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Translation is an essential and fundamental protiess coverts genetic
codes into functional polypeptides by an apparatlked ribosome. In eukaryotic
cells, ribosomes are composed of two subunits:ldhge (60S) subunit and small
(40S) subunits. Irfaccharomyces cerevisiae, ribosome biogenesis is complex and
requires the involvement of over ~170 trans-actigjdrs. As a growing number of
factors were identified related to this essentiatabolic pathway, our lab has
contributed to functional characterization of thgel60S subunit biogenesis pathway
that centers on Nmd3p. This work particularly faesison characterizing of the
nuclear shuttling trans-acting factor Arx1p foundtihe Nmd3p-60S subunit particle.
A working model that describes how Reilp, anothgosolic trans-acting factor,
recycles Arxlp is presented. This work also shawsimilar mode of Arxlp
recycling by the Hsp40 J-protein, Jjj1p. Furtherejydrhave investigated functional
interplay between Arx1p and Rpl25p, a 60S ribosgmatein at the polypeptide exit
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tunnel. These findings further reveal the involveina Arx1p at the polypeptide exit
tunnel in mediating association of other factorw@0S subunits.

Beyond its function at the polypeptide exit tunribls work also focuses
on a function for Arx1p in the export of 60S sulisnin yeast and higher eukaryotes,
60S subunit export depends on the export adaptod3gnmvia Crml-dependent
pathway. | show thadRX1 interacts with the NES of Nmd3p and nucleoporirem
these results, | propose that Arxlp acts as anatkgort receptor to facilitate 60S

subunit export.
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Chapter 1: Introduction

1.1 Overview

Translation is initiated by the binding of the largsubunit to the
pre-initiation complex, containing the small ribosa subunit and messenger RNA.
However, assembling the complex structure of asdinre poses a first challenge for a
cell far before translation can take place. Theaeyitic ribosome is composed of two
subunits: the large (60S) and small (40S) subuwitéch together form an 80S
ribosome. InSaccharomyces cerevisiae, the 40S subunit consists of one rRNA (18S)
and 30 r-proteins while the 60S subunit is comprisethree rRNA (5S, 5.8S and 25S)
and 45 r-proteins. The synthesis and assembly tbf timosomal subunits are initiated
in the nucleolus, and as they are exported frorntldeus to the cytoplasm, they are
finally matured and ready to engage in translatisribosomal subunits move along
on their itinerary from the nucleolus to the cytph, different factors are involved in
distinct steps of the assembly and transport pathwagrowing number of these
trans-acting factors (now over ~170) have beentifieth While a large pool of
nucleolar factors contribute to early rRNA procegsicoordinated with ribosome
precursor assembly, late nuclear/cytoplasmic factargely function in supporting
subunit export across the nuclear pore complex (INBE well as final cytoplasmic
maturation prior to translation.

Unlike pre-40S particles, which are exported todp®plasm immediately
after their release from the nucleolus, nascent 60Bunits are subjected to
nucleoplasmic maturation events that further sifpghe complexity of the pre-60S
particle prior to nuclear export. In an attemptetgand our understanding towards

these late maturation events, my dissertation woelgan with the functional



characterization of two novel 60S subunit biogenéactors, Arxlp and Reilp, that
co-purified with 60S subunit in complex with thepext adaptor protein Nmd3p. My
work has established a functional connection betwenese two factors and also
revealed a novel linkage between a cytoplasmic etoye Jjj1p and late 60S subunit
biogenesis. Lastly, my work has also suggestedparate function for Arx1lp in

modulating Nmd3-dependent 60S subunit export.

1.2 Ribosome biogenesis in the nucleolus

Ribosome biogenesis is one of the major metabdltvides in cells. In
eukaryotic cells, ribosome biogenesis initiates ispecialized cellular compartment-
the nucleolus. The nucleolus is a membranelesseligawithin the nucleus, and in
Saccharomyces cerevisiae, it appears as a single crescent occupying appeigly
one-third to one-half of the nucleus (Thiry, 20@)&w, 2005)(Raska, 2006). Within
the nucleolus, transcription of rDNA is highly agtiand accounts for more than half
of total transcription. The rRNAs are encoded ®/JaKb rDNA unit with 100 to 200
repeats on the long arm of chromosome Xll (Kemp&rsnstra, 1986). Three of the
four rRNAs (18S, 5.8S, and 25S) are transcribed sisgle large pre-rRNA (35S) by
RNA polymerase |, whereas the fourth rRNA (5S)ndeipendently transcribed as a
short pre-rRNA by RNA pol Il (Fromont-Racine, 2003

Actively transcribed rDNA was first observed Xenopus oocytes as the 5’
end of nascent pre-rRNA transcripts are decoratigd mighly condensed terminal
knobs (Miller, 1969). Later, Kumaat al showed, by metabolic labeling and density
gradient sedimentation analysis, that the primaeyrRNA transcripts from HelLa and
yeast cells are packaged into large 90S complexesiniscent of the size of the

terminal knobs (Kumar, 1972). While similar struetsi have been observed in



various eukaryotic organisms, the exact componants biochemical functions of
these complexes have remained mysteries for decddethe early 1990s, U3
snoRNA complexes corresponding to pre-rRNA procgssictivity within terminal
knobs were resolved from mouse cell extracts (K4€890). The 90S complex
contains 35S rRNA and U3 snoRNA, and trans-actaegoirs that are involved in 40S
subunit formation, and the components of the SSidggsome complex (Granneman,
2004). While the 90S complex can be consideredcsranon precursor which gives
rise to both the pre-40S (43S) and the pre-60S)(66&plex, a major feature of this
complex is the lack of trans-acting factors invalvim the 60S subunit synthesis
(Grandi, 2002). Along the same line, recent evidefrom yeast suggests that the
small subunit is assembled first and largely indeleatly of the large subunit. This is
consistent with the 18S rRNA of the small subueiinly encoded in the 5’ portion of

the primary 35S transcript and thus being tranedrifrst.
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lllustration 1.1 Overview of pre-rRNA processing inS. cerevisiae



Each rDNA repeated unit in yeast contains a larmgeran encoding 18S,
5.8S and 25S rRNAs, which is transcribed by RNAIRd a long 35S rRNA
transcript, and a RNA Pollll transcribed 5S rRNAgdlllustration 1.1). Maturation
of the 35S pre-rRNA transcript involves extensiteavage and modification on
intermediates, which finally gives rise to matuRNA sequences that were separated
by two internal transcribed spacer (ITS) sequenids] and ITS2, and flanked by
two external transcribed spacer (ETS) sequenc®$:aS and a 3' ETS. On the other
hand, pre-5S rRNA processing is independent o388 pre-rRNA maturation and is
kinetically faster than formation of 18S, 5.8S &% rRNAs. The earliest cleavage at
the 35S pre-rRNAis at sites A0, A1 (5'ETS) and (ARBS1). Cleavage at A2 separates
the 18S precursor (20S) from the 25S and 5.8S mec(27S). The 20S pre-RNA is
subsequently transported to the cytoplasm whereldarage at site D finally yields
the mature rRNA of the 40S subunit — the 18S rRN.contrast, the 27SA2
pre-rRNA precursor still undergoes multiple stepsleavage and processing within
ITS1 and ITS2 regions to produce the fully matus8& rRNA- 25S and 5.8S rRNAs,
before they can be exported to the cytoplasm.

To date, more than 170 factors have been identifiedhe ribosome
biogenesis pathway (Hurt, 1999)(Stage-ZimmermanmOORGavin, 2002)
(llustration 1.2). These factors can be classifiatb subgroups according to
functions or their action period of time along withe 60S particle maturation
pathway. Factors involved in early nucleolar pré&/R processing include U3
snoRNA, H/ACA-box snoRNPs , C/D-box snoRNPs, endtgases, exonucleases
and RNA helicases (Fromont-Racine, 2003). The WR&A complex (U3 snoRNP)
targets the 5’ETS and the 5’ terminus of 18S rRN/Ahbse pairing and thus facilitates
cleavages at sites Ao, A1 and A2 and subsequentpt&8RNA processing. Other



snoRNPs are complexes formed by snoRNAs and r-RNAHying enzymes,
functioning in extensive steps of chemical modiimas of pre-rRNA processing.
These snoRNPs target pre-rRNA, guided by basengaidf sno-RNAs and to
pre-rRNA by 2’-O-methylation of the sugar moietydapseudouridylation of uridine
residues. Endonucleases and exonucleases (i.e. Ratl, Xrnl, RNase MRP) carry
out various endonucleolytic and exonucleolytic chges as pre-35S rRNA is
processed into shorter intermediates and finaky tfature rRNA. Other than these
well characterized rRNA modifications described ko recent studies have
implicated post-translational modifications of mios as well. For instance,
phosphorylation, ubiquitination and sumoylation associated with maturation of
ribosomal subunits at various steps (Panse, 20€163f€r, 2006)(Neumann, 2003).
During the course of ribosome biogenesis, subskt®ators govern the
nucleolar-nuclear transit of pre-60S particles. Tingt example is the Noc protein
family, and at least three Noc proteins have beeh documented as their role in
nuclear passage of nascent 60S subunits. Exchantiee eucleolar Noclp/Noc2p
complex with their nucleoplasmic counterpart, thecRb/Noc3p complex, coincides
with nucleolar-nucleoplasmic passage of the pre-@dgicles (Milkereit, 2001).
Rix7p, a member of the AAA-ATPase family, has alseen shown to play an
important role in nucleolar release of pre-60S sitsu Inter-migration between the
nucleolus and nucleoplasm of Rix7p correspond$eostatus of ribosome synthesis,
and its intrinsic ATPase activity may couple it¢eras a “chaperone” in remodeling

pre-60S particles prior to export (Gadal, 2001).



Early processing factors:

~ 185 s585_¢ 25§ N
/ M N Nop1, Cbf5, Noc1/Noc2,

U3 snoRNA J 905 pre-ribosome \1 Rix7. ..
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" 275, 55 +
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/ Export factors:
Nucleoplasm A A - 09 Nmd3, Crm1,
\ “ N A / Mtr2 . ..
B iy Pre60S
\ 5 (255, 5.85, 55) +

Late processing
factors:
Lsg1, Efl1, Reit . ..

I
170 factors

lllustration 1.2 Ribosome biogenesis iaccharomyces cerevisiae

Over 170 trans-acting factors participate in tlhesome biogenesis Baccharomyces
cerevisae. Maturations of both 40S and 60S ribosomes froenrthcleolous to the
cytoplasm are shown above. While pre-40S subungsmported into the cytoplasm
immediately after their release from the nucleoJomsscent 60S subunits undergo
extensive maturation events in the nucleoplasnutihér simplify the complexity of
the pre-60S particle prior to nuclear export.Exarfpaktors involved in distinct steps
of 60S subunits biogenesis are listed on the rigdngin.



1.3 Nuclear export of the 60S subunit

The nuclear envelope compartmentalizes the nuaedghe cytoplasm. The
specialized structure, nuclear pore complex (NRCEmbedded within the nuclear
envelope and serves as a passage channel accormygothe flux of molecules
travelling between these two major cellular compearits. Molecules with size
smaller than 40kDa are thought to freely travetse WPC by simple diffusion;
however, such a permeability barrier impedes lamgetecules from entering the
nucleus by the same manner. In most cases, nucs®port of larger molecules or
complexes is mediated by karyopherins, with a gmatddf RanGTP across the nuclear
envelope (Gorlich, 1996)(Yoneda, 1999). In genekakyopherins can be simply
divided into two classes: importins and exporthssed upon their function in nuclear
import or export, respectively (Ullman, 1997)(Ohri®98). Importins bind to their
cargos in the cytoplasm independent of Ran, andh tg@mslocation to the nucleus,
RanGTP binding stimulates dissociation of cargasnfimportins. Conversely, the
exportin-mediated nuclear export pathway operatesa ireciprocal fashion. In the
nucleus, exportin-cargo interaction is enhancedhgy presence of RanGTP, which
cooperatively promotes the formation of a cargoeettip-RanGTP ternary complex.
Upon translocation of the export complex in theopyasm, the intrinsic low GTPase
activity of Ran is strongly induced by the recrugtmh of RanGAP (RanGTP activating
protein, Rnal), and RanBP1 (RanGTP-binding protéfnisl) to the export complex.
Upon GTP hydrolysis, Ran switches to GDP-bound fohat has low affinity for
exportins, which in turn triggers rapid dissociatiof export complexes in the
cytoplasm (Bischoff, 2002)(Bischoff, 1994)(Bischat®95)(Becker, 1995).

Among various nuclear export pathways, one of ket characterized

examples is the Crmlp-mediated pathway. Crmlp,ngglg to the importirp-like



family, recognizes cargos harboring well charazeati Leucine-rich nuclear export
signals (NESs) (Fornerod, 1997). These LeucinedN&ss share a common feature
in primary sequence ®X,:PX,.:d0XD) with hydrophobic amino acids ®f
interspaced by any amino acids (X) (Fornerod, 20Q&gay, 2005). As seen from the
secondary structure of the well defined Leucin&-NES of cAMP-dependentqein
kinase_nhibitor (PKI), the NES forms an amphipathic helbhe hydrophobic amino
acids sitting on one side of the helix presumablynf the interaction face for Crm1p
(Hauer, 1999).

In most cases, Crmlp has only very low affinity foese NESs and must
bind cargos cooperatively with RanGTP to achievstable complex for export
(Fornerod, 1997). The efficient release of cargehi cytoplasm also relies on GTP
hydrolysis by Ran, which triggers dissociation &pert complexes. Excitingly, the
molecular mechanism of assembly and disassemlilyed€rmlp export complex was
highlighted by a recent structural analysis of tlhenan Crm1p (Petosa, 2004). The
architecture of Crm1p comprises 19 HEAT repeatsafatge loop dedicated to Ran
binding. The flexible loop is usually positioned @ conformation that blocks its
interaction surface for cargos and impedes its lestabteraction with Ran. A
conformational change of the Ran-binding loop waslenced when Crmlp was
bound by its cargo or RanGTP that allows the foromabf the stable export complex
in the nucleus. The mechanism of a flexible loopls seen in an importin system
but has an opposite effect on the transport complexhis case, a conformational
change of the loop dislodges the import complexwuRanGTP binding in the nucleus
(Chook, 2002). The counter behavior of these trarisps may serve as a general
theme in mediating nuclear transport events inaesp to the steep RanGTP gradient

across the nuclear envelop.



Early experiments inXenopus oocytes suggested that ribosome export is
energy-dependent, saturable and may be mediateéxpyrt receptors that are
conserved among various living species (Batai®9Q). Later, nuclear export of both
nascent 40S and 60S ribosomal subunits was showtilite Crm1p as the export
receptor to traverse nuclear pore complex (Ho, R@dal, 2001)(Moy, 2002).
While Nmd3p is now accepted as thana fide Crm1p-dependent 60S subunit export
adaptor (Ho, 2000)(Gadal, 2001), bridging 60S sitbimteraction with Crm1p, no
such comparable 40S subunit export factor has iokeerified thus far.

While Nmd3p was first identified as a putative mRN¥ecay factor,
accumulating data have suggested that it functiosigad in the biogenesis of 60S
subunits. Firstnmd3 mutants have reduced 60S subunit levels but dodispiay
obvious defects in mRNA turnover (Ho, 1999). In iidd, Nmd3p was found to
co-purify with 60S subunits and could bind bothasad and mature 60S subunits (Ho,
1999). The function of Nmd3 in nuclear export of S6Gubunits was further
investigated by employing aanmd3 dominant-negative mutant (nmak30) lacking its
last 50 C-terminal amino acids. This mutanmid3 protein was trapped in the nucleus
and inhibited the export of 60S subunits (Ho, 2080pgesting that a functional NES
exists in the C-terminal end of Nmd3p. Indeed, sege analysis of the C-terminus
of Nmd3p revealed a putative NES sequence INIDELLDEom aa 491 to 500) (Ho,
2000) and mutations of hydrophobic residues witthiis region resulted in a 60S
subunit export defect (Hedges, 2005). Finally, Npxd3diated 60S subunit export is
Crmlp-dependent, as both Nmd3p and 60S subunits tnagped in the nucleus upon
treating sensitized yeast cells with LeptomycinLB¥B), an antibiotic inhibitor that
blocks Crmlp specific export (Ho, 2000). Taken thge these results strongly
suggested that Nmd3p functions in the 60S suburfort by providing a

10



Leucine-rich NES recognized by Crm1p.

The Nmd3p-dependent 60S subunit export mechanismniserved in yeast,
frog and human (Johnson, 2002)(Trotta, 2003)(Tho@@83). The Leucine-rich NES
is located at the C-terminus of the protein, aoeghat is only present in Nmd3p
orthologs from nucleated cells (lllustration1.3% feen in the NES of PKI, the NES
of Nmd3p is also predicted to form a helical stmnetwith hydrophobic amino acids
clustered at the Crm1p interacting face (lllustratl.3). In addition to the NES, the
C-terminal portion of Nmd3p protein also containsualear localization signal (NLS)
(Ho, 2000). The presence of a NES and a NLS in Nmiti3nucleated cells is

consistent with its function as a shuttling proteirsupporting export of nascent 60S

subunits from the nucleus.

11



de3p g9  a19 49 505

w8

518

Conserved in Archaea and Eukarya

Uniquein Eukarya

L

/ T
[
{ L
/’/
¥
y

lllustration 1.3 Configuration of Nmd3p and its predicted NES structure

(A) The N-terminal domain, with four Cys»Cys putative zinc binding motifs
responsible for ribosome binding, is conservediich&ea and Eykarya. Nuclear
shuttling sequences, including the NES and NLS,sh@vn at the C-terminal
region of the protein. (B) Helical projection ofetiNES region (amino acids
496~505) of Nmd3p is shown. This region is predicte fold into an
amphipathic helical structure with three conseriesidues (boxed) delineating
a hydrophobic Crmlp-interacting surface. The rethisecle represents an
acidic face. (Adopted from Matt West (West, 2007)).
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Identification of Nmd3p as the nascent 60S suberfort adaptor was a
major step forward in the field; however, more rdceata have suggested the
existence of other factors involved in this comppeacess. Recently, the discovery of
a function of the general yeast mRNA export recepliex67p-Mtr2p in nuclear
export of 60S subunits is another breakthrough (Yi07). Several observations
alluded to the involvement of Mex67p and Mtr2p BS6subunit biogenesis pathway.
First, MEX67 was identified as a high copy suppressor ofnami3 mutant, and
MEX67 and NMD3 show synthetic lethality (Ho, 2000). In additionigh copy
MEX67 partially rescued growth defects mfind3 export mutants (Lo and Johnson,
unpublished data). Meanwhile, Mtr2p was found teoasmte with late 60S subunits,
and a specificmtr2-33 mutant exhibited defects in 60S subunit exportsgan,
2002)(Bassler, 2001) and synthetic lethality witmrad3 export mutant (Lo and
Johnson, unpublished data). Furthermore, Mtr2p, 8Mpx Nmd3p and Arx1p can be
found in the same 60S subunit particles, raisirgy ghssibility that Mex67p-Mtr2p
may participate in nuclear export of 60S subur¥t( 2007).

Unlike general protein export receptors, the Mtk2px67p system belongs
to the family of nuclear export factor (NXF), atiist system that is specialized for
MRNA export (Stewart, 2007)(Katahira, 1999). Mtilex67p and its metazoan
counterpart p15-TAP have been shown to interadt kath polyA RNAs and NPCs
(Segref, 1997)(Braun, 2002). Unlikg-karyopherins, the Mtr2p-Mex67p system
exports mRNAs independent of Ran. After NPC pass#ge disassembly of the
Mtr2p-Mex67p mRNA export complex requires the DEADx helicase Dbp5p, the
ATPase activity of which is activated by Glelp andsitol hexaphosphate @P
(Lund, 2005)(Alcazar-Roman, 2006)(Weirich, 2006).

The interplay of Mtr2p-Mex67p with Nmd3p suggestibeir functional
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involvement in the 60S subunit export. Strikingly, fusion of Mex67p to an
nmd3-NES mutant could bypass the 60S subunit export ddiettnot an mRNA
export defect (Lo and Johnson, unpublished data)ggesting that the
Mex67p-mediated 60S subunit export is not indictlerived from a crosstalk with
the mRNA export pathway. Moreover, Mex67p-media&@5 subunit export is
independent of Crmlp (Lo and Johnson, unpublisheda)d However, the
Mtr2p-Mex67p system did not seem to fully reson@&3p-NES mutants ((Yao, 2007)
and Lo and Johnson, unpublished data). These sesudfgested that Mtr2p-Mex67p
act as assisting export factors utilizing a digtexport mechanism that is required but
not sufficient for efficient 60S subunit export.

In addition to Nmd3p, several non-ribosomal tratisgdfactors were found
on the pre-60S particles as they are exported fr@mucleus. These include Tif6p,
RlIp24p, Arxlp and Alblp (Nissan, 2002)(Saveanu, 32Q@breton, 2006)(Hung,
2006). These factors are released in the cytoplasfore translation and recycled
back to the nucleus to support subsequent run®8fsbibunit export. These factors
each have corresponding cytoplasmic factors thatrasponsible for their release
from nascent 60S subunits and contribute to cysppla maturation events.

Recently, work in our lab has shown that the cysplic GTPase, Lsglp, is
needed for Nmd3p release (Hedges, 2005)(West, 2085y orking model was
proposed, in which the release of Nmd3p requiresGAP hydrolysis by Lsglp in
concert with the proper loading of Rpl10p into @lasmic 60S particles. A similiar
cytoplasmic maturation event is carried out by haotGTPase Efllp. Mutations in
efl1 retained Tif6p, a nucleolar 60S biogenesis fadtorthe cytoplasm. This was
suppressed by either higher level of Tif6p expasar atifé mutant that is defective

in 60S subunit association (Basu, 2001)(Sengerl200f6p, the yeast homolog of
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mammalian elF6 (eukaryotic translation initiati@ctor 6) has been shown to inhibit
subunits joiningn vitro (Russell, 1979)(Raychaudhuri, 1984). Thus, failfreelease
Tifép from the 60S subunit results in a block @ntslation initiation, and therefore its
persistence on the cytoplasmic 60S subunit wowdige the latest maturation check
point before translation initiation.

Whereas the mechanisms for recycling Nmd3p andpTide at least
partially understood, how Arx1p is recycled to theleus was not known. In Chapter
3, | show that the cytoplasmic zinc finger prot&eilp is required for releasing
Arx1p from 60S subunits for recycling to the nudeAs my work was in progress,
similar results were reported by (Lebreton, 2006 )collaboration with Dr. Craig and
her graduate student A. Meyer in University of Wissin-Madison, in Chapter4, | go
on to show that Reilp acts with Jjj1p, a cytoplasdiprotein belonging to the Hsp40
chaperone family (Meyer, 2007). Beyond its functiaa a ribosome-associated
chaperone, Jjjlp also acts as a 60S subunit bisgef@&ctor and its function in

recycling Arx1p to the nucleus is shown in Chapter.

