,!table!of!
contents.!

!
Culver,!G.M.!2003.!Assembly!of!the!30S!ribosomal!subunit.!Biopolymers!68(2):!234B249.!
!
Dammel,!C.S.!and!Noller,!H.F.!1993.!A!coldBsensitive!mutation!in!16S!rRNA!provides!

evidence!for!helical!switching!in!ribosome!assembly.!Genes+Dev!7(4):!660B670.!
!
Das,!R.,!Kwok,!L.W.,!Millett,!I.S.,!Bai,!Y.,!Mills,!T.T.,!Jacob,!J.,!Maskel,!G.S.,!Seifert,!S.,!Mochrie,!

S.G.,!Thiyagarajan,!P.!et!al.!2003.!The!fastest!global!events!in!RNA!folding:!
electrostatic!relaxation!and!tertiary!collapse!of!the!Tetrahymena!ribozyme.!J+Mol+
Biol!332(2):!311B319.!

!
Das,!R.,!Laederach,!A.,!Pearlman,!S.M.,!Herschlag,!D.,!and!Altman,!R.B.!2005.!SAFA:!semiB

automated!footprinting!analysis!software!for!highBthroughput!quantification!of!
nucleic!acid!footprinting!experiments.!RNA!11(3):!344B354.!

!
de!la!Cruz,!J.,!Kressler,!D.,!Rojo,!M.,!Tollervey,!D.,!and!Linder,!P.!1998.!Spb4p,!an!essential!

putative!RNA!helicase,!is!required!for!a!late!step!in!the!assembly!of!60S!ribosomal!
subunits!in!Saccharomyces!cerevisiae.!RNA!4(10):!1268B1281.!

!
Deigan,!K.E.,!Li,!T.W.,!Mathews,!D.H.,!and!Weeks,!K.M.!2009.!Accurate!SHAPEBdirected!RNA!

structure!determination.!Proc+Natl+Acad+Sci+U+S+A!106(1):!97B102.!
!
Dembowski,!J.A.,!Kuo,!B.,!and!Woolford,!J.L.,!Jr.!2013.!Has1!regulates!consecutive!

maturation!and!processing!steps!for!assembly!of!60S!ribosomal!subunits.!Nucleic+
Acids+Res.!

!
Deshmukh,!M.,!Tsay,!Y.F.,!Paulovich,!A.G.,!and!Woolford,!J.L.,!Jr.!1993.!Yeast!ribosomal!

protein!L1!is!required!for!the!stability!of!newly!synthesized!5S!rRNA!and!the!
assembly!of!60S!ribosomal!subunits.!Mol+Cell+Biol!13(5):!2835B2845.!

!
Dez,!C.,!Froment,!C.,!NoaillacBDepeyre,!J.,!Monsarrat,!B.,!CaizerguesBFerrer,!M.,!and!Henry,!Y.!

2004.!Npa1p,!a!component!of!very!early!preB60S!ribosomal!particles,!associates!
with!a!subset!of!small!nucleolar!RNPs!required!for!peptidyl!transferase!center!
modification.!Mol+Cell+Biol!24(14):!6324B6337.!

!
Dill,!K.A.!and!Chan,!H.S.!1997.!From!Levinthal!to!pathways!to!funnels.!Nat+Struct+Biol!4(1):!

10B19.!
!



! 332!

Djebali,!S.,!Davis,!C.A.,!Merkel,!A.,!Dobin,!A.,!Lassmann,!T.,!Mortazavi,!A.,!Tanzer,!A.,!Lagarde,!
J.,!Lin,!W.,!Schlesinger,!F.!et!al.!2012.!Landscape!of!transcription!in!human!cells.!
Nature!489(7414):!101B108.!

Dosil,!M.!and!Bustelo,!X.R.!2004.!Functional!characterization!of!Pwp2,!a!WD!family!protein!
essential!for!the!assembly!of!the!90!S!preBribosomal!particle.!J+Biol+Chem!279(36):!
37385B37397.!

!
Dragon,!F.,!Gallagher,!J.E.,!CompagnoneBPost,!P.A.,!Mitchell,!B.M.,!Porwancher,!K.A.,!Wehner,!

K.A.,!Wormsley,!S.,!Settlage,!R.E.,!Shabanowitz,!J.,!Osheim,!Y.!et!al.!2002.!A!large!
nucleolar!U3!ribonucleoprotein!required!for!18S!ribosomal!RNA!biogenesis.!Nature!
417(6892):!967B970.!

!
Draper,!D.E.,!Grilley,!D.,!and!Soto,!A.M.!2005.!Ions!and!RNA!folding.!Annu+Rev+Biophys+Biomol+

Struct!34:!221B243.!
!
Dunbar,!D.A.,!Dragon,!F.,!Lee,!S.J.,!and!Baserga,!S.J.!2000.!A!nucleolar!protein!related!to!

ribosomal!protein!L7!is!required!for!an!early!step!in!large!ribosomal!subunit!
biogenesis.!Proc+Natl+Acad+Sci+U+S+A!97(24):!13027B13032.!

!
Duronio,!R.J.,!Gordon,!J.I.,!and!Boguski,!M.S.!1992.!Comparative!analysis!of!the!beta!

transducin!family!with!identification!of!several!new!members!including!PWP1,!a!
nonessential!gene!of!Saccharomyces!cerevisiae!that!is!divergently!transcribed!from!
NMT1.!Proteins!13(1):!41B56.!

!
Dutca,!L.M.,!Gallagher,!J.E.,!and!Baserga,!S.J.!2011.!The!initial!U3!snoRNA:preBrRNA!base!

pairing!interaction!required!for!preB18S!rRNA!folding!revealed!by!in!vivo!chemical!
probing.!Nucleic+Acids+Res!39(12):!5164B5180.!

!
Ehresmann,!C.,!Baudin,!F.,!Mougel,!M.,!Romby,!P.,!Ebel,!J.P.,!and!Ehresmann,!B.!1987.!

Probing!the!structure!of!RNAs!in!solution.!Nucleic+Acids+Res!15(22):!9109B9128.!
!
El!Hage,!A.,!French,!S.L.,!Beyer,!A.L.,!and!Tollervey,!D.!2010.!Loss!of!Topoisomerase!I!leads!

to!RBloopBmediated!transcriptional!blocks!during!ribosomal!RNA!synthesis.!Genes+
Dev!24(14):!1546B1558.!

!
Emery,!B.,!de!la!Cruz,!J.,!Rocak,!S.,!Deloche,!O.,!and!Linder,!P.!2004.!Has1p,!a!member!of!the!

DEADBbox!family,!is!required!for!40S!ribosomal!subunit!biogenesis!in!
Saccharomyces!cerevisiae.!Mol+Microbiol!52(1):!141B158.!

!
Fabian,!G.R.!and!Hopper,!A.K.!1987.!RRP1,!a!Saccharomyces!cerevisiae!gene!affecting!rRNA!

processing!and!production!of!mature!ribosomal!subunits.!J+Bacteriol!169(4):!1571B
1578.!

!
Fatica,!A.,!Cronshaw,!A.D.,!Dlakic,!M.,!and!Tollervey,!D.!2002.!Ssf1p!prevents!premature!

processing!of!an!early!preB60S!ribosomal!particle.!Mol+Cell!9(2):!341B351.!
!



! 333!

Fatica,!A.,!Oeffinger,!M.,!Dlakic,!M.,!and!Tollervey,!D.!2003a.!Nob1p!is!required!for!cleavage!
of!the!3'!end!of!18S!rRNA.!Mol+Cell+Biol!23(5):!1798B1807.!

!
Fatica,!A.,!Oeffinger,!M.,!Tollervey,!D.,!and!Bozzoni,!I.!2003b.!Cic1p/Nsa3p!is!required!for!

synthesis!and!nuclear!export!of!60S!ribosomal!subunits.!RNA!9(12):!1431B1436.!
!
FerreBD'Amare,!A.R.,!Zhou,!K.,!and!Doudna,!J.A.!1998.!Crystal!structure!of!a!hepatitis!delta!

virus!ribozyme.!Nature!395(6702):!567B574.!
!
FerreiraBCerca,!S.,!Poll,!G.,!Gleizes,!P.E.,!Tschochner,!H.,!and!Milkereit,!P.!2005.!Roles!of!

eukaryotic!ribosomal!proteins!in!maturation!and!transport!of!preB18S!rRNA!and!
ribosome!function.!Mol+Cell!20(2):!263B275.!

!
FerreiraBCerca,!S.,!Poll,!G.,!Kuhn,!H.,!Neueder,!A.,!Jakob,!S.,!Tschochner,!H.,!and!Milkereit,!P.!

2007.!Analysis!of!the!in!vivo!assembly!pathway!of!eukaryotic!40S!ribosomal!
proteins.!Mol+Cell!28(3):!446B457.!

!
Freed,!E.F.,!Bleichert,!F.,!Dutca,!L.M.,!and!Baserga,!S.J.!2010.!When!ribosomes!go!bad:!

diseases!of!ribosome!biogenesis.!Mol+Biosyst!6(3):!481B493.!
!
Freier,!S.M.,!Kierzek,!R.,!Jaeger,!J.A.,!Sugimoto,!N.,!Caruthers,!M.H.,!Neilson,!T.,!and!Turner,!

D.H.!1986.!Improved!freeBenergy!parameters!for!predictions!of!RNA!duplex!stability.!
Proc+Natl+Acad+Sci+U+S+A!83(24):!9373B9377.!

!
Gadal,!O.,!Strauss,!D.,!Petfalski,!E.,!Gleizes,!P.E.,!Gas,!N.,!Tollervey,!D.,!and!Hurt,!E.!2002.!

Rlp7p!is!associated!with!60S!preribosomes,!restricted!to!the!granular!component!of!
the!nucleolus,!and!required!for!preBrRNA!processing.!J+Cell+Biol!157(6):!941B951.!

