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Souhrn

Sestih pre-mRNA je jednim z ktbvych kroki genové exprese, ktery probiha
v buré¢ném jadle. Je katalyzovan multiproteinovym komplexem zvarspticeosome,
ktery je formovan z &i hlavnich malych jadernych ribonukleoproteinovyi@stic U1,
U2, U4, U5 a U6 snRNP a dalSich asociovanych prbteRozpoznéni a vysteni
introni z pre-mRNA a nasledné spojeni ekaa tvorby mRNA je doprovazeno mnoha
konformanimi zménami mezi jednotlivymi ¢asticemi spliceosomu. Kompletni
sestihova masinerie se sice nachazi ¥¢adile gkteré dilezité kroky snRNP maturace
se odehravaji v cytoplazmsnRNP cykluji kontinuakh pres nukleoplazmu a jaderné
kompartmenty, kde vykonavaji své funkce. V Cajatdvygliskach probihaji
posttranskripni modifikace jednotlivych snRNA ackteré snRNP se tady skladaji do
vétSich komplex jako U4/U6 di-snRNP a U4/U6.U5 tri-snRNP.

Pre-mRNA sesth probiha za postupné asistence jednotlivych snRINREto
praci jsem ukazala, Ze asociace Ul snRNP s 5tilgmgtm mistem probih&&adow
v sekundach. U2 snRNP pak rozeznava Jibest misto a takto je intron definovan.
Za (tasti U4/U6.U5 tri-snRNP vznikne katalytické jadrpliseosomu U2.U5.U6.
Ukazala jsem, Ze samotna sisiva reakce az do uvaini spliceosomu trvaiiblizné
30 sekund a ve srovnani s dynamikou rozeznaninatuguje rychlost celého procesu.

Uvolnéné snRNP se recykluji, aby se mohly znowadinit sesthu. Ukéazali
jsme, Ze opakované skladani U4/U6.U5 tri-snRNP Keridp probihd pevazr
v Cajalovych &liskach, kde U5 snRNP asociuje s U4/U6 di-snRNP Merem. Tento
proces je dynamicky a vyzZaduje produktivni interakezi specifickymi proteiny U5 a
U4/U6 snRNP, hPrp6 a hPrp31. MySi knockout proteifrp31l je letalni a RNAI
znemozni zformovani tri-snRNP komplexu a vede kdSani Cajalovychetisek.

Nekteré mutace hPrp31 proteinu se vazou k onegmicretinitis pigmentosa,
které ovliviiuje specifické biky v retine a miZze vést k Uplné slepbtUkazala jsem, Ze
mutace Ala216Pro (AD29) brani integraci tohoto pmott do U4/U6 di-snRNP
komplexu, ale zvySuje jeho interakci s hPrp6 pras. DalSi studium AD29 interakci
s proteiny a snRNA z U4/U6.U5 tri-snRNP komplexu bywhlo prohloubit naSe
poznatky o molekularnim mechanismu, ktery spoo$bi anemocéni.

Technika RB-FRET, kterou jsem zavedla, by v tomigpaxt byla idealnim

nastrojem pro analyzu interakci mezi RNA a proteirfgvych buikach.



Summary

Pre-mRNA splicing is a key step in gene expressimch occurs in the cell
nucleus. It is accomplished by a huge complex dallee spliceosome. Within the
spliceosome five major snRNPs U1, U2, U4, U5, U@ additional splicing factors
undergo dynamic interactions and rearrangementdefme and excise the intronic
sequences from pre-mRNA to generate translatableNARThe whole splicing
machinery is localized to the cell nucleus and sstees in sSnRNPs maturation occur
also in the cytoplasm. snRNPs continuosly cycleugh nucleoplasm and nuclear
compartments, like CBs and speckles to fullfillithfenctions. In CBs snRNPs obtain
the necessary posttranscriptional modificationseypsuridinylation, 2‘-O-ribose
methylation) and some get pre-assembled to U4/tdRNP and U4/U6 tri-snRNP.

Pre-mRNA splicing occurs in an ordered associagioth dissocation of SnRNPs
with pre-mRNA. In the nucleoplasm the Ul and U2 NRR scan and recognize the
intronic sequences. | showed that Ul snRNP assmtiawith 5° splice site is
characteristic for a rapid exchange rate of 0After the 3‘ splice site is synthetized U2
snRNP comes and this way the intron is defined.eBgagement of U4/U6.U5 tri-
snRNP the catalytic spliceosomal core U2.U5.U6esegated. | showed that compared
to the dynamic and fast intron recognition, thecapd reaction is the rate limiting step,
which is accomplished within 30 seconds beforesfiizeosome disassembles.

The disassembled snRNPs are recycled and par#cipahe splicing process
again. We showed that repeated formation of U4/86ttisnRNP occurs mainly in
Cajal bodies, where the free U5 snRNP joins theagsembled U4/U6 di-snRNP. This
process is very dynamic and encounters produatitegaction between U5 and U4/U6
SnNRNP specific proteins, hPrp6 and hPrp31 respigtiMouse knockout of hPrp31 is
lethal and RNAI leads to impaired formation ofgSnRNP and enlarged CBs.

Several mutations within hPrp31 protein were linkedcell specific disease
retinitis pigmentosa, which affects rod cells irim@ and ultimately leads to total
blindness. | showed that Ala216Pro mutation in BRrpAD29) impairs integration of
this mutant form to U4/U6 di-snRNP, but streghtéasnteraction with hPrp6 protein.
Deeper study of AD29 interactions with U4/U6.U59nRNP proteins and snRNAs
might bring more insights to the molecular mechasisnitiating this disease.

RB-FRET approach, which | introduced would be irs ttase an ideal tool for
analysing RNA-protein interactions in living cells.



1. Introduction

The cell nucleus is the hallmark of eukaryotic £eWhere genetic information -
DNA is accommodated and replicated prior to celision and where the initial steps
of gene expression take place. In higher eukaryptegin coding genes consists of
coding sequences — exons and non — coding sequenoions. Transcription of these
genes results in precursors (pre-mRNASs) that masprocessed before translation of
the message into protein. During pre-mRNA splicinjons are excised and exons
joined together to generate mature messenger RNRN@). One pre-mRNA can be
spliced in alternative ways and several differeRNAs and proteins can be produced
from one DNA sequence. As it is currently estimatieat over two-thirds of human
genes produce alternatively spliced mRNAs, pre-mRdghcing is the major source of

protein diversity (Blencowe 2006).

