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Summary
Construction and intracellular targeting of eukaryotic pre-ribosomal particles
involve a multitude of diverse transiently associating trans-acting assembly factors,
energy-consuming enzymes, and transport factors. The ability to rapidly and reliably
measure co-enrichment of multiple factors with maturing pre-ribosomal particles
presents a major biochemical bottleneck towards revealing their function and the
precise contribution of >50 energy-consuming steps that drive ribosome assembly.
Here, we devised a workflow that combines genetic trapping, affinity-capture, and
selected reaction monitoring (SRM) mass spectrometry, to overcome this deficiency.
We exploited this approach to interrogate the dynamic proteome of pre-60S particles
after nuclear export. We uncovered assembly factors that travel with pre-60S
particles to the cytoplasm, where they are released before initiating translation.
Notably, we identified a novel shuttling factor that facilitates nuclear export of pre-60S
particles. Capturing and quantitating protein interaction networks of trapped
intermediates of macromolecular complexes by our workflow is a reliable discovery
tool to unveil dynamic processes that contribute to their in vivo assembly and
transport.

Zusammenfassung
Am Bau und am intrazellulären Transport von prä-ribosomalen Untereinheiten
ist eine Vielzahl von Proteinen beteiligt wie zum Beispiel energieverbrauchende
Enzyme oder sogenannte Transportfaktoren. Die schnelle und zuverlässige
Bestimmung der Interaktion solcher Faktoren mit dem sich entwickelnden unreifen
Ribosom ist nach wie vor eine große Herausforderung und erschwert die
Erforschung und Bestimmung der mehr als 50 energieabhängigen Schritte, die den
Zusammenbau des Ribosoms vorantreiben. Um dies zu verbessern kombinierten wir
in dieser Arbeit genetische Methoden mit spezifischen Aufreinigungen und
quantitativer Massenspektrometrie (SRM-MS). Wir nutzten diesen Ansatz um das
dynamische Proteom von prä-60S Partikeln zu untersuchen, das aus dem Zellkern
exportiert wird. Dabei entdeckten wir Faktoren, die mit prä-60S Untereinheiten in das
Zytoplasma transportiert werden, wo sie vor Beginn der Translation des funktionellen
Ribosoms abgelöst werden. Bemerkenswerterweise identifizierten wir hierbei einen
neuen Faktor, der zwischen Nukleoplasma und Zytoplasma pendelt und den Export
von

prä-60S

Quantifizierung

Ribosomen
von

erleichtert.

Unser

Ansatz

Protein-Interaktionsnetzwerken

zur
in

Bestimmung

und

Zwischenprodukten

makromolekularer Strukturen ist ein zuverlässiges Instrument um dynamische
Prozesse zu identifizieren, die zum Bau und Transport dieser Komplexe beitragen.
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1 Abbreviations
5-FOA

5-Fluoorotic acid

CBP

Calmodulin binding peptide

CE

Collision energy

CEN

Centromere (in a plasmid)

DMSO

Dimethly sulfoxide

DNA

Deoxyribonucleic acid

dNTP

Deoxyribonucleotide triphosphate

DTT

Dithiothreitol

EDTA

Ethylenediaminetetraacetic acid

EM

Electron microscopy

FG

Phenylalanine-glycine

GFP

Green fluorescent protein

HRP

Horseradish-peroxidase

INM

Inner nuclear membrane

Kap

Karyopherin

LB

Luria-bertani

LDS

Lithium dodecyl sulphate

m/z

Mass-to-charge ratio of the precursor ion

mRNA

Messenger RNA

MS

Mass spectrometry

NES

Nuclear export sequence

NTF

Nuclear transport factors

NPC

Nuclear pore complex

Nup

Nucleoporin

OD

Optical density

ONM

Outer nuclear membrane

ORF

Open reading frame

PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reaction

QQQ

Triple quadrupole

r-proteins

Ribosomal proteins
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rRNA

Ribosomal RNA

rDNA

Ribosomal DNA

RNA

Ribonucleic acid

RT

Room temperature

SD

Synthetic defined medium

SDS

Sodium dodecyl sulphate

se

Synthetic enhanced

sl

Synthetic lethal

snoRNA

Small nucleolar RNA

snoRNP

Small nucleolar ribonucleoprotein

SRM

Selected reaction monitoring

SWATH

Sequential window acquisition of all theoretical fragment ion spectra

TAP

Tandem affinity purification

TOF

Time of flight

TEV

Tobacco etch virus

YPD

Yeast extract peptone dextrose medium
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2 Introduction

2.1 Ribosome biogenesis
Ribosomes play an essential role in every living cell. Ribosomes convert
genetic information encoded within mRNA into proteins. Therefore, correct assembly
of these complex structures is a major task in every living organism. Whereas the
structure and function of the ribosome is well known the assembly and maturation
pathway of this molecular machine is not fully understood. In eukaryotic cells,
ribosome biogenesis occurs within the cellular compartments nucleolus, nucleoplasm
and cytoplasm (Figure 1) and is one of the most energy-consuming processes in the

Figure 1 Ribosome maturation pathway of the eukaryotic ribosome. Ribosome biogenesis
starts in the nucleolus with the transcription of the rDNA to the 35S pre-rRNA. Assembly factors
and r-proteins are co-transcriptionally recruited to the 35S pre-rRNA and form the 90S preribosome, the earliest ribosomal precursor (orange). Upon cleavage at the A2 site, the 90S
separates into a pre-40S (green) and a pre-60S subunit (blue) that then undergo independent
maturation pathways. Assembly factors that transiently interact with the maturing pre-ribosomes
drive biogenesis of the pre-ribosomes on their way through the nucleus toward the nuclear pore
complexes. Final maturation of the two precursors occurs in the cytoplasm yielding translation
competent ribosomal subunits (adapted from Gerhardy et al., 2014).

cell and requires a highly coordinated interplay between all three RNA polymerases
and over 250 transiently associated ribosome assembly factors. The mature and
translation competent 80S ribosome in Saccharomyces cerevisiae consists of two
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subunits, a large 60S particle containing 25S, 5.8S, 5S rRNA, and 46 ribosomal
proteins (r-proteins) and a small 40S subunit containing 18S rRNA and 33 r-proteins
(Warner, 1999; Fromont-Racine et al., 2003; Henras et al., 2008; Kressler et al.,
2010). Defects in ribosome biogenesis lead to hereditary diseases and defects in
other fundamental cellular processes such as cell growth and cell division (Freed &
Baserga, 2010; Freed et al., 2010; Narla & Ebert, 2010; Bolze et al., 2013; Marneros,
2013; Teng et al., 2013).

2.1.1 Nuclear maturation

2.1.1.1 Assembly of the 90S pre-ribosome
Ribosome biogenesis starts in the nucleolus with the transcription of the
ribosomal DNA (rDNA) to the 35S pre-ribosomal RNA (pre-rRNA) by RNA
polymerase I. 35S pre-rRNA is a single polycistronic transcript and contains the 18S,
5.8S and 25S rRNA. As the transcript emerges, small nucleolar RNAs (snoRNAs),
non-ribosomal assembly factors and r-proteins mainly of the small ribosomal subunit
bind co-transcriptionally and form the 90S pre-ribosome (Udem & Warner, 1973;
Trapman et al., 1975; Dragon et al., 2002; Grandi et al., 2002; Wehner et al., 2002;
Koš & Tollervey, 2010). More than 60 different small nucleolar ribonucleoparticles
(snoRNPs) mediate the co-transcriptional covalent modification of over 100 rRNA
residues through methylation or pseudouridylation and thereby promote correct
folding of the 90S complex (Ofengand et al., 2001; Koš & Tollervey, 2010; Watkins &
Bohnsack, 2012). Besides these modifications first 35S rRNA pre-rRNA cleavage
steps are executed within the 90S pre-ribosome (Borovjagin & Gerbi, 1999; Gerbi et
al., 2001; Wehner et al., 2002; Marmier-Gourrier et al., 2011; Phipps et al., 2011;
Watkins & Bohnsack, 2012; Yip et al., 2013). Cleavage of the 35S rRNA at the A2
site by a yet unknown endonuclease splits the 90S pre-ribosome into pre-40S and
pre-60S particles that then follow independent maturation pathways. A more detailed
picture of the whole pre-rRNA processing pathway is displayed and explained in
Figure 2.
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Figure 2 The pre-rRNA processing pathway of eukaryotic pre-ribosomes. The common
35S rRNA precursor is processed at both ends by several factors (Kufel et al., 1999). The
resulting 32S pre-rRNA is cleaved at the A2 site by a yet unknown endonuclease yielding the
20S and 27SA2 pre-rRNA. The 20S pre-rRNA, the precursor rRNA of the 40S subunit, is
processed in the cytoplasm to the mature 18S rRNA (Lamanna & Karbstein, 2009; Pertschy et
al., 2009). The precursor for the 60S subunit, the 27SA2 pre-rRNA, is processed in two different
ways in order to generate the mature 25S rRNA and two different forms of the mature 5.8S
rRNAs (Lygerou et al., 1996). The 27SA2 pre-rRNA is mainly cleaved at the A3 site followed by
rapid processing to site B1S by the by exonucleases Rrp17 (Oeffinger et al., 2009) and the
Rat1-Rai1 heterodimer (Henry et al., 1994). In fewer cases the 27SA2 is processed to the
27SB1L. Both 27S pre-rRNAs are cleaved at site C2 to generate the 7S1S/7S1L and the 25S prerRNA that is processed in the nucleus to the mature 25S rRNA by Rat1-Rai1 (Geerlings et al.,
2000). The two different 7S rRNA precursors are further shortened at the 3’ ends to form the
nuclear 6S1S/6S1L rRNA precursors (Mitchell et al., 1997; Briggs et al., 1998; Allmang et al.,
1999). Final maturation of the 6S precursor rRNAs occurs in the cytoplasm by the nucleases
Rex1, Rex2, and Ngl2 (Mitchell et al., 1997; Briggs et al., 1998; Allmang et al., 1999; van Hoof
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et al., 2000; Thomson & Tollervey, 2010) to generate the mature 5.8SS and 5.8SL that differ by
the presence of 7 nucleotides at the 5’ end. To generate mature 5S rRNA the nucleases Rex1,
Rex2, and Rex3 are required (van Hoof et al., 2000; Figure adapted from Gerhardy et al.,
2014).