!
Gallagher,!J.E.,!Dunbar,!D.A.,!Granneman,!S.,!Mitchell,!B.M.,!Osheim,!Y.,!Beyer,!A.L.,!and!

Baserga,!S.J.!2004.!RNA!polymerase!I!transcription!and!preBrRNA!processing!are!
linked!by!specific!SSU!processome!components.!Genes+Dev!18(20):!2506B2517.!

!
Gamalinda,!M.,!Jakovljevic,!J.,!Babiano,!R.,!Talkish,!J.,!de!la!Cruz,!J.,!and!Woolford,!J.L.,!Jr.!

2013.!Yeast!polypeptide!exit!tunnel!ribosomal!proteins!L17,!L35!and!L37!are!
necessary!to!recruit!lateBassembling!factors!required!for!27SB!preBrRNA!processing.!
Nucleic+Acids+Res.!

!
GarciaBGomez,!J.J.,!Lebaron,!S.,!Froment,!C.,!Monsarrat,!B.,!Henry,!Y.,!and!de!la!Cruz,!J.!2011.!

Dynamics!of!the!putative!RNA!helicase!Spb4!during!ribosome!assembly!in!
Saccharomyces!cerevisiae.!Mol+Cell+Biol!31(20):!4156B4164.!

!
Gartmann,!M.,!Blau,!M.,!Armache,!J.P.,!Mielke,!T.,!Topf,!M.,!and!Beckmann,!R.!2010.!

Mechanism!of!eIF6Bmediated!inhibition!of!ribosomal!subunit!joining.!J+Biol+Chem!
285(20):!14848B14851.!

!



! 334!

Geerlings,!T.H.,!Vos,!J.C.,!and!Raue,!H.A.!2000.!The!final!step!in!the!formation!of!25S!rRNA!in!
Saccharomyces!cerevisiae!is!performed!by!5'BB>3'!exonucleases.!RNA!6(12):!1698B
1703.!

!
Giaever,!G.,!Chu,!A.M.,!Ni,!L.,!Connelly,!C.,!Riles,!L.,!Veronneau,!S.,!Dow,!S.,!LucauBDanila,!A.,!

Anderson,!K.,!Andre,!B.!et!al.!2002.!Functional!profiling!of!the!Saccharomyces!
cerevisiae!genome.!Nature!418(6896):!387B391.!

!
Graindorge,!J.S.,!Rousselle,!J.C.,!Senger,!B.,!Lenormand,!P.,!Namane,!A.,!Lacroute,!F.,!and!

Fasiolo,!F.!2005.!Deletion!of!EFL1!results!in!heterogeneity!of!the!60!S!GTPaseB
associated!rRNA!conformation.!J+Mol+Biol!352(2):!355B369.!

!
Granato,!D.C.,!MachadoBSantelli,!G.M.,!and!Oliveira,!C.C.!2008.!Nop53p!interacts!with!5.8S!

rRNA!coBtranscriptionally,!and!regulates!processing!of!preBrRNA!by!the!exosome.!
FEBS+J!275(16):!4164B4178.!

!
Granneman,!S.,!Gallagher,!J.E.,!Vogelzangs,!J.,!Horstman,!W.,!van!Venrooij,!W.J.,!Baserga,!S.J.,!

and!Pruijn,!G.J.!2003.!The!human!Imp3!and!Imp4!proteins!form!a!ternary!complex!
with!hMpp10,!which!only!interacts!with!the!U3!snoRNA!in!60B80S!
ribonucleoprotein!complexes.!Nucleic+Acids+Res!31(7):!1877B1887.!

!
Granneman,!S.,!Petfalski,!E.,!Swiatkowska,!A.,!and!Tollervey,!D.!2010.!Cracking!preB40S!

ribosomal!subunit!structure!by!systematic!analyses!of!RNABprotein!crossBlinking.!
EMBO+J!29(12):!2026B2036.!

!
Granneman,!S.,!Petfalski,!E.,!and!Tollervey,!D.!2011.!A!cluster!of!ribosome!synthesis!factors!

regulate!preBrRNA!folding!and!5.8S!rRNA!maturation!by!the!Rat1!exonuclease.!
EMBO+J!30(19):!4006B4019.!

!
Groeneveld,!H.,!Thimon,!K.,!and!van!Duin,!J.!1995.!Translational!control!of!maturationB

protein!synthesis!in!phage!MS2:!a!role!for!the!kinetics!of!RNA!folding?!RNA!1(1):!79B
88.!

!
Guthrie,!C.,!Nashimoto,!H.,!and!Nomura,!M.!1969.!Structure!and!function!of!E.!coli!

ribosomes.!8.!ColdBsensitive!mutants!defective!in!ribosome!assembly.!Proc+Natl+Acad+
Sci+U+S+A!63(2):!384B391.!

!
Halic,!M.,!Becker,!T.,!Pool,!M.R.,!Spahn,!C.M.,!Grassucci,!R.A.,!Frank,!J.,!and!Beckmann,!R.!

2004.!Structure!of!the!signal!recognition!particle!interacting!with!the!elongationB
arrested!ribosome.!Nature!427(6977):!808B814.!

!
Harnpicharnchai,!P.,!Jakovljevic,!J.,!Horsey,!E.,!Miles,!T.,!Roman,!J.,!Rout,!M.,!Meagher,!D.,!

Imai,!B.,!Guo,!Y.,!Brame,!C.J.!et!al.!2001.!Composition!and!functional!characterization!
of!yeast!66S!ribosome!assembly!intermediates.!Mol+Cell!8(3):!505B515.!

!



! 335!

Held,!W.A.,!Mizushima,!S.,!and!Nomura,!M.!1973.!Reconstitution!of!Escherichia!coli!30!S!
ribosomal!subunits!from!purified!molecular!components.!J+Biol+Chem!248(16):!
5720B5730.!

!
Helser,!T.L.,!Baan,!R.A.,!and!Dahlberg,!A.E.!1981.!Characterization!of!a!40S!ribosomal!

subunit!complex!in!polyribosomes!of!Saccharomyces!cerevisiae!treated!with!
cycloheximide.!Mol+Cell+Biol!1(1):!51B57.!

!
Henras,!A.K.,!Soudet,!J.,!Gerus,!M.,!Lebaron,!S.,!CaizerguesBFerrer,!M.,!Mougin,!A.,!and!Henry,!

Y.!2008.!The!postBtranscriptional!steps!of!eukaryotic!ribosome!biogenesis.!Cell+Mol+
Life+Sci!65(15):!2334B2359.!

!
Henry,!Y.,!Wood,!H.,!Morrissey,!J.P.,!Petfalski,!E.,!Kearsey,!S.,!and!Tollervey,!D.!1994.!The!5'!

end!of!yeast!5.8S!rRNA!is!generated!by!exonucleases!from!an!upstream!cleavage!
site.!EMBO+J!13(10):!2452B2463.!

!
Hierlmeier,!T.,!Merl,!J.,!Sauert,!M.,!PerezBFernandez,!J.,!Schultz,!P.,!Bruckmann,!A.,!Hamperl,!

S.,!Ohmayer,!U.,!Rachel,!R.,!Jacob,!A.!et!al.!2012.!Rrp5p,!Noc1p!and!Noc2p!form!a!
protein!module!which!is!part!of!early!large!ribosomal!subunit!precursors!in!S.!
cerevisiae.!Nucleic+Acids+Res.!

!
Holbrook,!S.R.!2008.!Structural!principles!from!large!RNAs.!Annu+Rev+Biophys!37:!445B464.!
!
Holmes,!K.L.!and!Culver,!G.M.!2005.!Analysis!of!conformational!changes!in!16!S!rRNA!

during!the!course!of!30!S!subunit!assembly.!J+Mol+Biol!354(2):!340B357.!
!
Holzel,!M.,!Rohrmoser,!M.,!Schlee,!M.,!Grimm,!T.,!Harasim,!T.,!Malamoussi,!A.,!GruberBEber,!

A.,!Kremmer,!E.,!Hiddemann,!W.,!Bornkamm,!G.W.!et!al.!2005.!Mammalian!WDR12!is!
a!novel!member!of!the!Pes1BBop1!complex!and!is!required!for!ribosome!biogenesis!
and!cell!proliferation.!J+Cell+Biol!170(3):!367B378.!

!
Hong,!B.,!Brockenbrough,!J.S.,!Wu,!P.,!and!Aris,!J.P.!1997.!Nop2p!is!required!for!preBrRNA!

processing!and!60S!ribosome!subunit!synthesis!in!yeast.!Mol+Cell+Biol!17(1):!378B
388.!

!
Honma,!Y.,!Kitamura,!A.,!Shioda,!R.,!Maruyama,!H.,!Ozaki,!K.,!Oda,!Y.,!Mini,!T.,!Jeno,!P.,!Maki,!

Y.,!Yonezawa,!K.!et!al.!2006.!TOR!regulates!late!steps!of!ribosome!maturation!in!the!
nucleoplasm!via!Nog1!in!response!to!nutrients.!EMBO+J!25(16):!3832B3842.!

!
Horsey,!E.W.,!Jakovljevic,!J.,!Miles,!T.D.,!Harnpicharnchai,!P.,!and!Woolford,!J.L.,!Jr.!2004.!

Role!of!the!yeast!Rrp1!protein!in!the!dynamics!of!preBribosome!maturation.!RNA!
10(5):!813B827.!

!
!
!
!



! 336!

Huber,A.,!Bodenmiller,!B.,!Uotila,!A.,!Stahl,!M.,!Wanka,!S.,!Gerrits,!B.,!Aebersold,!R.,!and!
Loewith,!R.!2009.!Characterization!of!the!rapamycinBsensitive!phosphoproteome!
reveals!that!Sch9!is!a!central!coordinator!of!protein!synthesis.!Genes+Dev!23(16):!
1929B1943.!