Spliceosome - the executor of pre-mRNA splicing.

Splicing of pre-mRNA is carried out by the spliceo®e in a two-step
phosphodiester transesterification reaction. THeepsome is a huge ribosome-size
ribonucleoprotein complex composed of five major licgmsomal small
ribonucleoprotein particles (snRNPs) U1, U2, U4, @id U6, plus additional splicing
factors (Jurica and Moore 2003). Each snRNP cangibta uniqgue snRNA that is
associated with a specific set of proteins (Willl &rmhrmann 2001).

During splicing several rearrangements must osghich require the association,
displacement and switching of snRNPs within thacepsome (Staley and Guthrie
1998). The prevailing model of spliceosome assensbberived fromn vitro splicing
experiments, which indicate a step-wise additiom ahsplacement of individual
SnRNPs to the pre-mRNA. Ul snRNP binds to 5 sghef intron followed by U2
snRNP interaction with the 3'ss forming the A coaxplU4, U5 and U6 snRNPs, pre-
assembled into the U4/U6.U5 tri-snRNP, subsequeamttgr the A complex to form the
pre-catalytic B complex. U1 and U4 snRNPs dissecgatd the activated B* complex is
generated. The activated spliceosome performs tamsésterification reactions, the
intron is excised, the exons are ligated togethmdt enRNA is released. Finally,
U2.U6.U5 snRNPs disassemble from the intron ldoabe recycled in new rounds of
splicing and the intron is degraded. While the ordeassembly model of the



spliceosome is conserved from yeast to humansdbase vitro experiments it has
been proposed that the association of the spliceestan occur in a pre-assembled
complex also called the “holospliceosome’™ or thremtg-snRNP . How the spliceosome
assemblesn vivo still remains an open question. In this thesisnalgzedin vivo
formation of the spliceosome using fluorescent-tedi imaging techniqgues FRAP and
FCS.

Spatial organization and compartmentalization of tle splicing machinery.

The biogenesis and maturation of the Ul, U2, U4, &kd U6 snRNPs is a
complex process that occurs both in the nucleusratite cytosol. U1, U2, U4 and U5
SnRNAs are synthetized by RNA polymerase Il, capgetieir 5’ ends and transported
to the cytoplasm. In the cytoplasm a ring of seSenproteins is assembled on shnRNAs
by the sequential action of pCl1 and SMN complexudhkin, Gubitz et al. 2002). The
5" end is hypermethylated by TGS1 methyltransfermseé core ShRNPs are imported
back to the nucleus to participate in the spligingcess. The U6 snRNA is synthetized
by RNA polymerase Ill and its maturation occursegoin the nucleoplasm. In the cell
nucleus, prior entering splicing pathway, snRNRs faiccumulate in CBs (Sleeman and
Lamond 1999), where snRNAs are posttranscriptignatiodified by 2-O-ribose
methylation and pseudouridylation (Jady, Darzacalef003; Kiss 2004) and likely
associate with snRNP-specific proteins.

In addition, CBs serve as the sites of complexrabgesteps that involve RNA-
RNA annealing and the sequential addition of snRNeeific proteins. Assembly of
both 12S and mature 17S U2 snRNP, U4/U6 di-snRNPUHUG.U5 tri-snRNP takes
place in CBs (Nesic, Tanackovic et al. 2004; SargfiHossbach et al. 2004; Stanek
and Neugebauer 2004). Inhibition of tri-snRNP fotiora by knockdown of hPrp6 (U5
snRNP) or hPrp31 (U4/U6 di-snRNP) leads to accutimmeof the U4/U6 snRNPs in
CBs, while levels of the U5 snRNA and U5-specifiootpins remain unchanged
(Schaffert, Hossbach et al. 2004). These data thatMJ4/U6 di-snRNP is retained in
CB until the U5 snRNP joins; only when the maturestRNP is formed it is released
from the CB. In this thesis | addressed the roleC&fs in snRNP recycling after

splicing.



Splicing and diseases.

Pre-mRNA splicing is a tightly regulated processsplicing error that adds or
removes even 1nt will disrupt the open reading &aaf an RNA and result in
production of a non-functional or even a harmfulbtein. The spliceosome must act
very precisely, when recognizing the correct spkies prior to the cut-and-paste
reactions. The diseases caused by defects in piAgRIlicing can be caused either by
cis-acting mutations affecting the splice sites, otrlayps-acting mutations affecting the
splicing machinery. Mutations that disrupt the adsly or function of spliceosomal
snRNPs are responsible for two human diseasesiti®fpigmentosa (RP) and spinal
muscular atrophy (SMA), in which two different selsof cells are affected.

RP is a heterogeneous disease characterized byepsdge retinal degeneration,
night blindness, loss of peripheral vision, andmnaitely total blindness. RP is caused by
loss of rod photoreceptor cells and it can be idgias autosomal dominant, autosomal
recessive, or X-linked disorder. More then 30 Rfkdd genes were identified, most of
which have retina specific functions, like opsimtekrestingly, four genes, namely
HPRP31 HPRP3 HPRP8 and SNRNP200 involved in RP development encode
U4/U6.U5 tri-snRNP specific proteindicKie, McHale et al. 2001; Vithana, Abu-
Safieh et al. 2001; Chakarova, Hims et al. 200&ZIBellur et al. 2009). hPrp31 and
hPrp3 are U4/U6 di-snRNP associated proteins amp8h&d SNRNP200 are the core
components of the U5 snRNP. hPrp31 promotes aswocizetween U4/U6 di-snRNP
and U5 snRNP by direct interaction with hPrp6, p8&edfic protein, which results in
tri-snRNP formation(Schaffert, Hossbach et al. 2004). Mutations in RBR gene
causing RP include insertions, deletions, missemgttions, and splice site mutations.
One of these mutations is AD29, a missence mutafitaR16Pro, which is not
contained within the U4 or U5 snRNP interacting dam. In this thesis | examined the
effect of the AD29 mutation in HPRP31 gene on snRiabolism and cell behaviour.