1.4 Factors at the polypeptide exit tunnel

Active ribosomes execute two main functions: decgdihe mRNA and
polypeptide synthesis. These tasks are accomplishguoining of the 60S subunits to
the 48S initiation complex followed by peptidylHtisfer activity carried out by the
PTC (peptidyl transferase center). The PTC is Eatat the middle of the face of 60S
subunit that interacts with the 40S subunit. Althlouthe PTC first catalyzes
polypeptide bond formation and can thus be consttleas the “birthplace” of
polypeptides, emerging nascent chains from theslargpunits were first detected on

the side of the large subunits opposite its subyaihing face (Bernabeu, 1982). This
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observation suggested that the large subunit amtn internal channel connecting
from the PTC center to the site where nascent sheinerge. The existence of such
channel (the exit tunnel), first observed in thel+h®80s (Milligan, 1986has been
elucidated in atomic detail using 50S ribosomeshiifal oarcula marismortui (Nissen,
2000) andDeinococcus radiodurans (Harms, 2001) and was further proven by
cryo-electron microscopy (Frank, 1995). Tiaeral dimension of the tunnel is
between 10 and 20 A, which is just enough to accodate a nascent polypeptide

chain. Studies from several groups have suggebtadat nascent polypeptide chain

could only adopt ad-helix” like structure, possibly resulting from tlggometry of

the exit tunnel. The nature of this narrow tunnisbgrohibits complete folding of
protein domains. The distance from the PTC to tméase of the large subunit is
about 100A. This generally agrees with the fact thaascent chain less than 35-40
amino acids is protected from proteolytic cleavdyethe ribosome and that the
minimum chain length for antibody recognition aé ttunnel is about 40-50 amino
acids (Picking, 1992).

As the nascent polypeptide chain emerges from xitguwnnel, it must fold
into the proper protein structure in the crowdedimmment of the cytosol. To
prevent inappropriate misfolding in these unfavégatlmnditions, cells have evolved a
class of chaperones that are anchored to the ni®so the proximity of the exit
tunnel to promote polypeptide folding. These “riboe-associated” chaperones have
been thought to keep nascent chains from aggregétjotransiently masking the
hydrophobic surfaces of nascent polypeptides asethesidues are buried inside of
mature proteins.

Ribosome-associated chaperones have been ideridgtedrom prokaryotes
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and eukaryotes (Rassow, 1996)(Craig, 2003)(Hestgrkd 996)(Pfund, 1998). While
their functions in mediating nascent chain foldingre both demonstrated by their
ability of being cross-linked to short nascent pelgtides, these chaperones do not
share sequence similarity. In bacteria, the speewlribosome-associated chaperone
is trigger factor (TF), a peptidyl-prolyl isomera@@Plase). Based on the structure of
TF, a model of TF-ribosome complex was proposeexfdain TF-mediatede novo
nascent polypeptide folding (Maier, 2005)(Ferb2@04)(Ito, 2005). In this model, TF
sits over the polypeptide exit tunnel as a monomigh an N-terminal ribosome
binding domain and a hanging hydrophobic domaimé&u largely by the rest of the
protein that is thought to mediate nascent polydedblding once it emerges out of
the ribosome.

In eukaryotes, the co-translational nascent polygedolding apparatus is
more complex and can be achieved by more than lass of ribosome-associated
chaperones (Craig, 2003). A member of the Hsp7@eadosme family, Ssb, has been
implicated as the major ribosome-associated chapemshich binds directly with the
ribosome as well as nascent polypeptides. The Hgp@teins all share a highly
conserved N-terminal domain with intrinsic ATPas#i\aty that is obligatory for
modulating peptide binding and thus promoting sgbeeat protein folding. Each of
the Hsp70 proteins was thought to adopt two disarehformations according to their
binding states to ATP and ADP. In the ADP bounarfpoHsp70 proteins have higher
peptide binding affinity, while in the presenceAdiP, the Hsp70-peptide interaction is
weakened, resulting in peptide release. In sumntagy,conformational exchange
between peptide bound and unbound states, reguigtéd P hydrolysis, is the basis
of Hsp70 chaperone-mediated protein folding.

Like many other Hsp70 chaperones, Ssb requirepratdin, namely Zuo
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(zuotin), as co-chaperone to fulfill its biologichlnction. Furthermore, Zuo was
found to form a stable complex RAC (ribosome-asged complex) with another
chaperone Ssz. The critical role for RAC in moduatatSsb function was persuasive
as Ssb can only be crosslinked to nascent polygepithen both RAC and a
functional Zuo’s J-domain are present (Gautschd220

In eukaryotes, another complex that acts as a mialechaperone and binds
to ribosome in close proximity of the nascent pelfde is NAC
(nascent-polypeptide-associated complex). NAC gdlyegxists as a heterodimer that
is composed either of Egd2p and Egdlp or to a fdssel by Egd2p and Bttlp
(Rospert, 2002). Functions of NAC have been prdeeoe divergent. It was not only
proposed to function as a nascent-chain bindingptexn it has also been shown to
prevent inappropriate interaction of ribosomes B fBembrane and SRP binding to
ribosomes displaying non-secretory peptides (Ras$996).

Other types of co-translational modification aregédy primary sequence
dependent. For example, the signal recognitionigh@st (SRPS) recognizes proteins
that co-translationally bear a secretion signaliallg containing a stretch of about
9-12 hydrophobic amino acids, and thereby dire@ tthosome-nascent chain
complex to ER membrane for secretion. While SRRIDi0 a nascent polypeptide, it
arrests translation elongation on ribosomes in fog#osol and only resumes
translation as the ribosome is properly targete8¢o61 complex, the translocon of
the ER membrane.

Other examples of sequence dependent co-transhtiorodifications
include two classes of enzyme that specifically riyo-terminal residues of nascent
polypeptides. Methionine aminopeptidase (MetAR)n@ue class of proteases, binds

to emerging nascent polypeptides co-translationallyl removes the N-terminal
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methionine if the second residue is small and umggth(e.g. Ala, Cys, Gly, Pro, Ser,
Thr or Val) (Sherman, 1985). This type of N-termiingethionine excision (NME) is
conserved from eubacteria to high eukaryotes, andf isignificance in regulating
various cellular processes, including protein nettan, folding and cellular
localization (Giglione, 2004)(Lowther, 2000). Anethenzyme-catalyzed reaction at
the N-terminal residues of nascent polypeptidesaisied out by N-acetyltransferase
(Polevoda, 2003). This enzyme transfers an acetyly from Acetyl-CoA and
neutralizes the charged residues of the N-termirg @olypeptide chain that may
impair its cellular function. N-terminal acetylatias very common in eukaryotes, and
it typically occurs co-translationally when an egieg nascent chain is only about 25
to 50 amino acids in length (Driessen, 1985).

While functions of most of these co-translationafigting factors were
widely studied by various means, efforts have alsen made towards understanding
their function in the context of ribosomes. To thigl, the modes of how these factors
interact with ribosomes have been illustrated esitety at the molecular level.
Consistent with their proposed functions with nasgmlypeptides, these factors have
been shown to bind in the vicinity of the polypéptiexit tunnel. More surprisingly,
many factors, including SRP, NAC and translocore (8ec61 complex), have even
been shown to adopt the same ribosomal proteir2@Ripl yeast or Rpl23 i&. Cali)
as their docking site on ribosome (Grallath, 20@@)ic, 2006)(Pool,
2002)(Beckmann, 2001)(Beckmann, 2001).

1.5 Dissertation objectives

In my dissertation work, | have functionally chaexzed two novel 60S

subunit biogenesis factors in depth. While many 608unit biogenesis factors have
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been identified, the focus of my work was to expand understanding of late 60S
subunit biogenesis events that are linked to negteplasmic export. To this end,
two novel factors, Arxlp and Reilp, were chosenttesy were found in the
Nmd3p-60S subunit complex, raising the possibildy their involvement in
Nmd3p-mediated 60S subunit export process.

This dissertation includes five individual chapteChapter one has illustrated
current knowledge of ribosome biogenesis with esiten examples of the
involvement of various factors from various aspeCisapter two will provide general
information of methods and materials that were usdde body of this work. Chapter
three will then describe initial characterizatidnfox1p and Reilp in the context of
60S subunit biogenesis and the implication of theefion of Arx1p at the polypeptide
exit tunnel. Subsequently, chapter four will revéda interplay between ribosome
biogenesis and chaperone-mediated protein foldiaghvgay by introducing a
ribosome-associated Hsp40 protein, Jjjlp. Finatlgapter five will describe a
separate function of Arx1p in modulating Nmd3-meelia60S subunit export and the
requirement of other factors in this process. Inthis work extensively expands our

current understanding of 60S subunit export andptgsmic biogenesis.
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Chapter 2: Description of Materials and Methods

The experimental materials and methods used irthbiss are described in
detailed in this chapter. The first time that atipatar plasmid, strain or method is
introduced it will be described in full. Subsequeisages of the same method will

refer to the first description with necessary migdifions.

2.1 Materials and Methods for Chapter3
2.1.1 Strains, plasmids, and culture media

Strains used in Chapter 3 are listed in Table ZHe standard yeast
genetics methods and media that are incorporateddhout this chapter have been
described previously in (Kaiser, 1994). All yeasaims were cultured in drop-out
(synthetic complete) or rich (yeast extract-pepyanedia containing 2% glucose or
1% galactose as the carbon source unless statedvigh in figure legends or text.
Yeast transformations, sporulations and tetradedtgsns were carried out according
to (Gietz, 1992). The following strains were made fise in this section. Strains
AJY1901 @rxlA) and AJY1902 reilA) were haploid spore clones obtained by
sporulating heterozygous deletion mutants (Rese&ehetics). AJY1903 afx1A
reilA) was obtained by sporulating the diploid made bygssing AJY1901 and
AJY1902. Strains with genomié&RX1 tagged with three tandem copies of the
hemagglutinin epitope (HA) or with green fluorescprotein (GFP) (AJY1905 and
AJY1909, respectively) were made by homologous mdgpation (Longtine, 1998)
in the wild-type strain W303. Strain AJY190¢eiArpl25ApAJ908 (Rpl25-eGFP))
was obtained from a cross of AJY139pIR5A pAJ908 (Rpl25-eGFP)) and AJY1902
(reilA). AJY1904 was then crossed to Arx1-HAexpressimgistAJY 1905 to make
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AJY1906 ARX1-HA rpl25ApAJ908 (Rpl25-eGFP)), AJY190ARX1-HA rei1A), and
AJY1908 ARX1-HA reilA rpl25ApAJ908 (Rpl25-eGFP)). The 13myc genomically
tagged REI1 strain (AJY1910) was made similarly in W303. StrahdY2125
(RPL35A-GFP RPL35B-GFP) was obtained from a cross of genomic GFP-tagged
strains RPL35A-GFP and RPL35B-GFP (Research Genetics) (Huh, 2003). Strain
AJY2128 RPL19A-GFP RPL19B-GFP) was made similarly from a cross of genomic
tagged strainRPL19A-GFPandRPL19B-GFP.
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Table 2.1 Yeast strains used in Chapter 3.

Strains Genotype Reference

W303 MATa his3-11 leu2-3,112 trp1-1 ura3-1

AJY1395 MAB  ade2 his3 leu2 tpl ura3 rpl25A::HIS3 + pASZ11-Rpl 25-eGFP Basslert al.
AJY1539 MATa i3 leu2 ura3 CRM1T539C Hedgeset al.
AJY1901 MAD  his3A1 [eu2A0 ura3A0 arxiA::KanMx4 This section
AJY1902 MAT  his3A1 leu2A0 ura3A0 reilA::KanMX4 This section
AJY1903 MAB  his3A1 leu2A0 ura3A0 arx1A::KanMX4 rei 1A::KanMX4 This section
AJY1904 MA®G  his3leu2 trpl ura3 reilA::KanMX4 rpl25A::HIS3 + pAJ908 This section
AJY1905 MAT  his3-11 leu2-3,112 trp1-1 ura3-1 ARX1-3HA: His3MX6 This section
AJY1906 MAT 1ic3 |eu2 ura3 rpl25A:: HIS3 ARXL-3HA: His3MX6 + pAJI0s This section
AJY1907 MAR  his3leu2 ura3 reilA::KanMX4 ARX1-3HA:His3Mx6 This section
AJY1908 MAB  his3leu2 ura3 reilA::KanMX4 rpl25A::HIS3 ARX1-3HA: His3MX6 + This section

pAJ908

AJY1909 MATa  his3-11 leu2-3,112 trp1-1 ura3-1 ARX1-GFP: His3MX6 This section
AJY1910 MATa  his3-11 leu2-3,112 trpl1-1 ura3-1 REI 1-13myc: TRP1 This section
IAJY1911 MA®G  his3A1 leu2A0 ura3A0 This section

AJY2125 MATa his3A1 leu2A0 ura3A0 Rpl35A-GFP:: HIS3 RPL35B-GFP::HIS3 This section
AJY2128 MATa  his3A1 leu2A0 ura3A0 Rpl19A-GFP::HIS3 RPL19B-GFP::HIS3 This section
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Plasmids used are listed in Table 2.2. For makikilp01 NMD3-13myc),
pAJ538 \MD3-13myc) was digested with Bglll and Hindlll and clonedarthe same
sites of pAJ408 (NMD3-13myc). pAJ101TIF6-13myc) was made by cloning the
Eagl and Pacl digested fragment from pAJ1003~§-GFP) into the same site of
pAJ1001 NMD3-13myc). pAJ1014 NOG2-13myc) was made by cloning the Eagl
and Pacl digested fragment from pAJ1ONOG2-GFP) into the same site of
pAJ1001 NMD3-13myc). pAJ1015 ARX1-13GFP) and pAJ1016 ARX1-13myc)
were made by PCR amplification of ARX1 from wilday yeast genomic DNA with
the primers AJO563 (5-CTGGGTACCCGGCCGTCATGCCTCTGNAZCT) and
AJO564 (5-GCGCCCGGGCTTAATTAACATTTTCATGGTTTCTTCAACKT). The
PCR product was then digested with Eagl and Patlligated into the same sites of
pAJ755 NMD3-GFP) and pAJ901L(SG1-13myc), respectively. pAJ101REI1-GFP)
and pAJ1018REI1-13myc) were made by PCR amplification BEI1 from wild-type
yeast genomic DNA with the primers AJO567
(5-CTGAAGCTTCGCCCGCATTATTACCACGGCGATAT) and AJO568
(5-GCGCCCGGGCTTAATTAACTGCAGAAGTTGGTCTCT). The PCRroduct
was digested with Eagl and Pacl and ligated inte #ame sites of pAJ755
(NMD3-GFP) and pAJ901L(SG1-13myc). pAJ1016 was made by PCR amplification
of ARX1 from wild-type yeast genomic DNA with the primersJ®@563
(5-CTGGGTACCCGGCCGTCATGCCTCTGTGAAGCT) and AJO564
(5-GCGCCCGGGCTTAATTAACATTTTCATGGTTTCTTCAACTC). pAL026
(ARX1-13myc LEU2) was made by Eagl and Pacl digestion of pAJ1016
(ARX1-13myc URA3). pAJ1463 ARX1(B6)-GFP) was derived from an ARX1
mutagenesis screen (refer to 2.1.8 for detailedorimétion). pAJ1464
(ARX1(B6)-13myc) was made from pAJ1462RX1(B6)-GFP ) digestion of Kpnl and
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Pacl into the same sites of pAJ10PRK1-13myc). pAJ1489 ER7A97-U1A-rDNA)
was made by recombinant PCR. Two PCR reaction ptsdmplified by (1) AJO420
and  AJO928 (5'-GCTCATATGCCTTCTAAAAACTCC); (2) AJO97
(5'-CGAGCCTCACTACCCGACCCT) and AJO666
(5-AGTTTCCCTCAGGATAGC) were used as templates tiee third PCR reaction
amplified by AJO420 and AJO666. The final PCR piiduas digested with Spel and

Mscl and cloned into the same sites of pAJ1181.
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Table 2.2. Plasmids used in Chapter 3.

Plasmid Relevant markers Reference
pAJ538 LEU2 CEN NMD3-13myc (Hedges, 2005)
pAJ543 LEU2 CEN GAL10::NMD3 Hedges and Johnson,

unpublished
pAJ545 LEU2 CEN GAL10:-nmd3A 100 Hedges and Johnson,

unpublished
pAJ903 LEU2 CEN LSG1-13myc (Kallstrom, 2003)
pAJO08 URA3 CEN RPL25-eGFP (Kallstrom, 2003)
pAJ909 URA3 CEN RPL25-13myc (Kallstrom, 2003)
pAJ1001 LEU2 CEN NMD3-13myc This section
pAJ1010 LEU2 CEN TIF6-13myc This section
pAJ1014 LEU2 CEN NOG2-13myc This section
pAJ1015 URA3 CEN ARX1-GFP This section
pAJ1016 URA3 CEN ARX1-13myc This section
pAJ1017 URA3 CEN REI1-GFP This section
pAJ1018 URA3 CEN REI1-13myc This section
pAJ1026 LEU2 CEN ARX1-13myc This section
pAJ1463 URA3 CEN ARX1(B6)-GFP This section
pAJ1464 URA3 CEN ARX1(B6)-13myc This section

pAJ1489 LEU2 2u ES27A97-U1A-rDNA This section
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2.1.2 Sucrose gradient sedimentation

For sucrose density gradients in Figures 3.2,343,3.7, 3.9 and 3.10, 2 ml
overnight cultures of yeast strains (as indicatedigure legends) were diluted to
ODeoo ~0.1 into 150 ml of fresh yeast extract-peptone iomadand incubated at
desired temperatures (as indicated in figure legernd/hen cultures reached @b
~0.4, Cycloheximide (150ug/ml final concentratiamds then added to each culture
followed by one minute incubation. Cells were thesllected on icy centrifuge
containers, harvested, and pellets were frozerBetG-until use. Subsequent steps
were carried out on ice or at 4°C. Cell pellets everashed once with one ml of
“polysome lysis buffer” (10mM Tris-HCI pH 7.5, 100mKCI, 30mM MgCk, 1mM
DTT, 50ug/ml cycloheximide, and protease inhibitorggdml each of leupeptin and
pepstatin A and 1mM phenylmethylsulfonylfluorideMBF)). Buffer conditions for
Figure 3.5 are 20mM HEPES, 10mM KCI, 2.5mM MgCLmM DTT, 5Qqg/ml
cycloheximide, and protease inhibitorgu§dml| each of leupeptin and pepstatin A and
1mM phenylmethylsulfonylfluoride (PMSF)). To prepacell extracts, cells were
pelleted and resuspended in ~ one volume of the $affer and lysed via glass bead
abrasion (4x30 second intervals on vortexer sepdraly one minute periods of
cooling on ice). Extracts were clarified by peltgfiout insoluble material via
centrifugation at 15,000Xg for 10 minutes. About@Dzsounits of supernatant were
loaded onto linear 7-47% sucrose gradients preparpdlysome lysis buffer. After a
2.5-hour spin at 40,000 rpm at 4°C in a Beckman GWekor, gradients were
fractionated while continuously monitoring absorbaat 254 nm on an ISCO density
gradient fractionator. Collection of ~9@0fractions was conducted by an automated
fraction collector. Protein samples were then pi¢aied from collected gradient

fractions by the addition of 10% trichloroacetigdatollowed by one hour incubation
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on ice prior to centrifugation at 15,000Xg for 1dhotes at 4°C. Pellets were dried by
a speed-vacuum and resuspended in abqutdA X Laemmli buffer. Samples were
heated at 99°C before proteins were resolved on S86-PAGE gels. Western
analysis was performed as described in sectioB,21$ing specific antibodies against

desired epitopes (as indicated in figure legends).

2.1.3 Western blotting

Protein samples resolved on SDS-PAGE gels weresgubstly transferred
to nitrocellulose membranes in a semi-dry transédl (BIORAD) by eletrophoresis
with transfer buffer (192mM Glycine, 25mM Tris-Bas20% methanol, and 0.01%
SDS). After transfer, membranes were blocked in TB@nM Tris-HCI pH 8.0,

150mM NaCl) plus 5% dry milk solution for at le&€ minutes at room temperature
(or 4°C for overnight). Following blocking, membranes weteen washed with

TBST (TBS + 0.1% Tween 20) and incubated for asti@hours at room temperature
with primary antibody diluted in TBST. Primary amdies used are denoted in
respective figure legends and/or method sectionfer Awashing membranes
extensively with TBST, they were incubated with aqguiate secondary antibodies
(horseradish peroxidase conjugates) in TBST fornd® at room temperature,
followed by extensive washing in TBST. Western $lovere developed for

chemiluminscent (horseradish peroxidase) analysis.
2.1.41n vivo microscopy

Specific strains used for this experiment wereotkeh in figure legends.

Overnight cultures were diluted into fresh mediwrah optical density at 600 nm of
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0.1 to ~ 0.2 and cultured at room temperature 836 mid-log phase. Cultures were
fixed with formaldehyde (3.7% final concentratida) 40 min at room temperature or
30°C, washed three times in cold 0.1 M potassiumasphate buffer, pH 6.6, and
resuspended in 0.1 M potassium phosphate, pH 6.B, M sorbitol. For
4’,6’-diamidino-2-phenylindole (DAPI) staining, Ton X-100 was added to fixed
cells to a final concentration of 0.1% for 5 mindaDAPI was added subsequently to
a final concentration of fig/ml for 1 min. Cells were then washed three tivwih
cold phosphate-buffered saline (PBS) and resuspemdéBS with 0.02% NaN3.
Fluorescence was visualized on a Nikon Eclipse E8&@boscope fitted with a 100X
objective and a SPOT cooled color digital camenatrotied with the SPOT software
package (version 1.0.02). Captured images wereapdpusing Adobe Photoshop
5.0.

2.1.5 Indirect immunofluorescence microscopy

Indirect immunofluorescence was performed as desdrpreviously (Ho,
1999). Specific strains used in this experiment demoted in respective figure
legends. Cell fixation was conducted as describesection 2.1.4. Fixed cells were
then washed two times in KSorb buffer (0.1M potassiphosphate pH 6.6, 1.2M
sorbitol) and resuspended in 10@f KSorb containing 10mM dithiothreitol (DTT).
Samples were then treated with “Yeast lytic enzyniymolyase T100) at a
concentration of 0.1mg/ml and incubated at@G@or 10 minutes. Spheroplasted cells
were washed two times with KSorb plus 1mM PMSF a0dl aliquots from cell
samples were applied to an individual poly-lysimated well on a multi-well slide.
Excess liquid was aspirated off after 1 minute bation at room temperature.

Attached cells were then permeabilized in ice eokthanol for six minutes at —20°C
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followed by treatment with ice cold acetone for $fconds. Slides were air-dried
completely and cells were then blocked in PBS pi4sBSA solution for 30 minutes
at room temperature. Cells were incubated with anjmantibody ¢-myc at 1:1000
dilution, Covance 9el@-HA at 1:500 dilution, Covance) in PBS plus 1% B&Ad
incubated for four hours in a damp chamber at reemperature. Cells were washed
three times in PBS plus 1% BSA followed by incubativith Cy3-conjugated goat
anti-mouse secondary antibody (JacksonimmunoRdselaabortories, Inc.) at a
1:500 dilution in PBS plus 0.1% BSA solution foreohour in a damp chamber at
room temperature. After washing cells extensivaly’BS plus 0.1% BSA, aud/ml
solution of DAPI (in PBS plus 0.1% BSA) was addeddtaining nuclei (DNA) for 1
minute. After staining, cells were washed three emand were mounted in
AquaPolymount (Poly Biosciences) and sealed wittoeerslip. Fluorescence was

visualized as described in section 2.1.4.

2.1.6 Comparative growth assays

For Figure 3.4 and 3.9, tenfold serial dilutionssaturated cultures were
spotted onto yeast extract-peptone-glucose platédsirrcubated for 3 days at the
indicated temperatures. The strains used were dhewing: AJY1905 (wild-type
(WT) ARX1-HA), AJY1901 &rx1A), AJY1907 (eilA ARX1-HA), AJY1903 &rx1A
reilA), AJY1907 (eilA ARX1-HA) carrying plasmid pAJ908 RPL25-eGFP),
AJY1906 (pl25A ARX1-HA pAJ908), and AJY1908rél1A rpl25A ARX1-HA
pAJ908).