!
Hughes,!J.M.!1996.!Functional!baseBpairing!interaction!between!highly!conserved!elements!

of!U3!small!nucleolar!RNA!and!the!small!ribosomal!subunit!RNA.!J+Mol+Biol!259(4):!
645B654.!

!
Hughes,!J.M.!and!Ares,!M.,!Jr.!1991.!Depletion!of!U3!small!nucleolar!RNA!inhibits!cleavage!in!

the!5'!external!transcribed!spacer!of!yeast!preBribosomal!RNA!and!impairs!
formation!of!18S!ribosomal!RNA.!EMBO+J!10(13):!4231B4239.!

!
Ingolia,!N.T.,!Brar,!G.A.,!Rouskin,!S.,!McGeachy,!A.M.,!and!Weissman,!J.S.!2012.!The!ribosome!

profiling!strategy!for!monitoring!translation!in!vivo!by!deep!sequencing!of!
ribosomeBprotected!mRNA!fragments.!Nat+Protoc!7(8):!1534B1550.!

!
Jakovljevic,!J.,!Gamalinda,!M.,!Talkish,!J.,!Alexander,!L.,!Linneman,!J.,!Milkereit,!P.,!and!

Woolford,!J.L.,!Jr.!2012.!Ribosomal!proteins!L7!and!L8!function!in!concert!with!six!A3!
assembly!factors!to!propagate!assembly!of!domain!I!of!25S!rRNA!in!yeast!60S!
ribosomal!subunits.!RNA!18:!1805B1822.!

!
Jiang,!M.,!Sullivan,!S.M.,!Walker,!A.K.,!Strahler,!J.R.,!Andrews,!P.C.,!and!Maddock,!J.R.!2007.!

Identification!of!novel!Escherichia!coli!ribosomeBassociated!proteins!using!isobaric!
tags!and!multidimensional!protein!identification!techniques.!J+Bacteriol!189(9):!
3434B3444.!

!
Jorgensen,!P.,!Nishikawa,!J.L.,!Breitkreutz,!B.J.,!and!Tyers,!M.!2002.!Systematic!identification!

of!pathways!that!couple!cell!growth!and!division!in!yeast.!Science!297(5580):!395B
400.!

!
Jorgensen,!P.,!Rupes,!I.,!Sharom,!J.R.,!Schneper,!L.,!Broach,!J.R.,!and!Tyers,!M.!2004.!A!

dynamic!transcriptional!network!communicates!growth!potential!to!ribosome!
synthesis!and!critical!cell!size.!Genes+Dev!18(20):!2491B2505.!

!
Joseph,!N.,!Krauskopf,!E.,!Vera,!M.I.,!and!Michot,!B.!1999.!Ribosomal!internal!transcribed!

spacer!2!(ITS2)!exhibits!a!common!core!of!secondary!structure!in!vertebrates!and!
yeast.!Nucleic+Acids+Res!27(23):!4533B4540.!

!
Ju,!Q.!and!Warner,!J.R.!1994.!Ribosome!synthesis!during!the!growth!cycle!of!Saccharomyces!

cerevisiae.!Yeast!10(2):!151B157.!
!
Kallstrom,!G.,!Hedges,!J.,!and!Johnson,!A.!2003.!The!putative!GTPases!Nog1p!and!Lsg1p!are!

required!for!60S!ribosomal!subunit!biogenesis!and!are!localized!to!the!nucleus!and!
cytoplasm,!respectively.!Mol+Cell+Biol!23(12):!4344B4355.!

!



! 337!

Karbstein,!K.!2007.!Role!of!GTPases!in!ribosome!assembly.!Biopolymers!87(1):!1B11.!
!
B.!2011.!Inside!the!40S!ribosome!assembly!machinery.!Curr+Opin+Chem+Biol!15(5):!657B663.!
!
Karbstein,!K.!and!Doudna,!J.A.!2006.!GTPBdependent!formation!of!a!ribonucleoprotein!

subcomplex!required!for!ribosome!biogenesis.!J+Mol+Biol!356(2):!432B443.!
!
Kean,!J.M.!and!Draper,!D.E.!1985.!Secondary!structure!of!a!345Bbase!RNA!fragment!covering!

the!S8/S15!protein!binding!domain!of!Escherichia!coli!16S!ribosomal!RNA.!
Biochemistry!24(19):!5052B5061.!

!
Kertesz,!M.,!Wan,!Y.,!Mazor,!E.,!Rinn,!J.L.,!Nutter,!R.C.,!Chang,!H.Y.,!and!Segal,!E.!2010.!

GenomeBwide!measurement!of!RNA!secondary!structure!in!yeast.!Nature!
467(7311):!103B107.!

!
Kim,!S.H.,!Suddath,!F.L.,!Quigley,!G.J.,!McPherson,!A.,!Sussman,!J.L.,!Wang,!A.H.,!Seeman,!N.C.,!

and!Rich,!A.!1974.!ThreeBdimensional!tertiary!structure!of!yeast!phenylalanine!
transfer!RNA.!Science!185(4149):!435B440.!

!
Klein,!D.J.,!Schmeing,!T.M.,!Moore,!P.B.,!and!Steitz,!T.A.!2001.!The!kinkBturn:!a!new!RNA!

secondary!structure!motif.!EMBO+J!20(15):!4214B4221.!
!
Kos,!M.!and!Tollervey,!D.!2005.!The!Putative!RNA!Helicase!Dbp4p!Is!Required!for!Release!of!

the!U14!snoRNA!from!Preribosomes!in!Saccharomyces!cerevisiae.!Mol+Cell!20(1):!
53B64.!

!
B.!2010.!Yeast!preBrRNA!processing!and!modification!occur!cotranscriptionally.!Mol+Cell!

37(6):!809B820.!
!
Kressler,!D.,!Hurt,!E.,!and!Bassler,!J.!2010.!Driving!ribosome!assembly.!Biochim+Biophys+Acta!

1803(6):!673B683.!
!
Kressler,!D.,!Hurt,!E.,!Bergler,!H.,!and!Bassler,!J.!2011.!The!power!of!AAABATPases!on!the!

road!of!preB60S!ribosome!maturationBBmolecular!machines!that!strip!preBribosomal!
particles.!Biochim+Biophys+Acta!1823(1):!92B100.!

!
Kressler,!D.,!Linder,!P.,!and!de!La!Cruz,!J.!1999.!Protein!transBacting!factors!involved!in!

ribosome!biogenesis!in!Saccharomyces!cerevisiae.!Mol+Cell+Biol!19(12):!7897B7912.!
!
Kressler,!D.,!Roser,!D.,!Pertschy,!B.,!and!Hurt,!E.!2008.!The!AAA!ATPase!Rix7!powers!

progression!of!ribosome!biogenesis!by!stripping!Nsa1!from!preB60S!particles.!J+Cell+
Biol!181(6):!935B944.!

!
Krogan,!N.J.,!Peng,!W.T.,!Cagney,!G.,!Robinson,!M.D.,!Haw,!R.,!Zhong,!G.,!Guo,!X.,!Zhang,!X.,!

Canadien,!V.,!Richards,!D.P.!et!al.!2004.!HighBdefinition!macromolecular!composition!
of!yeast!RNABprocessing!complexes.!Mol+Cell!13(2):!225B239.!



! 338!

!
Kufel,!J.,!Dichtl,!B.,!and!Tollervey,!D.!1999.!Yeast!Rnt1p!is!required!for!cleavage!of!the!preB

ribosomal!RNA!in!the!3'!ETS!but!not!the!5'!ETS.!RNA!5(7):!909B917.!
!
Kumar,!A.!and!Warner,!J.R.!1972.!Characterization!of!ribosomal!precursor!particles!from!

HeLa!cell!nucleoli.!J+Mol+Biol!63(2):!233B246.!
!
Lafontaine,!D.!and!Tollervey,!D.!1995.!TransBacting!factors!in!yeast!preBrRNA!and!preB

snoRNA!processing.!Biochem+Cell+Biol!73(11B12):!803B812.!
!
Lamanna,!A.C.!and!Karbstein,!K.!2009.!Nob1!binds!the!singleBstranded!cleavage!site!D!at!the!

3'Bend!of!18S!rRNA!with!its!PIN!domain.!Proc+Natl+Acad+Sci+U+S+A!106(34):!14259B
14264.!

!
B.!2010.!An!RNA!conformational!switch!regulates!preB18S!rRNA!cleavage.!J+Mol+Biol!405(1):!

3B17.!
!
Lapik,!Y.R.,!Fernandes,!C.J.,!Lau,!L.F.,!and!Pestov,!D.G.!2004.!Physical!and!functional!

interaction!between!Pes1!and!Bop1!in!mammalian!ribosome!biogenesis.!Mol+Cell!
15(1):!17B29.!

!
Lau,!C.K.,!Bachorik,!J.L.,!and!Dreyfuss,!G.!2009.!Gemin5BsnRNA!interaction!reveals!an!RNA!

binding!function!for!WD!repeat!domains.!Nat+Struct+Mol+Biol!16(5):!486B491.!
!
Lau,!N.C.,!Lim,!L.P.,!Weinstein,!E.G.,!and!Bartel,!D.P.!2001.!An!abundant!class!of!tiny!RNAs!

with!probable!regulatory!roles!in!Caenorhabditis!elegans.!Science!294(5543):!858B
862.!

!
Lawley,!P.D.!and!Brookes,!P.!1963.!Further!Studies!on!the!Alkylation!of!Nucleic!Acids!and!

Their!Constituent!Nucleotides.!Biochem+J!89:!127B138.!
!
Lebaron,!S.,!Schneider,!C.,!van!Nues,!R.W.,!Swiatkowska,!A.,!Walsh,!D.,!Bottcher,!B.,!