Tools for studying biological processes.

A central challenge to cell biologists is to undensl the extensive networks of
protein-protein, DNA-protein and RNA-protein inteti@ns that regulate cellular
processes. Recent advances in microscopy methegsmiade it possible to visualize
the molecules using the green fluorescent prot&iRP) from the jellyfishAequorea
victoria. In addition severain vivo tools, with which we can probe cellular binding

interactions were introduced: fluorescence resomammergy transfer (FRET),



fluorescence recovery after photobleaching (FRARY dluorescence correlation

spectroscopy (FCS). FRET is non-radiative transfenergy between two fluorophores
(donor and acceptor), which can occur if they amg/ ¢lose to each other (< 10 nm). As
a protein-protein interaction usually occurs witHiOnm distance, it is possible to
measure FRET between two fluorescently tagged mt@scwhich interact with each

other. For FRET to happen the fluorescence emisspattrum of the donor has to
overlap with the absorption spectrum of the acaeptoaddition, the transition dipole

orientations of the fluorophores must be approxétyaparallel for FRET to occur. The

most used FRET pair is the combination of CFP aR& Ycyan and yellow fluorescent
protein). In this thesis | introduced a new metfardstudying RNA-protein interactions

in living cells based on FRET approch.

The most commonly used technique to determine §mamic properties of
proteinsin vivois FRAP. This approach involves photo-bleaching sfnall area within
the cell and monitoring the recovery of fluoresendensity over time. Fluorescence
recovery results from the movement of unbleacheteontes from the surroundings
into the bleached area. FRAP recovery provideniyta qualitative impression of the
protein mobility, but more importantly, it contaiggiantitative information about the
diffusion and binding characteristics of analyzedleuules (Sprague and McNally
2005). FCS provides an alternative approach to amegwsotein dynamics vivo with
microsecond time resolutiqiKim, Heinze et al. 2007). In this technique, a&ldseam is
focused on a spot of interest in the cell and flatibns of the fluorescence intensity are
measured over time. The recorded signal refle@sniovement of labelled proteins
through the sample volume. The intensity recortlassformed into an autocorrelation
function that assesses the diffusion correlatioretof the detected molecules.

Combination of all these methods provides high wmlpand spatial resolution
for analysing the binding properties of the prodeand biological processes of our

interest in living cells.



2. Aims of the thesis

In this thesis we concentrated on assembly andcliegyof functional splicing
complexes in the cell nucleus. We took an advantdgesing fluorescent microscopy as
a powerfull tool for live cell imaging and analysiEbiological eventsn vivo. First, we
focused on spatial and temporal organization of NdARdynamics within the cell
nucleus during transcription and splicing. Next, assessed the effect of a disease
linked mutation in snRNP specific protein on snRMfetabolism. Finally, we

introduced a method for studying RNA-protein intti@ns in living cells.

The specific aims were:
» to show that Cajal bodies contain also mature SreRNP

 to elucidate the role of Cajal bodies in snRNPgciag

« to describe the snRNP diffusion properties in thiéraucleus by FCS and FRAP

* to examine the snRNP interactions with pre-mRNA atetermine their
dissociation rates by quantification of the FRARada

* to elucidate how the snRNPs assemble the splicemsoih estimate the splicing

kinetics in living cells

* to examine the effect of AD29 expression in humafisc where AD29 is a
mutant variant of tri-snRNP specific protein hPrgBiked to disease retinitis
pigmentosa

* to analyse AD29 interactions with tri-snRNP specifproteins using

immunoprecipitation and FRET

* to establish a method for detecting RNA-proteireiiattionsin situ based on
fluorescence resonance energy transfer (FRET)
» to test this approach and analyze binding of hnRiNProtein to its cognate

RNA using acceptor photobleaching and lifetime imgg@gpproach

10



3. Materials and methods

In the thesis, a broad spectrum of molecular art kselogical approaches
coupled to life cell imaging and analysis was emetb

All methods are in detail commented in the follogvipapers: Staik et al. 2008,
Huranova et al. 2009, Huranova et al. 2009, Huranet al. 2010, J Cell Biol,
submitted

For all major experiments human cell lines weredus€ell maintenance
required proper cell culturing and included transteaxs with DNA or siRNA and
preparation of cell lines stably expressing praa@hinterest.

The methods covered approaches enabling DNA/RN#&proanalysis, like
DNA cloning, RNA isolation and chromatography, qti@ive PCR,
immunoprecipitation, Western blot analysis, gly¢ergradient centrifugation,
immunofluorescence.

The advanced microscopy methods included live io&lging, photoactivation,
FRET, FLIM-FRET, FRAP and FCS aproaches.

11



4. Results

4.1 Spliceosomal small nuclear ribonucleoprotein pécles (SnRNPs) repeatedly

cycle through Cajal bodies.

To examine the role of CBs in snRNP life-cycle, fivetly demonstrated that
CBs contain mainly mature snRNPs. Here we perforses@ral experiments:
- sSnRNP specific proteins SmB and SmD1 were taggéd yluorescent timer* and
both newly made and mature snRNPs were detecte8sn
- inhibition of translation resulted in inreased lsvef mature snRNPs in CBs
- SmD1 was tagged with PA-GFP and its localizatio€Bs after photoactivation did
not dramatically decrease (20minutes)
- FRET approach showed that shRNPs are not compigtkdBSMN in CBs, while in
cytoplasm they do and that their Sm ring is cotyeatsembled
Furthermore, we showed that snRNPs constantly cheleveen CBs. We
transfected cells with SmD1-PA-GFP or SmB-PA-GFBetber with CB markers
SART3 or coilin to properly localize CBs. After SiPA-GFP or SmB-PA-GFP
photoactivation in one CB we observed rapid accatan of fluorescence in the other
CBs. These results confirmed that CB contains madnRNPS, which constantly cycle
between them.
Next we inhibited spliceosome disassembly usingNgiRagainst hPrp22 and
Ntrl proteins, which help to release mMRNA and snREfer the pre-mRNA is spliced.
We detected increased levels of U4/U6 di-snRNP amapts in CBs, which resulted in
CBs enlargement. U1 and U2 snRNP levels did nohghaand U5 snRNP levels
decreased. We confirmed that after inhibition dicgpsome disassembly the enlarged
CBs accomodate assembled U4/U6 di-snRNPs. Usingr MirREprobed the interactions
between U4/U6 di-snRNP components, which did nanhge after sSiRNA treatment. In
addition, inhibition of spliceosome disassembly didt result in any substantial
inhibition of splicing, which suggested that thesektved phenotype was due to
inhibition of recycling. Analysis of spliceosomabroplexes composition by glycerol
gradient centrifugation revealed that inhibition sfliceosome disassembly decreased

levels of mono-U5snRNP and increased its presanpest-spliceosomal complexes.