2.1.1.2 Nuclear maturation
After cleavage of the 35S pre-rRNA at the A2 site the two precursors undergo
different maturation pathways. Pre-40S subunits containing immature 20S pre-rRNA,
undergo few processing steps on their way through the nucleoplasm (Geerlings et
al., 2003; Vanrobays et al., 2003; Schäfer et al., 2006; Merwin et al., 2014) and are
rapidly exported to the cytoplasm where final processing of the 20S pre-rRNA to the
mature 18S rRNA occurs. Pre-60S particles follow a more complex maturation
pathway on their way through the nucleoplasm toward the nuclear pore complex
(NPC). The 27S A2 pre-rRNA of pre-60S particles faces several processing steps on
the way to the mature 25S and 5.8S rRNA. The 5S rRNA, a third rRNA species of
mature 60S subunits, is produced by RNA polymerase III and processed by diverse
maturation factors (van Hoof et al., 2000; Li et al., 2009) (Figure 2).
One of the first nucleolar/nuclear events of 60S ribosome biogenesis is the
incorporation of the 5S rRNA - Rpl5 - Rpl11 complex. Syo1, an adaptor for the
importin Kap104, co-imports Rpl5 and Rpl11 into the nucleus where the Syo1 - Rpl5 Rpl11 complex is released from Kap104 in a RanGTP-dependent manner.
Subsequently, the Rpl5 - Rpl11 complex is loaded on the 5S rRNA and incorporated
into the maturing pre-60S particles facilitated by the trans-acting factors Rpf1 and
Rpf2 (Zhang et al., 2007; Ciganda & Williams, 2011; Kressler et al., 2012a). The
exact timing of this event is still unknown.
On its way through the nucleus toward the nuclear pore the precursor of the
large ribosomal subunit transiently associates with >150 assembly factors. After
fulfilling their tasks, trans-acting factors are released from the precursor at distinct
maturation stages and recycled back to participate in new rounds of ribosome
biogenesis. Energy-consuming enzymes such as AAA-ATPases, ABC-ATPases,
GTPases and ATP-dependent helicases trigger this sequential reduction of
complexity of maturing particles and therefore confer directionality to the assembly

	
  

15

process. Recent works start to unravel the binding sites and function of these energyconsuming enzymes (Ulbrich et al., 2009; Baßler et al., 2010; Kressler et al., 2012b).
Studies have revealed three essential AAA-ATPases (Rix7, Rea1, Drg1)
responsible for the release and recycling of specific pre-60S biogenesis factors. Rix7
and Drg1 have a strong similarity to the well characterized AAA-ATPase Cdc48 (p97
in mammals) and are responsible for early nucleolar or cytoplasmic maturation steps,
respectively (Pertschy et al., 2007; Kappel et al., 2012). Rea1, the largest protein in
yeast, is related to the microtubule motor protein dynein heavy chain (Dyn1) and is
involved in several nuclear maturation steps of the large ribosomal precursor (Ulbrich
et al., 2009; Baßler et al., 2010; Kressler et al., 2012b). Rix7 is the earliest AAAATPase acting in the pre-60S maturation pathway. Although clear evidence is
missing, Rix7 is proposed to be involved in the release of assembly factor Nsa1 from
pre-60S particles. Post-translational modifications of the substrate Nsa1 might be a
prerequisite for the either direct or adapter-mediated recognition by Rix7. This
energy-consuming releasing step is very important to facilitate the nucleolar to
nucleoplasmic transition of 60S pre-ribosomal particles (Gadal et al., 2001b; Kressler
et al., 2008). The AAA-ATPase Drg1 plays a very important role in cytoplasmic
maturation of pre-60S subunits and is discussed in detail in the cytoplasmic
maturation paragraph. Rea1, the third AAA-ATPase acting in ribosome biogenesis,
consists of a ring-like structure containing six ATPase modules and a tail-like
structure carrying the MIDAS domain. Through its ring domain Rea1 attaches to a
nuclear pre-ribosome in close proximity to the Rix1-Ipi3-Ipi1 sub-complex. The
flexible Rea1 MIDAS domain is employed to contact the MIDAS-interacting domains
(MIDO) of Ytm1 and Rsa4 and thereby triggers the release of these two substrates in
an ATP-dependent manner (Nissan et al., 2004; Ulbrich et al., 2009; Baßler et al.,
2010). The active release of the nucleolar Ytm1-Erb1-Nop7 sub-complex by Rea1
may facilitate the displacement or replacement of neighbouring assembly factors. By
removing the Ytm1-Erb1-Nop7 sub-complex and Rsa4 and thus triggering the
release of further assembly factors, Rea1 actively reduces the complexity of preribosomal particles and confers directionality to the ribosome maturation process
(Nissan et al., 2004; Ulbrich et al., 2009). Recent work suggested that Rea1 is
involved in another important nuclear checkpoint step that regulates the export
competence of pre-60S ribosomes. The GTPase Nug2 (Nog2) binds to nuclear preribosomal particles and acts as placeholder for the 60S export factor Nmd3. Nug2 is
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important for nuclear maturation of the pre-ribosome (Baßler et al., 2001; Saveanu et
al., 2001). The release of Nug2 from nuclear pre-60S ribosomes is dependent on its
GTPase activity as well as on the ATPase activity of Rea1. Only after the release of
Nug2, Nmd3 is able to bind to the particles and promote nuclear export (Sengupta et
al., 2010; Matsuo et al., 2014). Taken together, Rea1 plays a major role in
coordinating and controlling nuclear maturation and preparing pre-ribosomal subunits
for nuclear export.

2.1.2 Nuclear export

2.1.2.1 Nuclear pore complex
Ribosome biogenesis starts in the nucleolus. However, ribosomes fulfill their
main task, the translation of mRNA to proteins, in the cytoplasm. Therefore, preribosomal particles must overcome the barrier of the nuclear envelope by traveling
through the nuclear pore complexes. Nuclear pore complexes (NPCs) are embedded
within the bilayer of the nuclear membrane. They were first identified in the 1950s in
sea urchin oocytes by electron microscopy (Afzelius, 1955; Watson, 1959). In the
following years researchers made few progress in characterizing the structure and
function of these complexes. Mainly only after 1990 several laboratories contributed
to a bigger knowledge of the structure (Unwin & Milligan, 1982; Rout & Wente, 1994;
Doye & Hurt, 1997; Stoffler et al., 1999; Strambio-de-Castillia & Rout, 2002; Wente &
Rout, 2010; Hoelz et al., 2011; Grossman et al., 2012). In yeast the massive 66 MDa
structure is built with only 30 proteins, so called nucleoporins (Nups). However, these
Nups are present in multiple copies (usually 16 per NPC) and form a pore with an
eight-fold symmetry (Rout et al., 2000; Cronshaw et al., 2002; Alber et al., 2007).
According to their localization within the NPC structure, Nups can be divided
into two groups: asymmetric and symmetric Nups. Asymmetric Nups are localized
either on the nucleoplasmic or cytoplasmic side of the membrane, building nuclear
filaments or the cytoplasmic basket, respectively. Symmetric Nups localize to the
central core of NPCs, are in plane with the nuclear envelope, and can be further
divided into four categories according to their proximity to the central tube (Figure 3).
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Figure 3 The structure of the nuclear pore complex. The cylindrical structure of the nuclear
pore complex (NPC) is comprised of eight spokes surrounding the central tunnel that connects
the nucleoplasm and cytoplasm. The NPCs are anchored within the bilayer of the outer and
inner nuclear membranes (ONM and INM, respectively). The known Nups (yeast and
vertebrates homologues) and their substructures are indicated (adapted from Strambio-DeCastillia et al., 2010).

Transmembrane ring Nups embedded in the luminal ring connect the core scaffold
comprised of the inner ring and outer ring Nups to the nuclear envelope. Linker Nups
anchor the central Nups, the direct mediators of nucleo-cytoplasmic transport that
form the central channel (Radu et al., 1995; Strawn et al., 2004; Liu & Stewart, 2005;
Alber et al., 2007). These central Nups (e.g. Nup100, Nup116) are called FG Nups,
named for their phenylalanine-glycine (FG) repeat regions. These FG repeats
protrude into the channel and form a hydrophobic meshwork. FG repeat regions
within FG Nups contain 5-50 clusters with an FG dipeptide (usually FG, FXFG,
GLFG, SXFG) separated by 20-70 amino acid long hydrophilic linkers (Rout &
Wente, 1994; Allen et al., 2001; Tran & Wente, 2006). FG repeats serve as binding
site for many nuclear transport factors (NTFs). They are able to bind to transport
cargos or NTFs in a cooperative manner with two to four FG repeats responsible for
the interaction (Bayliss et al., 2002; Grant et al., 2003; Isgro & Schulten, 2005; Liu &
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Stewart, 2005) (Figure 4). Besides central FG Nups, several asymmetric Nups of the
nuclear basket (e.g. Nup1) or the cytoplasmic filaments (e.g. Nup42) contain FG-rich
domains and so enforce directionality on the nucleo-cytoplasmic transport. The
dense hydrophobic meshwork of the FG repeats forms a barrier that prevents the
diffusion of macromolecules. Molecules up to 40 kDa or 5 nm in diameter such as
small metabolites, nucleotides or metal ions can diffuse freely through the 9-10 nm
wide channel. Larger macromolecules such as the >2 MDa pre-ribosomes overcome
this barrier by interacting with the FG-rich Nups, either directly or through adaptor
proteins (Feldherr, 1962; Paine, 1975; Panté & Kann, 2002).

Figure 4 Transport through the nuclear pore. The central channel of the NPC is filled with the
flexible and filamentous Phe-Gly nucleoporins (FG Nups). Macromolecules can only be
transferred from one side to the other by interacting with nuclear transport factors (NTF). The
NTF bound to its cargo facilitates the transport by interacting with the FG repeats of the Nups
(adapted from Strambio-De-Castillia et al., 2010).
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2.1.2.2 Nuclear export
A logarithmically growing yeast cell produces ~2,000 ribosomes per minute
that need to be exported through 200 NPCs per nucleus. Thus, it is estimated that
each NPC actively transports 20 pre-ribosomal subunits per minute from the nucleus
to the cytoplasm (Warner, 1999). It’s not hard to imagine that such a rapid process
needs to be highly efficient and accurately coordinated. Cell biological and genetic
approaches identified components of the NPC, the Ran GTPase cycle, and several
export factors needed for proper nuclear export of pre-ribosomes. These components
are described in the following paragraphs.
An important role in nucleo-cytoplasmic transport plays the small GTPase Ran
(Gsp1/Gsp2 in yeast). The nucleus contains high levels of RanGTP whereas in the
cytoplasm Ran is mainly found in the GDP bound conformation. This nuclearcytoplasmic gradient of RanGTP-RanGDP ensures the directionality and provides the
energy needed for active nuclear export (Görlich et al., 2003). Nuclear RanGTP is
not able to bind directly to cargos but it rather regulates their interaction with
transport receptors, so-called karyopherins. Cargos loaded with transport receptors
and RanGTP are exported to the cytoplasm. Cytoplasmic GTP hydrolysis results in
RanGDP and disassembles the exported complex. RanGDP is then reimported into
the nucleus where the exchange of GDP to GTP occurs (Görlich et al., 2003).
The karyopherin Xpo1 was identified as a factor responsible for the nuclear
export of both the large and small ribosomal precursor in a RanGTP-dependent
manner. Cargos destined for nuclear export contain a nuclear export signal (NES)
that is recognized by Xpo1. In the presence of RanGTP, Xpo1 interacts with 60S preribosomes through the essential NES containing adaptor protein Nmd3, which results
in export of the pre-ribosomes (Ho et al., 2000; Gadal et al., 2001a; Moy & Silver,
2002; Yao et al., 2007).
In contrast to pre-60S particle export, essential NES containing adaptor
proteins that directly link Xpo1 with pre-40S subunits still remain elusive. It might be
possible that several NES containing factors play redundant roles to recruit Xpo1 to
the small ribosomal precursor and thereby mediate transport to the cytoplasm (Gadal
et al., 2001a; Schäfer et al., 2003; Léger-Silvestre et al., 2004; Ferreira-Cerca et al.,
2005; Seiser et al., 2006; Yao et al., 2007). The three non-essential NES containing
proteins Ltv1, Dim2 and hRio2 are proposed to function as Xpo1 adaptors (Seiser et
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al., 2006; Vanrobays et al., 2008; Zemp et al., 2009; Merwin et al., 2014). The
RanGTP binding protein Yrb2 is another factor involved in pre-40S export. The
absence of Yrb2 results in lower levels of 40S subunits and nuclear accumulation of
pre-40S particles (Taura et al., 1998; Moy & Silver, 2002). Yrb2 could be one factor
that delivers Xpo1 and RanGTP to NES containing factors and so indirectly promotes
40S export.
Besides the main export receptor Xpo1, the general mRNA export factor
Mex67-Mtr2 (Sträßer et al., 2000; Yao et al., 2007; Faza et al., 2012) and the HEAT
repeat containing protein Rrp12 (Oeffinger et al., 2004) have been identified to play a
role in the nuclear export of both ribosomal subunits. Mex67-Mtr2 facilitates export by
interacting with the ribosome and FG repeats of Nups in a RanGTP-independent
manner (Sträßer et al., 2000; Yao et al., 2007; Faza et al., 2012). The contribution of
Ran to the interaction of Rrp12 with the ribosome and the FG-rich Nups still needs to
be investigated.
Additional auxiliary factor were found to play a direct role in facilitating export
of pre-60S particles by directly binding to pre-ribosomes as well as interacting with
FG repeat Nups of the NPC. Genetic analyses identified shuttling proteins Arx1 and
Ecm1 as important factors in 60S nuclear export. They associate with pre-60S
particles and facilitate export through binding with FG repeats of Nups and thereby