Granneman,!S.,!Watkins,!N.J.,!and!Tollervey,!D.!2012.!Proofreading!of!preB40S!
ribosome!maturation!by!a!translation!initiation!factor!and!60S!subunits.!Nat+Struct+
Mol+Biol!19(8):!744B753.!

!
Lebreton,!A.,!Rousselle,!J.C.,!Lenormand,!P.,!Namane,!A.,!Jacquier,!A.,!FromontBRacine,!M.,!

and!Saveanu,!C.!2008.!60S!ribosomal!subunit!assembly!dynamics!defined!by!semiB
quantitative!mass!spectrometry!of!purified!complexes.!Nucleic+Acids+Res!36(15):!
4988B4999.!

!
Lebreton,!A.,!Saveanu,!C.,!Decourty,!L.,!Jacquier,!A.,!and!FromontBRacine,!M.!2006a.!Nsa2!is!

an!unstable,!conserved!factor!required!for!the!maturation!of!27!SB!preBrRNAs.!J+Biol+
Chem!281(37):!27099B27108.!

!



! 339!

Lebreton,!A.,!Saveanu,!C.,!Decourty,!L.,!Rain,!J.C.,!Jacquier,!A.,!and!FromontBRacine,!M.!2006b.!
A!functional!network!involved!in!the!recycling!of!nucleocytoplasmic!preB60S!factors.!
J+Cell+Biol!173(3):!349B360.!

!
Leipe,!D.D.,!Wolf,!Y.I.,!Koonin,!E.V.,!and!Aravind,!L.!2002.!Classification!and!evolution!of!PB

loop!GTPases!and!related!ATPases.!J+Mol+Biol!317(1):!41B72.!
!
Lescoute,!A.!and!Westhof,!E.!2006.!The!interaction!networks!of!structured!RNAs.!Nucleic+

Acids+Res!34(22):!6587B6604.!
!
Leshin,!J.A.,!Heselpoth,!R.,!Belew,!A.T.,!and!Dinman,!J.!2011.!High!throughput!structural!

analysis!of!yeast!ribosomes!using!hSHAPE.!RNA+Biol!8(3):!478B487.!
!
Liang,!X.H.!and!Fournier,!M.J.!2006.!The!helicase!Has1p!is!required!for!snoRNA!release!from!

preBrRNA.!Mol+Cell+Biol!26(20):!7437B7450.!
!
Liebeg,!A.!and!Waldsich,!C.!2009.!Probing!RNA!structure!within!living!cells.!Methods+

Enzymol!468:!219B238.!
!
Lilley,!D.M.!1998.!Folding!of!branched!RNA!species.!Biopolymers!48(2B3):!101B112.!
!
Lindahl,!L.,!Archer,!R.H.,!and!Zengel,!J.M.!1992.!A!new!rRNA!processing!mutant!of!

Saccharomyces!cerevisiae.!Nucleic+Acids+Res!20(2):!295B301.!
!
Lo,!K.Y.,!Li,!Z.,!Bussiere,!C.,!Bresson,!S.,!Marcotte,!E.M.,!and!Johnson,!A.W.!2010.!Defining!the!

pathway!of!cytoplasmic!maturation!of!the!60S!ribosomal!subunit.!Mol+Cell!39(2):!
196B208.!

!
Lo,!K.Y.,!Li,!Z.,!Wang,!F.,!Marcotte,!E.M.,!and!Johnson,!A.W.!2009.!Ribosome!stalk!assembly!

requires!the!dualBspecificity!phosphatase!Yvh1!for!the!exchange!of!Mrt4!with!P0.!J+
Cell+Biol!186(6):!849B862.!

!
Longtine,!M.S.,!McKenzie,!A.,!3rd,!Demarini,!D.J.,!Shah,!N.G.,!Wach,!A.,!Brachat,!A.,!Philippsen,!

P.,!and!Pringle,!J.R.!1998.!Additional!modules!for!versatile!and!economical!PCRB
based!gene!deletion!and!modification!in!Saccharomyces!cerevisiae.!Yeast!14(10):!
953B961.!

!
Lucks,!J.B.,!Mortimer,!S.A.,!Trapnell,!C.,!Luo,!S.,!Aviran,!S.,!Schroth,!G.P.,!Pachter,!L.,!Doudna,!

J.A.,!and!Arkin,!A.P.!2011.!Multiplexed!RNA!structure!characterization!with!selective!
2'Bhydroxyl!acylation!analyzed!by!primer!extension!sequencing!(SHAPEBSeq).!Proc+
Natl+Acad+Sci+U+S+A!108(27):!11063B11068.!

!
Luz,!J.S.,!Georg,!R.C.,!Gomes,!C.H.,!MachadoBSantelli,!G.M.,!and!Oliveira,!C.C.!2009.!Sdo1p,!the!

yeast!orthologue!of!ShwachmanBBodianBDiamond!syndrome!protein,!binds!RNA!and!
interacts!with!nuclear!rRNABprocessing!factors.!Yeast!26(5):!287B298.!

!



! 340!

Lygerou,!Z.,!Allmang,!C.,!Tollervey,!D.,!and!Seraphin,!B.!1996.!Accurate!processing!of!a!
eukaryotic!precursor!ribosomal!RNA!by!ribonuclease!MRP!in!vitro.!Science!
272(5259):!268B270.!

!
Mangiarotti,!G.,!Turco,!E.,!Perlo,!C.,!and!Altruda,!F.!1975.!Role!of!precursor!16S!RNA!in!

assembly!of!E.!coli!30S!ribosomes.!Nature!253(5492):!569B571.!
!
McManus,!C.J.!and!Graveley,!B.R.!2011.!RNA!structure!and!the!mechanisms!of!alternative!

splicing.!Curr+Opin+Genet+Dev!21(4):!373B379.!
!
Menne,!T.F.,!Goyenechea,!B.,!SanchezBPuig,!N.,!Wong,!C.C.,!Tonkin,!L.M.,!Ancliff,!P.J.,!Brost,!

R.L.,!Costanzo,!M.,!Boone,!C.,!and!Warren,!A.J.!2007.!The!ShwachmanBBodianB
Diamond!syndrome!protein!mediates!translational!activation!of!ribosomes!in!yeast.!
Nat+Genet!39(4):!486B495.!

!
Merino,!E.J.,!Wilkinson,!K.A.,!Coughlan,!J.L.,!and!Weeks,!K.M.!2005.!RNA!structure!analysis!at!

single!nucleotide!resolution!by!selective!2'Bhydroxyl!acylation!and!primer!extension!
(SHAPE).!J+Am+Chem+Soc!127(12):!4223B4231.!

!
Merl,!J.,!Jakob,!S.,!Ridinger,!K.,!Hierlmeier,!T.,!Deutzmann,!R.,!Milkereit,!P.,!and!Tschochner,!

H.!2010.!Analysis!of!ribosome!biogenesis!factorBmodules!in!yeast!cells!depleted!
from!preBribosomes.!Nucleic+Acids+Res!38(9):!3068B3080.!

!
Miles,!T.D.,!Jakovljevic,!J.,!Horsey,!E.W.,!Harnpicharnchai,!P.,!Tang,!L.,!and!Woolford,!J.L.,!Jr.!

2005.!Ytm1,!Nop7,!and!Erb1!form!a!complex!necessary!for!maturation!of!yeast!66S!
preribosomes.!Mol+Cell+Biol!25(23):!10419B10432.!

!
Milkereit,!P.,!Gadal,!O.,!Podtelejnikov,!A.,!Trumtel,!S.,!Gas,!N.,!Petfalski,!E.,!Tollervey,!D.,!

Mann,!M.,!Hurt,!E.,!and!Tschochner,!H.!2001.!Maturation!and!intranuclear!transport!
of!preBribosomes!requires!Noc!proteins.!Cell!105(4):!499B509.!

!
Milkereit,!P.,!Strauss,!D.,!Bassler,!J.,!Gadal,!O.,!Kuhn,!H.,!Schutz,!S.,!Gas,!N.,!Lechner,!J.,!Hurt,!E.,!

and!Tschochner,!H.!2003.!A!Noc!complex!specifically!involved!in!the!formation!and!
nuclear!export!of!ribosomal!40!S!subunits.!J+Biol+Chem!278(6):!4072B4081.!

!
Miller,!O.L.,!Jr.!and!Beatty,!B.R.!1969.!Visualization!of!nucleolar!genes.!Science!164(3882):!

955B957.!
!
Mitchell,!P.,!Petfalski,!E.,!and!Tollervey,!D.!1996.!The!3'!end!of!yeast!5.8S!rRNA!is!generated!

by!an!exonuclease!processing!mechanism.!Genes+Dev!10(4):!502B513.!
!
Miyoshi,!K.,!Shirai,!C.,!and!Mizuta,!K.!2003.!Transcription!of!genes!encoding!transBacting!

factors!required!for!rRNA!maturation/ribosomal!subunit!assembly!is!coordinately!
regulated!with!ribosomal!protein!genes!and!involves!Rap1!in!Saccharomyces!
cerevisiae.!Nucleic+Acids+Res!31(7):!1969B1973.!

!



! 341!

Mizushima,!S.!and!Nomura,!M.!1970.!Assembly!mapping!of!30S!ribosomal!proteins!from!E.!
coli.!Nature!226(5252):!1214.!

!
Moazed,!D.!and!Noller,!H.F.!1986.!Transfer!RNA!shields!specific!nucleotides!in!16S!

ribosomal!RNA!from!attack!by!chemical!probes.!Cell!47(6):!985B994.!
!
Moazed,!D.,!Stern,!S.,!and!Noller,!H.F.!1986.!Rapid!chemical!probing!of!conformation!in!16!S!

ribosomal!RNA!and!30!S!ribosomal!subunits!using!primer!extension.!J+Mol+Biol!
187(3):!399B416.!

!
Morita,!D.,!Miyoshi,!K.,!Matsui,!Y.,!Toh,!E.A.,!Shinkawa,!H.,!Miyakawa,!T.,!and!Mizuta,!K.!2002.!