12



These data showed that CBs serve additionally asUh/U6.U5 assembly sites
throughout the snRNPs lifespan.

4.2 Differential interaction of SnRNPs with pre-mRMNA reveals splicing kinetics in

living cells

To analyse the dynamic properties of individual NRR in living cells we
established cell lines stably expressing GFP-tagg®@NP specific proteins from
recombineered BACs. We showed that these GFP-taggeein are incorporated into
the particular snRNPs and so are suitable fordelemeasurements.

First we employed FCS to examine the snRNPs moveatanicrosecond time
resolution and this approach enabled us to meadifitesion properties of snRNPs
mobile fraction. We found that snRNPs diffuse thlgiolunucleoplasm with comparable
diffusion times, which did not remarkably changemipnhibition of transcription with
DRB indicating that this movement is not affectgdrieractions with pre-mRNA.

To elucidate the relatively slow interaction of §s with pre-mRNA we
utilized FRAP. In order to dissect diffusion fronméling events in FRAP recovery
curves we performed the measurements in the nydakn before and after
transcription inhibition. Quantification of FRAP rmes obtained from DRB treated cells
revealed that the snRNPs move with comparable siiffuproperties as determined by
FCS. The diffusion coefficients were used as amtimalue in the quantification of the
FRAP curves obtained from untreated cells withdifiesion-reaction model. We found
that binding of individual SnRNPs to pre-mRNA isdebed with different dissociation
constants (inverse of residence times), which etés that SnRNP interact with pre-
MRNA independently and supports the ordered modekpliceosome assembly.
Comparison of Ul and U5 residence time revealetivithide the intron recognition is
accomplished within a second, the splicing reactieeds approximately ~30s to be
finished. Thus, the splicing reaction is the rateiting step of pre-mRNA splicing
process and ~30s time represents the averagengplate in living cells.

Inhibition of splicing with isoginkgetin compounddreased levels of pre-
spliceosomal complex A (containing Ul and U2 snRN&sd revealed their higher
residence time on pre-mRNA, which clarified theg@ouse of § value for description
of SnRNPs interaction with pre-mRNA. We employednumoprecipitation to analyse
the snRNP composition after treatment with DRB @&udjingetin. We found that di-

13



snRNP and tri-snRNP formation was impaired in bodlses indicating that ongoing
transcription and splicing is necessary for thetegrity.

In order to analyze snRNP interactions in a spegéne loci we established the
inducible E3 U2-OS Tet-On cell line. The model g@nglobin is expressed from an
inducible promoter and its transcripts are vizwaliin vivo via interaction of their
3'UTR localized MS2 loops with the MS2-mRED protepon induction of thes-
globin gene expression with doxycycline snRNPs aundate in its transcription site
reflecting the demand for splicing machinery. Wef@ened FRAP in this loci and
found that snRNPs interact independently also wahscripts in a specific gene loci

further supporting the step-wise assembly modét@fspliceosome.

4.3 A mutation linked to retinitis pigmentosa in HFRP31 causes protein instability
and impairs its interactions with spliceosomal snRIRs.

To examine the effect of expression of an RP linkedant variant of hPrp31
protein in human cells we prepared Hela cell lisgbly expressing the hPrp31 wild-
type (WT31) and Ala216Pro mutant (AD29) proteinggied with YFP. We employed
life cell imaging approach and comparisson of WBEBH AD29 cell lines growth rate
revealed that AD29 cell line divided 10% slower qamed to WT31.

As hPrp31 is necessary for tri-snRNP formation weidked to analyse shRNP
metabolism and especially the CBs as the majos sitéri-snRNP assembly in the cell
nucleus. We stained cells with coilin, the CB marked found that CBs are smaller or
even disappeared in AD29 cell line. In cells, hgvitt least the residual CBs we
examined localization of sSnRNP specific proteinse Wétected reduced localization of
U4/U6 di-snRNP specific proteins in AD29 cell linehereas localization of U5 and U2
snRNP specific proteins remained unchanged.

To examine the AD29 association with tri-snRNP eid we employed FRET
and immunoprecipitation assay. With FRET we proR&29 interactions with SART3
(U4/U6), hPrp4 (U4/U6, U4/U6.U5) and hPrp6 (U4/UB)Uproteins, each marking
different stage of tri-snRNP formation (in parersise We found that AD29 interaction
with U4/U6 di-snRNP is compromised, which was conéd by immunoprecipitation
as we did not pull down with AD29 any U4/U6 specifirotein. Interaction between
AD29 and U5 specific proteins Snull4 or hPrp6 reetipreserved. We analysed the

AD29 association with snRNP complexes via glycgraldient centrifugation and found

14



that AD29 exists predominantly in free form, littessociates with U4/U6 and U5
SNRNPs, but does not associate with tri-snRNP. & dasa suggested that AD29 exerts
its negative function by retaining the functionab YnRNP. We overexpressed the
hPrp6 in AD29 cell line and consequenlty detectedrenCBs and increased
proliferation rate.

During live cell observations the AD29 YFP leveldgfated, but were not
connected to any particular cell cycle phase inmgyfor a dynamics in AD29
expression and degradation. We inhibited transiatissing cycloheximide and
monitored AD29 fluorescence over time and compdtréal WT31. We found that the
AD29 mutation likely destabilizes the AD29 proteend confirmed the rapid
degradation of AD29 protein also with Western lalioalysis.