2.1.7 Immunoprecipitations
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For the immunoprecipitations shown in Figure 3.8\ dvernight cultures
of strain AJY1907 reilA ARX1-HA) harboring pAJ1018REI1-13myc) were diluted
to 200mL of fresh drop-out medium and cultured @G to Ooo~0.4. Cells were
harvested by centrifugation and stored at —80°@ usé. All subsequent steps were
carried out on ice or at 4°C. Cells were washededndysis buffer (20mM HEPES
pH7.5, 50mM KCI, 5mM MgCl, 0.1% NP40, 1mM MgCl and protease
inhibitors  :ug/ml each of leupeptin and pepstatin A and 1mM
phenylmethylsulfonylfluoride (PMSF)). Cells werellpted and resuspended in one
volume of lysis buffer, and extracts were prepabgdglass bead abrasion (3x30
second cycles on vortexer with one-minute interealsce). Extracts were clarified at
15,000xg for 10 minutes at’@. Soluble materials were collected and normalized.
Equal ODso units of sample supernatants were blocked with B88#ted protein A
agarose beads (Upstate) for 30 minutes’@ &nbound supernatants were collected
and incubated with 1 ul af- myc (9e10 monoclonal, Covance) or 1.5 plogflA
(Covance) antibodies and rocked for 2 hour at 8@ul of BSA-blocked protein A
agarose beads were then added, and rocking waswedtfor an additional 1hour.
Beads were washed 3 times with lysis buffer (tenutgis each of rocking at 4°C) and
eluted with 5@I of 1x Laemmli sample buffer at 99°C for 3 minut&soteins were
resolved on a 8% SDS-PAGE gel and transferred troadllulose. Western blots
were performed as described in section 2.1.3 avithyc oro-HA.

For the immunoprecipitations shown in Figure 3.8 dvernight cultures
of strain AJY1901 drx1A) harboring pAJ1016 ARX1-13myc) or pAJ1464
(ARX1(B6)-13myc) were diluted to 200mL of fresh drop-out mediund @ultured at
25°C to OBoo~0.4. Cells were harvested by centrifugation andest at —80°C until

use. Immunoprecipitation were carried out as dbedriabove except extracts were
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prepared in buffer conditions with two concentratiof KCIl: 100 or 200 mM. and
samples were run on a 8% gel and Western blotémged out as described in 2.1.3
with a-c-myc ora-Rpl8 antibodies.

For the immunoprecipitations shown in Figure 3@ overnight cultures
of strains AJY2128 (Rpl19A-GFP Rpl19B-GFP), AJY212RplI35A-GFP
Rpl35B-GFP), and an isogenic wild type carrying 23myc (pAJ1016) plasmids
were diluted to 200mL of fresh drop-out medium anttured at 25°C to O&do~0.4.
Immunoprecipitation were carried out as describédva except extracts were
prepared in buffer conditions with two concentratiof KCl: 100 or 200 mM.
Samples were run on a 8% gel and Western blotémgec out as described in 2.1.3
with a-c-myc oro-Rpl8 antibodies. For the immunoprecipitations shaw Figure
3.8C, cell extyracts were prepared from the Rpl&AP Rpl35B-GFP strain
(AJY2125) expressing Lsgl-13myc (pAJ901), Nmd3-18r(pAJ1001), Tif6-13myc
(pAJ1010), Nog2-13myc (pAJ1014), and Arx1-13myc  J{B26).
Immunoprecipitation were carried out as describeova with two concentration of
KCI: 100 or 200 mM and samples were run on a 8%magdl Western blotting carried
out as described in 2.1.3 withmyc ora-Rpl8 antibodies.

For the immunoprecipitations shown in Figure 32rh] overnight cultures
of strains AJY1911 (WT), AJY190larfxlA) and AJY1902 reilA) carrying
Lsgl-13myc (pAJ901) or Tif6-13myc (pAJ1010) werdutid to 300mL of fresh
drop-out medium and cultured at 25°C to €@B0.4. Immunoprecipitation were
carried out as described above and samples wem@rar8% gel and Western blotting
carried out as described in 2.1.3 with antibodpecHic to various RPBs.

For the immunoprecipitations shown in Figure 3.t2|l extracts were

prepared from strain AJY1185 where the endogendlastype rDNA plasmids was
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replaced by pAJ1181 (U1A tagged wild type rDNA phéd) or pAJ1489 (U1A
tagged ES2X97 rDNA plasmid) harboring the Arx1-13myc (pAJ101&)r
Reil-13myc (pAJ1018) plasmid. Immunoprecipitatioarevcarried out as described
above except extracts were prepared in buffer ¢tiomdi with two concentration of
KCI: 50 or 200 mM. Samples were run on a 8% gel\&edtern blotting carried out
as described in 2.1.3 with antibodies specific-toye or Rpl8p.

2.1.8 Isolation ofARX1 mutants that suppressesei 1A

A small scale of random mutagenesisARX1 was performed by PCR using Taq
polymerase (Epicentre), pAJ101BRX1-GFP) as template (~300 ng) and primers
AJO319 (5'-GCGCCATGGATTTGTATAGTTCATCCAT) and AJO563
(5-CTGGGTACCCGGCCGTCATGCCTCTGTGAAGCT). 10 indepemd PCR
reactions were performed in parallel, using 12 dsuof amplification in order to
increase the number of independent mutagenic evBe@R products were purified,
pooled, and co-transformed with Bcll- and Pacl-digd pAJ1015 into strain
AJY1903 @rxlA reilA) for in vivo homologous recombination. Cells were plated
onto Ura- dropout plates, and the screen was paddrat room temperaturarxl
mutants were identified by their suppression ofdblel sensitivity ofreilA. Plasmids
DNA were extracted from these suppressor colonmesratransformed int&. Coli

for amplification. Recovered plasmids were transied back to strain AJY1903
(arx1AreilA) to confirm suppression. Out of approximately 4@@lonies screened,
26 potential suppressors were identified. lllugdrat2.1 depictsARX1 suppressors
derived from this screen with mutated residuescaugid in the context of full length

Arx1lp. Sequencing of muta®{RX1 alleles was conducted by the DNA Sequencing
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Facility at the ICMB Core (UTAustin). This screemsvperformed with the assistance

of K. Lo.

Arxlp suppressor of reilA
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lllustration 2.1 Arx1 suppressorsf reilA

Full length Arx1p is shown above. Each suppresasant is indicated by
number. Suppressor mutations were aligned at tiresymonding residues
in the context of full length Arxlp. Suppressorsthwmore than one
mutation were underlined.
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2.1.9 LMB treatment

The LMB-sensitive strain AJY1539CRM1T539C) containing plasmid
pAJ538 \\md3-13myc) or pAJ1018 REI1-13myc) was cultured in selective media at
room temperature. Cells were concentrated 20-foldeish media, LMB (M. Yoshida)
was added to a final concentration of @d/ml, and cultures were incubated for 30
minutes. Cells were then fixed with 3.7% formaldadny(final concentration) and
subjected to indirect immunofluorescence microsc@py using antibodies specific

to c-myc as described in 2.1.5.

2.2 Materials and Methods for Chapter 4
2.2.1 Strains, plasmids and culture media

Strains used in Chapter 4 are listed in Table Ph&. following strains were
made for use in this section. Strains with genoARX1 tagged with three tandem
copies of the hemagglutinin epitope (HA) or witregn fluorescent protein (GFP)
(AJY1946, AJY1947, AJY1948 and AJY1949) were madg bomologous
recombination (Longtine, 1998). Briefly, thdRX1-HA cassette were amplified from
AJY1905 (ARX1-HA) by primers AJO607 (5'- GCTACCAATCTAAACGG) AND
AJO600 (5-GCGGAGCTCCCGGGTATGATATACTTATATTATTTATAT
ACTAGCTTTAGAAATGATGAAG). The ARX1-GFP cassette weaenplified from
AJY1909 (ARX1-HA) by primers AJO607 (5-GCTACCAATGXAACGG) and
AJO589 (TACTTATATTATTTATATACTAGCTTTAGAAATGATGAAGTTTC
GAATTCGAGCTCGTTTAAA). PCR products were gel-purifieand transformed
into strain AJY1942 (WT) and AJY1944j@A).
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Table 2.3 Yeast strains used in Chapter 4.

Strains Genotype Reference
AJY1539 MATa his3 leu2 ura3 CRM1T593C Hedgest al.
AJY1902 MAT his3A1 1eu2A0 ura3A0 reilA::KanMXx4 Section 2.1.1
AJY1942 MATa his3 leu2 met15 ura3 A. Meyer
AJY1944 MATa GAL2 his3-11, 15 leu2-3, 112 lysl lys2 Arpl ura3-52 jjj1A:: TRP1 A. Meyer
AJY1946 MATa his3 leu2 met15 ura3 ARX1-3HA: His3Mx6 This section
AJY1947 MATa his3 leu2 met15 ura3 ARX1-3HA: His3Mx6 jjj1A:: URA3 A. Meyer
AJY1948 MATa his3 leu2 met15 ura3 ARX1-GFP: His3Mx6 This section
AJY1949 MATa GAL2 his3-11, 15 leu2-3, 112 lysl lys2 Arpl ura3-52 jjj1A:: TRP1 This section

ARX1-GFP: His3Mx6
AJY2703 MATa GAL2 his3-11, 15 leu2-3, 112 lysl lys2 Arpl ura3-52 A. Meyer
AJY2705 MATa GAL2 his3-11, 15 leu2-3, 112 lysl lys2 Arpl ura3-52 zuol1A::HIS3 ~ A. Meyer
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2.2.2 Immunoprecipitations

For the immunoprecipitations shown in Figure 4.ml ®vernight cultures
of strain AJY1946 (WTARX1-HA) and ajjjlA mutant harboring Jjj1-HA plasmid
(from Craig lab) were diluted to 200mL of fresh phout medium and cultured at
25°C to ORoo~0.4. Cells were harvested by centrifugation aodest at —80°C until
use. Immunoprecipitation were carried out as deedrin 2.1.7. And samples were
run on a 8% gel and Western blotting carried oudescribed in 2.1.3 with-HA or
a-Rpl8 antibodies.

For the immunoprecipitations shown in Figure 4.8\ ®dvernight cultures
of strain AJY1946 (WTARX1-HA) and AJY1947 j(j1A ARX1-HA) were diluted to
200mL of fresh drop-out medium and cultured at 25%6CODs00~0.4. Cells were
harvested by centrifugation and stored at —80°@ usé. Immunoprecipitation were
carried out as described in 2.1.7. And samples wemeon a 8% gel and Western

blotting carried out as described in 2.1.3 withlA or a-Rpl8 antibodies.

2.2.3 Sucrose gradient sedimentation

For polysome analysis and sucrose density gradierigures 4.3 and 4.6,
2 ml overnight cultures of yeast strains (as in@idan figure legends) were diluted to
ODs00~0.1 into 150 ml of fresh yeast extract-peptone immadand incubated at room
temperatures. When cultures reacheds®@B0.4, Cycloheximide (150pg/ml final
concentration) was then added to each culture vieitb by one minute incubation.
Cells were then collected on icy centrifuge cordesn harvested, and pellets were
frozen at —80C until use. Polysome lysis buffer conditions a286mM HEPES,
10mM KCI, 2.5mM MgC4, ImM DTT, 5Qg/ml cycloheximide, and protease
inhibitors ~ (lug/ml  each of leupeptin and pepstatin A and 1mM
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phenylmethylsulfonylfluoride (PMSF)). All other gi® were carried out as described
in 2.1.2. For Figure4.6, SDS-PAGE analysis and Wrasblotting was carried out as
described in 2.1.3 using antibodies specific to &hdl Rpl8.

2.2.4 LMB treatment

The LMB-sensitive strain AJY1539CRM1T539C) was cultured in
selective media at room temperature. Cells wereemamnated 20-fold in fresh media,
LMB (M. Yoshida) was added to a final concentratadr®.1ug/ml, and cultures were
incubated for 30 minutes. Cells were then fixedhw®& 7% formaldehyde (final
concentration) and subjected to indirect immunatsoence microscopy (IF) as
described in 2.1.5. Affinity purified antibodiesaagst Jjj1 (from Craig lab) or Nmd3
(J. Hedges) were used for detecting Jjj1 or Nmd3.

2.2.5In vivo microscopy

For GFP fluorescence microscopy shown in Figure @vérnight cultures
of strain AJY1948 \WT ARX1-GFP), AJY1949 (jjl1A ARX1-GFP) and reilA
ARX1-GFP were diluted into fresh medium to an optical dgnat 600 nm of 0.1 to ~
0.2 and cultured at room temperature to mid-logsph&ultures were fixed with
formaldehyde (3.7% final concentration) and prega® described in 2.1.4 forvivo
microscopy. Fluorescence was visualized on a Nkolipse ES800 microscope fitted
with a 100X objective and a Photometrics CoolSNA® digital camera controlled
with the NIS-Element AR 2.10 software. Captured gem were prepared using
Adobe Photoshop 7.0.
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2.3 Materials and Methods for Chapter 5
2.3.1 Strains, plasmids and culture media

Strains used in Chapter 5 are listed in Table Bh. following strains were
made for use in this section. Strain AJY1912 wasdengy homologous
recombination (Longtine, 1998) in the wild-type astr 1974. Briefly,
arx1A::KanMX4 locus was PCR amplification from strain AJY1901ngsiprimers
AJO563 (CTGGGTACCCGGCCGTCATGCCTCTGTGAAGCT) and A®895
(5-GCGGAGCTCCCGGGTCGACTGCAAGATTCTGAGCAAATG). PCR
products were then gel-purified and transformed wild-type strain 1974 to allow in
vivo recombination. Transformants were plated onDY®r one overnight and
replicated to YPD plate containing G418 to selemt fesistance clones. Potential
clones were restreaked onto same media to cortfiein G418 resistance and verified
by PCR.

Plasmids used are listed in Table 2.5. pAJ10®OE3 URA ARX1) was
made from PCR amplification oARX1 from wild-type yeast genomic DNA using
primers AJO599 (5-CTGAGCTCCCGGGTCATGCCTCTGTGAAGa)d AJO600
(5-GCGGAGCTCCCGGGTATGATATACTTATATTATTTATATACTAGCTTTA
GAAATGATGAA). PCR products were gel-purified andgdsted with Sstl and
cloned into the same site of pAJ60. pAJ1480 (GALHMB-ARX1-GFP) were made
by three parts ligation of (1) PCR amplification ARX1 from wild-type yeast
genomic DNA with primers AJO876 (CTGTCGACGCTCTAGCIBTCCCACGA)
and AJO564 (5-GCGCCCGGGCTTAATTAACATTTTCATGGTTTCTIKACTC),
(2) Sstl and Sall digested fragment of pAJ1479 (G48I; Dong, 2004 12), and (3)
Sstl and Pacl digested vector of pAJ1025 (ARX1-GFP)pAJ1481
(GAL-UBI(M)-ARX1-13MYC) was made by Sstl and Padgdstion of pAJ1480 and
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cloned into same sites of pAJ1026 (ARX1-13myc). Dp4€B

(GAL-UBI(R)-ARX1-GFP) was made by three parts ligat of (1) Pacl and Sstl
digested fragment of pAJ1025 (vector), (2) Sstl &all digested fragment of
pAJ1482 (GAL-UBI) and (3) Sall and Pacl digesteagfnent of pAJ1481 (ARX1).
pAJ1484 was made from three parts ligation sinylaat pAJ1483 except using
pAJ1026 (ARX1-13myc) as vector. pAJ1454 (pGAD C-RX) was made from
PCR amplification of ARX1 from wild-type yeast genm DNA with primers

AJO784 (5-CTGTCTAGAGGATCCATGGCTCTAGCTATCTCCCA) andJO785

(GCGAAGCTTGGATCCCTACATTTTCATGGTTTCTTCAACTCCG). PCR
products were then purified and digested with Barahd cloned into same site of

pAJ553 (pGAD C-1).
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Table 2.4 Yeast strains used in Chapter 5.

Strains Genotype Reference

AJY951 MATa ade? ade3 his3 leu2 trpl ura3gal4A gal80ALYS2::GAL1-HIS3  (James, 1996)
GAL2-ADE2 met::GAL7-lacZ

AJY1608 MAR hsi3 leu2 ura3 nupl20A::KanMX4 J. Hedges
AJY1901 MATa his3A1 leu2A0 ura3A0 arx1A::KanMXx4 Section 2.1.1
AJY1911 MATa his3A1 leu2A0 ura3A0 Section 2.1.1
AJY1912 MATa ade? ade3 leu2 lys52-801 ura3-52 arx1A::KanMX4 This section
AJY1930 MATa his3A1 1eu2A0 ura3A0 nup84A::KanMXx4 Z. Li
AJY1931 MATa his3A1 leu2A0 ura3A0 nupl33A::KanMX4 Z. L
AJY1990 MA% his3 leu2 lys2 trpl ura3 nup82A:: HIS3+ pNup82-4/108 URA3 M. Horwitz
AJY1994 MATa ade2 ade3 leu2 lysl his3 nspl-10A:: URA3 E. Hurt
AJY1995 MATa ade2 ura3 leu2 trpl nic96A::HIS3+ pUN100-nic96-1 LEU2 E. Hurt
AJY2110 MATa his3 A1 leu2A0 ura3A0 lys2A0 nmd3A::KanMX4 A. Johnson
AJY2470 MATa his3A1 1eu2A0 ura3A0 nup42A::KanMXx4 Z. Li
AJY2471 MATa his3A1 1eu2A0 ura3A0 nup100A:: KanMX4 Z. Li
AJY2601 MAT his3A1 leu2A0 ura3A0 arx1A::NatMX4 X. Lou
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Table 2.5 Plasmids used in Chapter 5.

Plasmid Relevant markers Reference
pAJ538 LEU2 CEN Nmd3-13myc (Hedges, 2005)
pAJ582 LEU2 CEN Nmd3-GFP (Hedges, 2005)
pAJ739 URA3 CEN Crm1(T539C)-HA K. Weis
pAJ751 LEU2 CEN NMD3AA-13MYC J. Hedges
pAJ752 LEU2 CEN NMD3AAA-13MYC J. Hedges
pAJB66 URA3 2u pGBDU-C1 C. Chan
pAJ908 URA3 CEN RPL25-eGFP (Kallstrom, 2003)
pAJ1029 ADE3 URA3 ARX1 This section
pAJ1480 LEU2 CEN GAL-UBI(M)-ARX1-GFP This section
pAJ1481 LEU2 CEN GAL-UBI(M)-ARX1-13MYC This section
pAJ1483 LEU2 CEN GAL-UBI(R)-ARX1-GFP This section
pAJ1484 LEU2 CEN GAL-UBI(R)-1RX1-13MYC This section
pAJ1454 URA3 2u pGADC-1 ARX1 This section
pAJ1593 LEU2 CEN NMD3-L505A-13MYC (Hedges, 2006)
pAJ1594 LEU2 CEN NMD3-SupraNES-13MYC (West, 2007)
pAJ2251 TRP1 2 pGBKT7 (Patel, 2007)
pAJ2252 TRP1 2u pGBKT7 NUP116 (165-716) (Patel, 2007)
pAJ2253 LEU2 2 pGADTY (Patel, 2007)
pAJ2254 LEU2 2u pGADT7 NUP116 (165-456) (Patel, 2007)
pAJ2255 LEU2 2y pGADT7 NUP100 (1-588) (Patel, 2007)
pAJ2256 LEU2 2u pGADT7 NUP57 (1-255) (Patel, 2007)
pAJ2257 LEU2 2y pGADT7 Nspl (1-591) (Patel, 2007)
pAJ2258 LEU2 2u pGADT7 NUP159 (441-876) (Patel, 2007)
pAJ2259 LEU2 2u pGADT7 NUP42 (1-364) (Patel, 2007)
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2.3.2 Synthetic lethal screen foarx1A

The synthetic lethal screen was adopted from apobtused previously by
(Johnson, 1995). UV mutagenesis experiment wasedaaut with strain AJY1912
carrying pAJ1029. Cells were grown in Ura- dropowdium to early stationary
phase, pelleted, washed with ddHand resuspended in dglBl at approximately
3x107 cells per ml. Cells were then sonicated lyrieef avoid aggregation and placed
in a plastic weigh boat and exposed for variousesinio UV radiation in a UV
stratalinker oven (Stratagene). A 12seconds expomsulted in 85% Kkilling. Cells

were diluted in HO and plated onto YPD plates to give approximat@ @&flonies per
plate. Plates were wrapped with foil and incubaae®0C for 5-7 days. Overall,

about 34,300 colonies were screened and 490 paitesdlid red synthetic lethal
mutants were identified. All candidate mutants wegstreaked onto YPD plates to
confirm their solid phenotype (24 mutants) andeéstor 5-FOA sensitivity (11
mutants).These 11 mutants were then transformed withABRX1-LEU plasmid to
confirm their dependence oARX1 (4 mutants). All four mutants were mated to an
ade2 ade3 arxl4 mutant of the opposite mating type and were deteth as
recessive mutant®iploid were sporulated and the resulting tetradsendissected
onto YPD to score for sectoring. All four mutantsowed 2:2 segregation for
white:solid red (indicative of single locus mutajowere picked for cloning of
wild-type genes. ALEU2 centromeric yeast genomic library was transforrmgd
each mutant strain and plated onto Leu dropoutddenine plates and scored for
sectoring. Potential complementing clones weretitled by sectored phenotype and
were restreaked on the same medium plates and FDASplates to confirm their

resistance of loss of theRX1 plasmid. Plasmids from complementing clones were
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extracted and re-transformed inEb Coli for amplification and back to yeast to
confirm their sectored phenotype. Clones containkigX1l were eliminated by
restriction digestion. Clones that contain othlerdry DNA fragments were submitted
for sequencing using primers AJO194 (5-GCTACTTGGACACTATCGACTAC)
and AJO195 (5-CAGCAACCGCACCTGTGG), specific to thelasmid
vector-genomic DNA insert junction. Among theserfooutants: SYL89, SYL118,
SYL348 and SYL373, two of them (SYL118 and SYL34@gre identified

successfully.

2.3.3 Genetic interactions betweeARX1 and nucleoporins

Selective nucleoporin mutants were selected toftesgenetic interaction
with an arxXI4 mutant. These mutants, including AJY160&p120A::KanMX4),
AJY1930 (up84A::KanMX4 ), AJY1931 (upl33A::KanMX4), AJY1990
(NUp82A::HIS3+pNup82-A108),  AJY1994  (spl-10A::URA3),  AJY1995
(nic96A::HIS3+pUN100-nic96-1 LEU2), AJY2470 (upd2A::KanMX4) and
AJY2471 @uplOOA::KanMX4) were crossed toarxld strains AJY1901
(arx1A::KanMX4) or AJY2601 érx1A::NatMX4). Diploids were selected in drop out
media with corresponding marker in the presenc&4i8 or Clonat. The resultant
diploid were sporulated, dissected to isolate spol@es and genotyped by

appropriate markers.

2.3.4 Yeast two-hybrid analysis

To test for Arx1p interaction with nucleoporinsapinids expressing Arx1p (pAJ1454
URA3 2u pGADC-1 ARX1) and Nup116 (pAJ225PRP1 2u pGBKT7 NUP116) fused
to the GAL4 DNA binding domain (BD) and several laporin fragments fused to
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the GAL4 activating domain (AD) (pAJ2253-pAJ2288U2, refer to table 2.5 for
detailed information) were co-transformed into tteporter strain AJY951 with
different combinations. LéuTrp” or Led Ura" transformants were first selected on
double dropout plates and then spotted onto drp his or leu trp his

triple-dropout medium supplemented with variousaaration of 3-AT (0, 2.5, 7.5
and 10mM). Plates were incubated at 8D for 4 days. Positive interactions were

recognized by colony growth on plates.