Rpf2p,!an!evolutionarily!conserved!protein,!interacts!with!ribosomal!protein!L11!
and!is!essential!for!the!processing!of!27!SB!PreBrRNA!to!25!S!rRNA!and!the!60!S!
ribosomal!subunit!assembly!in!Saccharomyces!cerevisiae.!J+Biol+Chem!277(32):!
28780B28786.!

!
Mougel,!M.,!Eyermann,!F.,!Westhof,!E.,!Romby,!P.,!ExpertBBezancon,!A.,!Ebel,!J.P.,!Ehresmann,!

B.,!and!Ehresmann,!C.!1987.!Binding!of!Escherichia!coli!ribosomal!protein!S8!to!16!S!
rRNA.!A!model!for!the!interaction!and!the!tertiary!structure!of!the!RNA!binding!site.!
J+Mol+Biol!198(1):!91B107.!

!
Mulder,!A.M.,!Yoshioka,!C.,!Beck,!A.H.,!Bunner,!A.E.,!Milligan,!R.A.,!Potter,!C.S.,!Carragher,!B.,!

and!Williamson,!J.R.!2010.!Visualizing!ribosome!biogenesis:!parallel!assembly!
pathways!for!the!30S!subunit.!Science!330(6004):!673B677.!

!
Narla,!A.!and!Ebert,!B.L.!2010.!Ribosomopathies:!human!disorders!of!ribosome!dysfunction.!

Blood!115(16):!3196B3205.!
!
Nierhaus,!K.H.!1991.!The!assembly!of!prokaryotic!ribosomes.!Biochimie!73(6):!739B755.!
!
Nierhaus,!K.H.!and!Dohme,!F.!1974.!Total!reconstitution!of!functionally!active!50S!

ribosomal!subunits!from!Escherichia!coli.!Proc+Natl+Acad+Sci+U+S+A!71(12):!4713B
4717.!

!
Nissan,!T.A.,!Bassler,!J.,!Petfalski,!E.,!Tollervey,!D.,!and!Hurt,!E.!2002.!60S!preBribosome!

formation!viewed!from!assembly!in!the!nucleolus!until!export!to!the!cytoplasm.!
EMBO+J!21(20):!5539B5547.!

!
Nissan,!T.A.,!Galani,!K.,!Maco,!B.,!Tollervey,!D.,!Aebi,!U.,!and!Hurt,!E.!2004.!A!preBribosome!

with!a!tadpoleBlike!structure!functions!in!ATPBdependent!maturation!of!60S!
subunits.!Mol+Cell!15(2):!295B301.!

!
Nissen,!P.,!Ippolito,!J.A.,!Ban,!N.,!Moore,!P.B.,!and!Steitz,!T.A.!2001.!RNA!tertiary!interactions!

in!the!large!ribosomal!subunit:!the!ABminor!motif.!Proc+Natl+Acad+Sci+U+S+A!98(9):!
4899B4903.!

!



! 342!

Novikova,!I.V.,!Hennelly,!S.P.,!and!Sanbonmatsu,!K.Y.!2012.!Structural!architecture!of!the!
human!long!nonBcoding!RNA,!steroid!receptor!RNA!activator.!Nucleic+Acids+Res!
40(11):!5034B5051.!

!
O'Donohue,!M.F.,!Choesmel,!V.,!Faubladier,!M.,!Fichant,!G.,!and!Gleizes,!P.E.!2010.!Functional!

dichotomy!of!ribosomal!proteins!during!the!synthesis!of!mammalian!40S!ribosomal!
subunits.!J+Cell+Biol!190(5):!853B866.!

!
Oeffinger,!M.,!Leung,!A.,!Lamond,!A.,!and!Tollervey,!D.!2002.!Yeast!Pescadillo!is!required!for!

multiple!activities!during!60S!ribosomal!subunit!synthesis.!RNA!8(5):!626B636.!
!
Oeffinger,!M.!and!Tollervey,!D.!2003.!Yeast!Nop15p!is!an!RNABbinding!protein!required!for!

preBrRNA!processing!and!cytokinesis.!EMBO+J!22(24):!6573B6583.!
!
Oeffinger,!M.,!Zenklusen,!D.,!Ferguson,!A.,!Wei,!K.E.,!El!Hage,!A.,!Tollervey,!D.,!Chait,!B.T.,!

Singer,!R.H.,!and!Rout,!M.P.!2009.!Rrp17p!is!a!eukaryotic!exonuclease!required!for!5'!
end!processing!of!PreB60S!ribosomal!RNA.!Mol+Cell!36(5):!768B781.!

!
Ohtake,!Y.!and!Wickner,!R.B.!1995.!Yeast!virus!propagation!depends!critically!on!free!60S!

ribosomal!subunit!concentration.!Mol+Cell+Biol!15(5):!2772B2781.!
!
Osheim,!Y.N.,!French,!S.L.,!Keck,!K.M.,!Champion,!E.A.,!Spasov,!K.,!Dragon,!F.,!Baserga,!S.J.,!

and!Beyer,!A.L.!2004.!PreB18S!ribosomal!RNA!is!structurally!compacted!into!the!SSU!
processome!prior!to!being!cleaved!from!nascent!transcripts!in!Saccharomyces!
cerevisiae.!Mol+Cell!16(6):!943B954.!

!
Pan,!J.,!Thirumalai,!D.,!and!Woodson,!S.A.!1997.!Folding!of!RNA!involves!parallel!pathways.!J+

Mol+Biol!273(1):!7B13.!
!
Pan,!T.!and!Sosnick,!T.R.!1997.!Intermediates!and!kinetic!traps!in!the!folding!of!a!large!

ribozyme!revealed!by!circular!dichroism!and!UV!absorbance!spectroscopies!and!
catalytic!activity.!Nat+Struct+Biol!4(11):!931B938.!

!
Panse,!V.G.!and!Johnson,!A.W.!2010.!Maturation!of!eukaryotic!ribosomes:!acquisition!of!

functionality.!Trends+Biochem+Sci!35(5):!260B266.!
!
Peattie,!D.A.!and!Gilbert,!W.!1980.!Chemical!probes!for!higherBorder!structure!in!RNA.!Proc+

Natl+Acad+Sci+U+S+A!77(8):!4679B4682.!
!
Pendrak,!M.L.!and!Roberts,!D.D.!2011.!Ribosomal!RNA!processing!in!Candida!albicans.!RNA!

17(12):!2235B2248.!
!
PerezBFernandez,!J.,!Roman,!A.,!De!Las!Rivas,!J.,!Bustelo,!X.R.,!and!Dosil,!M.!2007.!The!90S!

preribosome!is!a!multimodular!structure!that!is!assembled!through!a!hierarchical!
mechanism.!Mol+Cell+Biol!27(15):!5414B5429.!

!



! 343!

Pertschy,!B.,!Saveanu,!C.,!Zisser,!G.,!Lebreton,!A.,!Tengg,!M.,!Jacquier,!A.,!Liebminger,!E.,!
Nobis,!B.,!Kappel,!L.,!van!der!Klei,!I.!et!al.!2007.!Cytoplasmic!recycling!of!60S!
preribosomal!factors!depends!on!the!AAA!protein!Drg1.!Mol+Cell+Biol!27(19):!6581B
6592.!

!
Pertschy,!B.,!Schneider,!C.,!Gnadig,!M.,!Schafer,!T.,!Tollervey,!D.,!and!Hurt,!E.!2009.!RNA!

helicase!Prp43!and!its!coBfactor!Pfa1!promote!20!to!18!S!rRNA!processing!catalyzed!
by!the!endonuclease!Nob1.!J+Biol+Chem!284(50):!35079B35091.!

!
Pestov,!D.G.,!Stockelman,!M.G.,!Strezoska,!Z.,!and!Lau,!L.F.!2001.!ERB1,!the!yeast!homolog!of!

mammalian!Bop1,!is!an!essential!gene!required!for!maturation!of!the!25S!and!5.8S!
ribosomal!RNAs.!Nucleic+Acids+Res!29(17):!3621B3630.!

!
Pley,!H.W.,!Flaherty,!K.M.,!and!McKay,!D.B.!1994.!Model!for!an!RNA!tertiary!interaction!from!

the!structure!of!an!intermolecular!complex!between!a!GAAA!tetraloop!and!an!RNA!
helix.!Nature!372(6501):!111B113.!

!
Poll,!G.,!Braun,!T.,!Jakovljevic,!J.,!Neueder,!A.,!Jakob,!S.,!Woolford,!J.L.,!Jr.,!Tschochner,!H.,!and!

Milkereit,!P.!2009.!rRNA!maturation!in!yeast!cells!depleted!of!large!ribosomal!
subunit!proteins.!PLoS+One!4(12):!e8249.!

!
Poot,!R.A.,!Pleij,!C.W.,!and!van!Duin,!J.!1996.!The!central!pseudoknot!in!16S!ribosomal!RNA!

is!needed!for!ribosome!stability!but!is!not!essential!for!30S!initiation!complex!
formation.!Nucleic+Acids+Res!24(19):!3670B3676.!

!
Poot,!R.A.,!Tsareva,!N.V.,!Boni,!I.V.,!and!van!Duin,!J.!1997.!RNA!folding!kinetics!regulates!

translation!of!phage!MS2!maturation!gene.!Proc+Natl+Acad+Sci+U+S+A!94(19):!10110B
10115.!

!
Porschke,!D.!and!Eigen,!M.!1971.!CoBoperative!nonBenzymic!base!recognition.!3.!Kinetics!of!

the!helixBcoil!transition!of!the!oligoribouridylicBBoligoriboadenylic!acid!system!and!
of!oligoriboadenylic!acid!alone!at!acidic!pH.!J+Mol+Biol!62(2):!361B381.!