4.4 In vivo detection of RNA-binding protein interactions with cognate RNA

sequences by fluorescence resonance energy transfer

To analyze interaction of hnRNP H protein with ¢gtsgnate RNA using FRET
acceptor photobleaching and lifetime imaging apgmoave prepared the following
constructs:

- RNA binding protein hnRNP H was tagged at its Nmieus with ECFP or Cerulean
generating the constructs pECFP-hnH and Cerulebh-ised as the FRET donor

- bacteriophage MS2 coat protein was tagged at ieri@inus with EYFP generating
the construct pMS2-EYFP, used as the FRET acceptor

- pRed vector series contained 4 or 6 binding site®19$2 coat protein and 1 or 2
binding sites for hnRNP H protein inserted to 3'UdRhe HcRedl gene generating
constructs pRed-M4x-H3’, pRed-M4x-H5", pRed-M6x-H&d pRed-M1x-H1x,
negative control pRed-M4x represented construdtanit hnRNP H binding sites

To confirm direct recruitment of ECFP-hnH and MS2ZHP onto the target
RNA in vitro we performed RNA affinity chromatography. RNA suhges contained
within the 3'UTR of the HcRed1 gene were amplifiedvitro and incubated with cell
extract from Hela cells transfected either with BeinH or MS2-EYFP or with both.
Proteins bound to the bait RNAs were specificalljesl and analyzed by Western blot.

Next we tested whether we are able to detect tiieraction directly in cells
using FRET acceptor photobleaching approachkitu. As a positive control was used

15



sample expressing CFP and YFP tagged protein cailirch is known to self-interact.
The cells were transfected with aforementioned ttoots and their expression was
monitored by vizualizing the ECFP, EYFP tags andrReftl protein. FRET efficiency
between MS2-YFP and ECFP-hnH correlated with exgwasof the RNA substrate
containing binding sites for both proteins and wasnparable to the coilin positive
control. We next confirmed the FRET measuremenlizing the fluorescence lifetime
imaging approach. We expressed either coilin-ECHmM&NP H-ECFP/Cerulean alone
or co-expressed with the acceptor molecules. la oasur positive control we detected
strong decrease in coilin-ECFP lifetime in preseateéhe acceptor molecule coilin-
EYFP, which indicated efficient FRET. We detectdsbadecrease in ECFP-hnH or
Cerulean-hnH lifetime in presence of MS2-YFP, lkélound to the RNA substrate.
These positive FRET measurements indicated thatsthble interaction occuring
between hnRNP H and its binding sequence in thel mRastructs could be vizualized

in situ.
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5. Discussion

In this thesis | presented results that contridoteinderstanding the dynamic
behaviour and assembly of the spliceosomal complarethe context of the cell
nucleus. | showed how the disease linked mutatica particular splicing factor affects
the dynamic interactions between the spliceosonglca@mplexes. In addition, |
introduced a novel method for studying RNA-proteiteractions in living cells. The

results were separately described and discussdthpters 2, 3, 4, and 5 of the thesis.

Mature splicing machinery is exclusively restrictedhe cell nucleus, where the
pre-mRNA processing takes place. The pre-mRNA isglics accomplished by the
dynamic network of snRNPs within spliceosome. Otige intron is defined by
interactions of U1l and U2 snRNPs, the pre-assembtl6.U5 tri-snRNP joins this
complex and after extensive rearrangements thgeaspliceosome core is generated
(Wahl, Will et al. 2009). Recently two models ofisposome assembly were proposed
based mostly om vitro approches (reviewed {iRino and Carmo-Fonseca 2009)). One
model proposes a step-wise assembly of the spboe®sexerted by sequential
association and dissociation of snRNPs with pre-ARMhile the second one proposes
that spliceosome is already a pre-assembled conapléxn the form of "penta-snRNP"
associates with pre-mRNA to promote splicing.

In this thesis | addressed the question how theespgome assembl@s vivo by
analysing and quantifying snRNP interactions witt-mRNA. The dynamic behaviour
of snRNPs in the nucleoplasm reflects their spyjcactivity and so is determined by
their diffusion and interactions with pre-mRNA. Ibhion of transcription leads to
relocalization of ShRNPs to speckles implying tinaictive sSnRNPs are stored to these
structures. The fraction of snRNPs that remainedhe nucleoplasm showed faster
movement which indicated a lack of a substrateind.bSimilarly faster movement of
several splicing factors due to transcription iitioh was already reported (Rino,
Carvalho et al. 2007). This movement is charactdras an effective diffusion, because
even in the absence of pre-mRNA the snRNPs scartrandiently interact with the
nuclear environment (Phair and Misteli 2001). | mpifeed diffusion rates describing

snRNPs effective diffusion ranging between 0.28-jnfs ™.
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While measurements performed after transcriptiohibition provide an
information about snRNPs movement, it does not ansthe question how the
spliceosome assembles on the pre-mRNA. Here, | thjean the interactions of
individual snRNPs with pre-mRNA in cells with onggitranscription. The strenght of
a particular interaction is characterized by thesdciation constant, which specifies the
time the snRNP is bound to the pre-mRNA and rekbadterwards — the residence
time. | found that U1 and U4/U6 snRNPs stay bounthe pre-mRNA around 1s, but
U2 and U5 snRNPs associated with pre-mRNA at [@gtmes longer, approximately
tens of seconds. Thus, these differantial intevastibetween snRNPs and pre-mRNA
let me assume that snRNPs interact with pre-mRNkpendently, which supports the
step-wise model of spliceosome assembly. Impostattie residence time of the core
spliceosomal components U2 and U5 snRNPs providedalso the estimate of an
average splicing rate, as the aforementioned 12r8flsct the time the U2 and U5
snNRNPs stay associated with pre-mRNA till it isicgal. This data are consistent with
previous studies from Miller spreads from Drosopheimbryos and ChIP data from
yeast, where both show that splicing is accomptiskighin a minute after spliceosome
formation (Beyer and Osheim 1988; Wetterberg, Zétaal. 2001; Gornemann, Kotovic
et al. 2005). Conclusivelly, | showed that indivadlusnRNPs and pre-assembled
snRNPs move throughout the nucleoplasm and in dered pathway assemble the
spliceosome, which likely allows to accomodate mesgulatory events to control the
process of pre-mRNA splicing.