Figure 5 Nuclear export of pre-ribosomes through the nuclear pore complex. Indicated
export factors interact with both the pre-ribosomal subunits and the FG meshwork of the NPC
channel and thereby guide the particles from the nucleus to the cytoplasm (adapted from
Gerhardy et al., 2014).
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guide pre-ribosomes through the hydrophobic meshwork of the NPC to the cytoplasm
(Baßler et al., 2001; Bradatsch et al., 2007; Hung et al., 2008; Yao et al., 2010).
mRNA binding protein Npl3 was shown to bind to pre-60S subunits and mutations in
NPL3

showed

mislocalization

of

GFP-tagged

pre-60S

ribosomes

(Stage-

Zimmermann et al., 2000; Windgassen et al., 2004). Npl3 facilitates export by binding
to pre-60S ribosomes through the 25S rRNA, ribosomal and ribosome-associated
proteins as well as by interacting with the NPC (Hackmann et al., 2011). Whether all
described factors have to be present on one pre-ribosome or a small subset of
factors is sufficient for proper 60S export is currently unclear. Research on the
localization of these factors on the ribosome will shed light on the orientation of the
ribosome on its way through the NPC.
All described export factors utilize the FG meshwork to facilitate ribosomal
nuclear export. The Panse group has recently identified mRNA export factor Gle2 to
mediate pre-60S export in an FG-independent manner. Gle2 binds to the nucleoporin
Nup116 and facilitates export by binding to pre-60S particles through a specific
domain. It is proposed that pre-60S subunits require both FG and non-FG mediated
interactions to be properly exported. Furthermore, Gle2 might become crucial when
FG-interacting factors are impaired or not recruited to the pre-ribosomes and thereby
guarantee efficient nuclear export of pre-60S particles (Occhipinti et al., 2013). An
overview of the export factors bound to the exported subunit is displayed in Figure 5.

2.1.3 Cytoplasmic maturation
Pre-40S and pre-60S particles enter the cytoplasm in a functionally inactive
state and need to undergo final maturation to become translation competent. Further
r-proteins need to be assembled, pre-rRNA must be processed and bound assembly
factors need to be released and recycled. These steps are not only crucial for
generating mature ribosomes but also for new rounds of ribosome biogenesis. A
failure to release and recycle an assembly factor can lead to delays in pre-rRNA
processing, assembly defects and impaired nuclear export.
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2.1.3.1 Cytoplasmic maturation of the pre-60S subunit
Besides the shuttling export factors (Nmd3, Arx1, Ecm1, Mex67-Mtr2) a few
other factors were identified to travel with pre-60S particles to the cytoplasm (Rlp24,
Tif6, Nog1, Alb1). Removal of these factors is mediated by energy-consuming
GTPases (Kre35, Efl1), ATPases (Drg1, Hsp70) and their cofactors (Sdo1, Rei1, Jjj1)
that transiently bind to cytoplasmic ribosomes (Panse & Johnson, 2010). These
releasing steps appear to follow a hierarchical order but how these events are linked
to the one before or after still remains elusive (Lo et al., 2010) (Figure 6).
One of the key factors in cytoplasmic maturation is Drg1, the third essential
ATPase acting in ribosome biogenesis, besides Rix7 and Rea1 (see above). Drg1
consists of an N-terminal domain and two ATPase domains D1 and D2 and forms
hexamers in the presence of ATP (Thorsness et al., 1993; Wendler et al., 1997;
Zakalskiy et al., 2002). Upon arrival of the pre-60S particle in the cytoplasm Drg1 is
recruited to the ribosomal subunit by direct binding to the ribosome bound shuttling

Figure 6 Cytoplasmic maturation of pre-60S subunits. Pre-60S particles are accompanied by
bound export factors (yellow) and assembly factors (green) on their way through the NPC.
These factors are removed from the particles in the cytoplasm in a highly hierarchical order. The
release of Rlp24 by the ATPase Drg1 is the first releasing event and triggers the downstream
maturation steps. Rei1, Jjj1, and Ssa1/Ssa2 are responsible for the release of Arx1 and Alb1.
Assembly of the stalk can only occur after the removal of Mrt4 by releasing factor Yvh1. Yvh1 is
subsequently removed by the r-protein Rpp0 allowing further assembly and maturation steps.
Recruitment of Rpl10 to the particle triggers the final maturation steps such as the removal of
Tif6 by the GTPase Efl1 and its co-factor Sdo1 and the release of Nmd3 by the GTPase Kre35
(Lo et al., 2010). The release mechanisms of many shuttling factors still need to be uncovered
(adapted from Gerhardy et al., 2014).
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factor Rlp24 (Kappel et al., 2012). The C-terminal domain of the assembly factor
Rlp24 then triggers ATP hydrolysis in both ATPase domains of Drg1. ATP hydrolysis
of domain D2 leads to the release of Rlp24 from ribosomal subunits whereas
hydrolysis of D1 is important for the subsequent dissociation of Drg1 from Rlp24.
Additionally, the interaction of Drg1 with the nucleoporin Nup116 promotes the
release of Rlp24 from the ribosome (Kappel et al., 2012). This first cytoplasmic
releasing step is a critical event in cytoplasmic maturation and a prerequisite for the
downstream release of Arx1, Mrt4, Mex67-Mtr2, Tif6, and Nmd3 as well as for the
joining of late cytoplasmic factors Rei1, Sqt1, and Yvh1 (Pertschy et al., 2007; Lo et
al., 2010; Kappel et al., 2012). Experimental inhibition of Drg1 function can be
achieved for instance by transient expression of a catalytically inactive dominant
negative mutant domain D2 (DRG1DN (E617Q), Pertschy et al., 2007) or by applying
the drug diazaborine. After the binding of ATP in the D2 pocket of Drg1 the inhibitor
diazaborine binds into the D2 domain and blocks ATP hydrolysis. This inhibits the
release of Rlp24 and other downstream maturation events (Loibl et al., 2014) that are
described in the following paragraphs.
After the release of Rlp24 by Drg1 the ribosomal protein Rpl24 joins the
nascent pre-60S particle (Saveanu et al., 2003). Rlp24 and Rpl24 show significant
sequence similarity and both proteins are suggested to recognize the same binding
site on ribosomal particles (Saveanu et al., 2003). A major difference between the
two proteins is the lack of the C-terminal domain of Rpl24 consistent with its inability
to stimulate the ATPase activity of Drg1, in contrast to the placeholder Rlp24.
Accordingly, when Drg1 function is impaired, Rlp24 is not released and lower levels
of ribosome bound Rpl24 are observed (Kappel et al., 2012).
A functional Drg1 is also needed for the loading of releasing factors Rei1 and
Yvh1. Together with the ATPase Ssa1/Ssa2 (Hsp70) and DNAJ domain containing
Jjj1, the nonessential zinc-finger protein Rei1 releases the shuttling export factor
Arx1 and its binding partner Alb1 from pre-60S particles (Hung & Johnson, 2006;
Lebreton et al., 2006b; Demoinet et al., 2007; Meyer et al., 2007; Lo et al., 2010;
Meyer et al., 2010). A failure in releasing Arx1 leads to the accumulation of Tif6
(Hung & Johnson, 2006; Lebreton et al., 2006b; Lo et al., 2010) and inhibits
cytoplasmic maturation of pre-60S particles. Arx1 is homologous to methionine
aminopeptidases (MetAPs) (Bradatsch et al., 2007). MetAPs bind to mature 60S
particles and remove the N-terminal methionine from nascent polypeptides (Vetro &
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Chang, 2002). Based on the homology of Arx1 with MetAPs, Arx1 might act as
placeholder for MetAPs and so prevent MetAPs from premature binding to preribosomes. It is known that Arx1 interacts with pre-60S ribosomes in the vicinity of
Rpl25 at the polypeptide exit tunnel. Rpl25 plays a very important role in ribosome
function since it interacts with the signal recognition particle (SRP). The SRP
recognizes proteins destined to be secreted as they emerge from the ribosome and
targets the ribosome-nascent chain complex to the translocon in the endoplasmatic
reticulum (Dalley et al., 2008; Bradatsch et al., 2012; Greber et al., 2012).
The Rlp24-Rpl24 exchange triggered by Drg1 is also important for the
recruitment of the zinc-finger protein Yvh1 to the particle (Lo et al., 2010). Yvh1 was
shown to be responsible for the release of shuttling factor Mrt4 from cytoplasmic pre60S particles (Kemmler et al., 2009; Lo et al., 2009) and thereby promoting the
assembly of the ribosomal stalk. The ribosomal stalk is an important landmark in the
large ribosomal subunit. It is required for the recruitment and activation of translation
and elongation factors and therefore essential for ribosome activity (Ballesta &
Remacha, 1996; Gonzalo & Reboud, 2003; Berk & Cate, 2007). The stalk consists of
r-proteins Rpp0 and two heterodimers of Rpp1 and Rpp2. In mature ribosomes, the
stalk is anchored through the interaction of Rpp0 with rRNA and Rpl12. During early
maturation Mrt4 acts as placeholder of Rpp0. Only after the release of Mrt4 by the
dual specificity phosphatase Yvh1 Rpp0 can be loaded and maturation can progress.
Interestingly, the zinc-binding domain but not the phosphatase activity of Yvh1 is
required for releasing Mrt4 from cytoplasmic pre-60S particles (Kemmler et al., 2009;
Lo et al., 2009). The exact mechanism of this release and the assembly of the stalk
are still not fully understood.
Both, the release of Arx1 and Mrt4 are important and independent
prerequisites for the release of Tif6 from maturing pre-60S subunits (Lo et al., 2010).
Shuttling factor Tif6 is thought to prevent the premature joining of 60S and 40S preribosomal subunits (Russell & Spremulli, 1979; Valenzuela et al., 1982). The GTPase
Efl1 and the yeast ortholog of the protein mutated in the Shwachman-Diamond
Syndrome Sdo1 are responsible for the release of Tif6 (Bécam et al., 2001; Senger
et al., 2001; Menne et al., 2007). As discussed, the stalk of the mature ribosome
recruits and activates translation and elongation factors such as elongation factor
eEF2 (Berk & Cate, 2007). The Tif6 releasing factor Efl1 is closely related to GTPase
eEF2 (Senger et al., 2001). This of course raises the hypothesis that the recruitment
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of Efl1 to the ribosome stalk, to release Tif6, is a way to test the correct folding of the
ribosome through this “translation-like” event.
Inactivation of Efl1 and Sdo1 prevent not only the release of Tif6 but also the
removal of Nmd3 from pre-60S particles (Lo et al., 2010). Through genetic analyses
it was shown that Efl1/Sdo1 act upstream of the releasing step of Nmd3 (Lo et al.,
2010). Mutant forms of r-protein Rpl10 and GTPase Kre35 (Lsg1) inhibit the release
of Nmd3 from pre-60S subunits. It is thought that Kre35 is responsible for Rpl10
recruitment and thereby triggers the release of Nmd3 (Karl et al., 1999; Hedges et
al., 2005; West et al., 2005).
In this work, we took advantage of the highly hierarchical Drg1-dependent
pathway to interrogate the proteome of pre-60S subunits after nuclear export.