!
Powers,!T.,!Daubresse,!G.,!and!Noller,!H.F.!1993.!Dynamics!of!in!vitro!assembly!of!16!S!rRNA!

into!30!S!ribosomal!subunits.!J+Mol+Biol!232(2):!362B374.!
!
Powers,!T.!and!Noller,!H.F.!1995.!Hydroxyl!radical!footprinting!of!ribosomal!proteins!on!

16S!rRNA.!RNA!1(2):!194B209.!
!
Powers,!T.!and!Walter,!P.!1999.!Regulation!of!ribosome!biogenesis!by!the!rapamycinB

sensitive!TORBsignaling!pathway!in!Saccharomyces!cerevisiae.!Mol+Biol+Cell!10(4):!
987B1000.!

!
Rashid,!R.,!Liang,!B.,!Baker,!D.L.,!Youssef,!O.A.,!He,!Y.,!Phipps,!K.,!Terns,!R.M.,!Terns,!M.P.,!and!

Li,!H.!2006.!Crystal!structure!of!a!Cbf5BNop10BGar1!complex!and!implications!in!
RNABguided!pseudouridylation!and!dyskeratosis!congenita.!Mol+Cell!21(2):!249B260.!



! 344!

!
Rietveld,!K.,!Van!Poelgeest,!R.,!Pleij,!C.W.,!Van!Boom,!J.H.,!and!Bosch,!L.!1982.!The!tRNABlike!

structure!at!the!3'!terminus!of!turnip!yellow!mosaic!virus!RNA.!Differences!and!
similarities!with!canonical!tRNA.!Nucleic+Acids+Res!10(6):!1929B1946.!

!
Rigaut,!G.,!Shevchenko,!A.,!Rutz,!B.,!Wilm,!M.,!Mann,!M.,!and!Seraphin,!B.!1999.!A!generic!

protein!purification!method!for!protein!complex!characterization!and!proteome!
exploration.!Nat+Biotechnol!17(10):!1030B1032.!

!
Rinn,!J.L.!and!Chang,!H.Y.!2012.!Genome!regulation!by!long!noncoding!RNAs.!Annu+Rev+

Biochem!81:!145B166.!
!
Ripmaster,!T.L.,!Vaughn,!G.P.,!and!Woolford,!J.L.,!Jr.!1992.!A!putative!ATPBdependent!RNA!

helicase!involved!in!Saccharomyces!cerevisiae!ribosome!assembly.!Proc+Natl+Acad+
Sci+U+S+A!89(23):!11131B11135.!

!
RodriguezBGalan,!O.,!GarciaBGomez,!J.J.,!and!de!la!Cruz,!J.!2013.!Yeast!and!human!RNA!

helicases!involved!in!ribosome!biogenesis:!current!status!and!perspectives.!Biochim+
Biophys+Acta!1829(8):!775B790.!

!
Rohl,!R.!and!Nierhaus,!K.H.!1982.!Assembly!map!of!the!large!subunit!(50S)!of!Escherichia!

coli!ribosomes.!Proc+Natl+Acad+Sci+U+S+A!79(3):!729B733.!
!
Rosado,!I.V.,!Dez,!C.,!Lebaron,!S.,!CaizerguesBFerrer,!M.,!Henry,!Y.,!and!de!la!Cruz,!J.!2007.!

Characterization!of!Saccharomyces!cerevisiae!Npa2p!(Urb2p)!reveals!a!lowB
molecularBmass!complex!containing!Dbp6p,!Npa1p!(Urb1p),!Nop8p,!and!Rsa3p!
involved!in!early!steps!of!60S!ribosomal!subunit!biogenesis.!Mol+Cell+Biol!27(4):!
1207B1221.!

!
Rotenberg,!M.O.,!Moritz,!M.,!and!Woolford,!J.L.,!Jr.!1988.!Depletion!of!Saccharomyces!

cerevisiae!ribosomal!protein!L16!causes!a!decrease!in!60S!ribosomal!subunits!and!
formation!of!halfBmer!polyribosomes.!Genes+Dev!2(2):!160B172.!

!
Russell,!R.,!Millett,!I.S.,!Doniach,!S.,!and!Herschlag,!D.!2000.!Small!angle!XBray!scattering!

reveals!a!compact!intermediate!in!RNA!folding.!Nat+Struct+Biol!7(5):!367B370.!
!
Russell,!R.,!Millett,!I.S.,!Tate,!M.W.,!Kwok,!L.W.,!Nakatani,!B.,!Gruner,!S.M.,!Mochrie,!S.G.,!

Pande,!V.,!Doniach,!S.,!Herschlag,!D.!et!al.!2002a.!Rapid!compaction!during!RNA!
folding.!Proc+Natl+Acad+Sci+U+S+A!99(7):!4266B4271.!

!
Russell,!R.,!Zhuang,!X.,!Babcock,!H.P.,!Millett,!I.S.,!Doniach,!S.,!Chu,!S.,!and!Herschlag,!D.!

2002b.!Exploring!the!folding!landscape!of!a!structured!RNA.!Proc+Natl+Acad+Sci+U+S+A!
99(1):!155B160.!

!
Sachs,!A.B.!and!Davis,!R.W.!1990.!Translation!initiation!and!ribosomal!biogenesis:!

involvement!of!a!putative!rRNA!helicase!and!RPL46.!Science!247(4946):!1077B1079.!



! 345!

!
Sahasranaman,!A.,!Dembowski,!J.,!Strahler,!J.,!Andrews,!P.,!Maddock,!J.,!and!Woolford,!J.L.,!Jr.!

2011.!Assembly!of!Saccharomyces!cerevisiae!60S!ribosomal!subunits:!role!of!factors!
required!for!27S!preBrRNA!processing.!EMBO+J!30(19):!4020B4032.!

!
Samaha,!R.R.,!O'Brien,!B.,!O'Brien,!T.W.,!and!Noller,!H.F.!1994.!Independent!in!vitro!

assembly!of!a!ribonucleoprotein!particle!containing!the!3'!domain!of!16S!rRNA.!Proc+
Natl+Acad+Sci+U+S+A!91(17):!7884B7888.!

!
Saveanu,!C.,!Bienvenu,!D.,!Namane,!A.,!Gleizes,!P.E.,!Gas,!N.,!Jacquier,!A.,!and!FromontB

Racine,!M.!2001.!Nog2p,!a!putative!GTPase!associated!with!preB60S!subunits!and!
required!for!late!60S!maturation!steps.!EMBO+J!20(22):!6475B6484.!

!
Saveanu,!C.,!Namane,!A.,!Gleizes,!P.E.,!Lebreton,!A.,!Rousselle,!J.C.,!NoaillacBDepeyre,!J.,!Gas,!

N.,!Jacquier,!A.,!and!FromontBRacine,!M.!2003.!Sequential!protein!association!with!
nascent!60S!ribosomal!particles.!Mol+Cell+Biol!23(13):!4449B4460.!

!
Saveanu,!C.,!Rousselle,!J.C.,!Lenormand,!P.,!Namane,!A.,!Jacquier,!A.,!and!FromontBRacine,!M.!

2007.!The!p21Bactivated!protein!kinase!inhibitor!Skb15!and!its!budding!yeast!
homologue!are!60S!ribosome!assembly!factors.!Mol+Cell+Biol!27(8):!2897B2909.!

!
Schafer,!T.,!Maco,!B.,!Petfalski,!E.,!Tollervey,!D.,!Bottcher,!B.,!Aebi,!U.,!and!Hurt,!E.!2006.!

Hrr25Bdependent!phosphorylation!state!regulates!organization!of!the!preB40S!
subunit.!Nature!441(7093):!651B655.!

!
Schmelzle,!T.!and!Hall,!M.N.!2000.!TOR,!a!central!controller!of!cell!growth.!Cell!103(2):!253B

262.!
!
Schmitt,!M.E.!and!Clayton,!D.A.!1993.!Nuclear!RNase!MRP!is!required!for!correct!processing!

of!preB5.8S!rRNA!in!Saccharomyces!cerevisiae.!Mol+Cell+Biol!13(12):!7935B7941.!
!
Schneider,!C.A.,!Rasband,!W.S.,!and!Eliceiri,!K.W.!2012.!NIH!Image!to!ImageJ:!25!years!of!

image!analysis.!Nat+Methods!9(7):!671B675.!
!
Senger,!B.,!Lafontaine,!D.L.,!Graindorge,!J.S.,!Gadal,!O.,!Camasses,!A.,!Sanni,!A.,!Garnier,!J.M.,!

Breitenbach,!M.,!Hurt,!E.,!and!Fasiolo,!F.!2001.!The!nucle(ol)ar!Tif6p!and!Efl1p!are!
required!for!a!late!cytoplasmic!step!of!ribosome!synthesis.!Mol+Cell!8(6):!1363B1373.!

!
Sengupta,!J.,!Bussiere,!C.,!Pallesen,!J.,!West,!M.,!Johnson,!A.W.,!and!Frank,!J.!2010.!

Characterization!of!the!nuclear!export!adaptor!protein!Nmd3!in!association!with!the!
60S!ribosomal!subunit.!J+Cell+Biol!189(7):!1079B1086.!

!
Shajani,!Z.,!Sykes,!M.T.,!and!Williamson,!J.R.!2011.!Assembly!of!bacterial!ribosomes.!Annu+

Rev+Biochem!80:!501B526.!
!



! 346!

Shepard,!P.J.!and!Hertel,!K.J.!2008.!Conserved!RNA!secondary!structures!promote!
alternative!splicing.!RNA!14(8):!1463B1469.!

!
Shimoji,!K.,!Jakovljevic,!J.,!Tsuchihashi,!K.,!Umeki,!Y.,!Wan,!K.,!Kawasaki,!S.,!Talkish,!J.,!