When the spliceosome carries out splicing, it sassembled by assistance of
hPrp22 and the hPrp43/Ntrl/Ntr2 complex (Compangnas et al. 1991; Arenas and
Abelson 1997; Tsai, Tseng et al. 2007). It hasbheain shown so far, what happens with
the disassembled U2, U5 and U6 snRNPs. In addisaRNPs dissociate from the
RNA substrate independently (discussed above) taeg of them U4, U5 and U6 must
be re-assembled again into the tri-snRNP to ppdtei in the splicing process, which
implies for possible recycling events in the snRINEtycle. In this thesis | presented a
study showing an additional ,recycling” role for €Bn the snRNP metabolism
pathway. As mentioned at the beginning, CBs aresites of ShRNPs biogenesis and
maturation. There are two to four CBs per one aedl it was reported that the size and
number of CBs depend on the cell metabolic actiaity cell cycle (Andrade, Tan et al.
1993; Boudonck, Dolan et al. 1998). It was showat 8nRNPs do not accumulate in
CBs, when transcription or splicing is inhibitedaf@o-Fonseca, Pepperkok et al. 1992;
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Kaida, Motoyoshi et al. 2007), which was consisteith our data showing that CBs
accomodate also mature snRNPs and that these snRigiRy exchange between
them. This raised a question, why the recruitmensRNPs to CBs depends on
ongoing transcription. Probably, the cycling of 8i®& through CBs could reflect
snRNPs reassembly after pre-mRNA splicing. | irtleidbispliceosome disassembly by
depleting cells of hPrp22 or Ntrl, which resultadaccumulation of U4/U6 di-snRNP
and decreased levels of U5 snRNP in CBs implyingrfgaired tri-snRNP formation,
fenotype recently demonstrated by depleting eithiehPrp31 and hPrp6 proteins
(Schaffert, Hossbach et al. 2004). The impairech&dion of tri-snRNP likely reflected
the lack of U5 snRNP, which might be entrappedha stalled post-spliceosomal
complexeqTurner, Norman et al. 2004). The fact that di-siRisl still formed in CBs
is the result of high levels of U6 snRNPs preserthe cell and fast dissociation of U4
snRNP from pre-mRNA during splicing (mentioned adovThus, the nuclear CBs
serve as the major sites of repeated di-snRNPrasdRNP reassembly throughout the
SNRNPs life-span.

Surprisingly, the basal tri-snRNP metabolism setntsave an important role in
development of such a specific disease like rédiptgmentosa (RP), which affects
only rod cells in eye retina. Although it is a hetgenous disease and many mutations
are located in retina metabolism linked genes, tauts in tri-snRNP specific proteins
were discovered to initiate this disease, toohis thesis, | present results showing how
the AD29 (A216P) mutant variant of hPrp31 protdieets tri-snRNP metabolism and
possibly causes the RP. We expressed AD29 in @eild found that the cell
proliferation was reduced. Beside its nuclear lizedibn, this protein was also present
in cytoplasm, which was similar to A194E mutantnfioof the hPrp31 protein (Deery,
Vithana et al. 2002). Unlike the wildtype U4/U6 $¥iR specific proteins, AD29 was
only little accumulated in CBs suggesting its itigpto be incorporated into U4/U6 di-
SNRNP based on the results discussed above. Wensedfthat interactions between
AD29 and U4/U6 snRNP specific proteins were redut@erestingly, interactions with
U5 specific proteins Snull4 and hPrp6 were stroager this stronger interaction of
AD29 and hPrp6 was previously shown alsovitro (Wilkie, Vaclavik et al. 2008).
AD29 likely inhibits tri-snRNP assembly by retaigird5 snRNP and preventing its
association with U4/U6 di-snRNP. OverexpressiohRip6 in AD29 cells compensated
the AD29 induced phenotype and resulted in resé¢i@Bs morphology and increased

cell proliferation rate.
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Future experiments should involve detailed analg$i®\D29 interaction with
U4/U6 and U5 snRNPs. Particularly the AD29-hPrp@ &ib29-SART3 interactions
need to be resolved. It is not clear, whether AR2E hPrp6 form AD29-U5 snRNP
complex, albeit U5 snRNP specific protein hSnullakwalso detected in the AD29
precipitate. Additionally, AD29 was shown to interavith U4/U6 di-snRNRFn situy,
however, we did not pull-down with AD29 neither pBmor hPrp4 (U4/U6 di-snRNP
specific proteins). Thus, it is of importance tcaexne also the interactions between
AD29 and U5, U4 and U6 snRNAs. As the fast degiadatf AD29 could make the
complexes sensitive for arniy vitro analysis, we need an aproach, which would enable
us to vizualize RNA-protein interactionsvivo.

In this thesis | present a study employing the FREBA$ed method (RB FRET)
for studying RNA-protein interactions situ. | tested RB-FRET approach on the
previously shown interaction of hnRNP H proteinhwits cognate RNA sequence and
confirmed thatin vitro interaction happens also situ (Schaub, Lopez et al. 2007). |
tagged hnRNP H protein with CFP and the RNA seqeewth YFP using the MS2
system, which is an elegant tool for RNA label{@uerido and Chartrand 2008). This
approach allows to examine interactions over time ia response to cellular signals.
The previously shown trimolecular fluorescence clementation assay (TriFC) also
allows for RNA-protein interactions vivo (Hu, Chinenov et al. 2002), however lacks
the temporal resolution because of the permaneossdmnk among the tagged
molecules and the time needed for the maturatioth@ffluorescent protein. Another
recently presented work studying RNA-protein intéicns employed the FRET-FLIM
approach and introduced RNA labeling with Sytox@erfLorenz 2009). Since
SytoxOrange labels all RNA within the cell, usingstmethods we cannot determine
the direct target RNA sequence of the studied profes the RNA-protein interactions
rule almost all cellular processes, like transasipt splicing, translation, RNA editing,
IRNA, etc., my technique allows for labeling of arficular RNA sequence and a
particular protein of interest, and detect the RptAtein interactiorin vivo with high

temporal and spatial resolution.
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6. Conclusions

* In contrast to previous studies that viewed CBsi&s of newly synthetized snRNP
accumulation we showed that CBs consist mainly atume snRNPs.

We showed that snRNPs constantly cycle between @Rsphotoactivated SmD1-
PA-GFP or SmB-PA-GFP in one CB and observed rapduraulation of
fluorescence in the other CBs. Co-transfection V@& markers SART3 or coilin

was performed to properly localize CBs.