2.3.5In vivo microscopy

For GFP fluorescence microscopy shown in Figure &@rnight cultures
of strain AJY1911\WT) carrying pAJ1480LEU2 CEN GAL-UBI(M)-ARX1-GFP) or
pAJ1483[EU2 CEN GAL-UBI(R)-ARX1-GFP) from 1% galactose containing
dropout media were diluted into fresh medium anluced to an optical density at
600 nm of 0.1 to ~ 0.2. Cultures were then trameteto 2% glucose containing fresh
media to suppress Arxlp expression. Cells wereckt at various time points after
shifting to glucose media and fixed with formalddby3.7% final concentration) and
prepared as described in 2.2.5ifowivo microscopy.

For GFP fluorescence microscopy shown in Figure &rnight cultures
of strain SYL118 carrying pAJ908 (Rpl25-eGFP) orJ@gB5 (Nmd3-GFPjrom 1%
galactose containing dropout media were dilutea fresh medium and cultured to an
optical density at 600 nm of 0.1 to ~ 0.2. Culturese then transferred to 2% glucose
containing fresh media to suppress Arx1lp expres$letis were collected at various
time points after shifting to glucose media anadixvith formaldehyde (3.7% final

concentration) and prepared as described in 202i% ivo microscopy.
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For GFP fluorescence microscopy shown in Figure &@rnight cultures
of strain AJY1911 \WT), SYL348 and AJY2110 nfnd3A) carrying pAJ908
(Rpl25-eGFP) were diluted into fresh medium to atical density at 600 nm of 0.1
to ~ 0.2 and cultured at room temperature to mgdgbase. Cultures were fixed with
formaldehyde (3.7% final concentration) and prepa® described in 2.2.5 forvivo
microscopy.

For GFP fluorescence microscopy shown in Figure &/@rnight cultures
of strain AJY1911\\VT) and AJY1901 drx1A) carrying pAJ582 (Nmd3-eGFP) were
diluted into fresh medium to an optical density@0 nm of 0.1 to ~ 0.2 and cultured
at room temperature to mid-log phase. Cultures viiregl with formaldehyde (3.7%

final concentration) and prepared as describeddrbZorin vivo microscopy.

2.3.6 Western blotting for the expression d/BI-ARX1 constructs
For the Western blot shown in Figure 5.3, 5ml oigithcultures of strain

AJY1911 WT) carrying pAJ1481 LEU2 CEN GAL-UBI(M)-ARX1-13MYC) or
pAJ1484 (EU2 CEN GAL-UBI(R)-ARX1-13MYC) from 1% galactose containing
dropout media were diluted into fresh medium anliuced to an optical density at
600 nm of 0.1 to ~ 0.2. Cultures were then trameteto 2% glucose containing fresh
media to suppress Arxlp expression. Cells wereckt at various time points after
shifting to glucose media. Subsequent procedurag \werformed as described in

2.1.3.
2.3.7 Indirect immunofluorescence microscopy

For IF shown in Figure 5.6, overnight cultures istraJY1911 (WT) and
SYL348 were diluted into fresh medium to an optidahsity at 600 nm of 0.1 to ~
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0.2 and cultured at room temperature to mid-logsph&ubsequent procedures were

carried out as described in 2.1.5.

2.3.8 Sucrose gradient sedimentation

For polysome analysis and sucrose density gradierfigures 5.7 and 5.8,
2 ml overnight cultures of yeast strains AJY1911T{jWand AJY1901 &rx1A)
(carrying pAJ739 (Crm1T539C-HA) for Figure 5.8) watiluted to OBoo~0.1 into
150 ml of fresh yeast extract-peptone medium awcdhbated at room temperatures.
When cultures reached G&i~0.4, Cycloheximide (150ug/ml final concentration)
was then added to each culture followed by one teiimcubation. All other steps
were carried out as described in 2.1.2. For Figuié SDS-PAGE analysis and
Western blotting was carried out as described in32using antibodies specific to
Nmd3p and Rpl8. For Figure 5.8, SDS-PAGE analysid ®Western blotting was
carried out as described in 2.1.3 using antibosiesific to HA and Rpl8.

2.3.9 Immunoprecipitations

For the immunoprecipitations shown in Figure 58\ ®dvernight cultures
of strain AJY1911 (WT) and AJY190hrx1A) harboring pAJ538 (Nmd3-13myc) or
pAJ1594 (Nmd3-supra-NES-13myc) were diluted to 2D0of fresh drop-out
medium and cultured at 25°C to @B-0.4. Cells were harvested by centrifugation
and stored at —80°C until use. Immunoprecipitatiare carried out as described in
2.1.7. And samples were run on a 8% gel and Wedbatiing carried out as

described in 2.1.3 with-HA or a-Rpl8 antibodies.

47



Chapter 3: Functional characterization of Arx1p andits recycling
factor, Reilp, at the polypeptide exit tunnel

3.1 Introduction

The work presented in this chapter originated foamcharacterization of the
late pre-60S particles. To identify additional fast that act on the subunit at this
stage of its maturation, our lab purified the Nmd@&&% complex (Kallstrom, 2003).
Nmd3p is a shuttling protein that acts as an expdaptor recruiting Crmlp to the
pre-60S subunit. Nmd3p-ssociated 60S subunitsseptaot only the pool of nuclear
“export competent” pre-60S particles, but also bssantial amount of cytoplasmic
60S subunits that require further maturation betomeslation. Several such factors
identified from this complex were subjected to ffert analysis for their potential
functions in conjunction with Nmd3p. To understaB@S subunit biogenesis in
greater depth, | decided to characterize anothdtlsty factor encoded byDR101c
(now known asARX1). Here, | demonstrate that the recycling of Arxdpghe nucleus
requires the zinc finger protein Reilp. | also pdevevidence that Arx1p binds to the
ribosome near the polypeptide exit tunnel whermatly affect the binding of other
factors that act on the nascent polypeptide chdiost of the work shown in this
chapter was published in Molecular and Cellularl®jy vol.26 p.3718-3727 2006
(Hung, 2006).

3.2 Background
A combination of techniques has been applied topehensively identify
the factors required for biogenesis of the ribodom#zbunits. More than ~170

transacting factors have been identified that irtigipate in the complex events for
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both the 40S and 60S subunit biogenesis, includircdear rRNA transcription, endo-,
exoribonuclease cleavages, rRNA modification andodeling, nuclear export and
cytoplasmic maturation (Fromont-Racine, 2003)(Klierss1999)(Venema, 1995).
While the majority of these factors are devotedhdiclear processing events, a small
number of late 60S subunit biogenesis factors careund the 60S subunit export
and downstream cytoplasmic maturation.

For the large subunit, the trans-acting that renaasociated with nascent
60S subunits upon translocation into the cytoplasritude the export adapter Nmd3p
(Ho, 2000), Tifép (Nissan, 2002), Arxlp (encoded YiyR101c) (Nissan, 2002),
Alblp (Lebreton, 2006) and RIp24p (Saveanu, 20@3).none of these proteins
remains associated with subunits during translatioey are removed prior to subunit
joining and must be recycled to the nucleus forsegbent rounds of export. For
example, recycling of the export adapter Nmd3p ireguthe essential cytoplasmic
GTPase Lsglp, which may sense the correct asseofitfpl10p into the subunit
(Hedges, 2005). In addition, Tif6p has been shawact as an anti-association factor
for the ribosome and must be removed by Rialp/Efti@ctivate the subunit for
translation competence (Basu, 2001)(Senger, 2RIpR4p belongs to the archaeal
eukaryotic Rpl24e family of ribosomal proteins aisdhighly related to the yeast
cytoplasmic ribosomal protein Rpl24p. Loading ofpRip onto the 60S subunit
occurs in the nucleolus and has been thought tantee early rRNA processing
(Saveanu, 2003). While RIp24p is essential, deletibits cytoplasmic counterpart
Rpl24p has little effect on cell growth rate. Meduile, Rpl24p is likely to associate
with the 60S subunits only after they enter th@plsm (Kruiswijk, 1978). Although
how RIp24p recycles is not known yet, it has beighlis speculated that Rlp24p and
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Rpl24p bind to the same site on the ribosome. Gpresgly, Rlp24p must be replaced
to allow Rpl24p to bind.

More recently and just at about the same time tsml@sent in this chapter
was published, the work by Lebreten al. further established a late 60S subunit
biogenesis network, including recycling of Arx1pdaflblp from the cytoplasm and
the involvement of its cytoplasmic release facRejlp (Lebreton, 2006). However,
they reported that Arx1lp can form a small complathvAlblp in the cytoplasm in
the 60S subunit unbound state. This result is isistent with my observation and the

discrepancy will be discussed in Chapter 3.4.

3.3 Results
3.3.1 Characterization of Arx1p as a novel 60S sulbit biogenesis factor

Our laboratory previously identified Arx1p as attacassociated with the
Nmd3-60S particle. BLAST search and sequence akgimevealed that Arxlp is
related to methionine aminopeptidases (MetAP2)uffe@.1). This class of enzyme is
responsible for removal of the N-terminal methi@ito-translationally; an activity
that is important for subsequent protein functi@ig(ione, 2004)(Bradshaw, 1998).
However, several of the residues required for theyeatic activity of this class of

peptidase are not conserved in Arx1p, suggestiajttis not catalytically active.
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Figure 3.1 Sequence alignments of Arx1p andARat

Sequences of MetAP2 (yeast yMetAP2 and human hM&tAaRd Arxlp were
aligned using ClustalW1.&ftp://searchlauncher.bcm.tmc.edBlack and grey
blocks indicate identical residues in at least sgquences and similar residues,
respectively. Asterisks point out residues respmasfor MetAP2 enzymatic
activity. The insertions within the Arx1l sequence aharacteristic of the Arxlp
protein family and are predicted to lie predomihatmn one face of the protein
based on threading the Arx1p sequence onto thetsteuof MetAP2.
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To confirm Arx1p’s association with 60S subunitsfirst examined if it
co-sedimentated with 60S subunit by sucrose gradiedimentation. To determine
Arx1p’s behavior within the cells, | introduced e tags (3HA or GFP) in frame to
the C-terminus ofARX1 in the genomic locus. As seen in Figure 3.2A, Awx1l
predominately cosedimented with free 60S suburdtmsistent with previously
published results (Nissan, 2002). In addition,ai$sociation with 60S subunits was
also demonstrated by co-immunoprecipitation (dat& shown), substantiating its
specific binding to 60S subunits.

Because Nmd3p is a shuttling protein, 60S subuhis$ are co-purified
with Nmd3p represent a mixture of nuclear and d@®pic particles. To relate
Arx1p’s residence on specific species of 60S subuitiis important to determine its
cellular localization. For this reason, Arx1-GFHi<evere subjected to fluorescence
microscopy. As seen in Figure 3.2B, genomically regped Arx1-GFP is
predominately nuclear or nucleolar with faint cyegmic signal. This finding is
consistent with the genome-wide yeast protein leatibn analysis (Huh, 2003) and

work by Nissaret al (Nissan, 2002).
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Figure 3.2 Sucrose gradient sedimentation andlaellocalization of Arx1p

(A) Lysates were prepared from AJY190BRK1-3HA) in the presence of
cycloheximide (50ug/ml) and fractioned on 7% to 47% sucrose gradiégts
ultracentrifugation (refer to Chapter 2.1.2 for feafcondition). Fractions were
collected, and the absorbance at 254 nm was meditoontinuously. Proteins
were precipitated with trichloroacetic acid, sepadaby SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose memé, and immunoblotted for
HA (Covance) visualization of Arx1p. (B) Culture A0Y1909 ARX1-GFP) was
grown to mid-log phase and the in vivo localizationf Arx1-GFP were
monitored by fluorescence microscopy. DAPI staimivas used to identify the
position of nuclei.
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To relate Arxlp’s function to 60S subunit biogesedi next asked if
deletion ofARX1 impaired 60S subunit levels in the cells. Celrasis from wild type
and arxlA strains were prepared and subjected to sucrosdiegta velocity
sedimentation in the presence of cycloheximideirfaibitor of translation elongation
in eukaryotic organisms). By using cycloheximideanslating ribosomes can be
trapped on mRNAs, and populations of various ribosspecies, including 40S, 60S,
80S and polysomes containing multiple translati6§ &bosomes bound by mRNAs,
can be monitored by absorbance ag,As sucrose gradients are fractionated (refer to
Chapter 2.1.2 for detailed information). Wild typells usually give a profile in which
a smaller 40S peak is followed by a higher 60S péewikvever, several 60S subunit
associated defects can be observed inattx@A strain (Figure 3.3A). Particularly,
arxlA showed a moderate reduction in the free 60S peaktlae appearance of
half-mers. Half-mer peaks are indicative of the spree of pre-initiation 48S
complexes on mRNAs awaiting 60S subunit joininge Téwer free 60S peak and the
formation of half-mers are classic index of 60Suwsubbiogenesis defects seen in
many previously characterized mutants.

To examine thearxlA mutant associated-60S subunit export defect, a
reporter plasmid carrying Rpl25-eGFP was introduiced wild type and ararx1A
strains. Rpl25p is a ribosomal protein that assemiohto pre-60S particles in the
nucleolus by direct binding to rRNA on the pre-§9&ticle. This reporter plasmid
has been widely used to monitor 60S subunit ex@dutt, 1999)(Gadal, 2001)(Ho,
2000). In wild type cells, Rpl25-eGFP signal waguhliously distributed throughout
the cytoplasm, indicating that high levels of riboses are engaged into translation
pool. Conversely, a nuclear retention of Rpl25-e@k B observed in aarx1A strain,

suggesting a block of 60S subunit export from theleus (Figure 3.3B). Considering
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that Arx1lp accompanies 60S subunit export out ef ibicleus, the nuclear export
defect of amarx1A strain likely reflects a direct function of Arxip facilitating 60S
subunit export. (Arx1p’s function in supporting 668bunit export will be discussed

in Chapter 5). Together, these data suggestedAtiidp is a 60S subunit biogenesis
factor.
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Figure 3.3 Deletion of ARX1 affect 60S subudeitels and export.

B
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(A) Cell extracts, prepared from mid-log-phase unds of strain AJY1911
wild type (WT)) and AJY1901afx1A) grown at 25°C, were fractionated
by sucrose gradient sedimentation as describdtkifegend to Figure 3.2.
(B) Cultures of AJY1911 (WT) and AJY190&rk1A) carrying plasmid
pAJ908 RPL25-eGFP) were incubated at 25°C, and the in vivo
localization of Rpl25-eGFP was monitored by flu@essce microscopy.
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3.3.2 Interplay of ARX1 and REI1

Identification of Arx1p as a novel 60S subunit lBogsis factor inspired us to
further characterize its interplay with additionglayers in the same metabolic
pathway. Considering that Arxlp was identified frahe Nmd3p-associated 60S
subunit complex, it is likely that Arx1lp interactgth other factors residing in the
same complex. As a first attempt to charactergéuibctional involvement with other
players, amarx1A mutant was crossed to a collection of mutantsesb for genetic
interaction. From this, we found that deletionAX1 suppressed the cold sensitivity
of reilA cells (Hung and Johnson).

Reilp, encoded bYBR267w, also co-purified with the Nmd3p-60S subunit
complex (Kallstrom, 2003). Sequence alignment riegeéhat Reilp is a £, zinc
finger protein that has been implicated in the trateignaling network (lwase, 2004).
Similar to ARX1, REI1 is also dispensable; however, deletionR&l1 displayed

severe cold sensitivity (Figure 3.4A). Interestingthe growth defect can be

suppressed by raising temperature and is fullyueddo a wild type level at 3TC

(Figure 3.4A, compare growth at®band at 37C). Strikingly, the cold sensitivity of

areilA mutant can also be suppressed by an additioneticielof ARX1 (Figure 3.4A,
comparerei 1A with arx1A reilA). | next asked if the suppression of cold sengjtiof

a reilA mutant by deletion 0ARX1 would result in rescued 60S subunit levels.
Extracts from wild typereilA and arxlAreilA strains were subjected to sucrose
gradient sedimentation. Indeed, the free 60S ahdpme peaks were largely rescued
in the arx1AreilA strain (Figure 3.4B). Thus the improved polysomefie may

reflect the suppression of growth seen inaghdArei 1A strain.
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Figure 3.4 Deletion cARX1 suppresses the cold sensitivity oA mutant

(A) Tenfold serial dilutions of saturated culturegere spotted onto yeast
extract-peptone-glucose plates and incubated foda$s at the indicated
temperatures. The strains used were the followAkdr'1905 (wild-type (WT)
ARX1-HA), AJY1901 @rx1A), AJY1907 (eilA ARX1-HA), AJY1903 arxl
AreilA) (B) Extracts were prepared from mid-log-phaseturak of strains
AJY1911 (WT), AJY1907 reilA) and AJY1903 4rx1A reilA) at room
temperature (25°C) and fractionated by sucrose ignadsedimentation as

described in the legend to Figure. 3.2.
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Taking into consideration th&EI1 genetically interacts witlA\RX1 and that
Reilp is found in the same Nmd3p-60S subunit corppleext examined its possible
involvement in 60S subunit biogenesis by monitoiitsghinding to 60S subunits and
its impact on 60S subunit levels and export. Topk&gack of cellular behavior of
Reilp, | introduced 13MYC tag in frame to the QOsterus of REI1 at its genomic
locus and also made a functional plasmid carryirejl’KGFP. Sucrose gradient
sedimentation analysis using cells expressing R8ityc revealed that Reilp
predominately sedimentated with the 60S peak, amid Arx1lp (Figure 3.5A). As
deletion of REI1 gave a cold-sensitive phenotype, | decided to éarpolysome
profiles of reilA cells at different temperature. As seen in Fig8réB, at low
temperatureyeilA cells displayed several signs of 60S subunit bieges defects,
including a very small free 60S peak, the appea&asfclarge half-mers and poor

polysomes. However, these defects could be codebie raising temperature
(compare 28 to 37C). In addition, deletion oREI1 impaired 60S subunit export

and this effect was also temperature-dependentr@&ig.5C). While Rpl25-eGFP is

trapped in the nucleus at low temperature, theceiferescued at higher temperatures
(compare 2% to 30C and37°C). The degree of suppression of 60S biogenesis and

60S subunit export by increasing temperature cpomded to its improved growth
rate (Figure 3.4), suggesting that the primary aflReilp is a 60S subunit biogenesis

factor.
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Figure 3.5 Sucrose gradient sedimentation of Rerig its impact on 60S subunit
biogenesis

polysomes

(A) Lysates were prepared from AJY191®RE(1-13myc) in the presence of
cycloheximide (50pg/ml) and fractioned on 7% to 47% sucrose gradidnts
ultracentrifugation. Buffer conditions were as ddsd in Chapter 2.1.2. Western
blotting of Reilp using anti-myc antibodies (Cova@navas performed similarly as
described in Figure 3.3. (B) Extracts from straidYA902 (eilA) grown at the
temperatures indicated were fractionated by sucrgselient sedimentation as
described in the legend to Figure. 3.2. (C) StiilY1902 (eilA) carrying plasmid
pAJ908 RPL25-eGFP) was incubated at the indicated temperatures,tlaaah vivo
localization of Rpl25-eGFP was monitored by flu@essce microscopy.
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3.3.3 Reilp is a cytoplasmic protein but could intact with Arx1p transiently

While Arx1p and Reilp were both found in Nmd3p-&ifBunit complexes,
they may load on to 60S subunit in different celfucompartments as Nmd3p
co-purified with a mixture of nuclear/cytoplasmif®3 subunits. To address whether
Reilp resides in the same or different cellular partments as Arxlp does, |
monitored Reilp localization using Reilp-GFP. Ualikrx1lp, Reilp-GFP was seen
throughout the cell (Figure 3.6A). However, it wast possible to judge from the
steady state localization of Reilp whether or het fprotein shuttles. | tested this by
treating cells with Leptomycin B (LMB). LMB is anntbiotic that inhibits
Crmlp-dependent nuclear export by binding to Crmdmd interfering with
Crmlp-NES interaction ((Ossareh-Nazari, 1997)(FakutP97). Nuclear export of
60S subunits requires the export adaptor Nmd3p istmuclear export signal that
can be recognized by Crmlp (Ho, 2000). If Reilpsi@ut of the nucleus on the
pre-60S subunit, its export should also rely on Gyrand thus be sensitive to LMB.
Reilp-13myc was introduced into the LMB sensitivatamt strain CRM1T593C). As
a positive control, Nmd3p-13myc was introduced itlie same yeast strain. After
LMB treatment, a substantial amount of Nmd3p wasiched in the nucleus,
consistent with its previously characterized fumetin nuclear shuttling (Ho, 2000).
Conversely, Relip did not relocalize to the nucleuthe presence of LMB (Figure
3.6B), suggesting that Reilp does not shuttle i€renlmp-dependent manner.
Moreover, Reilp remained in the cytoplasm in thespnce of a dominant-negative
Nmd3p mutant lacking its functional NES (data nlebwsn) that leads to a block of
60S subunit export. These data suggested thatethdac localization of Reilp did
not rely on Crm1p or active nuclear export of 60Busits.