2.1.3.2 Cytoplasmic maturation of the pre-40S subunit
Only a few factors are known that travel with pre-40S subunits from the
nucleus to the cytoplasm (Enp1, Tsr1, Ltv1, Dim1, Dim2, Nob1, Rio2, and Hrr25).
These proteins play a role in pre-40S nuclear export as well as cytoplasmic pre-rRNA
processing (Strunk et al., 2011). Cytoplasmic rRNA maturation involves two
important and conserved steps: The dimethylation of the 20S pre-rRNA, important for
proper translation (Lafontaine et al., 1994; Lafontaine et al., 1998), and the D site
cleavage of 20S pre-rRNA to mature 18S rRNA (Geerlings et al., 2003; Vanrobays et
al., 2003; Jakovljevic et al., 2004; Lamanna & Karbstein, 2009; Pertschy et al., 2009)
(Figure 2).
Furthermore, studies suggest that pre-40S subunits interact with mature 60S
particles in vitro and in vivo (Lebaron et al., 2012; Strunk et al., 2012). The formation
of these so-called 80S-like particles triggers the final 20S to 18S rRNA cleavage step
and acts as a checkpoint of testing pre-40S particles for their ability to interact with
mature 60S subunits (Lebaron et al., 2012; Strunk et al., 2012).
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2.2 Selected reaction monitoring (SRM) mass spectrometry
To quantitatively measure pre-ribosome bound assembly factors we took
advantage of the powerful selected reaction monitoring (SRM) mass spectrometry.
By using the targeted proteomics approach we overcame the drawbacks of the
traditional analyses such as Western blotting. Besides being time-consuming,
Western analyses are often limited by the lack or the bad performances of protein
specific antibodies. Many antibodies unspecifically bind to various proteins that can
be only distinguished by the molecular weight of the band detected in the Western
blots. Furthermore, tagging of proteins of interest for detection by general antibodies
(α-GFP, α-TAP etc.) might impair the functionality of the proteins.
Targeted proteomics overcomes many of these limitations (Anderson &
Hunter, 2006; Addona et al., 2009; Picotti et al., 2009; Bisson et al., 2011; Picotti &

Figure 7 Selected reaction monitoring mass spectrometry. Proteins are trypsin digested and
separated by liquid chromatography before the resulting peptides are ionized by electrosprayionization. Peptide ions are selected and filtered in Q1 and fragmented in the collision chamber
Q2. Q3 selects and guides specific fragment ions from one target peptide (transition) to the
detector. Cycles through three different fragments of the peptide of interest (three transitions)
and the resulting three SRM traces are shown.

Aebersold, 2012; Liebler & Zimmerman, 2013; Picotti et al., 2013a). By specifically
pre-selecting peptides unique to the target proteins and the co-occurrence of multiple
peptide fragment ions (transitions), SRM can specifically identify and quantify the
targeted peptides (Liebler & Zimmerman, 2013) in a digested protein sample. By
applying this concept, SRM is a powerful technique that quantitatively measures
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many proteins in a single measurement in a label-free, highly sensitive and high
throughput setting.
Protein samples (in this work tandem affinity purifications of pre-ribosomal
particles) are enzymatically digested by trypsin and the resulting peptides separated
using liquid chromatography. The peptides eluting from the chromatography column
are ionized by an electrospray ionization source before passing the triple quadrupole
(QQQ) mass spectrometer (Figure 7). In Q1, the targeted peptide is selected and
filtered according to the mass. In the collision cell Q2 the filtered peptide ions collide
with neutral gas and are fragmented by peptide bond breaks before the second mass
analyzer Q3 measures and monitors the resulting transitions. The peak areas of the
different transitions of one targeted peptide serve as basis for quantitative
measurements.
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2.3 Aim of the study
A growing yeast cell produces ~2,000 ribosomes per minute. Ribosomes are
initially assembled in the nucleolus before being transported through the nucleoplasm
and exported to the cytoplasm where final maturation occurs. Besides four different
rRNAs, the 79 r-proteins, and over 60 snoRNAs, more than 250 non-ribosomal
proteins, generally referred to as assembly or trans-acting factors are involved in
ribosome biogenesis. Trans-acting factors function in rRNA processing, releasing
other assembly factors from pre-ribosomes, facilitating nuclear export, recruiting rproteins to the nascent particle etc. However, the dynamic interaction of most of
these factors with the maturing ribosome and their specific functions in ribosome
biogenesis are still largely unknown.
In this work, we set out to investigate the proteome of maturing pre-60S particles,
particularly before and after nuclear export. By employing a combination of genetic
trapping, affinity purifications, and targeted quantitative mass spectrometry, we
aimed at shedding light on the dynamic interaction with pre-60S particles and the
function of trans-acting factors that travel with pre-ribosomes from the nucleus to the
cytoplasm.
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3 Materials and Methods

3.1 Molecular biological methods

3.1.1 Transformation of E. coli cells
50 µl of homemade competent E. coli XL1-blue cells were thawed on ice and
either 200 ng purified DNA or 10 µl ligation sample (20-60 ng DNA) were added.
After gentle mixing and incubation on ice for 30 minutes the cells were heat-shocked
at 42°C for 50 s followed by an incubation on ice for 2 min. Subsequently, the cells
were recovered by adding 150 µl LB medium and incubated at 37°C for 1 h under
shaking. Cells were spread on LB plates containing either ampicillin or kanamycin
and incubated overnight at 37°C.

3.1.2 Plasmid isolation from E. coli cells
E. coli cells were grown overnight in 50 ml LB medium containing appropriate
antibiotics. Plasmid isolation was performed using the GeneJET Plasmid miniprep kit
(Fermentas) according to the manufacturers’ protocol. Plasmids were finally eluted in
H2O.

3.1.3 Yeast transformation
Yeast cells were grown to an OD600 = 0.5-0.8, harvested (1,000 g, 3 min, 4°C),
washed once with H2O and resuspended in 5 ml lithium sorbitol (100 mM LiOAc,
10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1 M sorbitol). Cells were pelleted and
resuspended in fresh lithium sorbitol to a concentration of 0.1 OD600 units/µl. For
homologous recombination 10 OD600 units of competent yeast cells were transferred
to a tube containing a mixture of 10 µl salmon sperm carrier DNA (10 mg/ml, Sigma ,
Aldrich) and the DNA to be transformed (> 500 ng or 20 µl of PCR reaction). 600 µl
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lithium poly-ethylene glycol was added and the mixture was incubated at RT for 30
min under heavy shaking. 70 µl DMSO were added and the cells heat-shocked in a
42°C waterbath for 15 min. Cells were pelleted, washed with H2O, resuspended in
1 ml YPD and recovered at 30°C for 1 h under shaking. Transformed yeast cells
were pelleted, washed once in H2O, resuspended in 200 µl H2O, plated on
appropriate selective plates and recovered by incubation at 30°C for 2-5 days. To
check for correct integration of the transformed DNA construct, genomic yeast DNA
was isolated and tested in a polymerase chain reaction (PCR) with appropriate
primers. Additionally, Western (for genomic tagging), microscopy (for GFP tagging),
and growth analyses (genomic disruptions) were performed to verify the correct
integration of the transformed DNA.
For plasmid (50-500 ng) transformation into yeast cells volumes were half of
the volumes used for transformation of DNA for homologous recombination and no
recovery incubation was performed.

3.1.4 Genomic DNA isolation from yeast
Yeast cells were grown in 10 ml appropriate medium to an OD600 = 0.5-1.0
and pelleted (1,000 g, 3 min, 4°C). Cells were washed once in H2O and resuspended
in 0.2 ml lysis solution (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 10 mM Tris-HCl
pH 8.0, 1 mM Na2EDTA). 0.2 ml phenol-chloroform-isoamyl alcohol (25:24:1) and
0.3 g of acid-washed glass beads (400-600 µm diameter) were added. After the cells
were lysed by vortexing for 5 min 0.2 ml TE buffer (10 mM Tris-HCl pH 8.0, 1 mM
Na2EDTA) was added to the solution. Cells were pelleted at full speed for 2 min and
the supernatant was transferred to a new tube. 1 ml ethanol was added, mixed by
inversion, and precipitated DNA was pelleted at full speed for 5 min at 4°C. The
supernatant was discarded and the pellet resuspended in 0.4 ml TE buffer. RNA was
digested by adding 3 µl RNase A solution (10 mg/ml) and incubating at 37°C for
5 min. 1 ml ethanol and 10 µl 4 M ammonium acetate were added, mixed by
inversion, the solution was centrifuged, and the pelleted DNA resuspended in 50 µl
H2O.
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3.1.5 Polymerase chain reaction (PCR)
PCR reactions were performed in a total volume of 100 µl containing 10-50 ng
DNA template, 0.2 mM dNTPs, 0.5 µM forward and reverse primers, 1x reaction
buffer (HF or GC) and 0.02 U/µl iProof DNA polymerase (Bio-Rad). Thermocycling
was performed by a Mastercycler (Eppendorf) using following conditions:
1

98°C

2 min

2

98°C

30 s

3

50-65°C

30 s

4

72°C

30 s/kb

5

72°C

5 min

Steps 2-4 were repeated 25-35 times.

3.2 Genetic methods

3.2.1 Yeast strains
All Saccharomyces cerevisiae strains used in this work are listed in
Supplementary Table 4. Genomic tagging and disruptions were performed by
homologous recombination. DNA fragments were obtained by a polymerase chain
reaction using pFA or pYM plasmids as template and the corresponding primers S1,
S2, S3, and S4 (Longtine et al., 1998; Janke et al., 2004).

3.2.2 Sporulation of diploid yeast strains and tetrad analysis
Diploid cells (open biosystems) were grown on a plate containing sporulation
agar (Formedium) at 22°C for 3-5 days. A small amount of the streakout was then
resuspended in 43 µl H2O, before 7 µl 20T zymolase (Seikagaku Corporation,
3 mg/ml solved in H2O) was added and incubated at RT for 6-10 min. After addition
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of 300 µl H2O, 40 µl of the cell suspension was plated on YPD and after 10 min
drying

time

the

digested

tetrads

were

microdissected

using

a

MSM-30

microdissection device (Singer instruments).

3.3 Cell biological methods

3.3.1 Heterokaryon assay
MATa cells containing a GFP-tagged ribosome assembly factor and MATα
cells expressing the kar1-1 mutant protein and Nup82-mCherry were grown to
OD600 = 1 in appropriate medium. 1 ml of each culture were mixed and incubated at
30°C for 15 min before being concentrated onto a 0.45 mm nitrocellulose filter by
using a vacuum filtration system (Millipore). The filter is placed on an YPD plate and
incubated for 40 - 60 min, until heterokaryons start to appear. The filter is then placed
on an YPD plate containing 50 mg/ml cycloheximide to inhibit de novo translation of
the GFP fusion protein and incubated at 30°C for another 1 - 2 h. Cells were scraped
off the plate by using an inoculation loop and resuspended in 2 µl H2O on the
microscopy slide. The GFP signal was analyzed by fluorescence microscopy.

3.3.2 Fluorescence microscopy
Strains containing GFP reporters were grown in appropriate medium to midlog phase at 30°C. Cells were pelleted (1,000 g, 3 min) and washed once with H2O.
Little amount of the cell pellet was resuspended using a pipet in 2 µl of the remaining
H2O and applied onto a microscopy slide. Localization of GFP-tagged proteins was
analyzed using a fluorescent microscope (DM6000B, Leica) with a 63x/100x 1.25 NA
oil immersion lens (HCX PL Fluotar, Leica). Pictures were taken with a digital camera
(ORCA-ER,

Hamamatsu

Photonics)

supported

by

an

Openlab

software

(PerkinElmer) and representative sections were selected using ImageJ software.
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3.4 Biochemical methods

3.4.1 Recombinant protein expression and in vitro FG repeat binding
assays
Recombinant proteins were expressed in BL21 E. coli cells by induction with
0.2 mM IPTG at 20°C for 16-20 h. After sonication (Sonifier 250, Branson) in Hisbinding buffer (500 mM NaCl, 20 mM Tris-HCl ph 8.0, 0.1 % Triton X-100, 1 mM
PMSF) His-tagged Bud20 and Mex67-Mtr2 were affinity purified using Ni sepharose
(GE healthcare) and eluted with 400 mM Imidazol. Cells expressing GST-tagged
nucleoporins were lysed by sonication in universal binding buffer (20 mM HEPESKOH pH 7.0, 100 mM KOAc, 2 mM Mg(OAc)2, 0.1 % Tween 20, 10% glycerol, 1
tablet/100ml of Complete EDTA-free protease inhibitor mix (Roche), 5 mM βmercaptoethanol (Künzler & Hurt, 1998). Lysates were cleared by centrifugation at
5,000 rpm at 4°C for 15 min followed by another centrifugation step at 18,000 rpm at
4°C for 15 min.
Cleared lysates of GST-nucleoporins were incubated with Glutathione
Sepharose 4 Fast Flow beads (GE healthcare) and incubated at 4°C for 1 h. After 3
washing steps with universal buffer (500 g, 3 min, 4°C) beads with immobilized GSTnucleoporins were incubated with affinity-purified Bud20, Mex67-Mtr2, or buffer
alone. After > 3 additional washing steps bound proteins were eluted with Laemmli
buffer at 95°C for 5 min. Samples were analyzed by coomassie staining and Western
blotting.