* We demonstrated that CBs are the sites of sShnRNRIneg and repeated tri-snRNP
formation. Inhibition of spliceosome disassemblguieed in accumulation of U4/U6
di-snRNP components in CBs reflecting the lack & &hRNP stalled in post-

spliceosomal complexes.

* We demonstrated that continuous snRNPs cyclinghmortant for maintaining the
CB structure. Inhibition of spliceosome disassenmbbulted in CBs enlargement due
to U4/U6 di-snRNP accumulation.

» GFP-tagged snRNP specific proteins expressed frecombineered BACs are

properly incorporated into sSnRNPs.

* FCS measurements revealed diffusion propertiesnBIN®s mobile fraction. We
found that snRNPs diffuse throught nucleoplasm wiimparable diffusion times

and that this movement is not affected by intecastiwith pre-mRNA.

« Quantification of FRAP curves obtained from unteghtells revealed differential
interaction of SnRNPs with pre-mRNA and supportedkced model of spliceosome

assembly.
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Based on residence times of individual snRNPs emniRNA we estimated average
splicing rate in living cells (approximately 30sihdafound that not the intron
recognition, but the splicing reaction is the riat@ting step of pre-mRNA splicing

process.

Inhibition of splicing with isoginkgetin compoundndreased levels of pre-
spliceosomal complex A (containing Ul and U2 snRNd&l revealed their higher
residence time on pre-mRNA, which clarified the p@o use of l value for

description of SnRNPs interaction with pre-mRNA.

Employing snRNA co-immunoprecipitation we foundttepliceosome as well as di-

snRNP and tri-snRNP integrity depends on ongoiagsicription and splicing.

Employing FRAP we found that snRNPs interact indejgatly also with transcripts
in a specific gene loci further supporting the stepe assembly model of the

spliceosome.

We compared the growth rate of the WT31 and AD28ioces and found that AD29
has a dominant negative effect on cell proliferatidD29 cell line divided 10%

slower compared to WT31.

We analysed CBs integrity and found that CBs arallemor even disappear in
AD29 cell line. We showed reduced localization af/U6 di-snRNP in AD29 cell
line, whereas localization of U5 and U2 snRNPs reethunchanged.

We employed FRET and immunoprecipitation and aslyAD29 association with

tri-snRNP proteins. We found that AD29 interactioith U4/U6 proteins decreased,
while it increased in the case of U5 specific prageSnull4 and hPrp6.
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Analysis of the AD29 association with snRNP compkexusing gradient
centrifugation revealed that AD29 exists predomilyain free form, little associates
with U4/U6 and U5 snRNPs, but does not associate iwisnRNP.

Overexpression of hPrp6 in AD29 cell line compeadathe AD29 induced
phenotype. We detected more CBs and proliferaatmwas similar to WT31 cells.

Inhibition of translation enabled us to vizualizedaexamine the stability of AD29
protein. We found that AD29 protein is rapidly deded compared to hPrp31

protein.

We employed RNA affinity chromatography and conganthat ECFP-hnH and
MS2-EYFP are efficiently recruited onto the tarB&tAsin vitro.

We used FRET acceptor photobleaching approach ahd Bpproach to test the
RNA-protein interactionin situ. In both cases we used control sample expressing

CFP and YFP tagged protein coilin, which is knowself-interact.

FRET efficiency between MS2-YFP/ECFP-hnH correlatedh expression of
substrate containing binding sites for both prateind was comparable to the coilin

positive control.

FLIM approach validated the results obtained byeptar photobleaching approach.
We detected decrease in ECFP-hnH or Cerulean-Hatirie in presence of MS2-
YFP indicating the stable interaction occuring bedw hnRNP H and its binding

sequence in the pRed constructs.

23



7. References

Andrade, L. E., E. M. Tan, et al. (1993). "Immuntmxhemical analysis of the coiled
body in the cell cycle and during cell proliferatid Proc Natl Acad Sci U S A
90(5): 1947-51.

Arenas, J. E. and J. N. Abelson (1997). "Prp43:RNA helicase-like factor involved
in spliceosome disassembly.” Proc Natl Acad SciA®B(22): 11798-802.
Beyer, A. L. and Y. N. Osheim (1988). "Splice s#election, rate of splicing, and

alternative splicing on nascent transcripts.”" Gddeg2(6): 754-65.

Blencowe, B. J. (2006). "Alternative splicing: né@wights from global analyses." Cell
126(1): 37-47.

Boudonck, K., L. Dolan, et al. (1998). "Coiled bodymbers in the Arabidopsis root
epidermis are regulated by cell type, developmestaje and cell cycle
parameters.” J Cell Stil1(Pt 24): 3687-94.

Carmo-Fonseca, M., R. Pepperkok, et al. (1992). ari3cription-dependent
colocalization of the U1, U2, U4/U6, and U5 snRNiP<oiled bodies.” J Cell
Biol 1171): 1-14.

Company, M., J. Arenas, et al. (1991). "Requirentdrthe RNA helicase-like protein
PRP22 for release of messenger RNA from spliceosdniature3496309):
487-93.

Deery, E. C., E. N. Vithana, et al. (2002). "Dissasechanism for retinitis pigmentosa
(RP11) caused by mutations in the splicing facteneg PRPF31." Hum Mol
Genetl11(25): 3209-19.

Gornemann, J., K. M. Kotovic, et al. (2005). "Cosariptional spliceosome assembly
occurs in a stepwise fashion and requires the aaging complex.” Mol Cell
19(1): 53-63.

Hu, C. D., Y. Chinenov, et al. (2002). "Visualizati of interactions among bZIP and
Rel family proteins in living cells using bimoleeuml fluorescence
complementation.” Mol CeB(4): 789-98.

Chakarova, C. F., M. M. Hims, et al. (2002). "Mugas in HPRP3, a third member of
pre-mRNA splicing factor genes, implicated in aotsl dominant retinitis
pigmentosa.” Hum Mol Genétl(1): 87-92.

Jady, B. E., X. Darzacq, et al. (2003). "Modificatiof Sm small nuclear RNAs occurs
in the nucleoplasmic Cajal body following imporbin the cytoplasm.” EMBO J
22(8): 1878-88.