Though Arxlp and Reilp seemed to localize to dffer cellular
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compartments, it was still possible that they nrapgiently reside on the same 60S
subunit complex. Arx1p has been shown to bind latikely mature pre-60S particles
in the nucleolus and may be involved in nuclearexpf 60S subunits (Nissan, 2002).
On the other hand, the cytoplasmic protein Reilp iad to 60S subunits only when
they are exported into the cytoplasm. Thus loadihd\rx1lp and Reilp should be
sequential and the interplay of Arxlp and Reilp rel§e place shortly after 60S
subunits reach the cytoplasm. To investigate this, preformed a
co-immunoprecipitation experiment to ask if ArxlpdaReilp co-exist in the same
complex. For this reason, | introduced Arx1lp-3HAldReilp-13myc into cells and
affinity purified complexes with antibodies agaiesich tag. As seen in Figure 3.6C,
Reil-13myc could be found in the Arx1-3HA co-immpnecipitated complex and
vice versa. These results support the idea thatg\end Relip interact transiently on

the same 60S subunit complex.
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(A) Strain AJY1902 reilA) harboring pAJ1017 REI1-GFP) was grown to
mid-log phase and the in vivo localizations of R&GEP was monitored by
fluorescence microscopy. DAPI staining was usedeatify the position of nuclei.
(B) To test if Reilp shuttles in a Crm1-dependasthfon, the LMB-sensitive strain
AJY1539 CRM1T539C) carrying plasmid pAJ538Nnd3-13myc) or pAJ1018
(REI1-13myc) was cultured in selective media at room tempeeatCells were
concentrated 20-fold in fresh media, LMB was adiubed final concentration of 0.1
ug/ml, and cultures were incubated for 30 min. Celése then fixed with 3.7%
formaldehyde (final concentration) and subjectedntiirect immunofluorescence
microscopy (IF). (C) Extract from strain AJY190%&(A Arx1-HA) with pAJ1018
(REI1-13myc) was incubated without addition of antibody (N/@) with anti-HA
or anti-myc antibody and protein A beads. Precipdgproteins were eluted from
protein A beads in sample buffer and separated D-golyacrylamide gel
electrophoresis. Total protein extract (T) wasudeld as a loading control for the
immunoprecipitations (IP). Western blotting was fpened against the HA or
c-myc epitopes.
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3.3.4 Nuclear recycling of Arx1p depends on Reilp

The genetic interaction betweéiRX1 and REI1 suggested that Arxlp is
toxic in the absence of Reilp. Microscopy and coimoprecipitation work
demonstrated that Arx1p binds to 60S subunits énriircleus and accompanies them
during nuclear export. Loading of Reilp onto 60®uwsits occurred shortly after
Arxlp-containing 60S subunits arrive in the cytgpla One explanation for the
interplay of Arx1p and Reilp would be that loadofgReilp releases Arx1p from the
60S subunits in the cytoplasm. To investigate possibility, | examined the cellular
localization of Arx1p in theeilA strain by indirect immunofluorescence microscopy.
As seen previously, Arx1p is predominately localize the nucleus in wild type cells.
However, the bulk of Arxlp relocalized to the cyiagm in the absence of Reilp
(Figure 3.7A), suggesting that Reilp is requiredtfi@ proper cellular localization of
Arx1p. Taking into account that deletion ARX1 rescued the growth defectsreflA
cells and that Reilp is needed for nuclear loctdinaof Arxlp, we speculated that
the persistence of Arx1p on cytoplasmic 60S subusitletrimental. For this reason, |
decided to test if the bulk of cytoplasmic Arxlpnaned bound to 60S subunits in
the absence of Reilp. Arxlp-HA was introduced initd type andreilA cells.
Extracts were prepared and subjected to sucrosediegta sedimentation for
monitoring co-sedimentation of Arxlp with 60S suitsinindeed, Arx1p was found
on the 60S peak in @ilA strain as well as a wild type strain (Figure 3.7Bjus
nuclear recycling of Arxlp requires Reilp and itslure of releasing from 60S

subunits is problematic.
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Figure 3.7 Cellular localization and sucrose gmadeedimentation of Arx1p in a
reilA mutant

(A)  Cultures of strains AJY1905ARX1-HA) and AJY1907 reilA ARX1-HA)
were grown to mid-log phase at room temperaturej #re localization of
Arx1-HA was monitored by indirect immunofluorescemuicroscopy as described
in Chapter 2. (B) Lysates were prepared in thegmes of cycloheximide from
room-temperature cultures of strain AJY190& 1A ARX1-HA) and fractioned on
sucrose gradients as described in the legend tod=812. Visualization of Arx1p
was carried out as described in Figure 3.2.
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To test the idea that a failure to release ArxlpaimeilA mutant is
detrimental, | mutagenized Arxlp in the hope ofniifging mutations that could
suppress the growth defect ofralA mutant. PCR mutagenized plasmid borne
Arx1p-GFP constructs were transformed iat&lA reilA cells to identify suppressor
mutants. Because deletion ARX1 suppresses i@ 1A mutant, wild type Arx1p in the
arx1A reilA strain background renders a slow growth phenotippssible suppressor
clones were identified by virtue of their betteogth on plates. From the screen, one
mutant, referred to as B6, meilA cells, was identified (Figure 3.8A). Whereas wild
type Arxlp was found throughout the cytoplasm, Btemutant was predominately
nuclear (Figure 3.8B). Thus the nuclear localizatid the B6 mutant imeilA cells
resembled the normal Arx1p localization in wild ¢ypells. This result supports the
idea that the B6 mutant results from reduced Aridyels on cytoplasmic 60S
subunits. Next, | assayed the ability of the B6 anuitto bind to 60S subunits by
coimmunoprecipitation. While wild type Arxlp was l@abto co-purify with 60S
subunits, the B6 mutant co-immunoprecipitated cemxptid not exhibit any
detectable level for 60S subunits (Figure 3.8Cjjugace analysis of the B6 mutant
revealed multiple mutations throughout the profegfer to Chapter 2.1.8 for detailed
information) and thus identification of any singkesidue or domain responsible for
ribosome binding was not feasible. Neverthelesssdiresults suggested thatedA
mutant can be suppressed by an Arxlp mutant thdefisctive for 60S subunits
binding. Moreover, the nuclear accumulation of B mutant also agreed with its
potential role in bypassing the toxic effect resgitfrom the persistence of Arx1p on

cytoplasmic 60S subunits.
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Figure 3.8 Arei1lA mutant can be suppressed byaaxi mutant that exhibits reduced
binding to 60S subunits.

(A) Tenfold serial dilution of saturated culturesne spotted onto Leu- dropout plates
to select for the control or mutaatxl plasmid and incubated for 3 days at the
indicated temperatures. The strains used were AJY1&Xx1A reilA) with empty
vector (pRS416), Arx1-GFP (pAJ1015), and Arx1(B&JF5(pAJ1463). (B) Cultures
from strain AJY19034drx1A reilA) carrying Arx1-GFP (pAJ1015) or Arx1(B6)-GFP
(pAJ1463) were grown to midlog phase. Cultures viecabated for a further 30 min
in the presence of 4AM Hoechst 33342 dye to stain nuclei before visadion by
microscopy. (C) Cell extracts from strain AJY19Gix@A) carrying Arx1-13myc
(pAJ1016) or Arx1(B6)-13myc (pAJ1464) plasmids wegmepared and incubated
with anti-myc antibodies and protein A beads. Timenunoprecipitation was carried
out as described in Figure 3.6 and Western blotiviag performed against myc or
Rpl8p as a marker for 60S subunits.
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3.3.5 Interplay of RPL25 with ARX1 and REI 1

The initial discovery of the involvement of Rpl2&pthe ARX1 andREI1
pathway came from an unexpected genetic observai®a means of analyzing 60S
subunit export, the reporter Rpl25p-eGFP was iniced into aei1A mutant (refer to
section 3.3.2). Surprisingly, the Rpl25-eGFP plasmoould partially suppress the
cold-sensitivity of areilA mutant (initial observation by J. Hedges, Figut8A3
reilA+Rpl25-eGFP). The degree of suppression was eeatayrif Rpl25-eGFP was
the only copy of Rpl25p in the cells (Figure3.9481Arpl25A+Rpl25-eGFP). In
agreement with the suppression of growth ofrellA mutant, the addition of
Rpl25-eGFP also rescued 60S subunits levelgeidA cells, as monitored by
polysome profile analysis (Figure 3.9B).

The cold sensitivity of aeilA mutant was not suppressed by another 60S
subunit export reporter, Rpl8-YFP, suggesting ttas effect is only specific to
C-terminally tagged Rpl25p. Moreover, the similarpgression effect was also
observed by fusion of 13 tandem repeats of the c-epjtope tag (~20kDa) but not a
smaller 3HA epitope tag (~5kDa) to the C-termindsRpl25p (data not shown).
Taken together, these results suggested that gpgession of the cold-sensitivity of a
reilA mutant was specific to a large fusion to the @ataus of Rpl25. Notably, the
suppression of aeilA mutant by Rpl25-eGFP or by deletion ARX1 was similar
(Figure 3.9A), suggesting that a large fusion te @-terminus of Rpl25p has a

common effect as that of the deletionA&X1 (lllustration 3.1).

69



A

reifd
arxTd reild
rei1d + Rpl25-eGFP

rpl254 + Rpl25-eGFP

rel1A rpl254
+ Rpl25-¢GFP

i 14 rpi25a
wT rarid {Rpi2EEEn

I|| n

| BIS

| | hialfmers

1\ L
UJUW \M L;}L .ll'\ I|r|| I{J |H'I|'HIU,'|!I"‘1"~.

J IIUI

Figure 3.9  The fusion @GFP to RPL25 suppresses the cold sensitivity and
60S subunit deficiency ofr@ 1A mutant.

(A) Tenfold serial dilution of saturated cultureene spotted onto YPD plates and
incubated for 3 days at the indicated temperatufd® strains used were the
following: AJY1907 (eilA ARX1-HA), AJY1903 @rxlA reilA), AJY1907 (eilA
ARX1-HA) carrying plasmid pAJ908RPL25-eGFP), AJY1906 (pl25A ARX1-HA
pAJ908), and AJY1908¢i1A rpl25A ARX1-HA pAJ908). (B) Extracts were prepared
from mid-log-phase cultures of strains AJY1911 (WBJY1907 (eilA) and
AJY1908 (eilA rpl25A Rpl25-eGFP) at room temperature (25°C) and fraated
by sucrose gradient sedimentation as describdteitegend to Figure 3.2.
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lllustration 3.1 Models for the suppression of thecold sensitivity of areilA

mutant

The cold sensitivity of ai1lA mutant can be suppressed either by deletidkRXL or

the presence of Rpl25-eGFP. This common effect estggthat the persistence of
Arx1p on the 60S subunit inrailA mutant is detrimental. The 60S subunit is shown
from the view of the polypeptide exit tunnel (exifhe position of Rpl25p and its
neighbor, RplI35p, are shown in blue and green ectsely.
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Because the cold sensitivity of r@ilA mutant can be suppressed by
deletion of ARX1 or anarxl mutant that is defective in 60S subunit binding, |
suspected that large fusions to the Rpl25p interfeith Arxlp’s binding to 60S
subunits. To investigate this possibility, | exagdnArxlp sedimentation in the
presence of Rpl25-eGFP. While Arx1p co-sedimentaiital free 60S subunits in wild
type cells, it was largely absent from the 60S peaaki shifted to top of the gradients,
in the presence of Rpl25-eGFP (Figure 3.10A), iating a loss of 60S subunit
binding. This assay was carried out under relatiVegh ionic conditions, in which
the difference of Arx1p binding could be enhanc&dlow ionic strength, Arx1p was
still found to cosediment with 60S peak, suggestitay Rpl25-eGFP alters but does
not completely block Arx1p’s access to 60S subujdiésa not shown).

For this reason, | then asked if Arxlp binding @S6subunits could be
altered by other ribosomal proteins in the closeqionity of Rpl25p. According to the
yeast ribosome Cryo-EM structures, six ribosomatgins surround the polypeptide
exit tunnel, including Rpl25p, Rpl35p, Rpl19p, R@? Rpll7p and Rpl31p
(Beckmann, 2001). Among these, | tested if largdfios to the two closest neighbors
of Rpl25p, namely Rpl35p and Rpl19p, affect Arxdpding to 60S subunits. | first
constructed Rpl19A-GFP Rpl19B-GFP and RpI35A-GFR3BGFP expression
strains as Rpll9p and Rpl35p are each encoded byltei: A and B. The
RpI19A-GFP Rpl19B-GFP strain did not reveal anyiobs slow-growth phenotype.
On the other hand, GFP fusions to both RpI35A api@&resulted in a severe growth
defect and low 60S subunit levels. However, no earctetention of Rpl35-GFP was
observed, thus the growth defects observed forRpB5A-GFP Rpl35-GFP strain
may be a consequence of the failure in nuclear itngfoRpl35p or the instability of

cytoplasmic 60S subunits.
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To test Arxp-60S subunit association in the preseoic GFP fusions to
either Rpll9p or Rpl35p, Arxlp-13myc was introducésto Rpl19A-GFP
Rpl19B-GFP and RplI35A-GFP Rpl35-GFP cells. Co-imoprecipitated Arx1p
complexes and Western blotting for Rpl8p showed BRpl19A-GFP Rpl19B-GFP
cells did not affect Arx1p association with 60S wuibs (Figure 3.10C). Conversely,
Arx1p-bound Rpl8p level was significantly reducedtihe presence of RpI35A-GFP
RplI35-GFP (Figure 3.10C). These findings suggestet Arxlp binds to 60S
subunits in close proximity to Rpl25p and Rpl35phat polypeptide exit tunnel.

Considering that GFP fusions to ribosomal proteinay impair their
functions, as a severe growth defect was obseeRpI35A-GFP Rpl35-GFP cells,
the reduced Rpl8p level co-purified from the straiay simply reflect overall lower
60S subunit levels. To address this issue, | testeidus trans-acting factors for their
binding to 60S subunits in RpI35A-GFP Rpl35-GFAscelhese factors, including
Nmd3p, Lsglp, Tifép and Nog2p, have been showrotalize in different cellular
compartments and thus participate in 60S subuogdriesis at various steps (Basu,
2001)(Fromont-Racine, 2003)(Ho, 2000)(Kallstrom,02@Milkereit, 2001). From
the panel of factors tested, only Arxlp showed cedubinding to ribosomes when
RpI35Ap and Rpl35Bp carried GFP fusions (FigureOBJ)l indicating that the
reduced Arx1p binding to 60S subunits was not &faat of low 60S subunits.
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Figure 3.10 Rpl25-eGFP and RplI35A-GFP and Rpl35B@ker Arx1-60S
subunit association.
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(A) Lysates were prepared in the presence of cgolohide from
room-temperature cultures of strain AJY19@9RX1-HA) and AJY1906 r(pl25A
ARX1-HA Rpl25-eGFP) and fractioned on sucrose gradients as desciibebe
legend to Figure 3.2. Fractions were collected, pnodeins were precipitated with
trichloroacetic acid, separated on SDS-polyacryteamgel electrophoresis gels,
transferred to nitrocellulose membrane, and immloitdd for HA. (B) Cartoon of
ribosomal proteins surrounding the exit tunnel (ified from (Spahn, 2001 19)).
(C) Cell extracts from strains AJY2128 (Rpl19A-GRPI19B-GFP), AJY2125
(RpI35A-GFP RplI35B-GFP), and an isogenic wild typarrying Arx1-13myc
(pAJ1016) plasmids were prepared and incubated aititmyc antibodies and
protein A beads. Precipitated proteins were elfiteioh protein A beads in sample
buffer and separated by SDS-polyacrylamide geltedpboresis. Western blotting
was performed against myc or Rpl8. (D) Cell exsauwtere prepared from
RpI35A-GFP Rpl35B-GFP strain AJY2125 expressingnyc- tagged Lsgl
(pAJ901), Nmd3 (pAJ1001), Tif6 (pAJ1010), Nog2 (4Ad4), and Arxl
(pAJ1026). The tagged proteins were immunopredgitaand their association
with 60S subunits was monitored by blotting for &pl
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3.3.6 Functions of Arx1p at the polypeptide exit tanel

Data presented thus far suggest that Arxlp bind60® subunits at the
polypeptide exit tunnel. If so, what is the funatiof Arxlp at this specific location
and how would it relate to the 60S subunit biogex®e8 number of co-translationally
acting factors have been shown to bind to ribosgonaleins in the vicinity of the
polypeptide exit tunnel. In particular, the sigmetognition particle (SRP) has been
shown both by cross-linking experiment and Cryo-EMucture to interact with
Rpl25p and Rpl35p (Pool, 2002)(Halic, 2006). Iniddd, several sites close to the
polypeptide exit tunnel have also been identif@ednake contacts with the translocon
(Sec61 complex) during the process of peptide koaation through the ER tunnel
(Beckmann, 2001). The translocon interacts withr filuosomal proteins surrounding
the polypeptide exit tunnel: Rpl19p, Rpl25p, Rpl3bpm Rpl26p.

Considering that Arx1p binding to the subunits alepends on Rpl25p and
Rpl35p, its binding site may overlap binding sifes SRP and the translocon. One
possibility for the function of Arx1p at the polyp@le exit tunnel may be to modulate
binding of these factors to the nascent 60S subuhit addition to SRP and the
translocon, additional factors work on nascentrchab-translationally. These include
nascent-chain associated complex (NAC), ribosomseested complex (RAC),
methionine aminopeptidases and N-acetyltransferddesse factors are now known
as ribosome-associated protein biogenesis fadki?8¢) (Raue, 2007). Though most
of their binding sites on 60S subunits remain tadb&rmined, it is likely that they
bind to some of the same proteins at the polypepidt tunnel. Temporal and spatial
binding of these factors to 60S subunits could becracial importance as their
premature occupancy on 60S subunits may be deti@ingfor example, SRP is

assembled in the nucleus (Grosshans, 2001)(André®89) and NAC shuttles
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through the nucleus (Franke, 2001). Taking intaoaat that the size of 60S subunits
almost reaches the upper limit of nuclear pore dergs (NPCs), association of
additional factors (for example, SRP (~0.5MDa)) exporting 60S subunits may
impede their passage through the NPC. In this sékrsdp may act as a packaging
factor that prevents premature association of tHastors to the 60S subunits to
facilitate its export. In addition, as ribosomesiwar in the cytoplasm; Arxlp’s
departure from the 60S subunit may serve as ansifjeal to recruit these factors to
the 60S subunit.

To test this idea, | examined the effect of Arxiptlee binding of a panel of
RPBs to 60S subunits. For this, two trans-actingtois, Lsglp and Tif6p,
representing cytoplasmic and predominately nuck€8 species, respectively, were
used as baits to co-purify 60S subunit complexas fwild type andarx1A cells. The
resulting complexes were then subjected to Westdotting using a panel of
antibodies against various factors. From a seledist of RPBs tested thus far, a
significantly enhanced signal was observed for S¢aécomponent of SRP) arx1A
cells (Figure 3.11, compare lane 2 to 3), consiswéth the idea that Arx1p blocks
access of RPBs to the polypeptide exit tunnel. Begarx1p seems to persist on 60S
subunits in ameilA mutant, the same experiment was also carriedrongi 1A cells
for comparison. However, no obvious reduction ofBRRevels was found ineilA
cells, compared to wild type. This result was nsugprise due to the fact that only a
very low level of RPBs on 60S subunits can be olegkrin wild type strain,

consistent with their transient residence on emegrgascent chains.
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Figure 3.11 Arx1p affects RBPs binding to 60Susnits

Cell extracts of strain AJY1911 (WT), AJY1904arx1A) and AJY1902
(rei1lA) carrying Lsgl-13myc (pAJ901) or Tif6-13myc (pAlD) were
prepared and incubated with anti-myc antibodies pradein A beads.
Precipitated proteins were eluted from protein Adsein sample buffer
and separated by SDS-polyacrylamide gel electragdimr Western
blotting was performed against SecGBYAC, Sszl and Rpl8. (N/A:
negative control)
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3.3.7 Association of Reilp to the 60S subunit istated by ES27, an rRNA
expansion on the 60S subunit

The persistence of Arx1p on 60S subunits may béamess of RPBs to the
polypeptide exit tunnel, resulting in a severe dglowefect as observed inrailA
mutant. Alternatively, the cold sensitivity couldsult from mutations within RNPs
(either on RNAs or RNA binding proteins) that causmfavorable RNA structures
that impede RNP function (Zavanelli, 1994). Thus ttold sensitivity of aeilA
mutant could be the consequence of a defective sh@Binit due to the failure of
releasing Arx1p that alters ribosome structure affetts translation.

One candidate rRNA structure in this respect isetkgansion sequence 27
(ES27). ES27 is highly variable in length in diffiat organisms and forms a
double-stranded extension (Jeeninga, 1997)(Schh@®6). ES27 has been shown by
cryo-EM to exist in two positions: either closetbhe L1 arm (L1 position) or rotated
past the polypeptide exit tunnel (exit positionju@tration 3.2) (Beckmann, 2001). In
the reconstituted ribosome-transiocon complex, E83% been shown to locate
exclusively at the L1 position, where interferenck the contact site between
translocon and ribosome exit tunnel is minimizecedBnann, 2001). The cold
sensitivity ofreil4 could be due to a problem with RNA folding. SinE&27 is
dynamic and in the vicinity of where we think Arximd Reilp might bind, we
suggested the dynamics of ES27 may be alteredeinetiv1 strain. Along this line,
Reilp has also been shown by gel shift assay tbtbim vitro synthesized ES27 with
high affinity (M. Parnell, personal commncationdamnpublished data), supporting
the idea that Reilp interacts with ES27.

To investigate the impact of ES27 on Reilp-60S sitbbinding, |

engineered plasmid borne ribosomal rDNA containingartial deletion of ES27
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(ES2797). According to the work by Jeeninga al., partial deletion of 97
nucleotides within ES27 was viable and did not hawg obvious impact on 60S
subunit biogenesis (Jeeninga, 1997). The BASZ7plasmid was then introduced into
a yeast strain to provide the sole source of rRINAis strain and a wild type strain
were transformed with either an Arx1lp-13myc or ailRel3myc plasmid to
immunoprecipitate 60S subunits. Under low ioni@msgith condition (50mM KCI),
ES27\97 did not seem to alter the binding affinity ofxAp to 60S subunits (Figure
3.12A). However, a slightly reduced level of Rp@ps found in the Reilp IP in the
ES2797 strain. Strikingly, this difference was more wws under high ionic
strength condition (200mM KCI) and essentially retedgtable Rpl8p was found in
Reilp complexes from the ESRF7 strain (Figure 3.12B). The ES£Y7 also seemed
to alter Arx1p-60S subunit binding, though to astrsextent. Together, these results
pointed out a possible docking site for Reilp oa @89S subunit that is likely to

communicate with the polypeptide exit tunnel in these proximity.
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[llustration 3.2 Two modes of ES27 on the 60S subitn

Dynamic ES27 are shown above. Cartoon depictsrifie EEM structure of ribosomes
in the translocon unbound (left) or bound stateufia) and is adapted from
(Beckmann, 2001 20). The ES27 locates with itsiaritde vicinity of the polypeptide
exit tunnel in the absence of translocon (left). time reconstruction of a
ribosome-translocon (Sec61) complex, ES27 was fawnddopt the L1 position
exclusively (right). Two modes of ES27 location @S subunits indicate that it is a
dynamic structure and can rotate along the sudacdosomes. (L1: L1 protrusion).
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Figure 3.12 Partial deletion of ES27 affects Rdiftgling to 60S subunits

wild type rDNA plasmid (pAJ1181) and ES297 rDNA plasmid
(pAJ1489) were shuffle into AJY1185 to replace ayawus wild type
plasmids. These strains were then transformed wAilx1-13myc
(pAJ1016) or Reil-13myc (pAJ1018). Cell extractsrevgrepared in
buffer conditions: 5mM MgG| 20mM Hepes, pH7.5 and KCI (50mM or
200mM) and incubated with anti-myc antibodies amdtgin A beads.
Precipitated proteins were eluted from protein Adsein sample buffer
and separated by SDS-polyacrylamide gel electraggimr Western
blotting was performed against myc and Rpl8. (N1Agative control)
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3.4 Discussion

The combination of genetic, mass-spectrometric @notdeomic assays has
identified more than ~170 factors involved in théosome biogenesis in
Saccharomyces cerevisiae (Kallstrom, 2003)(Stage-Zimmermann, 2000)(Hurt,
1999)(Gavin, 2002)(Bassler, 2001)(Fromont-Racif®3}(Tschochner, 2003). While
most of these factors contribute to nuclear mamabf 60S subunits, few of the
trans-acting factors accompany the 60S subuniinduexport. With respect to 60S
subunit export, our lab has focused on the rol®wid3p as the Crmlp-dependent
export adaptor (Ho, 2000).

In view of understanding nuclear export of 60S sufsy my work has
focused on characterizing two novel proteins thatcm-purified with Nmd3p. | have
shown in this study that Arx1p, a shuttling protdirst binds to the pre-60S particle
in the nucleolus and accompanies it during nuategort. On the other hand, Reilp
does not appear to shuttle and binds to the 608n#tubnly when it reaches the
cytoplasm. While neither Arxlp nor Reilp is essdntdeletion ofREI1 leads to
severe cold sensitivity for 60S biogenesis. Intiémgh/, this phenotype can be
suppressed by deletion ARX1 or by conditions that block Arx1p binding to the50
subunits (mutations within Arx1p or large fusionsRpl25p). These results indicated
that the primary defect ineilA cells results from a failure to release Arxlp from
cytoplasmic 60S subunits. The Rpl25p-eGFP and Rp35FP Rpl35Bp-GFP
effects on Arxlp binding to 60S subunits suggestieat Arxlp binds at the
polypeptide exit tunnel. However, the possibility iadirect effects mediated by
long-range conformation remodeling on 60S subuthiis to these fusions to Rpl25p
or Rpl35p cannot be excluded. On the other handl@\is related to MetAP2, an

enzyme that works co-translationally on nasceninshd hus, if they share a common
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binding site, again, it would be expected to béhim vicinity of the polypeptide exit
tunnel.