3.4.2 Tandem affinity purification (TAP)
2-4 l of yeast (BY4741 or TAP-tagged strains) culture were grown in
appropriate medium up to OD600 = 3-3.5 and harvested by centrifugation (5,000 rpm,
15 min, 4°C). The cell pellet was washed once with 50 ml H2O and resuspended in a
final volume of 25 ml lysis buffer (50 mM Tris-HCl pH 7.5, 75 mM NaCl, 1.5 mM
MgCl2, 0.15 % (v/v) Igepal CA-630) containing 1/2 tablet of complete protease
inhibitors (Roche), 1 mM PMSF and 1 mM DTT. The cells were transferred to a
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grinding bowl and the tube was washed with additional 5 ml lysis buffer. After adding
25 ml glass beads (400-600 µm diameter), cells were lysed at 500 rpm for 20 min in
a Pulverisette 6 planetary mill (Fritsch) at 4°C. The cell lysate was then pushed
through a 50 ml syringe into a new 50 ml Falcon tube such that the glass beads
retained in the syringe. Glass beads were washed once with 5 ml lysis buffer and the
wash was combined with the lysate. The lysate was clarified by centrifugation first at
5,000 rpm for 10 min at 4°C, and subsequently after transferring to a new centrifuge
tube at 18,000 rpm for 30 min at 4°C. To the cleared lysate 150 µl equilibrated IgG
Sepharose (in lysis buffer, GE Healthcare) was added and incubated for 1.5 h at 4°C
on a rotating wheel. The IgG Sepharose beads were collected in a disposable 10 ml
column (Bio-Rad) and washed twice with 5 ml lysis buffer containing 0.5 mM DTT.
The wash was discarded. To elute the bait from the beads tobacco etch virus (TEV)
protease-cleavage was performed in 5 ml lysis buffer containing 0.5 mM DTT and
10 µl TEV protease (1 mg/ml). The sealed column was rotated for 2 h at 16°C. The
5 ml TEV-eluate was collected in a new disposable 10 ml column. The retained IgG
Sepharose was washed with 4 ml lysis buffer (no DTT) and the flow through collected
in the same column. 2 mM CaCl2, 1 mM DTT, and 150 µl equilibrated Calmodulin
Sepharose (GE healthcare) were added to the column containing the TEV-eluate and
incubated at 4°C for 1.5 h on a rotating wheel. The Calmodulin beads were washed
with 10 ml lysis buffer containing 2 mM CaCl2 and 1 mM DTT. The bait is finally
eluted by incubating the Calmodulin beads four times with 300 µl elution buffer at
35°C for 10 min. The proteins in the Calmodulin eluates were precipitated by adding
trichloroacetic acid (TCA) to a final concentration of 10 % (v/v), incubated on ice for
15 min and pelleted at full speed at 4°C for 10 min. The pellet was washed once with
1 ml cold acetone, air-dried and resuspended in 20-50 µl 1x NuPAGE LDS sample
buffer (Invitrogen).
To analyze the samples by SRM mass spectrometry proteins TEV eluates
were precipitated using trichloroacetic acid (TCA) and resuspended in denaturing
buffer (8 M urea, 50 mM ammonium bicarbonate, 5 mM EDTA). Proteins were then
reduced with 12 mM dithiothreitol for 30 min at 32°C and alkylated with 40 mM
iodoacetamide for 45 min at 25°C. The samples were diluted 1:5 with 0.1 M
ammonium bicarbonate and digested overnight with sequencing-grade porcine
trypsin (Promega) at an enzyme/substrate ratio of 1:100. To stop the digestion a final
concentration of 2 % formic acid was added to the samples. The peptide mixtures
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were desalted on Sep-Pak C18 cartridges (Waters), eluted with 80 % acetonitrile,
dried by vacuum centrifugation, and resuspended in 0.15 % formic acid.

3.4.3 SDS PAGE
Samples were heated at 70°C for 10 min and separated at 20 mA per gel for
45-60 min on NuPAGE Novex 4-12 % Bis-Tris gradient gels (Invitrogen) in Novex
Mini-Cells filled with MOPS buffer (50 mM MOPS, 50 mM Tris base, 0.1 % SDS,
1 mM EDTA, pH 7.7). Proteins were visualized by silver staining or Western
analyses.

3.4.4 Silver staining
Gels were incubated in 100 ml fixing solution (30 % ethanol, 15 % acetic acid)
for 1 h. After washing with H2O the gels were incubated in 100 ml sensitizing solution
(25 % ethanol, 0.5 M sodium acetate, 12 mM Na2SO3, 0.125 % glutaraldehyde). The
gels were washed three times with H2O for 10 min and then incubated in 100 ml
staining solution (0.1 % AgNO3, 0.011 % formaldehyde) for 30 min. Gels were rinsed
with H2O and stained in 100 ml developer solution (0.235 M Na2CO3, 0.011 %
formaldehyde). The reaction was stopped by adding 10 ml terminating solution
(0.5 M EDTA). The gels were then washed three times with H2O to prevent further
staining.

3.4.5 Western analysis
Following electrophoresis, gels were rinsed in transfer buffer (0.1 M glycine,
8 mM Tris base). Protein transfer onto a nitrocellulose membrane was performed at
120 mA per gel for 45 min by using a trans-blot semi-dry system (Bio-Rad). The
membranes were blocked with 3 % milk (solved in PBS) for 1 h and subsequently
incubated with the primary antibody in 1 % milk for at least 1 h. After washing three
times with PBS for 10 min the membranes were incubated with a 1:5,000 dilution of
the appropriate horseradish-peroxidase (HRP)-coupled secondary antibody in 1 %
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milk for at least 1 h. After three more washing steps with PBS, protein bands were
detected by using the Immun-Star HRP kit (Bio-Rad). The chemiluminescent signal
was captured with a SuperRX film (Fujifilm) and developed in an SRX-101A machine
(Konik). Following antibodies were used: α-Bud20 (1:4,000; this study), α-Mex67
(1:5,000; C Dargemont, Institut Jacques Monod, Paris, France), α-Mtr2 (1:1,000; E
Hurt, Heidelberg University, Heidelberg, Germany), α-Mex67/Mtr2 (1:3,000; this
study), α-Nmd3 (1:5,000; A Johnson, University of Texas at Austin, Austin, TX, USA),
α-Nog1 (1:1,000; M Fromont-Racine, Institut Pasteur, Paris, France), α-Nop7
(1:2,000; B Stillman, Cold Spring Harbor Laboratory, New York, NY, USA), α-Nug1
(1:1,000; this study), α-Rlp24 (1:2,000; M Fromont-Racine, Institut Pasteur, Paris,
France), α-Tif6 (1:2,000; GenWay Biotech, San Diego, CA, USA), α-Yvh1 (1:4,000;
this study), α-polyHistidine (1:1,000; Sigma-Aldrich, Buchs SG, Switzerland), α-Rpl1
(1:10,000; F Lacroute, Centre de Génétique Moléculaire du CNRS, Gif-sur-Yvette,
France), α-Rpl3 (1:5,000; J Warner, Albert Einstein College of Medicine, Bronx, NY,
USA) and α-Rpl35 (1:4,000; this study), α-Yrb1 (1:2,000; rabbit; M. Künzler, ETH
Zurich, Zurich, Switzerland), α-Xpo1 (1:2,000; rabbit; G. Schlenstedt, Saarland
University, Homburg, Germany). The secondary HRP-conjugated α-rabbit, α-mouse
and α-chicken antibodies (Sigma-Aldrich, St. Louis, MO, USA) were used at 1:1,0001:5,000 dilutions. Protein signals were visualized using Immun-Star HRP
chemiluminescence kit (Bio-Rad Laboratories, Hercules, CA, USA). SRM and
Western analyses were performed on three independent biological replicates. All
TAP purifications and SRM analyses depicted in each figure were performed in
parallel.

3.4.6 SRM assay development
For each protein of interest, up to five peptides were selected from the FDRfiltered Sequest output. Peptides with the highest spectral counts, a length between 8
and 30 amino acids and devoid of methionine residues and missed/mis-cleavages
were chosen for SRM assay development. For each peptide of the product ion
spectra acquired in shotgun mode the five most intense SRM transitions in a mass
range of 350-1250 Da, were selected using Skyline (v1.3, MacCoss Lab Software,
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Seattle, WA, USA). For proteins with less than five suitable peptides identified, we
chose

additional

peptides

from

the

PeptideAtlas

database

(http://www.peptideatlas.org/). Only singly charged product ions were considered. For
assay refinement, we experimentally tested the set of transitions in SRM mode using
a pool of tryptic digests of the different purified pre-ribosomal particles. Samples were
measured on a triple quadrupole/ion trap mass spectrometer (5500 QTrap, ABSciex,
Concord, Canada) equipped with a nano-electrospray ion source. Peptides were
loaded and chromatographically separated by the system described above at a flow
rate of 350 nl/min. A gradient from 5-35% acetonitrile in 30 min was used,
corresponding to a total MS acquisition time of about 1 hour. SRM analysis was
conducted with Q1 and Q3 operated at unit resolution (0.7 m/z half maximum peak
width) with up to 70 transitions per run (dwell time, 30 ms; cycle time <2.5 s). Data
were analyzed with Skyline and for the final SRM assays only the top three to four
transitions per peptide with no obvious interferences and up to three peptides per
protein were retained. Collision energies were calculated according to the formula:
CE = 0.044 × m/z + 5.5 (Paragraph from Altvater et al., 2012).

3.4.7 SRM-based quantitation and statistical analysis
All transitions were pooled in one scheduled-SRM method with a 30 min
gradient, using retention times extracted during the assay refinement. A cycle time of
2.5 s and a retention time window of ±3 min were used. Peak height of the transitions
was used for quantitation, after confirming co-elution and shape similarity of the
transitions monitored for each peptide. Outlier transitions (e.g., shouldered or noisy
transition traces) were not considered in the calculations. Results are presented as
average values out of all transitions and peptides per protein, after an intensity
normalization step based on a set of 10 large-subunit r-proteins. Relative coenrichment of each protein in each sample was calculated as a fraction of the
maximum intensity acquired for the same protein throughout the sample set.
Standard deviations were calculated for the relative co-enrichment or fold enrichment
based on the ratios of all transitions for one given protein. SRM and Western
analyses were performed on three independent biological replicates. All TAP
purifications and SRM analyses depicted in each figure were performed in parallel.
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Raw SRM-MS data are available at http://www.peptideatlas.org/PASS/PASS00123
(Paragraph from Altvater et al., 2012).