Woolford,!J.L.,!Jr.,!and!Mizuta,!K.!2012.!Ebp2!and!Brx1!function!cooperatively!in!60S!
ribosomal!subunit!assembly!in!Saccharomyces!cerevisiae.!Nucleic+Acids+Res.!

!
Shuai,!K.!and!Warner,!J.R.!1991.!A!temperature!sensitive!mutant!of!Saccharomyces!

cerevisiae!defective!in!preBrRNA!processing.!Nucleic+Acids+Res!19(18):!5059B5064.!
!
Sigurdsson,!S.,!DiracBSvejstrup,!A.B.,!and!Svejstrup,!J.Q.!2010.!Evidence!that!transcript!

cleavage!is!essential!for!RNA!polymerase!II!transcription!and!cell!viability.!Mol+Cell!
38(2):!202B210.!

!
Silverman,!S.K.,!Zheng,!M.,!Wu,!M.,!Tinoco,!I.,!Jr.,!and!Cech,!T.R.!1999.!Quantifying!the!

energetic!interplay!of!RNA!tertiary!and!secondary!structure!interactions.!RNA!
5(12):!1665B1674.!

!
Small,!E.C.,!Leggett,!S.R.,!Winans,!A.A.,!and!Staley,!J.P.!2006.!The!EFBGBlike!GTPase!Snu114p!

regulates!spliceosome!dynamics!mediated!by!Brr2p,!a!DExD/H!box!ATPase.!Mol+Cell!
23(3):!389B399.!

!
Spitale,!R.C.,!Crisalli,!P.,!Flynn,!R.A.,!Torre,!E.A.,!Kool,!E.T.,!and!Chang,!H.Y.!2012.!RNA!SHAPE!

analysis!in!living!cells.!Nat+Chem+Biol!9(1):!18B20.!
!
Staley,!J.P.!and!Woolford,!J.L.,!Jr.!2009.!Assembly!of!ribosomes!and!spliceosomes:!complex!

ribonucleoprotein!machines.!Curr+Opin+Cell+Biol!21(1):!109B118.!
!
Staple,!D.W.!and!Butcher,!S.E.!2005.!Pseudoknots:!RNA!structures!with!diverse!functions.!

PLoS+Biol!3(6):!e213.!
!
Stern,!S.,!Moazed,!D.,!and!Noller,!H.F.!1988.!Structural!analysis!of!RNA!using!chemical!and!

enzymatic!probing!monitored!by!primer!extension.!Methods+Enzymol!164:!481B489.!
!
Stern,!S.,!Powers,!T.,!Changchien,!L.M.,!and!Noller,!H.F.!1989.!RNABprotein!interactions!in!

30S!ribosomal!subunits:!folding!and!function!of!16S!rRNA.!Science!244(4906):!783B
790.!

!
Stout,!C.D.,!Mizuno,!H.,!Rubin,!J.,!Brennan,!T.,!Rao,!S.T.,!and!Sundaralingam,!M.!1976.!Atomic!

coordinates!and!molecular!conformation!of!yeast!phenylalanyl!tRNA.!An!
independent!investigation.!Nucleic+Acids+Res!3(4):!1111B1123.!

!
Strezoska,!Z.,!Pestov,!D.G.,!and!Lau,!L.F.!2002.!Functional!inactivation!of!the!mouse!

nucleolar!protein!Bop1!inhibits!multiple!steps!in!preBrRNA!processing!and!blocks!
cell!cycle!progression.!J+Biol+Chem!277(33):!29617B29625.!

!



! 347!

Strunk,!B.S.!and!Karbstein,!K.!2009.!Powering!through!ribosome!assembly.!RNA!15(12):!
2083B2104.!

!
Strunk,!B.S.,!Loucks,!C.R.,!Su,!M.,!Vashisth,!H.,!Cheng,!S.,!Schilling,!J.,!Brooks,!C.L.,!3rd,!

Karbstein,!K.,!and!Skiniotis,!G.!2011.!Ribosome!assembly!factors!prevent!premature!
translation!initiation!by!40S!assembly!intermediates.!Science!333(6048):!1449B
1453.!

!
Strunk,!B.S.,!Novak,!M.N.,!Young,!C.L.,!and!Karbstein,!K.!2012.!A!translationBlike!cycle!is!a!

quality!control!checkpoint!for!maturing!40S!ribosome!subunits.!Cell!150(1):!111B
121.!

!
Suddath,!F.L.,!Quigley,!G.J.,!McPherson,!A.,!Sneden,!D.,!Kim,!J.J.,!Kim,!S.H.,!and!Rich,!A.!1974.!

ThreeBdimensional!structure!of!yeast!phenylalanine!transfer!RNA!at!3.0angstroms!
resolution.!Nature!248(443):!20B24.!

!
Sun,!C.!and!Woolford,!J.L.,!Jr.!1994.!The!yeast!NOP4!gene!product!is!an!essential!nucleolar!

protein!required!for!preBrRNA!processing!and!accumulation!of!60S!ribosomal!
subunits.!EMBO+J!13(13):!3127B3135.!

!
Sykes,!M.T.!and!Williamson,!J.R.!2009.!A!complex!assembly!landscape!for!the!30S!ribosomal!

subunit.!Annu+Rev+Biophys!38:!197B215.!
!
Szep,!S.,!Wang,!J.,!and!Moore,!P.B.!2003.!The!crystal!structure!of!a!26Bnucleotide!RNA!

containing!a!hookBturn.!RNA!9(1):!44B51.!
!
Talkington,!M.W.,!Siuzdak,!G.,!and!Williamson,!J.R.!2005.!An!assembly!landscape!for!the!30S!

ribosomal!subunit.!Nature!438(7068):!628B632.!
!
Talkish,!J.,!Zhang,!J.,!Jakovljevic,!J.,!Horsey,!E.W.,!and!Woolford,!J.L.,!Jr.!2012.!Hierarchical!

recruitment!into!nascent!ribosomes!of!assembly!factors!required!for!27SB!preBrRNA!
processing!in!Saccharomyces!cerevisiae.!Nucleic+Acids+Res!40(17):!8646B8661.!

!
Tamura,!M.!and!Holbrook,!S.R.!2002.!Sequence!and!structural!conservation!in!RNA!ribose!

zippers.!J+Mol+Biol!320(3):!455B474.!
!
Tarassov,!K.,!Messier,!V.,!Landry,!C.R.,!Radinovic,!S.,!Serna!Molina,!M.M.,!Shames,!I.,!

Malitskaya,!Y.,!Vogel,!J.,!Bussey,!H.,!and!Michnick,!S.W.!2008.!An!in!vivo!map!of!the!
yeast!protein!interactome.!Science!320(5882):!1465B1470.!

!
Thirumalai,!D.,!Lee,!N.,!Woodson,!S.A.,!and!Klimov,!D.!2001.!Early!events!in!RNA!folding.!

Annu+Rev+Phys+Chem!52:!751B762.!
!
Tollervey,!D.!1996.!TransBacting!factors!in!ribosome!synthesis.!Exp+Cell+Res!229(2):!226B

232.!
!



! 348!

Tollervey,!D.,!Lehtonen,!H.,!CarmoBFonseca,!M.,!and!Hurt,!E.C.!1991.!The!small!nucleolar!
RNP!protein!NOP1!(fibrillarin)!is!required!for!preBrRNA!processing!in!yeast.!EMBO+J!
10(3):!573B583.!

!
Trapman,!J.,!Retel,!J.,!and!Planta,!R.J.!1975.!Ribosomal!precursor!particles!from!yeast.!Exp+

Cell+Res!90(1):!95B104.!
!
Traub,!P.!and!Nomura,!M.!1968.!Structure!and!function!of!E.!coli!ribosomes.!V.!

Reconstitution!of!functionally!active!30S!ribosomal!particles!from!RNA!and!proteins.!
Proc+Natl+Acad+Sci+U+S+A!59(3):!777B784.!

!
Tsujii,!R.,!Miyoshi,!K.,!Tsuno,!A.,!Matsui,!Y.,!TohBe,!A.,!Miyakawa,!T.,!and!Mizuta,!K.!2000.!

Ebp2p,!yeast!homologue!of!a!human!protein!that!interacts!with!EpsteinBBarr!virus!
nuclear!antigen!1,!is!required!for!preBrRNA!processing!and!ribosomal!subunit!
assembly.!Genes+Cells!5(7):!543B553.!

!
Tsuno,!A.,!Miyoshi,!K.,!Tsujii,!R.,!Miyakawa,!T.,!and!Mizuta,!K.!2000.!RRS1,!a!conserved!

essential!gene,!encodes!a!novel!regulatory!protein!required!for!ribosome!biogenesis!
in!Saccharomyces!cerevisiae.!Mol+Cell+Biol!20(6):!2066B2074.!

!
Tullius,!T.D.!and!Greenbaum,!J.A.!2005.!Mapping!nucleic!acid!structure!by!hydroxyl!radical!

cleavage.!Curr+Opin+Chem+Biol!9(2):!127B134.!
!
Udem,!S.A.!and!Warner,!J.R.!1972.!Ribosomal!RNA!synthesis!in!Saccharomyces!cerevisiae.!J+

Mol+Biol!65(2):!227B242.!
!
Ulbrich,!C.,!Diepholz,!M.,!Bassler,!J.,!Kressler,!D.,!Pertschy,!B.,!Galani,!K.,!Bottcher,!B.,!and!

Hurt,!E.!2009.!Mechanochemical!removal!of!ribosome!biogenesis!factors!from!
nascent!60S!ribosomal!subunits.!Cell!138(5):!911B922.!

!
Underwood,!J.G.,!Uzilov,!A.V.,!Katzman,!S.,!Onodera,!C.S.,!Mainzer,!J.E.,!Mathews,!D.H.,!Lowe,!

T.M.,!Salama,!S.R.,!and!Haussler,!D.!2010.!FragSeq:!transcriptomeBwide!RNA!
structure!probing!using!highBthroughput!sequencing.!Nat+Methods!7(12):!995B1001.!