Though accumulating data has identified a consideraumber of factors
involved in 60S subunit biogenesis, none of thémding sites on 60S subunits has
been reported thus far. Several lines of evideraa Istrongly suggested that Arx1p
binds at the exit tunnel, however, solid data fopsut this idea are lacking. Efforts to
reconstitute Arx1p-60S subunit complexes for cilodgng studies have not been
successful. The failure of obtaining such complexey indicate that the binding of
Arx1p to 60S subunits requires additional factédsernatively, the mature ribosomes
that we used may not be in the proper conformaiorrx1p binding. The recent
work by Lebretonet al. has identified Alblp as an interaction partner Aok1p
(Lebreton, 2006). In this sense, Alblp may enhakicdp binding to 60S subunits.
However, initial attempts to express and purify ¥dhbwere unsuccessful.

The preliminary result that Arx1p affects SRP bimgdito 60S subunits is
consistent with the proposed Arx1p binding sitee Bignal recognition particle (SRP),
a large RNP with molecular weight about 0.5MD nigially assembled in the nucleus
(Andrews, 1989)(Grosshans, 2001). While nuclearoexpf SRP appears to be
independent of the 60S subunit, SRP has been stwassociate with nontranslating
ribosomes at low affinity. Because the size of 808unit probably reach the upper
limit of the inner tunnel of the nuclear pore comp|(NPC), premature association of
SRP to its intrinsic substrate— the pre-60S subunrtlie nucleus may sterically hinder
export. Thus, Arx1p may have evolved as a packafgiowr that facilitates ribosome
translocation through the NPC by minimizing prematassociation of additional

factors. Because Arx1p binding likely occludes biveding of other RBPs on the 60S
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subunits, its release from cytoplasmic ribosomey b necessary for subsequent
interaction of RBPs with 60S subunits.

At the time my work on Reilp recycling of Arx1lp wpsblished (Hung,
2006), similar work was published from another gr@uebreton, 2006). In this study,
Lebretonet al. showed that Arx1p can form a stable complex withlfp, a small
protein that also requires Reilp for its nucleartting. However, in their study, the
Arx1p-Albl small complex does not bind to 60S sutsum reilA cells, a result that
is contradictory to my data. The discrepancy mag ttudifferent buffer conditions
used in these sucrose gradients, as we know tghtibnic strength has significant
impacts on altering binding of trans-acting factmr$0S subunits. Alternatively, they
carried out the experiment in a strain where Alslfused with GFP. Though it has
not been reported that C-terminal fusions to Allaffiects its function, it is possible
that it affects Arx1p-60S subunit association. Gaeisng that the cold sensitivity of
an reilA can be suppressed by an Arxlp mutant that is tiedetn 60S subunit
association, we preferred the idea that Arx1p, erthaps the Arx1p-Alblp complex,
persisted on the 60S subunit ie@l1A. Lastly, Alblp can physically interact with
Arx1p (Longtine, 1998), and thus Arx1p may work pematively with Alblp respect
to 60S subunit biogenesis.

In addition to its role in 60S ribosome biogenesisslp may be involved
in other metabolic pathways. Arxlp has a human hHogioEbpl, a cytoplasmic
protein that is associated with the transmembraotein ErbB-3 (a member of the
epidermal growth factor receptor family (Yoo, 2000pon stimuli, Ebp1l translocates
into the nucleus, where it is thought to act asadcription factor (Xia, 2001)(Zhang,
2003). In this respect, Ebpl has been shown tditnbell proliferation in human

breast cancer (Lessor, 2000). Meanwhile, human Higslalso been identified as a
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nucleolar protein that is associated with pre-6@®&iges (Squatrito, 2006). These
results raise the possibility that yeast Arx1lp doatt analogously to Ebpl as its
involvement in transcriptional regulation of celtopferation. On the other hand,
Reilp has been implicated to function in the mitsignaling network that negatively
regulates Swel kinase, a protein kinase that regpulhe G2/M transition (Ilwase,
2004). In addition, Reilp was also identified asva-hybrid interaction partner of
Nislp (lwase, 2001). Nislp, another G2/M transitregulator, is a septin-binding
protein that localizes to the bud neck in M phaathile Reilp is localized in the
cytoplasm throughout the cell cycle, its assocmatigth Nis1lp could indicate a role in
coordinating the cell cycle and ribosome biogenpathways. Alternatively, it could

provide a mechanism for targeting nascent ribosamése site of active cell growth.
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Chapter 4: Interplay of the Hsp40 J-protein, Jjj1p, with Arx1p and
Reilp in the 60S subunit biogenesis

4.1 Introduction

Data presented in the preceding chapter demongtratéional interaction
of the nuclear biogenesis factor Arx1p and its pigemic release factor Reilp. These
results also enrich our current understanding efidke cytoplasmic maturation event.
Recycling of biogenesis factors back to the nuclesusrucial for supporting 60S
subunit export, and in some cases, their releastd serve as a last check point
before ribosomes are engaged in translation. Thd wothis chapter was resulted
from a collaboration with the laboratory of Dr. Zlbeth Craig. Dr. Craig’s group had
identified the J-protein Jjj1p as an Hsp40 proteilved in 60S subunit maturation.
Together, our work suggests that Jjj1p, along withHsp70 Ssalp, act with Reilp to
release Arx1p in the cytoplasm. This work was mit#d in Proc Natl Acad Sci USA
vol.104 p.1558-1563 2007 (Meyer, 2007).

4.2 Background

Protein synthesis is a fundamental process thatectsgenetic information
into polypeptides to fulfill various biological fations. Although ribosomes play the
primary role of synthesizing polypeptides, a hoktfaxztors recognize the nascent
polypeptide to facilitate processing, folding arageting. Upon translation, the
emerging nascent chain must avoid unfavorable rigldiuring the course of its
synthesis. For this reason, a class of specialiaethbrs, namely chaperones, have
evolved and devoted into various processes. Twasetof chaperons act on cytosolic

proteins. Chaperones that bind to polypeptides-fpasslationally belong tdhe
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Hsp70/40 and Hsp60/10 families (Fink, 1999)(Bukda998). The other class of
chaperones regulates the fate of nascent chaifsnbyng to both the ribosome and
the emerging polypeptide, thereby promoting profelding co-translationally. Such
apparatus can be found both in eukaryotes and pyotes. Whereas Trigger Factor
(TF) has been shown to crosslink to nascent polygephains in bacteria, chaperone
systems such as the RAC (ribosome-associated crnpted the NAC (nhascent
chain-associated complex) system in eukaryotescamnsidered as the first contact
partners of nascent chains on ribosomes (Craig3)2dartl, 2002).

In Saccharomyces cerevisiae, the main ribosome-associated chaperone is
the Hsp70 Ssb, which has been shown to bind tsoibes and can be cross-linked to
nascent chains as short as about 50 amino acide\dPf1998) (Hundley, 2002).
Unlike the prokaryotic TF, which can function alome a monomer on ribosomes, the
Ssb requires an additional J-protein, Zuo, asatsl@aperone. Like all Hsp70s, Ssb
interacts transiently with nascent chain substriyetis intrinsic ATPase activity that
is stimulated by its J-protein Zuo, promoting p@pgide folding. In addition, Zuo has
been found to associate with another Hsp70 chape8sz, and together forms a
stable complex, termed ribosome-associated con{(RAC) (Gautschi, 2002). It has
been suggested that Ssb by itself could not besdnosed to nascent chains on
ribosomes in the absence of RAC, substantiating dependence of RAC on
recruiting Ssb to ribosomes (Gautschi, 2002)(Hund2€02).

The prototype of the Hsp40 J-protein is the aytioschaperone DnaJ
from E. Coli. Members of the J-protein family act as co-factfrglsp70 chaperones
by stimulating their intrinsic ATPase activity whenpolypeptide is bound in the
substrate-bound pocket (Qiu, 2006). BLAST searchiresy yeast genome using the

J-domain of DnaJ revealed 22 J-proteins that carfuliber classified into three
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classes (Walsh, 2004). Type | J-proteins havehadlet well defined domains of the
DnaJ structure, including the helical J-domain,inkdr glycine-rich region and a
zinc-finger domain followed by a carboxyl-termindbmain. An example of a
J-protein of this class is Ydj1, a co-chaperonéefcytosolic Hsp70 Ssal/2. Type Il
J-proteins simply lack the zinc-finger domain, wéaes Type Il J-proteins lack both
the zinc-finger domain and the glycine-rich regi@n.well characterized Type Il

J-protein is the ribosome-associated chaperone.AMiile these J-like proteins, by
definition, function as Hsp40 chaperones, theyigpdte in various processes of

protein assembly, disassembly and translocation.

4.3 Results
4.3.1 ldentification of a cytosolic J-protein, Jjjp

Sequence alignment of the J-domain of the ribosasseciated J-protein
Zuolp and other J-proteins & ccharomyce cerevisiae revealed a highly homologus
region that is unique to a Jjjlp but not other dtgins. Amino acids 205-287 of
Zuolp shares about 50% similarity with amino adi@9-261 of Jjj1p. While Zuolp
has an internal J-domain, the J-domains of Jjjigh most J-proteins are located at
N-termini. Adjacent to the J-domain of Zuolp isiaterdomain that links to a highly
charged region (Figure 4.1A, modified from A. Meydt has been hypothesized that
the interdomain of Zuolp may contribute to its sbme binding, and more
interestingly, a similar region was also foundjjipl In addition, Jjj1p has two 8,
type zinc finger motifs flanking a highly chargeegion. These unique signatures
shared between Zuolp and Jjj1lp inspired our cal&bo Dr. Craig and her graduate
student A. Meyer to investigate the possibility wies Jjj1p could function similarly

89



as Zuolp in modulating chaperone activity on rilmoss.

4.3.2 Jjj1lp co-sediments with 60S subunits

To determine if Jjjlp co-sedimented specificallthw60S subunits, cell
extracts obtained from a wild type strain were preg in a magnesium free condition
and fractionated on sucrose gradients to sepafea#hd 60S subunits. As seen in
Figure 4.1B, Jjj1p co-migrates with the 60S peakdees Zuolp, consistent with the
idea that Jjjlp binds to the 60S subunit (datartalkem A. Meyer). The specific
association of Jjjlp with 60S subunits was furtharonfirmed by
co-immunoprecipitation. Cell extracts from straggpressing Jjj1p-HA or Arx1-HA
were prepared and incubated with anti-HA antibodeesmmune-purify associated
complexes. In both cases, Arxlp and Jjjlp were &bleo-immunoprecipitate with
60S subunits, as monitored by Rpl8p signal (Figh®C). Taken together, these

results show that Jjj1p associates with 60S sufunit
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Figure 4.1 Jjj1p associates with 60S subunits

(B) Cartoon of Zuolp and Jjjlp domain alignment. (Miediffrom A. Meyer)
(B) Co-sedimentation of Jjj1p with 60S subunitsll Gesates from wild type strain
were prepared in magnesium-free buffer and sephmatel 5-30% sucrose gradient.
Samples were monitored at @fp fractionated and collected for Western blotting
to detect Jjj1lp, Rpl3 and Zuolp signal. (Taken frAmMeyer) (C) Cell extracts
from strain AJY1946 (Arx1-HA) andljjlA carrying Jjj1-3HA on plasmid were
incubated without addition of antibody (N/A) or tvianti-HA antibody and protein
A beads. Precipitated proteins were eluted fromemmoA beads in sample buffer
and separated by SDS-polyacrylamide gel electragdimrTotal protein extract (T)
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was included as a loading control for the immunojpitations (IP). Western
blotting was performed against the HA epitopes Rpt8p.

4.3.3 Jjj1p has functions distinct from Zuolp

Because Jjjlp and Zuolp share several similar restand both bind to
60S subunits, it is then intriguing to test if thgrform overlapped functions. For this,
Jjj1p was over-expressed irz@1A mutant to seek for potential complementation for
growth. Deletion oZUOL1 leads to a cold-sensitivity and hypersensitivitesarious
cations (i.e. Na+, Li+ and K+) and several transtatinhibiting drugs, including
hygromycin B and paromomycin (Kim, 2005). Overexsien of Jjjlp seemed to
partially rescue these defects caused by delefi@®1 (data not shown, A. Meyer),
suggesting that Jjj1p is able to fulfill Zuolp ftieo to some extent. Analogously, to
ask if Zuolp overlaps Jjj1p’s function, the revees@eriment was applied tojglA
mutant. Deletion 08JJ1 also causes a cold-sensitivity but not hyperswitgito any
cation or translation inhibitor (data not shown,Meyer). The J-domain confers Jjj1p
function, as deletion of the entire J-domain ornpanutations of the conserved
residues histidine-proline-aspartic acid (HPD) bk tJ-domain render cell slow
growth phenotype (data not shown, A. Meyer). Theadnt of overexpression of
Zuolp in ajjjlA mutant was tested, and surprisingly, no obviouprawvement of
growth was observed, even in the presence of §jjtp-chaperone Sszlp. These

results indicated that Jjj1p possesses cellulastimm distinct from Zuolp.

4.3.4 Deletion 0f)JJ1 affects 60S subunit biogenesis
The finding that Jjj1p associates with 60S sububits possesses distinct
functions other than Zuolp encouraged our collabor@r. Craig and A. Meyer to

examine Jjj1p’s functional involvement in the 6Qf®snit biogenesis. For this reason,
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they further examined Jjjlp’s co-sedimentation grattwith ribosomes in a more
detailed manner, where cell extract from a wildetyptrain was prepared and
subjected to sucrose gradient sedimentation tduwestifferent species of ribosomes.
As a control, Zuolp sedimentation was also momtoead consistent with previous
results, it was found to sedimentate with 60S al$ $eaks and throughout
polysomes (Figure 4.2A, A. Meyer). However, JjjlpsAfound predominately on the
60S peak with some trailing signal on polysome ticas. While Zuolp was found
almost in every fraction containing 60S subunijg,pJseemed to co-sediment only
with the free 60S peak. The difference in sedimenrapattern with ribosomes
supports the idea that these two proteins fulfiffedent cellular functions on

ribosomes.

As a step forward, our collaborator further exardittee impact of deletion
of JJJ1 on 60S subunit levels analyzed by polysome pmfWehile wild type as well
aszuolA cells did not reveal any obvious 60S subunit aased defects, deletion of
JJJ1 displayed several characteristics of a 60S suldaiéct in the cells (Figure 4.2B,
A. Meyer), including a decreased 60S peak and fipearance of half-mers. This
result together with the finding that Jjjlp co-sednt primarily with the free 60S
peak led our collaborators Dr. Craig and A. Meyesaispect that Jjj1p acts as a 60S
subunit biogenesis factor in addition to its chaperfunction. More interestingly, the
polysome profile of ajj1A mutant is reminiscent of i@ 1A mutant (Figure 4.2B, A.
Meyer). Reilp, as | discussed earlier in Chapters3& non-essential cytoplasmic
protein that binds to the 60S subunit presumalir &0S subunits are exported to the
cytoplasm. In addition to the similar impacts orS6€ubunit levels, Jjj1p resembles
Reilp in many other aspects; for example, null mistaf these two cytoplasmic

proteins are both cold sensitive. The similaritrephenotype, ocalization and subunit
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association suggested that Jjj1p and Reilp matpgether in 60S subunit biogenesis.

A B |(wr AT Half.mers
80S Polysomes \l m J'JMF\ \I\ \/\J\'ﬁ M
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Figure 4.2 Jjj1p is a 60S subunits biogenesis facto

(A) Cell lysates prepared from a wild type strairerev prepared in
magnesium-free buffer and separated on 5 to 50Yosei@radient. Samples
were monitored at Oy, fractionated and collected for Western blotting t
detect Jjj1p, Rpl3 and Zuolp. (B) Cell lysates pred from wild typerei1A,
jiilA and zuolA were centrifuged through 7 to 47% sucrose grasiant
samples were monitored at @ (A: taken from A. Meyer)
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4.3.5 Interplay betweenlJJ1, REI1 and ARX1

Because Jjjlp behaves similarly to Reilp, it issgade that Jjjlp acts
cooperatively with Reilp to promote 60S subunigeitesis and most likely, through
interactions with common factors. As Reilp was gsmaow Chapter 3 to be a
cytoplasmic recycling factor for Arx1p (and perhdps Arx1p-Alblp complex), it is
possible that Jjjlp would functionally interact witArx1lp (or the Arx1p-Alblp
complex) as 60S subunits reach the cytoplasm. lisrréason, gjj1A mutant was
crossed to aarx1A mutant to test for genetic interaction. As seeRigure 4.3A (data
adopted from A. Meyer), deletion &RX1 or its binding partnerALB1, suppresses
the cold-sensitivity of gjj1A mutant. This suppression was similar to that oleser
when arxlA was combined withrellA, suggesting that the persistence of
Arx1p-Alblp small complex is also detrimental ifijAA mutant (refer to Chapter 3).
Consistently, the suppression of growth also cpoeded to rescued levels of 60S
subunits (Figure 4.3B, A. Meyer). However, deletairdJJ1 did not enhance the cold
sensitivity of arreilA mutant (Figure 4.3A, A. Meyer). This result indes that Jjj1p
may work together with Reilp, as deletion of theosel player on top of the first
mutant does not cause additional effects to thés.c&@hese genetic observations
further suggested the involvement of Jjj1p in rdiogcthe cytoplasmic Arx1p-Alblp
complex, likely coordinately with Reilp.

The steady-state cellular localization of Jjjlysoplasmic, however, this
does not exclude the possibility that it transigptsses into the nucleus. To examine
if Jjj1p acts similar to Reilp, exclusively on cgtasmic 60S subunits, | asked if Jjj1p
exports as 60S ribosomes in a Crml-dependent manhersame strategy used to
determine if Relip shuttles was applied to Jjjlp.LMB-sensitive yeast strain

harboring the T539C allele &RM1 locus was subjected to LMB treatment and

95



indirect immunefluorescence microscopy for detectmdogenous Jjj1p localization
using antibodies specific to Jjj1p. If Jjj1p shestl it will be trapped in the nucleus as
nuclear export of 60S subunits is blocked in thespnce of LMB. As a positive
control, the effect of LMB on Nmd3p was also morgth While Nmd3p was largely
enriched in the nucleus upon LMB treatment, Jjgmained in the cytoplasm (Figure
4.4A), similarly to Reilp. Taken together, Jjjlp ynfunction as Reilp solely on

cytoplasmic 60S subunits after nuclear export.
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Ajjj1Aarx1 AjjjiAalb1

Figure 4.3 Suppression of the cold-sensitigityjjj1A mutant

(A) Tenfold serial dilutions of approximately equal amb of cells were spotted
onto yeast extract-peptone-glucose plates and atedhat the indicated temperatures;
(B) Cell lysates prepared frojjilAarx1A andjjjlAalblA were centrifuged through 5
to 50% sucrose gradients and samples were monig®iys. (A and B: taken from
A. Meyer)
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Figure 4.4 Jjj1p does not shuttle in the Crmledeent pathway

The LMB-sensitive strain AJY153CRM1T539C) was cultured in rich media
at room temperature to log-phase. Cells were cdrated 20-fold in fresh

media, LMB was added to a final concentration d&f @/ml, and cultures were
incubated for 30 min. Cells were then fixed witlv%. formaldehyde (final

concentration) and subjected to indirect immunatigsoence microscopy (IF)
by using antibodies against Jjjip or Nmd3p. Loedion of these proteins was
monitored by using anti-rabbit rhodamine-conjugatadibodies. DAPI was

used for visualization of nuclei.
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To determine if Jjjlp has similar effects similar Reilp on recycling
Arx1p, | next investigated the cellular localizatiof Arx1p in &jjj1A mutant. For this,
| integrated GFP fusions to the C-terminusABX1 at its genomic locus in wild type
and jjj1A cells. As seen previously and in Figure 4.5A, wiyghe Arx1p-GFP is
predominately nuclear/nucleolar. However, Arx1p-Gk&s found to redistribute to
the cytoplasm injj1A cells. The re-localization of Arx1-GFP from thectaus to the
cytoplasm was seen previously li@1A cells, suggesting that Jjjlp functions like
Reilp in recycling Arxlp back to the nucleus. lesingly, Jjjlp function in
maintaining Arx1p localization seemed to also depen its co-chaperone activity, as
Arx1p-GFP was still predominately cytoplasmic injjplupp->aaa mutant (Figure
4.5A).

Failure of Arx1p recycling in §j1A mutant could be due to a failure to
release Arx1p from the 60S subunit, or from a failto re-import free Arx1p into the
nucleus. To ask if Arx1p persists on 60S subunithé absence of Jjj1p, cell extracts
prepared from wild type ofjj1A cells harboring genomic HA tagge&RX1 were
subjected to co-immunoprecipitation. Similar levefs60S subunits co-purified with
Arx1p fromjjj1A and wild type cells (Figure 4.5B). Moreover, Arxiyas also found
by sucrose gradient sedimentation analysis to ieosi the free 60S peak injglA
mutant (Figure 4.5C). From these results, we catedduhat Jjj1p has similar effects
as Reilp on recycling Arx1p and that the persigesicArx1p on cytoplasmic 60S

subunits caused a general cold-sensitivity effect.
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Figure 4.5 Arx1p remains bound to 60S subunitsfaitsito recycle in §j1A mutant.

(A) Cell cultures of wild typereilA, jjjlAand jjjlA+ jjjlupp->aaa Strains carrying
genomic Arx1-GFP were collected at mid-log phasellutar localization of
Arx1-GFP was monitored by fluorescence microsc@By.Extracts from wild type or
jij1A cells containing genomically integrated Arx1-HA rneeincubated without
addition of antibody (C: negative control) or widimti-HA antibody and protein A
beads. Precipitated proteins were eluted from protebeads in sample buffer and
separated by SDS-polyacrylamide gel electrophardsital protein extract (T) was
included as a loading control for the immunopreaeigons (IP). Western blotting was
performed against the HA epitopes and Rpl8p. (Xaltgs from wild type ofjj1A
cells containing genomically integrated Arx1-HA weprepared and centrifuged
through 7 to 47% sucrose gradients. Samples wergtoned at ODs, fractionated
and collected for Western blotting using anti-bsd&pecific to HA epitopes and
Rpl8p.
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4.4 Discussion

The study of Jjj1p was initiated because of itsusege similarities with the
Hsp40 chaperone member, Zuolp. Hsp40 J-proteinscacbaperones of Hsp70s that
are involved in a variety of cellular functionscinding protein folding, disassembly
of protein complexes and translocation of polyp#gsiacross organellar membrane
(Craig, 2006). While some classes of chaperonesribosome-associated as they
recognize nascent polypeptides to prevent premétldeng, none of them has been
shown to participate in the 60S subunit biogend3ata presented in this chapter
provide evidences that a J-protein Jjj1p acts @8Sasubunit biogenesis factor in the
cytoplasm.

Several pieces of data supported the idea that fljjidictions similar to the
previously characterized biogenesis factor, ReRpilp was shown, both by my
work and by Lebretost al., as one of the few cytoplasmic biogenesis fadtwas are
required for proper recycling of shuttling facto®&rikingly, Jjjlp seemed to function
similarly as Reilp in recycling the Arx1lp-Alblp cplex from cytoplasmic 60S
subunits. Interestingly, this function also deperats the J-domain of Jjjlp, a
functional domain that is essential for stimulatiAPase activity of its Hsp70
co-chaperone, Ssalp (data not shown, A. Meyer).