3.4.8 Sucrose gradient analysis
Cells were grown in 200 ml of appropriate medium at 30°C to OD600 = 0.8. To
prepare extracts under polysome preserving conditions, cycloheximide was added to
a final concentration of 100 µg/ml to the cell culture, mixed well and left on ice for 5
min. Cells were harvested in a 50 ml Falcon tube by centrifugation (1,000 g for 5 min
at 4°C) and washed with 20 ml lysis buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl,
30 mM MgCl2, 100 µg/ml cycloheximide (added freshly). Cells were resuspended in
1 ml lysis buffer, transferred to a 2 ml Eppendorf tube, and quickly pelleted (full
speed for 5 s at 4°C), and the supernatant was discarded. The cells were
resuspended in 1 ml lysis buffer with 0.2 g glass beads (400-600 µm) and lysed by
vortexing (Disruptor Genie, Scientific Industries) at maximum speed for 6 min at 4°C.
To recover the lysate, a hole was punched through the bottom of the tube with a
needle (Microlance 3, 0,9 mm x 40 mm). The lysate was pushed through the hole
into a new 1.5 ml Eppendorf tube by using a 2,5 ml syringe plug (Terumo). Glass
beads were washed once with 200 µl lysis buffer. The collected lysate was further
clarified by centrifugation (full speed for 10 min at 4°C). The supernatant was
transferred to a 1.5 ml Eppendorf tube with a pipette avoiding the lipid layer on the
surface. The RNA concentration was measured at 260 nm with a NanoDrop 1,000
spectrophotometer (Thermo Scientific). Glycerol was added to a final concentration
of 5 %, lysates were aliquoted as 4 OD260 units, snap-frozen in liquid N2, and stored
at -80°C.
For ribosome profiling thawed lysates were separated in 13.2 ml SW41
polyallomer tubes (14x89 mm, Beckman) containing 11 ml of 7-50 % linear sucrose
gradients (m/v, in lysis buffer). Ultracentrifugation was performed at 4°C and 39,000
rpm for 3 h using a Beckman SW41 swing bucket rotor. Polysome profiles were
recorded at 254 nm using a TELEDYNE Isco Foxy Junior fractionation device.
Printouts were scanned and digitalized in Adobe Illustrator.
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4.1 Introduction
Large macromolecular complexes contribute to diverse anabolic and catabolic
processes. Proper assembly, quality control, intracellular transport and regulation of
these complexes are a prerequisite to elicit their cellular function. The construction
and targeting of the eukaryotic ribosome is a spectacular example of a highly
dynamic and regulated process. The small (40S) and large (60S) ribosomal subunits
are assembled from >70 ribosomal proteins (r-proteins) and four different ribosomal
RNA (rRNA) species. While the structure of the mature cytoplasmic ribosome is
better characterized, our knowledge of the assembly and transport of this universal
translating machine is only emerging.
More than 200 non-ribosomal trans-acting factors aid the assembly,
maturation and intracellular transport of pre-40S and pre-60S particles as they travel
from the nucleolus to the cytoplasm (Tschochner & Hurt, 2003; Strunk & Karbstein,
2009; Kressler et al., 2010). The 35S pre-rRNA produced by RNA polymerase I
undergoes co-transcriptional modifications in the nucleolus, and associates with
mainly small subunit r-proteins and trans-acting factors to form the 90S particle
(Grandi et al., 2002). Cleavage of the 35S pre-rRNA releases the pre-40S particle
and permits the remaining pre-rRNA to associate with large subunit r-proteins and
assembly factors to form pre-60S particles (Grandi et al., 2002). Pre-60S subunits
encounter ~100 trans-acting factors as they travel through the nucleoplasm towards
the nuclear pore complex (NPC) and therefore undergo dynamic compositional
changes (Nissan et al., 2002). In contrast, pre-40S particles undergo fewer changes
as they travel through the nucleoplasm (Grandi et al., 2002; Schäfer et al., 2003).
These changes are most likely induced by transiently associating energy-consuming
enzymes, which result in sequential reduction of complexity and acquisition of
nuclear export competence (Strunk & Karbstein, 2009; Kressler et al., 2010).
Export competent pre-40S and pre-60S subunits are transported separately
through NPCs by shuttling export receptors (Johnson et al., 2002). The essential
exportin Xpo1 directly interacts with Phe-Gly (FG) rich nucleoporins lining the NPC
transport channel, and recognizes nuclear export sequences (NESs) to mediate
nuclear export of pre-60S and pre-40S subunits (Moy & Silver, 1999; Ho et al., 2000;
Gadal et al., 2001a). Nmd3 is the only known essential NES containing adaptor that
bridges interactions between Xpo1 and pre-60S particles in a RanGTP-dependent
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manner (Ho et al., 2000; Gadal et al., 2001a). Genetic studies in budding yeast have
uncovered FG-interacting trans-acting factors (Arx1, Ecm1 and Rrp12) and the
mRNA export factor Mex67-Mtr2 in the nuclear export of pre-60S and pre-40S
particles (Oeffinger et al., 2004; Bradatsch et al., 2007; Yao et al., 2007; Hung et al.,
2008; Yao et al., 2010; Faza et al., 2012). Considering the size of the pre-ribosomal
subunits, multiple factors are expected to aid transport of pre-ribosomes through the
NPC (Ribbeck & Gorlich, 2001).
Pre-40S and pre-60S particles undergo final maturation steps in the
cytoplasm, prior to initiating translation. These steps involve the release of shuttling
trans-acting factors and transport factors, incorporation of the remaining r-proteins
and final pre-rRNA processing steps (Panse & Johnson, 2010; Panse, 2011). In the
60S assembly pathway, late maturation is triggered by release factors that transiently
associate with pre-60S particles in the cytoplasm. These steps are crucial for the 60S
assembly because a failure to release and recycle shuttling trans-acting factors leads
to the depletion from their nucleolar/nuclear sites of action, resulting in impaired prerRNA processing, assembly defects, and impaired nuclear export of pre-60S
subunits. Late maturation steps along the 60S maturation pathway prevent immature
translation incompetent pre-60S particles from initiating translation (Panse &
Johnson, 2010; Panse, 2011).
While proteomic approaches have greatly expanded the inventory of transacting factors that aid the assembly and transport of pre-ribosomal particles, their
precise function(s) are only beginning to be unraveled. Precise knowledge of the
maturation stage at which the majority of these factors join pre-ribosomal particles
still remains scarce. Moreover, the timing of release after fulfilling their role, and the
mechanisms/factors required for these steps remain unknown. Typically, analyses of
pre-ribosomal particles involve their isolation at different maturation steps followed by
Western analysis using either epitope tagged factors or antibodies directed against
proteins of interest. While this approach is extremely reliable, it is time-consuming
and requires generating either strains containing epitope tagged factors that might
hinder their function, or protein specific antibodies. The ability to reliably and rapidly
quantitate co-enrichment of multiple trans-acting factors with pre-ribosomal particles
presents a major bottleneck towards revealing the function of assembly factors and,
in particular, the precise role(s) of >50 energy-consuming enzymes in the complex
ribosome assembly pathway.
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While shotgun proteomics has proved to be an extremely powerful de novo
discovery tool, these approaches are tedious and semi-stochastic in nature, which
complicates the reliable quantitation of the co-enrichment of trans-acting factors,
especially over multiple pre-ribosomal particles at different maturation stages.
Recently, selected reaction monitoring (SRM) mass spectrometry was proposed as a
tool capable of overcoming such limitations and enabling the reproducible
quantification of predetermined sets of proteins at high sensitivity and precision
across a multitude of samples (Anderson & Hunter, 2006; Addona et al., 2009;
Bisson et al., 2011; Picotti & Aebersold, 2012). SRM relies on the development of
specific mass spectrometric assays for every target protein and their subsequent
application to the relative or absolute quantification of the protein in biological
samples. The approach starts with the selection of representative peptides for each
protein (proteotypic peptides, PTPs). Then, for each PTP, mass spectrometric
coordinates (such as precursor/fragment ion pairs, collision energy and peptide
elution time) are established that characterize the PTP and allow its targeted
measurement with a chromatography coupled-triple-quadrupole mass spectrometer.
Once SRM assays are established for a set of proteins, they become applicable to
different samples, akin to sets of antibodies for Western analysis.
Here, we have developed a resource of SRM assays that enabled us to
reliably and rapidly monitor the co-enrichment of 40 trans-acting factors and 10 rproteins with maturing pre-60S particles as they are transported from the nucleolus to
the cytoplasm, in a single experiment. The developed assays were exploited to
interrogate the proteome of genetically trapped cytoplasmic pre-60S particles after
nuclear export. Our data revealed trans-acting factors that need to travel with 60S
pre-ribosomes to the cytoplasm to be released. Functional analyses identified a
shuttling trans-acting factor that is required for efficient nuclear export of pre-60S
particles.
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4.2 Results

4.2.1 Developing SRM assays to investigate the 60S biogenesis pathway
We began our analyses by selecting a target list of trans-acting factors whose
association

with

pre-60S

particles

was

not

quantitatively

characterized

(Supplementary Table 1). In addition, we selected factors that broadly reflected the
cellular sub-territories and compartments (nucleolus, nucleoplasm and cytoplasm)
through which pre-60S particles pass at different stages of maturation and where
their function is likely to be elicited. To assess the reliability of our approach, we
included factors whose association with pre-60S particles had been well
characterized by Western analysis, and 10 r-proteins for normalization purposes.
Next, to develop specific SRM assays for each protein, we selected a set of up
to 5 PTPs from a collection of shotgun proteomic analyses of pre-60S particles at
different maturation stages, that exhibit >100 known pre-60S particle-associated
factors (Supplementary Table 2 at http://msb.embopress.org/content/8/1/628.long).
We preferred peptides with high MS signal response and devoid of amino acids
prone to modification artifacts. For each peptide we experimentally tested a set of
precursor-to-fragment ion pairs (SRM transitions) and extracted up to three peptides
and four transitions per peptide that resulted in the highest signals for each protein,
together with peptide elution times. The final set of SRM coordinates are tabulated in
Supplementary Table 3 (at http://msb.embopress.org/content/8/1/628.long). Finally,
we generated a label-free multiplexed, time-constrained (scheduled) SRM assay,
which concomitantly measures the whole set of 50 target proteins in a single mass
spectrometric run of ~1 hour.