!
van!der!Sande,!C.A.,!Kwa,!M.,!van!Nues,!R.W.,!van!Heerikhuizen,!H.,!Raue,!H.A.,!and!Planta,!

R.J.!1992.!Functional!analysis!of!internal!transcribed!spacer!2!of!Saccharomyces!
cerevisiae!ribosomal!DNA.!J+Mol+Biol!223(4):!899B910.!

!
van!Meerten,!D.,!Girard,!G.,!and!van!Duin,!J.!2001.!Translational!control!by!delayed!RNA!

folding:!identification!of!the!kinetic!trap.!RNA!7(3):!483B494.!
!
Vanrobays,!E.,!Leplus,!A.,!Osheim,!Y.N.,!Beyer,!A.L.,!Wacheul,!L.,!and!Lafontaine,!D.L.!2008.!

TOR!regulates!the!subcellular!distribution!of!DIM2,!a!KH!domain!protein!required!
for!cotranscriptional!ribosome!assembly!and!preB40S!ribosome!export.!RNA!14(10):!
2061B2073.!

!



! 349!

Venema,!J.!and!Tollervey,!D.!1999.!Ribosome!synthesis!in!Saccharomyces!cerevisiae.!Annu+
Rev+Genet!33:!261B311.!

!
Wade,!C.H.,!Umbarger,!M.A.,!and!McAlear,!M.A.!2006.!The!budding!yeast!rRNA!and!ribosome!

biosynthesis!(RRB)!regulon!contains!over!200!genes.!Yeast!23(4):!293B306.!
!
Walter,!A.E.,!Turner,!D.H.,!Kim,!J.,!Lyttle,!M.H.,!Muller,!P.,!Mathews,!D.H.,!and!Zuker,!M.!1994.!

Coaxial!stacking!of!helixes!enhances!binding!of!oligoribonucleotides!and!improves!
predictions!of!RNA!folding.!Proc+Natl+Acad+Sci+U+S+A!91(20):!9218B9222.!

!
Warf,!M.B.!and!Berglund,!J.A.!2010.!Role!of!RNA!structure!in!regulating!preBmRNA!splicing.!

Trends+Biochem+Sci!35(3):!169B178.!
!
Warner,!J.R.!1999.!The!economics!of!ribosome!biosynthesis!in!yeast.!Trends+Biochem+Sci!

24(11):!437B440.!
!
Watts,!J.M.,!Dang,!K.K.,!Gorelick,!R.J.,!Leonard,!C.W.,!Bess,!J.W.,!Jr.,!Swanstrom,!R.,!Burch,!C.L.,!

and!Weeks,!K.M.!2009.!Architecture!and!secondary!structure!of!an!entire!HIVB1!RNA!
genome.!Nature!460(7256):!711B716.!

!
Weeks,!K.M.!2010.!Advances!in!RNA!structure!analysis!by!chemical!probing.!Curr+Opin+

Struct+Biol!20(3):!295B304.!
!
Wehner,!K.A.!and!Baserga,!S.J.!2002.!The!sigma(70)Blike!motif:!a!eukaryotic!RNA!binding!

domain!unique!to!a!superfamily!of!proteins!required!for!ribosome!biogenesis.!Mol+
Cell!9(2):!329B339.!

!
Weitzmann,!C.J.,!Cunningham,!P.R.,!Nurse,!K.,!and!Ofengand,!J.!1993.!Chemical!evidence!for!

domain!assembly!of!the!Escherichia!coli!30S!ribosome.!FASEB+J!7(1):!177B180.!
!
Wells,!S.E.,!Hughes,!J.M.X.,!Igel,!A.H.,!and!Ares,!M.!2000.!Use!of!dimethysulfate!to!probe!RNA!

structure!in!vivo.!Methods+in+Enzymology!318:!479B493.!
!
Wery,!M.,!Ruidant,!S.,!Schillewaert,!S.,!Lepore,!N.,!and!Lafontaine,!D.L.!2009.!The!nuclear!

poly(A)!polymerase!and!Exosome!cofactor!Trf5!is!recruited!cotranscriptionally!to!
nucleolar!surveillance.!RNA!15(3):!406B419.!

!
Wilkinson,!K.A.,!Gorelick,!R.J.,!Vasa,!S.M.,!Guex,!N.,!Rein,!A.,!Mathews,!D.H.,!Giddings,!M.C.,!

and!Weeks,!K.M.!2008.!HighBthroughput!SHAPE!analysis!reveals!structures!in!HIVB1!
genomic!RNA!strongly!conserved!across!distinct!biological!states.!PLoS+Biol!6(4):!
e96.!

!
Wimberly,!B.T.,!Brodersen,!D.E.,!Clemons,!W.M.,!Jr.,!MorganBWarren,!R.J.,!Carter,!A.P.,!

Vonrhein,!C.,!Hartsch,!T.,!and!Ramakrishnan,!V.!2000.!Structure!of!the!30S!ribosomal!
subunit.!Nature!407(6802):!327B339.!

!



! 350!

Woodson,!S.A.!2000.!Compact!but!disordered!states!of!RNA.!Nat+Struct+Biol!7(5):!349B352.!
!
B.!2008.!RNA!folding!and!ribosome!assembly.!Curr+Opin+Chem+Biol!12(6):!667B673.!
!
B.!2010.!Compact!intermediates!in!RNA!folding.!Annu+Rev+Biophys!39:!61B77.!
!
B.!2012.!RNA!folding!pathways!and!the!selfBassembly!of!ribosomes.!Acc+Chem+Res!44(12):!

1312B1319.!
!
Woolford,!J.L.,!Jr.!1991.!The!structure!and!biogenesis!of!yeast!ribosomes.!Adv+Genet!29:!63B

118.!
!
Woolford,!J.L.,!Jr.!and!Warner,!J.R.!1991.!In!The+Molecular+and+Cellular+Biology+of+the+Yeast+

Saccharomyces:+Genome+Dynamics,+Protein+Synthesis,+and+Energetics,!!(ed.!J.R.!Broach,!
J.R.!Pringle,!and!E.W.!Jones),!pp.!587B626.!Cold!Spring!Harbor!Laboratory!Press.!

!
Wu,!K.,!Wu,!P.,!and!Aris,!J.P.!2001.!Nucleolar!protein!Nop12p!participates!in!synthesis!of!

25S!rRNA!in!Saccharomyces!cerevisiae.!Nucleic+Acids+Res!29(14):!2938B2949.!
!
Xue,!Y.,!Bai,!X.,!Lee,!I.,!Kallstrom,!G.,!Ho,!J.,!Brown,!J.,!Stevens,!A.,!and!Johnson,!A.W.!2000.!

Saccharomyces!cerevisiae!RAI1!(YGL246c)!is!homologous!to!human!DOM3Z!and!
encodes!a!protein!that!binds!the!nuclear!exoribonuclease!Rat1p.!Mol+Cell+Biol!
20(11):!4006B4015.!

!
Yeh,!L.C.!and!Lee,!J.C.!1990.!Structural!analysis!of!the!internal!transcribed!spacer!2!of!the!

precursor!ribosomal!RNA!from!Saccharomyces!cerevisiae.!J+Mol+Biol!211(4):!699B
712.!

!
Yeh,!L.C.,!Thweatt,!R.,!and!Lee,!J.C.!1990.!Internal!transcribed!spacer!1!of!the!yeast!

precursor!ribosomal!RNA.!Higher!order!structure!and!common!structural!motifs.!
Biochemistry!29(25):!5911B5918.!

!
Yoon,!J.H.,!Abdelmohsen,!K.,!and!Gorospe,!M.!2012.!Posttranscriptional!Gene!Regulation!by!

Long!Noncoding!RNA.!J+Mol+Biol.!
!
Zanchin,!N.I.,!Roberts,!P.,!DeSilva,!A.,!Sherman,!F.,!and!Goldfarb,!D.S.!1997.!Saccharomyces!

cerevisiae!Nip7p!is!required!for!efficient!60S!ribosome!subunit!biogenesis.!Mol+Cell+
Biol!17(9):!5001B5015.!

!
Zarrinkar,!P.P.!and!Williamson,!J.R.!1994.!Kinetic!intermediates!in!RNA!folding.!Science!

265(5174):!918B924.!
!
Zhang,!J.,!Harnpicharnchai,!P.,!Jakovljevic,!J.,!Tang,!L.,!Guo,!Y.,!Oeffinger,!M.,!Rout,!M.P.,!Hiley,!

S.L.,!Hughes,!T.,!and!Woolford,!J.L.,!Jr.!2007.!Assembly!factors!Rpf2!and!Rrs1!recruit!
5S!rRNA!and!ribosomal!proteins!rpL5!and!rpL11!into!nascent!ribosomes.!Genes+Dev!
21(20):!2580B2592.!



! 351!

!
Zhang,!W.,!Morris,!Q.D.,!Chang,!R.,!Shai,!O.,!Bakowski,!M.A.,!Mitsakakis,!N.,!Mohammad,!N.,!

Robinson,!M.D.,!Zirngibl,!R.,!Somogyi,!E.!et!al.!2004.!The!functional!landscape!of!
mouse!gene!expression.!J+Biol!3(5):!21.!

!
Zhuang,!X.,!Bartley,!L.E.,!Babcock,!H.P.,!Russell,!R.,!Ha,!T.,!Herschlag,!D.,!and!Chu,!S.!2000.!A!

singleBmolecule!study!of!RNA!catalysis!and!folding.!Science!288(5473):!2048B2051.!
!
Zhuang,!X.,!Kim,!H.,!Pereira,!M.J.,!Babcock,!H.P.,!Walter,!N.G.,!and!Chu,!S.!2002.!Correlating!

structural!dynamics!and!function!in!single!ribozyme!molecules.!Science!296(5572):!
1473B1476.!

!
!