Given that deletion alJJ1 revealed a cold-sensitivity that is reminiscent of
areilA mutant and that both mutants can be suppresseah laylditional deletion of
ARX1, it is likely that they function together in rediyg the Arx1p-Alblp complex. If
so, how would this occur? Release of factors fraammglexes can be driven by
structural remodeling and conformational changebichv in turn, alter substrate
binding affinity. Examples seen in the late cytgptiéc 60S subunit are the nuclear

recycling of Nmd3p and Tifép. Nmd3p accompanies 808unit to the cytoplasm
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and is released by a GTPase Lsglp. It has beerestiegigthat the GTPase activity of
Lsglp may trigger 60S subunit remodeling that tpuneed for correct loading of a

ribosomal protein, Rpl10p. The release of Nmd3phsught to be coupled to the
loading of Rpl10p and the subsequent release othperone, Sqtlp, from 60S
subunits (Hedges, 2005)(West, 2005). On the othadhrelease of Tif6p from 60S
subunits requires another cytoplasmic GTPase, Eflpanalogy with the role of

Lsglp in cytoplasmic recycling, it has been sugepgeghat the GTP hydrolysis of
Efllp triggers a conformational rearrangement 8tahulates Tif6p release (Senger,
2001).

Examples of J-protein:Hsp70 complexes in modulatprgtein-protein
interaction or RNP structure have also been obde(Walsh, 2004). For example,
auxilin, a brain specific J-protein, interacts witdisp70 chaperon to uncoat
clathrin-coating vesicles (Lemmon, 2001). From thasnt of view, Jjj1p may work
together with its Hsp70 partner, Ssalp, in remodetiytoplasmic 60S subunits to
facilitate release of shuttling factors. BecauggpJpinding to 60S subunits seems to
be reduced in the absence of Reilp, butva# versa (data not shown), it is likely
that Jjj1p binding to the 60S subunit partially degs on Reilp. Thus, Reilp may
provide a binding platform for Jjj1p on the 60S suib, and upon some molecular cue,
the chaperone activity initiates and triggers dtmad rearrangement to facilitate

release of the Arx1p-Alblp complex.
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Chapter 5: Arx1p interacts with 60S subunit exportconstituents:
Nmd3p, Crmlp and nucleoporins

5.1 Introduction

The results presented in Chapter 3 and 4 desdnbanterplay between
Arx1lp, its cytoplasmic recycling factors Reilp ajjidp, and the ribosomal protein
Rpl25p. These data further suggested a potentlal @b Arx1lp in mediating the
association of various co-translationally actingtdas with the polypeptide exit tunnel.
While most of these data have contributed to anerstdnding of how Arxlp is
recycled from the cytoplasm and the consequendailoig to release Arxlp, they
have not addressed potential nuclear roles of Arx1p

Data presented in this chapter provide evidenceé Aralp functions
directly in nuclear export of 60S subunits. Speseifly, Arx1p is essential if the
nuclear export signal (NES) within Nmd3p is impdirén addition, mutations within
nuclear pore complex (NPC) components are syntisaticor lethal in combination
with anarx14 mutant, further suggesting a potential functiorAoflp in modulating
Nmd3p-Crmlp-dependent 60S subunit export throughNRC channel. The results
presented in this chapter strongly suggest thalpfxnctions in 60S subunit export,
however, further experiments are needed to clané&molecular mechanism. At the
end of the chapter, | will discuss possible mo@él&rx1p function in facilitating the

60S subunit export.
5.2 Background

The large and small ribosomal subunits are assemble the

nucleolus/nucleus and subsequently exported in® ditoplasm independently
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(Tschochner, 2003)(Takahashi, 2003)(Fromont-Raci2@)3). In Saccharomyces
cerevisiae, the 60S subunit export pathway is well charazéetiand relies on the
nuclear-cytoplasmic shuttling export adaptor Nmd3mhich acts in a
Crm1lp-dependent manner (Ho, 2000)(Trotta, 2003nXprbelongs to the importip-
family and exports Leucine-rich nuclear export sigrontaining proteins from the
nucleus into the cytoplasm. Efforts have also bmexle to understand export of the
small subunit. While the small subunit also reli@s the Crmlp pathway, no
comparable 40S subunit export adaptor has yet ibeaitified.

Nmd3p is an essential 59 kDa protein that is Ghtha acids in length. A
consensus Leucin-rich NES is located within theef@ainal portion of Nmd3p.
Leucine-rich NESs are typified by those of HIV-1\Rarotein and protein kinase A
inhibitor (PKI) (Kutay, 2005)(Fischer, 1995)(Hau&899). These Leucine-rich NESs
have been well characterized as substrates for @riml the nucleus, the stable
interaction of Crmlp with a NES requires the coapfiee binding of RanGTP,
resulting in the assembly of a stable ternary expmmplex that is ready for
translocation through the NPC channel. After itsgaae through the NPC channel,
the export complex is then dissociated upon GTRdiysis of RanGTP to RanGDP
(Bischoff, 1995)(Lounsbury, 1997). In this sendé&eator molecules that modulate the
nucleotide binding status of Ran are positionedifferent cellular compartments. In
the nucleus, the chromatin-bound nucleotide exabdagtor RCC1 (Prp20p) loads
GTP to Ran, thus stimulating the formation of abEaexport complex (Gorlich,
1996). Conversely, Ran GTPase activating protein (RanGAP1) and
RanGTP-binding proteins (RanBP1) are exclusivetaliaed in the cytoplasm. Both
stimulate RanGTP hydrolysis cooperatively with Ramnd dissociate the export

complex (Bischoff, 1994)(Bischoff, 1995)(Klebe, B9
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As work has continued on the 60S subunit exportesysit has become
apparent that the mechanism is more complicated thieat is described above.
Loading of Nmd3p onto the 60S subunit and the smyiset binding of Crmlp and
RanGTP allows the establishment of the export gqoatg complex (Nmd3p/60S
subunit/Crm1p/RanGTP). While Nmd3p binding to th8S6subunit (Thomas,
2003)(Ho, 1999) and the interaction between Nmd3m1p and RanGTP have been
reconstitutedn vitro ((Thomas, 2003) and Kallstrom and Johnson, ungliéd), no
such Nmd3p/60S subunit/Crm1p/RanGTP quaternary atpas been successfully
established thus far ((Thomas, 2003)(West, 2004 HKallstrom and Johnson,
unpublished). These results suggested that additifaictors exist are required to
recapitulate the export machinery.

Upon formation of the export complex, Crm1p tramsp®&0S subunits to
NPCs for export. However, subsequent translocadiothis huge RNP through the
channel of the NPC would pose another challengedts. Taking into account that
the size of a 60S subunit almost reaches the uppieiof the NPC channel (~30nm),
its passage through the NPC may require additiex@brt factors for efficient export
(also refer to section 5.4 for detailed discussigRdr a given yeast cell growing at
log phase, more than 2000 ribosomes are synthegeeainute (Warner, 2001), with
a nuclear export rate of about 25 ribosomes pemtifWiney, 1997)). Recent
analysis of theDyctiostelium NPC by cryo-electron tomography revealed distinct
structural states of the NPC (Beck, 2004). It hesnbsuggested that such flexibility of
the NPC structure represents its accommodationtrémslocation of large cargos.
Beyond the steric problem of translocating larggesa bulk, the second challenge is
the intrinsic hydrophobic nature inside the NPC rote that would impede its

passage. It has been reported that particulantye laargos require multiple receptors
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for efficient export (Ribbeck, 2002). In agreemenith this view, it has been
postulated that additional factors exist and fuorcts “export receptors” to promote
the physical translocation of the 60S subunit tgfothe NPC channel.

Finally, the dissociation of the 60S subunit exmamnplex at the NPC sets
the stage for completing its departure from theeus: One nucleoporin sub-complex
composed of Nup82p-Nup159p-Nsplp has been showiopsdy to be required for
Crmlp-mediated export (Fornerod, 1997)(Askjaer,9)9%he Nup82p sub-complex
is located at the cytoplasmic face of the NPC artd as a terminal-binding site for
disassociation of Crmlp-export complexes at NPGshlghbach, 1999). Strikingly,
mutations within this sub-complex caused accumutatof Nmd3p as well as
pre-ribosomal particles in the nucleoplasm (Glei2Z&01)(West, 2007). Moreover, a
stable interaction between the Nup82p sub-com@ex1p and conditionaimd3 NE
(nuclear envelope-associated) mutants has also beserved (West, 2007). This
aberrant behavior is reminiscent of that of a spipyaiological NES peptide, whose
high affinity for Crm1p is independent of RanGTRdaorevents it from releasing
from the NPC (Engelsma, 2004). Notabtynd3 NE mutants are defective in 60S
subunit binding. Thus, the persistence rohd3 NE mutants and Crmlp on the
Nup82p sub-complex suggests that the ribosomef,iteel other factors on it,

contribute to the disassembly of the export comfilesn NPC (West, 2007).

5.3 Results
5.3.1 Screen for mutations that are synthetic letHavith arx14

During characterization of the Nmd3p-60S subuniimplex, several
additional non-ribosomal proteins were identifig@istrom, 2003). Chapters 3 and 4

describe mechanisms of recycling Arx1p from theopiasm but not its function on
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60S subunits. Here, | have investigated its rolthennucleus. | decided to begin this
work by identifying other genes that functionallgtdract with Arxlp. Genetic
interactions between genes can provide insights the function of a gene by
identifying functionally related pathways. Considgrthat Arx1p is not essential and
that anarx1A mutant displayed only a mild growth defect, a bgtit lethality screen
appeared to me as one of the most feasible meamemntify functionally related
genes (Kranz, 1990). This scheme has been widghjiedpin yeast to establish
complex functional networks between proteins (@astj 1992)(Care, 2004). With its
potential roles in the 60S subunit biogenesis, geubto isolate non-lethal mutations
that would exacerbate the phenotype ofaexiA mutant. The identification of such
ARX1 interacting genes would hopefully suggest fundifor Arx1p.

The classic synthetic lethality screen performedyéast is monitored by
colony color. Briefly, this screen is carried ontanade2 ade3 ura3 yeast strain with
the gene of interest deleted in the genomic loctscarried by aDE3 URA3 based
plasmid. Yeast cells with mutations in tABE2 gene will cause accumulation of a
red pigmented intermediate 5-aminoimidazole ribésattdde (AIR) in the adenine
biosynthesis pathway. However, the red phenotypenaide2 mutant can be masked
by mutations in theADE3 gene, which acts upstream of Ade2 (5-aminoimidazol
ribonucleotide carboxylase). Thus thde2 ade3 genotype is non-pigmented (white),
whereas thede2 ADE3 genotype will give rise to red colonies. Under sedection
pressure, random loss of the wild typBE3 URA3 plasmid from thexde2 ade3 strain
will result in a color change from red to white fleeting the status of plasmid
maintenance in the cells.

UV mutagenesis was carried out in anxl4 ade2 ade3 ura3 strain that

expresses aARX1 ADE3 URA3 plasmid. From about 34,300 mutagenized colonies
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that were screened, approximately 490 solid redrmies were selected for further
characterization. (Refer to Methods and Materiaéstion 2.3.2 for detailed

information with respect to experimental procedyres

5.3.2 Elimination of putative ade3 revertants and convertants

All solid red isolates were restreaked on YPD mediw confirm their
“solid” phenotype. Solid red colonies were thentddsfor their sensitivity to
5-fluoroorotic acid (5-FOA)URA3 encodes orotine-5’-monophosphate decarboxylase
that converts non-toxic 5-FOA into toxic 5-fluroaila Because genomic mutations
that are synthetic lethal witiarx14 will be unable to lose the plasmid-borne copy of
ARX1, these mutants will be sensitive to 5-FOA duentUURA3 gene carried on the
same plasmid. 5-FOA resistant colonies that arebleiaafter loss of the
URA3-containing plasmid were eliminated and consider®don-plasmid dependent
mutations. These solid red, 5-FOA resistant cobmgay be generated via gene
conversion between the plasmid borABE3 gene to the genomiade3 loci. 11
potential URA3-plasmid dependent synthetic lethal mutants weeatified by their

5-FOA sensitivity and subjected to further analysis

5.3.3 Identification of recessiveARX1-dependent synthetic lethal mutants

These potential mutants were then tested for ttegpendence oARX1. An
ARX1-containingLEU2 plasmid was transformed into the mutants. Seleaid EU2
ARX1 plasmid should allow loss of tHéRA3 ARX1 plasmid and a red/white sectored
phenotype on Leu- low Ade dropout medium. Mutahtst tvere unable to lose the
URA3 ARX1 plasmid must rely on genetic elements of the pidsther thanARX1.

Up to this point, four isolated colonies, which wesolid red, 5-FOA sensitive and
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sectored after theEU2-ARX1 plasmid transformation, were identified and coesad
as true mutants that are synthetic lethal witlaradd4 mutant.

The four synthetic lethal mutants were mated tade2 ade3 arx14 mutant
of the opposite mating type. Diploids were thenredofor color. Retention of the
URA3-plasmid would indicate a dominant mutation. All fomutants behaved as

recessive mutants and were pursued for furtheysisal

5.3.4 Cloning ofarx1A synthetic lethal mutants by complementation

Because the mutagenized strains likely have maltiputations in their
genomes, it is possible that the synthetic lethalith arx14 is due to mutations of
more than one gene. To eliminate mutants contaimalgiple mutations contributing
to the phenotype, the previously mated diploids$ Were homozygous farx14 and
heterozygous for synthetic lethality mutations iffir@ection 5.3.3) were sporulated
and dissected. Spore clones were analyzed for hite/wolor and on 5-FOA plates
for sensitivity. Single mutations should segregaith a 2:2 ratio of white to red
colonies and 2:2 ratio of 5-FOA resistance to geMitsi All four clones displayed a
2.2 segregation pattern for color and 5-FOA serngjtassay, indicating a single locus
conferringarx1A synthetic lethality within each of mutants.

To identify specifically which gene, when mutatedas synthetic lethal
with arx1A, a LEU2 centromeric yeast genomic library was transfornrmed the
synthetic lethal mutant strains to identify compésming clones. Transformants on
Leu- low Ade dropout media were scored by sectoramgl 5-FOA resistance.
Complementing plasmids obtained by this means condain the wild type allelic of
the genomic locus of the synthetic lethality matator simplyARX1. Alternatively,

complementation could be attributed to a dosagerespor. Plasmids containing
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ARX1 were eliminated based on restriction digest aimlgsd only those that
displayed distinct digestion patterns were retramséd into the synthetic lethality
mutant strains to confirm the red/white sector mitgme. Plasmids were then
submitted for sequencing using primers specifithe plasmid vector-genomic DNA
insert junction. Although | attempted to clone fallir strains, | was successful with

only two mutants: SYL118 and SYL348.

5.3.5 Ildentification of arx1A synthetic lethal clone SYL118

The SYL118 mutant was synthetic sick but not syiithkethal with an
arxl4 mutant. BLAST search against GeneBank revealed tha SYL118
complementing clone contained a DNA insert spantieggNUP120 gene.NUP120
encodes a nucleorporin within the well-characteridip84p sub-complex in yeast
and has been shown to be involved in the asseniltermdral core of NPC and the
maintenance of NPC architecture (Aitchison, 1998§tH, 1995). Complementation
of SYL118 was indeed due tdUP120 but not other genes from the same genomic
DNA insertion since the SYL118 strain could also dmnplemented byNUP120

alone on a plasmid. In addition, SYL118 also exkiisimilar growth defects as the

null nup120 strain. Both showed slow growth at Z5 or 30 °C and were dead at 37

°C (Figure 5.1A). The SYL118 mutant allele was segeenand found to contain a

one nucleotide deletion at G3065 in thieP120 open reading frame which is 3113bp.
This mutation causes a premature stop codon at A3f@ulting in a truncated
protein lacking the C-terminal 16 amino acids. Th&erminal portion of Nup120p is
predicted to ben-helical and is thought to be responsible for itBQNanchoring

(Devos, 2006). Thus, defects in this portion of firetein may impair its proper
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assembly into the NPC and affect NPC architectargeneral, resembling that of a
nup120 null mutant. Lastly, the genetic interaction betwdRX1 andNUP120 was
confirmed by a cross of aarx1A strain to anupl20A strain. The double deletion

strains displayed a severe growth defect (FigutB)5.
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Figure 5.1 Identification ofNUP120 as anarx1A synthetic lethality player

(A) Strain SYL118 phenocopiesnapl20 null mutant. Wild type strain,
nupl20A strain and strain SYI118 were grown on YPD platevarious
temperatures. Growth defects were observed for bopi20A strain and

strain SYI118 at semi-permissive () and non-permissive (3T)

temperature. (B)arx1A is synthetic sick withnupl20 mutant. Tetrads
derived from a cross @rx1A nupl20A were grown on YPD plates and the
severe growth defect of a double mutant awklA nupl20A can be
visualized.
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5.3.6 Synergistic effects adirx14 and nucleoporin mutants

Nup120p belongs to the Nup84p sub-complex, conmwighe central core
of the NPC, a spoke complex perforating the nucbeeelope. Unlike the FG-repeat
Nups, which function directly in cargo transportraiigh the NPC channel, the
Nup84p-subcomplex lacks karyopherin binding motfisd is thought to act as
structural constituent of the NPC architecture (Baralingam, 2003)(Wente, 2000).
Deletion of this type of nucleoporin not only casisdustering of NPCs but also
affects nuclear pore assembly (Heath, 1995)(Singies, 2000).

Identification of a genetic interaction betwdddP120 andARX1 was not a
surprise. Despite the fact that the initial chaggzation ofNUP120 revealed a role in
MRNA export (Aitchison, 1995)(Heath, 1995), subsmyu analysis has also
implicated its involvement in 60S subunit exportta@@-Zimmermann, 2000).
NUP120, however, is dispensable for cell viability undermal growth conditions,
but is essential at elevated temperatures.

Since botharx1A and nupl20A have defects in 60S subunit export, it is
likely that the double mutant is lethal becauseaofenhanced defect in export. To
examine export in the double mutant requires catit expression of one of the
genes. For this reason, | engineered a rapidlyadiadple Arx1p construct by fusing it
to a ubiquitin moiety under the inducible galactopeomoter (Dong, 2004)
(PeaL-UBI-R-ARX1) (Figure 5.2). The ubiquitin moiety cdoe co-translationally
cleaved, resulting in rapidegradation of the remaining Arx1p protein throtig
N-end rule pathway (Park, 1992). Expression of ttapidly degradable Arxlp
construct can be induced by culturing cells in galse containing medium and,
conversely, can be repressed in the presence cbsgu As a control, another stable

Arx1p construct, designated agaP-UBI-M-ARX1, was engineered by replacing the
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destabilizing Arginine with a stabilizing MethiomnTo monitor expression of these
Arx1lp expression constructs, a fusion of either GFRL3MYC was introduced in
frame to the C-terminus of Arxlp. Using this stggtel hoped to analyze the

synergistic effect ofrx1A nupl20A on 60S subunit export.

M GalUBI{(M)-Arx 1-GFP(13myc) | stable
Sal-UBI(R-A1-GFP{(12myc) : unstable

| FET—

Figure 5.2 Cartoon depicting UBI-Arx1p constructs

Degradable Arxlp constructs were designed as alaoeerding to Donget al.

2004. Two unstable Arxlp constructs were made: -(@(R)-Arx1-GFP and
Gal-UBI(R)-Arx1-13MYC). As controls, two other umdtie Arxlp constructs
were made as follows: Gal-UBI(M)-Arx1-GFP and Ga&l(R)-Arx1-13MYC.
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To verify the rapid degradation effect of these Hrxconstructs, | first
monitored the Arx1p-GFP signal by microscopy updmiting cells from media
containing galactose (induced) to glucose (repthssene expression level of the
PsaL-UBI-R-ARX1-GFP construct was barely detectablerewhen it was driven by
the galactose promoter (Figure 5.3), indicatingeayMow level of protein. Side by
side comparison revealed that the stabiga RIBI-M-ARX1-GFP construct was
expressed at a relatively high level in galactoselimand the signal diminished after
cultures were switched to glucose media for tworbdi&igure 5.3A). The effect of
ubiquitin-mediated reduction of Arxlp expressiowvels was also monitored by
Western blotting using the myc-tagged construcigufe 5.3B). Consistent with what
was observed from the GFP versions, thg RIBI-M-ARX1-13MYC construct
revealed a sustained protein level whereas the-BBI-R-ARX1-13MYC construct
produced an almost undetectable protein signal edffgession for less than an hour.

These two degradable Arx1-GFP constructs with dapietein expression
levelsin vivo also yielded different levels of complementatidrstvain SYL118 (data
not shown). The stablesR -UBI-M-ARX1-13MYC construct supported cell viabjit
better than the unstable;R2-UBI-M-ARX1-13MYC construct on galactose plates,
indicating that a substantiated Arx1lp protein leigelrequired in the context of a

nup120 mutant
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Figure 5.3 Expression of degradable Arx1p construst

(A) Time course for Gal-UBI-Arx1-GFP expression in gise containing
media. Wild type strain (AJY1911) carrying eitheral®BI(M)-Arx1-GFP
(pAJ1480) or Gal-UBI(R)-Arx1-GFP (pAJ1483) plasmigdere cultured in
galactose containing media to mid-log phase anustea to glucose containing
media for various time before they were subjectedmicroscopy. Note that
different exposure times were applied to samplebdrang different constructs.
(B) Expression of regulatable Arx1-13MYC expresstomstructs. Wild type cells
(AJY1911) harboring either Gal-UBI(M)-Arx1-13MYC fJ1481) or
Gal-UBI(R)-Arx1-13MYC (pAJ1484) plasmid were culadt in galactose
containing media to mid-log phase and transferagiuoose containing media for
various times before they were collected and stdjeto Western blotting using
an anti-myc antibody.
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In order to investigate the effect of taix1A nupl20A double mutant on
60S subunit export, | monitored the localization RpI25p and Nmd3p. Strain
SYL118 harboring the degradable Arxlp construgii RUBI-R-ARX1-13MYC or
PsaL-UBI-M-ARX1-13MYC was co-transformed with either admd3p-GFP or a
Rpl25p-eGFP plasmid. Cells were shifted from galsetmedia to maintain Arx1p
expression to glucose media and aliquots were tatedifferent time points for
microscopy. As shown in Figure 5.4A, cells bearinthe unstable
PsaL-UBI-R-ARX1-13MYC construct revealed a strong naeleenrichment for
Nmd3p even in galactose (very low level of Arx1pmeession); however, the nuclear
retention of Rpl25p-eGFP was only observed wheturmesd were shifted to glucose
media (repression of Arxlp expression). This resultnconsistent with previous
finding presented by Stage-Zimmermasnal, in which casenupl20A alone is
sufficient to block 60S subunit export (Stage-Zinnmann, 2000). Though strain
SYL118 displayed a similar growth defect as thah ofipl20A mutant, it is possible
that these two mutants have slightly different @Beon 60S subunit export.
Alternatively, the discrepancy of these resultsldalerive from using different 60S
subunit ribosomal proteins as export reportersthase authors also claimed that a
more sensitive readout can be obtained using Rp#ther than Rpl25p. In contrast,
repression of the stablegR-UBI-M-ARX1-13MYC construct did not reveal any
severe 60S subunit export defect (Figure 5.4Bhoaljh Nmd3p accumulated in the
nucleus after shifting cultures to glucose contagnmedium for two hours. Taken
together, these results suggested that deletiorNWP120 exacerbatesarxlA

phenotype, resulting in a block of the Nmd3p-mestie0 subunit export.
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Gal-UBI-(R)-Arx1-13myc
Hoechst 33342 Rpl25-eGFP Hoechst 33342

Nmd3-GFP

0 hr

1hr

2hr

4hr

Figure 5.4 Localization of Nmd3p and Rpl25-eGFP inSYL118 after

repression of Arx1p expression

(A) Stain SYL118 transformed with the unstable Gal-B8iArx1-13MYC
(pAJ1484) and Rpl25-eGFP (pAJ908) or Nmd3p-GFP {®4), was cultured in
galactose containing media to mid-log phase antstesed to glucose containing
media for various time before they were subjectedhicroscopy. Nuclear DNA
was stained with Hoechst 33342.
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(B) Stain SYL118 transformed, with stable Gal-UBI(M)xAr13MYC
(pAJ1481) and Rpl25-eGFP (pAJ908) or Nmd3p-GFP {®»4), was cultured in
galactose containing media to mid-log phase amdteaed to glucose containing
media for various times before they were subjettetticroscopy. Nuclear DNA
was stained with Hoechst 33342.
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Nucleocytoplasmic transport of macromolecules acrasiclear pore
complexes is largely dependent on karyopherin-ntedigprocesses, and many
nucleoporins have been identified physical doclsngaces for transport receptors.
For example, Nup159p and Nuplp have been showmtévact with Crmlp and
Kap95, respectively (Allen, 2001)(Allen, 2002). addition, Nup159p and Nupl16p
have both been shown to interact with the NXF fgrofl mMRNA export transporters,
designated as Mex67/TAP. And more recently, thestyddup159-Nup82-Nspl
subcomplex homolog of the vertebrate Nup214-Nup8®8® subcomplex has also
been implicated in mediating ribosome export (BdrrZ006).