4.2.2 Protein interaction dynamics of 60S pre-ribosomes investigated by
SRM
We exploited the multiplexed SRM assay to measure the relative coenrichment of the 40 trans-acting factors and 10 r-proteins with pre-60S particles at
different maturation stages. For these analyses, we affinity-purified Ssf1-TAP, an
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early nucleolar pre-60S particle, Rix1-TAP, an intermediate nucleoplasmic pre-60S
particle, Arx1-TAP, a late export competent pre-60S particle, and finally Kre35-TAP,
an exclusive cytoplasmic pre-60S particle (Nissan et al., 2002; Yao et al., 2007). To
simplify the visualization of the SRM data, we have employed a color-scale gradient.
Maximal to minimal relative co-enrichment of a factor with a pre-60S particle is
depicted in purple to gold color-scale, respectively, and is calculated from the
average of multiple SRM transition intensities per peptide and multiple peptides per
protein (Figure 8A). The relative co-enrichments of trans-acting factors along the 60S
maturation pathway monitored by SRM in Figure 8A and B are in good agreement
with previous reports (Supplementary Table 1) and Western analysis performed in
this study (Figure 8C). For example, both SRM and Western analyses demonstrate
that the factors Noc1 and Noc3 significantly co-enrich with nucleolar pre-60S
particles (Ssf1-TAP) and nucleoplasmic particles (Rix1-TAP), respectively (Figure
8A-C) (Nissan et al., 2002; Kressler et al., 2008; Kemmler et al., 2009). The NES
containing Nmd3, and the export receptor Mex67-Mtr2 maximally co-enrich with late
pre-60S particles (Arx1-TAP and Kre35-TAP) (Figure 8A-C) (Yao et al., 2007;
Kemmler et al., 2009; Faza et al., 2012). Also, Yvh1 that is responsible for the
release of shuttling trans-acting factor Mrt4 is found to co-enrich mainly with late pre60S particles (Figure 8A-C) (Kemmler et al., 2009). Moreover, our analyses placed
the different trans-acting factors into four clusters: an early nucleolar, an intermediate
nucleoplasmic, a late and finally a cytoplasmic cluster (Figure 8A). Thus, the
developed SRM assays reliably monitored the changing abundance of several known
trans-acting factors on pre-60S particles, as well as revealed dynamic interactions of
several other trans-acting factors as pre-60S particles travel from the nucleolus to the
cytoplasm.
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Figure 8 Dynamic association of trans-acting factors with maturing pre-60S subunits
revealed by SRM. (a) A representative analysis (three independent biological replicates) of
relative enrichment of 40 trans-acting factors with maturing pre-60S particles are depicted using
purple to gold color-scale. Maximum enrichment is depicted as purple and minimum enrichment
as gold. Each measurement represents the average of different SRM transitions per peptide
and different peptides per protein. Akin to Western analysis, the acquired intensity of each
factor was normalized based on the average intensities of 10 depicted large-subunit r-proteins.
(b) The enrichment of selected factors (labeled as red dots in (a)) is represented using
histograms with error bars (+/− standard deviation) to assess the precision of our analyses for
the relative co-enrichment of individual factors. The color of each column corresponds to the
relative enrichment as shown in (a). (c) Western analyses of selected pre-60S trans-acting
factors (labeled as green dots in (a)) using TAP purified pre-60S and Bud20 particles. The
purifications were separated on 4-12% gradient gels, and subjected to silver staining and
Western analyses. The large-subunit r-proteins Rpl1, Rpl3 and Rpl35 served as loading
controls.
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4.2.3 Interrogating the proteome of genetically trapped cytoplasmic 60S
pre-ribosomes by SRM
Upon arrival in the cytoplasm, pre-60S particles undergo sequential release of
bound trans-acting factors and transport factors, before initiating translation. Till date
only genetic approaches in yeast have permitted uncovering few nucleolar/nuclear
trans-acting factors that travel with pre-60S particles and are released by cytoplasmic
release factors (Figure 9A). A systematic survey of nucleolar/nuclear trans-acting
factors that “need” to travel to the cytoplasm with pre-60S particles to be released
was never performed. We sought to address this deficit by employing the developed
SRM assays to quantitatively investigate the proteome of a genetically trapped pre60S particle poised to initiate cytoplasmic maturation.
To trap pre-60S particles after nuclear export, we took advantage of the
sequential nature of the 60S cytoplasmic maturation pathway (Figure 9A). Upon
arrival in the cytoplasm, the AAA-ATPase Drg1 triggers the earliest maturation step
on pre-60S particles. This step, which involves the release of the ribosomal-like
protein Rlp24, is a pre-requisite for subsequent cytoplasmic maturation steps of 60S
pre-ribosomes (Figure 9A) (Pertschy et al., 2007; Lo et al., 2010). An impaired Drg1
(drg1-ts) or expression of a dominant negative mutant of Drg1 (DRG1DN) results in
cytoplasmic localization of a subset of nucleolar/nuclear factors that remain bound to
60S pre-ribosomes (Pertschy et al., 2007; Lo et al., 2010). With the aim of
accumulating nucleolar/nuclear trans-acting factors on cytoplasmic pre-60S particles,
we transformed an inducible DRG1DN allele into a strain expressing Kre35-TAP that
purifies cytoplasmic pre-60S particles. After induction of Drg1DN, Kre35-TAP particles
were isolated and subjected to SRM analysis. To better evaluate the compositional
changes in Kre35-TAP upon induction of the DRG1DN allele, pre-60S particles at
different stages of maturation (Ssf1-TAP, Rix1-TAP and Arx1-TAP) were included in
the data acquisition and analysis. Our SRM analysis revealed known shuttling transacting factors belonging to the nucleoplasmic and the late cluster (Tif6, Mrt4, Rlp24,
Nog1, Arx1) that accumulated on Kre35-TAP particles when the DRG1DN allele was
induced (Figure 9B and C). Additionally, we found several trans-acting factors that
accumulated on the Kre35-TAP particle upon induction of Drg1DN (Figure 9B and C).
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Figure 9 Proteome of genetically trapped cytoplasmic pre-60S particles revealed by SRM.
(a) Proposed pathway of 60S cytoplasmic maturation initiated by Drg1. Maturation events
indicated on the pathway only represent the order of action but not necessarily the association
with the pre-60S particle. (b) A representative analyses (of three independent biological
replicates) of the relative enrichment of the depicted factors on the indicated pre-60S particles
isolated at different stages of maturation, and genetically trapped cytoplasmic pre-60S particles
are shown using purple to gold color-scale. Maximum enrichment is depicted as purple and
minimum enrichment as gold. Akin to Western analyses, the acquired intensities of each protein
were normalized based on a set of 10 large-subunit r-proteins. (c) The relative enrichment of
DN
selected proteins (labeled in (b) with red dots) in Kre35-TAP WT (DRG1) and DRG1 samples
is represented using histograms showing the fold change with error bars (+/− standard
deviation). The color of each bar corresponds to the enrichment shown in (b). (d) Western
analyses of selected pre-60S trans-acting factors (labeled in (b) with green dots) using affinity
purified pre-60S particles. Samples were analyzed on NuPAGE 4-12% gradient gels followed by
Western analyses. The large-subunit r-protein Rpl1, Rpl3 and Rpl35 served as loading controls.

For example, the 60S export receptor Mex67-Mtr2, the trans-acting factors
Bud20 and Nsa2, the GTPase Nug1, the ABC-ATPase Rli1, and the RNA helicase
Drs1 were significantly enriched on the Kre35-TAP particle upon induction of Drg1DN.
Western analyses carried out for some of the trans-acting factors confirmed this
enrichment (Figure 9D). In contrast, the nucleolar cluster (Nop4, Nop12, Noc1, Nsa1,
etc.) was not found on the Kre35-TAP particle in cells expressing the DRG1DN allele,
indicating that these factors might be released during early biogenesis steps. Thus,
our analyses of the proteome of a genetically trapped pre-60S particle after nuclear
export by SRM uncovered several shuttling factors.

4.2.4 Bud20 shuttles between the nucleus and cytoplasm
SRM and Western analyses of trapped cytoplasmic pre-60S particles
indicated that the uncharacterized trans-acting factor Bud20 accompanies pre-60S
subunits from the nucleus through the NPC and into the cytoplasm (Figure 9B-D). To
further characterize the shuttling behavior of Bud20, we examined the cellular
localization of Bud20-GFP upon induction of the DRG1DN allele. In agreement with
previous studies, we found that the nucleolar/nuclear-localized factors (Tif6, Mrt4,
Nog1 and Arx1), known to travel with pre-60S particles to the cytoplasm (Panse &
Johnson, 2010; Panse, 2011), were either strongly or partially mislocalized to the
cytoplasm upon induction of the DRG1DN allele (Figure 10). Consistent with SRM and
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Western analyses, we found that Bud20-GFP partially mislocalized to the cytoplasm,
upon induction of the DRG1DN allele. In contrast, the nucleolar/nuclear localization of
the non-shuttling trans-acting factor Nop7 was unaltered (Figure 10).
The same result was observed when Drg1 was inhibited by the drug
diazaborine in the GFP reporter strains (Figure 11). Diazaborine binds in the ATP

DN

Figure 10 Overexpression of DRG1 results in mislocalization of Bud20-GFP and Nug1DN
GFP. Cells carrying a plasmid containing DRG1 under the control of CUP1 promoter were
DN
grown to early log phase. Expression of DRG1 was induced by 0.5 mM copper sulfate for 5-7
h. Cells were analyzed by fluorescence microscopy. Empty vector (pYEX4-T1) was used as
controls. Scale bar = 5 µm.
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containing AAA D2 pocket of Drg1 and blocks ATP hydrolysis and thus inhibits the
release of Rlp24 (Kappel et al., 2012) from pre-60S particles. Bud20-GFP showed an
even stronger mislocalization when treated with the drug diazaborine compared to
the genetic approach by the induction of the DRG1DN allele (Figure 11).
To further ascertain whether Bud20 can shuttle rapidly between the nucleus
and cytoplasm, we resorted to the previously described heterokaryon assay (Belaya

Figure 11 Inhibition of Drg1 by the drug diazaborine results in mislocalization of Bud20GFP and Nug1-GFP. Cells expressing indicated GFP reporters were grown at 30°C to mid-log
phase. 1 ml of the culture was treated with 370 µM diazaborine (in DMSO) at 30°C for 1 h. Cells
were washed once with H2O before being analyzed by fluorescence microscopy. Solvent DMSO
alone served as negative control. Scale bar = 5 µm.
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et al., 2006). A strain expressing a Bud20-GFP fusion was crossed with a kar1-1
expressing strain, in which mating and cell conjugation is not followed by nuclear
fusion, leading to heterokaryon formation. In order to distinguish the two nuclei in the
resulting heterokaryon, the nuclear pore protein Nup82 was tagged with mCherry in
the kar1-1 expressing strain. As controls we used the shuttling Arx1-GFP and non-

Figure 12 Bud20-GFP and Nug1-GFP shuttle between the nucleus and cytoplasm. Cells
expressing Arx1-GFP, Gar1-GFP, Bud20-GFP, Nug1-GFP were mated with the kar1-1
overexpressing strain containing Nup82-mCherry. Heterokaryons were analyzed by
fluorescence microscopy. Arx1-GFP and Gar1-GFP served as positive and negative controls,
respectively. Scale bar = 5 µm.

shuttling Gar1-GFP strains, respectively. While the non-shuttling Gar1-GFP was
never seen in the nucleus of the kar1-1 strain (red signal), Bud20-GFP and the
known shuttling factor Arx1-GFP localized to both nuclei (Figure 12). Collectively,
these data are consistent with the nucleo-cytoplasmic shuttling of Bud20.
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4.2.5 Bud20 co-enriches with late 60S pre-ribosomes
Large-scale

proteomic

approaches

reported

the

association

of

the

evolutionarily conserved trans-acting factor Bud20 with pre-60S particles (Gavin et
al., 2002; Ho et al., 2002). Both SRM and Western analyses revealed that Bud20 coenriches mainly with the intermediate nucleoplasmic (Rix1-TAP) and late pre-60S
subunits (Arx1-TAP), but not with early nucleolar pre-60S particles (Ssf1-TAP) or
cytoplasmic pre-60S particles (Kre35-TAP) (Figure 8A-C). Next, we directly isolated
the Bud20-TAP particle and analyzed its protein composition by MS. We found that
Bud20-TAP co-enriched many early to late nuclear pre-60S factors (Figure 8C).
Notably, Western analyses revealed that Bud20-TAP co-enriches export factors
Nmd3 and Mex67-Mtr2 (Figure 8C). Together, these analyses show that Bud20 coenriches with late 60S pre-ribosomes.

4.2.6 Bud20 is required for proper nuclear export of 60S pre-ribosomes
To investigate the uncharacterized role of Bud20 in the 60S maturation
pathway, we disrupted BUD20 in wild-type (WT) diploid cells. Tetrad analysis yielded
two spores with WT growth rates and two spores with a slow-growth phenotype that
carried the BUD20 deletion (bud20∆). Thus, BUD20 is not an essential gene,
however the bud20∆ mutant is strongly impaired in growth (Figure 13A).
Next, we examined the localization of the known 40S and 60S reporters in the
bud20∆ mutant. As expected, WT cells showed cytoplasmic localization for both 40S
and 60S reporters S2-GFP and L5-GFP, respectively (Figure 13B). In contrast,
bud20∆ cells revealed a strong nucleoplasmic accumulation of the 60S reporter L5GFP whereas the localization of the 40S reporter S2-GFP remained unaffected
(Figure 13B). If Bud20 were required for a late maturation and/or export step, we
might expect a nuclear accumulation of late associating transport receptors (Arx1
and Nmd3) and shuttling trans-acting factors on pre-60S particles in the bud20∆
mutant. This was indeed the case. Both Arx1-GFP and Nmd3-GFP reporters strongly
accumulated in the nucleoplasm in the bud20∆ mutant (Figure 13B).
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Figure 13 Bud20 is required for proper pre-60S subunit export. (a) The bud20∆ mutant is
impaired in growth at different temperatures. BUD20 and bud20∆ cells were spotted in 10-fold
dilutions on YPD plates and grown at indicated temperatures for 3-7 days. (b) The bud20∆
mutant is impaired in nuclear export of pre-60S subunits. BUD20 and bud20∆ cells expressing
the indicated GFP fusion proteins were grown at 30°C until mid log phase. Cells were analyzed
by fluorescence microscopy. The yrb2∆ mutant served as positive control for nucleoplasmic S2GFP localization. Scale bar = 5 µm.