Jurica, M. S. and M. J. Moore (2003). "Pre-mRNA@pY: awash in a sea of proteins.”
Mol Cell 12(1): 5-14.

Kaida, D., H. Motoyoshi, et al. (2007). "SplicedstaA targets SF3b and inhibits both
splicing and nuclear retention of pre-mRNA." Nate@hBiol 3(9): 576-83.

Kim, S. A., K. G. Heinze, et al. (2007). "Fluoresce correlation spectroscopy in living
cells." Nat Method#(11): 963-73.

Kiss, T. (2004). "Biogenesis of small nuclear RNB<Cell Sci117(Pt 25): 5949-51.

Lorenz, M. (2009). "Visualizing protein-RNA inteftitans inside cells by fluorescence
resonance energy transfer." RNA(1): 97-103.

McKie, A. B., J. C. McHale, et al. (2001). "Mutat® in the pre-mRNA splicing factor
gene PRPCS8 in autosomal dominant retinitis pignentRP13)." Hum Mol
Genetl((15): 1555-62.

24



Nesic, D., G. Tanackovic, et al. (2004). "A role @ajal bodies in the final steps of U2
SnRNP biogenesis." J Cell Ski7(Pt 19): 4423-33.

Paushkin, S., A. K. Gubitz, et al. (2002). "The SMbimplex, an assemblyosome of
ribonucleoproteins.” Curr Opin Cell Bi@¥(3): 305-12.

Phair, R. D. and T. Misteli (2001). "Kinetic modeli approaches to in vivo imaging."
Nat Rev Mol Cell Biol2(12): 898-907.

Querido, E. and P. Chartrand (2008). "Using fluocees proteins to study mRNA
trafficking in living cells.”" Methods Cell Bio5: 273-92.

Rino, J. and M. Carmo-Fonseca (2009). "The sploe®s a self-organized
macromolecular machine in the nucleus?"” Trends Blell19(8): 375-84.

Rino, J., T. Carvalho, et al. (2007). "A stochastiew of spliceosome assembly and
recycling in the nucleus.” PLoS Comput B8§10): 2019-31.

Schaffert, N., M. Hossbach, et al. (2004). "RNAiokkdown of hPrp31 leads to an
accumulation of U4/U6 di-snRNPs in Cajal bodiesVIEO J23(15): 3000-9.

Schaub, M. C., S. R. Lopez, et al. (2007). "Membafrshe heterogeneous nuclear
ribonucleoprotein H family activate splicing of &1V-1 splicing substrate by
promoting formation of ATP-dependent spliceosonmhplexes.” J Biol Chem
28218): 13617-26.

Sleeman, J. E. and A. I. Lamond (1999). "Newly agded snRNPs associate with
coiled bodies before speckles, suggesting a nusifgRNP maturation pathway."
Curr Biol 9(19): 1065-74.

Sprague, B. L. and J. G. McNally (2005). "FRAP gsal of binding: proper and
fitting." Trends Cell Biol15(2): 84-91.

Staley, J. P. and C. Guthrie (1998). "Mechanicalias of the spliceosome: motors,
clocks, springs, and things." COR(3): 315-26.

Stanek, D. and K. M. Neugebauer (2004). "DeteatibenRNP assembly intermediates
in Cajal bodies by fluorescence resonance eneemsfier.” J Cell Bioll6§(7):
1015-25.

Tsai, R. T., C. K. Tseng, et al. (2007). "Dynamiteractions of Ntr1-Ntr2 with Prp43
and with U5 govern the recruitment of Prp43 to ratali spliceosome
disassembly.” Mol Cell Biak7(23): 8027-37.

Turner, 1. A., C. M. Norman, et al. (2004). "Rolesthe U5 snRNP in spliceosome
dynamics and catalysis." Biochem Soc Tragét 6): 928-31.

Vithana, E. N., L. Abu-Safieh, et al. (2001). "Arhan homolog of yeast pre-mRNA
splicing gene, PRP31, underlies autosomal dominetmitis pigmentosa on
chromosome 19g13.4 (RP11)." Mol C&(R): 375-81.

Wabhl, M. C., C. L. Will, et al. (2009). "The splicgome: design principles of a dynamic
RNP machine.” Cell36(4): 701-18.

Wetterberg, I., J. Zhao, et al. (2001). "In sitangcription and splicing in the Balbiani
ring 3 gene.” EMBO 20(10): 2564-74.

Wilkie, S. E., V. Vaclavik, et al. (2008). "Diseasgechanism for retinitis pigmentosa
(RP11) caused by missense mutations in the splfeicipr gene PRPF31." Mol
Vis 14: 683-90.

Will, C. L. and R. Luhrmann (2001). "SpliceosomanRNP biogenesis, structure and
function.” Curr Opin Cell Bioll3(3): 290-301.

Zhao, C., D. L. Bellur, et al. (2009). "Autosomairdinant retinitis pigmentosa caused
by a mutation in SNRNP200, a gene required for ondwg of U4/U6
SNRNAs." Am J Hum Gen@&(5): 617-27.

25



8. Publication list

Starek D., Fidalova J., Novotny I., Huranova VBlazikova M., Wen X., Sapra A.K.,
Neugebauer K.M. : Spliceosomal snRNPs RepeatedbleCirrough Cajal Bodies.
Mol Biol Cell. 2008 Jun; 19:2534-2543

(IF = 5.5, cited - 14x)

Huranova M, Hnilicova J., Fleischer B., Cékova Z., Stadk D.: A mutation linked to
retinitis pigmentosa in HPRP31 causes protein lni#tha and impairs its interactions
with spliceosomal snRNPBlum Mol Genet2009 Jun 1;18:2014-23

(IF =7.2, cited - 1x)

Huranova M.,Jablonski J.A., Benda A., Hof,M., St&nD. and Caputi M. In vivo
detection of RNA-binding protein interactions wittbognate RNA sequences by
fluorescence resonance energy tran§t&fA2009 Nov; 15:2063-71

(IF = 5.0, cited — 0x)

Huranova M. lvani |., Benda A., Poser I., Brody Y., Hof M., 8hTal Y., Neugebauer

K.M., Starek D. : The differential interaction of shnRNPs wigne-mRNA reveals
splicing kinetics in living cellsJ Cell Biol.submitted

26