Unlike the nucleoporins described aboMelP120 has not been identified as
a docking site for transport cargos; however, knewn to play an important function
in the maintenance of NPC architecture (Aitchisb®95) and the RanGTP gradient
across the nuclear envelope (Gao, 2003). Thuspdisruof Nup120p at NPCs may
simply produce global effects disturbing nucleogmic transport in general, and
subsequently affect ribosome export. To distinguigitween specific and indirect
effects on 60S subunit export generated by delatidfiUP120, | decided to look for
possible synergistic effects between other nucleopoutants and aarx14 mutant.

The yeast NPC can be grouped into several nucleomub-complexes
based on proteomic and biochemical analyses (Suatithgam, 2003). The best
characterized sub-complexes among these are th&4upub-complex (Nup84p,
Nup85p, Nup120p, Nup145p, Sehlp, and Sec13p), tip82p sub-complex (Nup82p,
Nupl159p, and Nsplp), the Nup53p sub-complex (NupBBmp59p, and Nupl70p)
and finally the Nic96p sub-complex (Nic96p, Nup49Nup57p, and Nsplp)
(lllustration 5.1). | crossed aarx14 mutant to a panel of ten different nucleoporin

mutants that belong to different sub-complexes. Agthe ten mutants testeiRX1
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interacted strongly wittNUP82, NUP84, NUP120, GLE2 and NUP133, moderately
with NIC96 andNUP42, but not withNSP1, NUP100 andNUP116 (Table 5.1)(also
refer to Chapter 2.3.3 for detailed informationhwiéspect to methods and materials).
Taken together, these results revealed ARX1 could genetically interact with a
broad range of nucleoporins that are involved i® 80bunit export, suggesting that

Arx1p is directly involved in the NPC-mediated 68$unit export.
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Table 5.1 Nucleoporin mutants that were tested fogenetic interactions with

arxu
NPC ) _ o . _ Roles in ribosome
Localizatoin| Genetic interaction witharx14
component export
Nup82 | Cytoplasmig Strong Yes
Nup84 Symmertic Strong No
Nup133 Symmertic Strong Yes
Nup42 | Cytoplasmig Weak No
Nspl Symmertic No Yes
Nic96 Symmertic Weak Yes
NUBL00 Cytoplasmic NG No
P -biased
Cytoplasmic
Nupll6 i No Yes
-biased
Nup120 Symmertic Strong Yes
Gle2 Cytoplasmig Strong ?
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Cytoplasmicfibrils

Mspl p-Nup82p-Nupl 59p

Nupii6p, Gle2p

Schip
Mupl70p, Nupb9p

|
Nup53p

|
Mup85p — Mupl20p
\
Secidp-— NupldScp
|
Nup84p

Mups7p
Nic96p-Msplp
~Nupd9p

Mup133p

NuptOp-NMup2p

Nuclear basket

lllustration 5.1 Architecture of theyeast NPC

A typical yeast NPC is shown above and comprisegethmajor

sub-structures: cytoplasmic fibrils, a central dastd a nuclear basket.
Interactions between different nucleoporins witl@nsub-complex are
indicated by dashes. Different nucleoporin sub-dexgs are grouped and
indicated by different colors. Green: cytpoplasmigias Nup

sub-complexes; Blue: symmetric distributed Nup sabiplexes; Purple:
Nuclear bias Nup sub-complexes. (Adopted from Sanatfingam and

Wente 2003)
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5.3.7 ldentification of arx1A synthetic lethality clone SYL348

Isolate SYL348 was complemented by a genomic cloostaining a
fragment of chromosome VIII. This plasmid DNA coedrseveral genes; including
THP2, MTG2, DBP8, NMD3 and ATG7. Among these,NMD3 was the likely
candidate. Indeed, strain SYL348 could be compleeteiy a functional NMD3
plasmid (data not shown). To determine the mutaitioNMD3 that causes synthetic
lethality, the genomic locus ®MD3 from strain SYL348 was amplified by PCR and
subjected to DNA sequencing. Sequencing resultsated that SYL348 contained a
mutation inNMD3 converting T1514 to A. This mutation introducestap codon,
eliminating the last 14 amino acids of the proteind produces a truncated Nmd3
protein:Nmd3A 14 (Figure 5.5).
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HHD3

nmd2ffzas
Protein NES sequence
X, ,OX, ;XD
PKI1 LAL KLAGLIDI
ScNmd3 (1)  INIDELLDEL
ScNmd3(2)  LLD ELDEMTL
Hs Nmd3 LAEMLED LHI

DEDEDEDAPQINIDELLDELDEMTLEDGVENTPVEZQQ 518
DEDEDEDAPQINIDELLDELDEMT ~~-~-~~=========

T

C
nmd3-AA: AA
T
aa: 491 500
IN1DEL LDEL
i 1

nmd3-AA4A4 A A A

Figure 5.5 Cartoon of Nmd3ps’ NES

(A) The C-terminal portions of Nmd3p sequence encoded byl wpe
strain or strain SYL348 were aligned. A prematump $£odon eliminates the
last 14 amino acids of Nmd3p from strain SYL34&ulgng in a truncated
protein. (B) An alignment of the NESs of yeast Nmd@c) and human
Nmd3p (Hs). (1) The previously suggested NES fren2@1 to 500. (2) The
revised Nmd3p’s NES from aa 496 to 505. (C) Thel3-AA andnmd3-AAA

mutant. Arrows indicate corresponding mutated ressd
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5.3.8arx1A is synthetic lethal withnmd3 mutants

Isolate SYL348 encodes a truncated Nmd3p. A nomsemstation could
result in a truncated protein. Alternatively, namse codons can also target mRNAs
for rapid degradation (NMD, nonsense-mediated decdlykke-Andersen,
2001)(Gonzalez, 2001). Thus a trivial explanationthe synthetic lethal phenotype
was reduced protein expression. However, Westanttidd for Nmd3p from extract
prepared from wild type and SYL348 cells indicatedsignificant change in protein
levels (data not shown), suggesting that the tiemc&md3A14 protein is not
unstable and the synthetic lethal effect is not u@sufficient Nmd3p expression in
the cells.

Previously, our lab had suggested a nuclear exgignal in Nmd3p from
amino acids 491 to 500 (INIDELLDEL) (Figure 5.5B8is region has been shown to
play an important role in Nmd3p localization anahdtion and is mediated by the
Crmlp export pathway (Ho, 2000). Furthermore, nimat of hydrophobic residues
in this region (1493A, L497A and L500A) (Figure &p have also been shown to
impair the 60S subunit export (Hedges, 2005). Harevmd3A 14 deletes a Leucine
outside the initially proposed NES. Reexaminatibthe sequence of Nmd3p showed
that it was possible to shift the putative NES ohdBp further downstream, from
amino acids 496 to 505 ((DELDEMTL) (Figure 5.5A and B), which conforms well

to a consensus Leucine rich NEGX(.30X,.30X®). Indeed, this speculation was

supported by several observations. First, Med3A14 mutant showed a severe
growth defect, suggesting a vital function provided the last few residues of the
protein. Furthermore, microscopy revealed that ttos@catedNmd3A14 protein is

trapped in the nucleus, and consequently causéath bf 60S subunit export (Figure
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5.6A). To ask if loss of L505 was the importantetdf annmd3 mutant was made in
which L505 was changed to A in the context of thilength protein. Strikingly, the
Nmd3L505A mutant was barely viable (Hedges, 2006). Moreothar,Nmd3L505A
mutant protein was trapped in the nucleus, sintdathe Nmd3A14 mutant (Hedges,
2006). Furthermore, botNmd3L505A andNmd3A14 mutants caused a defect in the
60S subunit export, as monitored by Rpl25-eGFPufei®.6B). Taken together, these
results demonstrated an important function of L¥0Supporting nuclear export of
60S subunits.

The synthetic lethal effect ofrxlA Nmd3A14 suggested that Arxlp’s
function is related to 60S subunit export. In thisw, | also asked iarx1A would
display specific genetic interactions with previgusdentified nmd3 mutants
(nmd3AA nmd3AAAA, Figure 5.5C) that are defective for nuclear ekpdiot
surprisingly, thesenmd3 NES mutants displayed strong synthetic effectdh vain
arxIA mutant, supporting the idea that Arxlp functionsordinately with

Nmd3p-NES in 60S subunit export (data not shown).
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SYL348

WT
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Nmd3Al4a.a. Nmd3L505A

Rpl25-eGFP

Figure 5.6 Cellular localization of Nmd3A14 and its effect on 60S subunit
export

(A) Wild type (AJY1911) and strain SYL348 cells werdtared in YPD to
mid-log phase and subjected to indirect immunoftsoence for visualizing
endogenous Nmd3p localization. (B) Wild type (AJY1} srain SYL348 and
strain AJY2110 carrying pAJ1593 (Nmd3L505A-13mys the only copy of
Nmd3p were co-transformed with pAJ908 (Rpl25-eGKF8lls were then cultured
in selective media to mid-log phase and subjectedditect microscopy for
visualization of GFP signal.
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5.3.9arx1A accumulates Nmd3p-Crm1p-60S subunit intermediates the

nucleus

Genetic interactions between Arxlp and variousd3 NES mutants
suggested that Arxlp plays a role in the contexNofd3p-mediated 60S subunit
export. Nmd3p, as the Crm1-dependent 60S subuparexdaptor, binds to the 60S
subunit in the nucleus to recruit Crmlp via itssela Leucine-rich NES. Whereas
association of Nmd3p to either the 60S subunit onIp has been documented, the
assembly of Nmd3p-Crm1p-60S subunit ternary congddnas not been successful
vitro. These results implied that additional factors rhayequired for the assembly of
the 60S subunit export complex.

Data above have suggested a role for Arxlp in GUsurst export. My
previous data showed that deletion ARX1 modestly trapped 60S subunits in the
nucleus and also caused a mild growth defect (tef€@hapter 3). Furthermore, the
situation can be worsened in conjunction withd3 NES mutants. A likely possibility
for Arx1p’s function in this respect would be toss$ Nmd3p-60S subunit export
complex formation. In view of understanding the aopof Arxlp on Nmd3p-60S
subunit export complex assembly, | first asked ik¥p is involved in regulating
Nmd3p-60S subunit association. Sucrose gradiemnsedation followed by Western
blotting analysis revealed that Nmd3p remained @ated with 60S subunits in an
arx1A strain and the binding was virtually indistingwasite from that of a wild type
strain (Figure 5.7A). These results indicated thiatlp is not required for efficient
recruitment of Nmd3p to the 60S subunit. In additian enriched nuclear signal of
Nmd3p-GFP was observed in arx1A strain (Figure 5.7B). Thus Nmd3p bound to
60S subunits accumulates in the nucleusriiA cells, suggesting that Arx1lp acts

after loading Nmd3p onto the 60S subunits.
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Figure 5.7 Nmd3p is enriched in the nucleus iarx1A mutant and remains bound
to 60S subunits
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(A) Cultures of AJY1911 (WT) and AJY190H&rklA) carrying pAJ582
(Nmd3-GFP) was grown to mid-log phase in seleamezlia and then vivo
localizations of Nmd3 were monitored by fluoresanoicroscopy. (B)
Lysates were prepared from AJY1911 (WT) and AJY1@4Xk1A) in the
presence of cycloheximide (3@/ml) and fractioned on 7% to 47% sucrose
gradients by ultracentrifugation. (refer@apter 2.1.2or buffer conditions)
Fractions were collected, and the absorbance atr2b4was monitored
continuously. Proteins were precipitated with tiicbacetic acid, separated
by SDS-polyacrylamide gel electrophoresis, tramefkrto nitrocellulose
membrane, and immunoblotted for Nmd3p or Rpl8p wsispecific
antibodies.
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Data presented so far suggested that cells lackiRi]L were impaired in
60S subunit export with 60S subunits trapped imitingeus in an Nmd3p bound state.
Considering that Arxlp genetically interacts withesific nmd3 NES mutants, |
speculated that Arx1p may be involved in modulatimg accessibility of the NES of
Nmd3p to Crmlp after loading onto the 60S suburirpgo export. The idea of a
“regulated NES” was not unprecedented (Wesierskaeta2003)(Craig, 2002), and
remodeling of Nmd3p’s NES may regulate 60S subexpiort complex formation.

Crmlp-cargo interactions are often very transiemi aannot be easily
observedin vitro. To address the prospect of Arxlp’s involvementrindulating
Nmd3p-Crmlp interaction, | took the advantage diziig a mutanthmd3 containing
a supraphysiological NES, Nmd3p-supraNES (West7R®Bupraphysiological NESs
were first identified from a screen carried outHrygelsmeet al (Engelsma, 2004) in
a screen forn vitro synthetic sequences that are capable of bindif@rtelp with
high affinity in a RanGTP-independent manner. Regii@ent of Nmd3p’s NES with a
strong supraphysiological NES enhances the interatietween Nmd3p and Crmlp
invitro (West, 2007).

Cell extracts obtained from the wild type amxl4 strain carrying either
Nmd3p-13myc or Nmd3p-supraNES-13myc and Crm1p-H&splids were subjected
to affinity purification using anti-myc antibodies.The Nmd3p-specific
co-immunoprecipitated complexes were then analyjzae®&DS-PAGE followed by
Western blotting to monitor Crm1p levels. As shoinnFigure 5.8A, an enhanced
Crm1p signal was observed in the Nmd3p-supraNEBnoadnoprecipitated complex
from the wild type strain (compare lane 1 to 3onsistent with the theory of a higher
binding affinity for the supraphysiological NESténestingly, Crm1p signal from the

Nmd3p co-purified complex is enriched in a straioking Arx1p (compare lane 1 to
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2), and is even pronounced in Nmd3-supraNES-13nifx{€ompare lane 3 to 4). To
further address if the Nmd3p co-purified Crm1p etates with a 60S subunit-bound
state, | carried out sucrose gradient sedimentation identify possible

co-sedimentation of Crmlp with 60S subunits. AmseeFigure 5.8B, an increased
level of Crm1p was found to co-migrate with 60S wits in anarx14 mutant. In

combination with the microscopy work, these resusltgygest that a 60S subunit
export intermediate containing Nmd3p and Crmlp audates in the nucleus in an

arx14 mutant.
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Figure 5.8 Arx1p affects Crm1p interaction withNmd3p and 60S subunits
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(A) Strains AJY1911 (wild type) and AJY190arx1A) transformed with
pAJ538 (Nmd3-13myc) or pAJ1594 (Nmd3-supraNES-13myend
pAJ739 (Crml1lT539C-HA) were cultured in selective dime and
collected at mid-log phase. Immunoprecipitationgenearried out using
anti-myc antibodies and subjected to Western bigttising anti-myc and
anti-HA antibodies to monitor Nmd3p and Crmlp levelN/A: negative
control) (B) Lysates from AJY1911 (WT) and AJY19(drx1A) carrying
pAJ856 (Crm1-3HA) were prepared in the presenceyofoheximide (50
pg/ml) and fractioned on 7% to 47% sucrose gradieytsltracentrifugation.
Fractions were collected, and the absorbance atr@d4was monitored
continuously. Proteins were precipitated with tiacbacetic acid, separated
by SDS-polyacrylamide gel electrophoresis, tramsfirto nitrocellulose
membrane, and immunoblotted for HA or Rpl8p usipgcsic antibodies.
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5.3.10 Arx1p interacts with nucleoporins

The data presented thus far suggested that Arxfipeded for promoting
the nuclear export of the Nmd3p-Crm1p-60S suburtérmediate. If so, how does
Arxlp function? Becausearxl4 displayed synergistic effects with various
nucleoporin mutants that are defective in 60S siilexport, one possibility is that
Arx1lp participates in the NPC passage of the 6Q&ursti export complex. In this
sense, Arx1p can be involved in facilitating therutment of the 60S subunit export
complex to the NPC or the subsequent transloc#imugh the NPC channel.

The speculation of Arxlp’s function at NPC was alsspired by a
previous finding of Arx1p’s interaction with two aleoporins: Nup42p (a component
of the cytoplasmic fibrils) and Nupl00p (a compdneh the central transporter
region) (Allen, 2001). In this assay, Allen and workers immobilized purified
GST-fusion of various nucleoporins onto beads distbaapture interacting proteins
from yeast extracts. However, these results didagalress if Arx1p interacts with
nucleoporins directly or indirectly. Accordinglydecided to test these interactions by
the yeast two-hybrid system. For this reason, Arxilged to the GAL4 DNA binding
domain (BD) and several nucleoporins fused to td.45activating domain (AD)
were transformed as pairs into a yeast two-hylepbrter strain. Transformants were
spotted onto selective media to identify possibiteractions and scored for cell
growth (refer to Chapter 2.3.4 for detailed infotima with respect to methods and
materials). As seen in Figure 5.9, Arx1p showedigeinteractions with Nup100p,
Nupll6p and week interaction with Nup57p. A panklpreviously characterized
nucleoporin-nucleoporin interactions was also ideldi for comparison (Patel, 2007).
Taken together, these results indicated that Arslp true nucleoporin interacting

partner.
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Leu- Ura- His- dropout media Leu- Trp- His- dropout media
3-AT: omM 25mM 7.5mM 10mM 3-AT: 0mM 2.5mM 7.5mM 10mM

BD-Arxl + AD-vectror BD-Nupll6 + AD-vector

BD-Arx1 + AD-Nupllé e BD-Nupl16 + AD-Nupl16
BD-Arx1 + AD-Nup100 @

BD-Arxl + AD-Nups7 4

BD-Nupl16 + AD-Nup100
BD-Nupl16 + AD-Nup57

BD-Arx1 + AD-Nspl BD-Nupl16 + AD-Nspl
BD-Arx1 + AD-Nup159
BD-Arx1 + AD-Nup42

BD-Nupl16 + AD-Nup159
BD-Nupl16 + AD-Nup42

Figure 5.9 Arx1p interacts with nu@oporins

Yeast strain AJY951 containing plasmids that exprs1 or Nup116 fusion to the
Gal4-binding domain (BD) and various Nup proteisifins to the Gal4 activation
domain (AD) were spotted onto selective media (Llgwa- His- dropout or Ura- Trp-

His- dropout). Plates were incubated at“8D for 4 days. Positive interactions should

drive expression of thEIS3 reporter. Various concentrations of 3-AT were abitte
eliminate false-positives.
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5.4 Discussion

In this chapter, | used a synthetic lethal screendentify genes that
functionally interact withARX1. From this screen, two mutations were identified i
two genes involved in 60S subunit export. Spedificaarx14 displayed synthetic
lethality with annmd3 allele that is impaired for nuclear export. Moregwdeletion of
ARX1 exacerbated phenotypes of several Nmd3p-NES nstsunggesting that Arx1p
functions in the Nmd3p-NES mediated 60S subunitoexpathway. In addition,
synergistic effects were identified with severalcleoporin mutants that are
implicated in 60S subunit export. Taken togethe, results that deletion &RX1 led
to nuclear accumulation of the Nmd3p-Crm1p-60S gitbintermediate and the
interaction of Arx1p with nucleoporins suggest tAatlp acts as an export receptor.

Why do pre-60S particles require multiple receoi® answer this
guestion, one should consider the nature of theyokdwerin-mediated nuclear
transport. Unlike passive transport that allows relatively efréiffusion of small
molecules (up to 20~40kDa) through NPCs, bi-diewl transport of
macromolecules between the nucleus and the cytoplaquires transport receptors.
These karyopherins interact with FG-repeats ofrtheleoporins. These FG-repeats,
present as: FG, GLFG and FXFG that are usuallyraggh by spacers of different
length. In addition to their hydrophobic naturegsdb FG-repeats are mostly natively
unfolded and flexible, creating a hydrophobic mestiwthat poses a selective
mechanism for translocations through NPCs.

In view of karyopherin-mediated nuclear transpbrbtigh NPCs, several
models have been proposed. Among them, the “seéeqthase model” is now
generally favored (Ribbeck, 2001). This model assurthat the nuclear envelope

conduits filled with FG-repeats would provide ameability barrier, which limits the

138



flux of macromolecules but can be compromised logpéors that can diffuse into the
hydrophobic mesh. Transport receptors interact VA@®-Nups with low-binding
affinity; transiently dissolving the meshwork tdoal passage of cargo through the
NPC channel. In agreement with this, FG-repeatdanaing nucleoporins interact
with karyopherinsn vitro (Paschal, 1995)(Radu, 1995)(Clarkson, 1996)(B&000).
Furthermore, structural analysis by X-ray crysigéphy has explained the
interactions between FG-repeats and transport riacéd the molecular level.
Particularly, the FG-repeats have been solved mptex with importinf (Bayliss,
2002) and the mRNA export mediator TAP-NXT1 hetenoter (Grant, 2002). In
both cases, the interactions between transportoriacand NPCs seem to be
hydrophobic, primarily mediated by the phenylalanai FG-repeats and hydrophobic
pockets within transport factors. Karyopherins @s® notable for their large surface
hydrophobicity (Ribbeck, 2002) that facilitates ithemovement through the
hydrophobic channel of the NPC.

The same model for translocation can be appliechses for large RNPs,
such as the 60S subunit. Large molecules have die®mmn to be considerably delayed
in their translocation through NPCs. However, shaidrance can be removed by
increasing the receptor-to-cargo ratio (Ribbecld2Z0Considering the complexity of
60S subunit and its large molecular size, approgcto the upper limit of the inner
NPC tunnel, export of such large RNPs may also ideaeced by having multiple
receptors.

Consistent with this speculation; the recent discpwy Yao et al. has
illustrated a functional involvement of general mMRNexport receptors,
Mtr2p/Mex67p heterodimers, in the 60S subunit ekg¥ao, 2007).In this study,
they suggested that a loop-confined heterodimeri@se on Mtr2-Mex67 binds to 5S
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rRNA on the 60S subunit. This loop was also suggkst be on the opposite face of
the predicted FG-repeat Nup binding sites on Mt@xBV. In this sense, the
Mtr2-Mex67 heterodimer acts as a “transport reagptainding to the 60S subunit
and interacting with nucleoporins simultaneouslyshield unfavorable surfaces on
the 60S subunit and promote translocation throbghNPC.From this point of view,
Arx1p’s contribution in the passage of the 60S sitbexport complex through the
NPC channel may be analogous. It will be intrigutogdetermine binding sites of
these factors on the 60S subunit surface, perlrapslocation-unfavorable exposed
domains, to relate their possible function as {maion-prompting factors.
Considering that Arx1p binding to pre-60S subuiaittigles is required at a step after
recruitment of Crmlp to the Nmd3p-60S subunit cawphnd interacts with

nucleoporins, | suggest that Arx1p acts as a #émwubrt adaptor for the 60S subunit.
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