Furthermore, we analyzed the lysates from bud20∆ cells by sucrose gradient
sedimentation. This analysis revealed a reduction of the 80S peak, a huge increase
of the 40S:60S ratio, and the presence of halfmers in the polysome profiles (Figure
14). This corresponds with the strong nuclear accumulation of L5-GFP in bud20∆
cells and a deficit in cytoplasmic 60S subunits resulting in more free 40S subunits or
bound to mRNA without the corresponding 60S resulting in the appearance of
halfmers and a reduction of the 80S peak.
Next, we investigated whether the nuclear accumulation of Nmd3-GFP and
Arx1-GFP is a direct consequence of accumulating pre-60S particles in the nucleus.
To this end, we purified Arx1-TAP particles from WT and Bud20 deficient cells. To
evaluate and compare the dynamic changes in the Arx1-TAP bud20∆ proteome,
Ssf1-TAP, Rix1-TAP and Kre35-TAP pre-60S particles from WT cells were also
included in data acquisition and analysis. The relative enrichment of 40 trans-acting
factors in the affinity-captured pre-60S particles was quantified by SRM (Figure 15A).
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These analyses revealed that nucleolar cluster factors (e.g., Nop4 and Nop12) that
appear to participate in early biogenesis steps (Sun & Woolford, 1997; Wu et al.,
2001) did not accumulate on pre-60S particles purified via Arx1-TAP in bud20∆ cells.

Figure 14 Polysome analyses of cell lysates by sucrose density gradient sedimentation.
WT or bud20∆ strains were grown at 30°C to mid-log phase and treated with 100 mg/ml
cycloheximide to preserve polysomes. Four OD260 units of the clarified lysates were fractionated
by 7–50% sucrose density ultracentrifugation and analyzed at 254nm using a density gradient
fractionator. The peaks for 40S, 60S, and 80S ribosomes, polysomes and halfmers (asterisks)
are indicated (adapted from Altvater et al., 2014).

In contrast, the transport factors (e.g., Nmd3 and Mex67-Mtr2) and transacting factors (e.g., Tif6, Mrt4 and Rlp24) that travel to the cytoplasm to be released
were significantly enriched on the Arx1-TAP isolated from bud20∆ cells (Figure 15A
and B). Western analyses confirmed this enrichment (Figure 15C). Notably, both
SRM and Western analyses showed that the cytoplasmic release factor Yvh1 failed
to be recruited to Arx1-TAP in the bud20∆ mutant (Figure 15A-C). Collectively, these
data show that late pre-60S particles loaded with transport receptors and shuttling
trans-acting factors accumulate in the nucleoplasm in bud20∆ cells. Moreover, these
data indicate that Bud20 is not required for the recruitment of Nmd3 and Mex67-Mtr2
to pre-60S particles. Thus, Bud20 might participate in either late maturation and/or
function in the nuclear export of pre-60S subunits.
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Figure 15 Proteome of late pre-60S particles in the bud20∆ mutant revealed by SRM. (a) A
representative analysis (of three independent biological replicates) of relative enrichment of the
trans-acting factors in the indicated pre-60S particles and in the bud20∆ mutant is shown using
a purple to gold color-scale. Maximum enrichment is depicted as purple and minimum
enrichment as gold. Each measurement represents the average of different SRM transitions per
peptide and different peptides per protein. The acquired intensities for each protein were
normalized based on a set of 10 large-subunit r-proteins. (b) The relative enrichment of selected
proteins (labeled in (a) with red dots) in Arx1-TAP WT (BUD20) and bud20∆ samples is
represented using histograms showing the fold change with error bars (+/− standard deviation).
The color of each bar corresponds to the enrichment shown in (a). (c) Western analyses of
selected pre-60S trans-acting factors (labeled in (a) as green dots) using affinity purified pre60S particles. Samples were analyzed on NuPAGE 4-12% gradient gels followed by Western
analyses. The large-subunit r-protein Rpl1, Rpl3 and Rpl35 served as loading controls.
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4.2.7 Bud20 functionally overlaps with factors involved in the nuclear
export of pre-60S subunits
To unravel the role of Bud20 in the late maturation/export of pre-60S subunits,
we searched for extra-genic high-copy suppressors of the slow growth of the bud20∆
mutant. In addition to Bud20, we found that over-expression of the NES containing
factor Nmd3 (Ho & Johnson, 1999; Ho et al., 2000) partially rescued the slow growth
of the bud20∆ mutant (compare single colony size in Figure 16A). Next, we
investigated

whether

over-expression

of

Nmd3

could

rescue

the

nuclear

accumulation of the 60S reporter L5-GFP exhibited by the bud20∆ mutant. Overexpression of Nmd3 that partially rescued the slow growth of bud20∆ cells also
partially rescued the nucleoplasmic accumulation of the L5-GFP seen in the bud20∆
mutant (Figure 16A).
Bud20 co-enriches with late pre-60S particles (Arx1-TAP in Figure 8A-C) that
carry factors such as Nmd3 and Mex67-Mtr2 that facilitate nuclear export of pre-60S
subunits. Over-expression of Nmd3, partially rescued the slow growth and nuclear
accumulation of the 60S reporter observed in bud20∆ cells (Figure 16A). Moreover,
Bud20 shuttles between the nucleus and cytoplasm (Figure 12). These findings
prompted us to test whether Bud20 genetically interacts with factors directly involved
in pre-60S export.
Indeed, the bud20Δ strain exhibits synthetic lethal (sl) or synthetic enhanced
(se) growth defects when combined with mutants of known pre-60S subunit export
factors (nmd3ΔNES1, xpo1-1, arx1∆, ecm1Δ and npl3∆) (Figure 16B). Previously,
mex67 and mtr2 mutant alleles were isolated that are specifically impaired in 60S
subunit, but not in 40S subunit or mRNA export (Baßler et al., 2001; Yao et al.,
2007). These alleles (mex67kraa and mtr2-33) were found to be sl when combined
with the bud20Δ strain (Figure 16B). On the other hand, a mutant allele of the early
pre-60S biogenesis factor Nop7 (yph1-1) (Du & Stillman, 2002) did not genetically
interact with Bud20 (Figure 16B). Together, these studies suggest that Bud20
functionally overlaps with factors that directly function in the nuclear export of pre60S subunits.
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Figure 16 Bud20 functionally overlaps with pre-60S export factors and interacts with FG
repeat containing nucleoporins. (a) Overexpression of NMD3 can partially rescue slow
growth and pre-60S export defect of bud20∆ mutants. The bud20∆ strain was transformed with
indicated plasmids and grown on SD plates at 30°C. Pictures of single colonies were taken after
4 days. Localization of the L5-GFP reporter in these cells was determined by fluorescence
microscopy. Cells were grown in SD medium to mid log phase before picture acquisition. Scale
bar = 5 µm. (b) Bud20 genetically interacts with factors required for proper pre-60S subunit
export. Synthetic lethality (sl) or synthetic enhancement (se) of the bud20∆ mutant combined
with indicated mutants strains. Strains carrying the WT and mutant alleles were spotted in 10fold dilutions on 5-FOA (SD/SG) plates (when sl) or YPG/YPD plates (when se) and grown at
20-30°C for 3-9 days. Solid line indicates sl, dashed line indicates se. (c) Recombinant Bud20
interacts with FG repeat sequences of different nucleoporins. Different GST-Nucleoporin fusion
proteins were expressed in E. coli cells and immobilized on glutathione sepharose before
incubation with recombinant Bud20, Bud20-ZnF, Bud20∆ZnF or Mex67-Mtr2 (positive control).
Bound proteins were eluted by SDS sample buffer and analyzed by SDS-PAGE followed by
Coomassie staining or Western analyses. L = Load.

4.2.8 Bud20 interacts with FG-rich nucleoporins
The co-enrichment of the shuttling factor Bud20 with late 60S pre-ribosomes
(Figure 8A-C) and the different functional interactions (suppression (Figure 16A) and
synthetic lethality (Figure 16B)) between Bud20 and pre-60S export factors point to a
role of Bud20 in the transport of pre-60S subunits possibly via interactions with the
NPC. The slow growth of bud20∆ mutant was rescued by over-expression of the
NES containing Nmd3, but not a mutant of Nmd3 that lacked NES (Nmd3∆NES1)
(Figure 16A and data not shown). This prompted us to test whether Bud20 contains a
NES and therefore can bind the general export receptor Xpo1 in the presence of
RanGTP in vitro. However, this was not the case suggesting that it does not contain
a NES, and therefore is unlikely to function as an adapter for the exportin Xpo1
(Figure 17).
Bud20 was reported to co-purify with NPCs (Rout et al., 2000). These data led
us to investigate whether Bud20 can directly bind to FG-rich nucleoporins. For this,
we incubated purified recombinant Bud20 with immobilized FG-rich domains of
different nucleoporins in presence of E. coli cell lysates to saturate non-specific
binding sites. As a positive control, we performed the binding assay in parallel with
recombinant purified Mex67-Mtr2, an export receptor that is known to interact with
several FG nucleoporins (Sträßer et al., 2000; Strawn et al., 2001). As previously
reported we found that recombinant Mex67-Mtr2 efficiently binds FG-rich domains of
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Nup1, Nup100, Nup116 and Nup42. Like Mex67-Mtr2, we found that Bud20
efficiently binds FG-rich domains of the tested nucleoporins (Figure 16C).

Figure 17 Bud20 does not bind Xpo1 in presence of Gsp1Q71L-GTP. The Xpo1-Gsp1Q71LGTP-binding assay was performed as described previously (Maurer et al., 2001). Recombinant
GST-Gsp1Q71L, GST-Yrb1 and His-Bud20 proteins were synthesized in BL21 E. coli strain.
GST-tag of Yrb1 was afterwards removed by tobacco etch virus protease. GST-Gsp1Q71L was
immobilized by glutathione Sepharose (GE Healthcare, Uppsala, Sweden) for 1 h at 4°C and
incubated with purified Yrb1 or His-Bud20 for another 1 h at 4°C in presence of E. coli lysate.
Bound proteins were eluted by SDS sample buffer and analysed by SDS-PAGE followed by
Coomassie staining and Western blotting. 1/10 and 1/50 of the input (L) was loaded on
Coomassie staining gel or Western analyses, respectively. B = glutathione Sepharose beads
only. Asterisk indicates Xpo1, circle indicates Yrb1 and black dot indicates Bud20.

Bud20 contains a central C2H2 Zinc Finger (ZnF) domain, a common fold
amongst transcription factors and known to directly interact with nucleic acids (Hayes
et al., 2008). Additionally, Bud20 exhibits conserved flanking N-terminal and Cterminal charged segments (Figure 16C). We investigated which region of Bud20
interacts with the different FG-nucleoporins. The ZnF domain of Bud20, but not its
flanking segments efficiently bound the FG-rich domains of Nup1, Nup100, Nup116
and Nup42 (Figure 16C), and is also required for the function of Bud20 in proper
nuclear export of pre-60S subunits (Figure 16A). Thus, the ZnF domain of Bud20
provides the interaction surface for FG-nucleoporin binding.
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4.3 Discussion
In contrast to a handful of non-essential factors identified in prokaryotes,
eukaryotic ribosome assembly and transport is aided by >200 trans-acting factors
(Strunk & Karbstein, 2009; Kressler et al., 2010). Here, we developed a multiplexed
SRM assay that concomitantly measures in a single MS analysis 40 trans-acting
factors and 10 r-proteins, and therefore permits the rapid analysis of the proteome of
maturing pre-60S particles. We exploited this assay to analyze reliably the coenrichment of 40 trans-acting factors with pre-60S particles at different stages of
maturation. Our analyses were in good agreement with Western analyses (Figure
8A-C).
The main advantage of this approach is that it allowed consistent
measurement of the protein set throughout all the chosen biological conditions, with
basically no missing data points and a total of 350 protein data measurements
acquired (50 proteins in 7 different pre-60S particles). The designed assays and their
combination within a single SRM measurement can be reproduced in laboratories
equipped with a triple-quadrupole-like instrument mass spectrometer, to enable the
quantification of the set of ribosomal trans-acting factors in other samples or
conditions of interest. The SRM coordinates are best reproduced in instruments
capable of q2-fragmentation and after realignment of peptide elution times to match
the chromatographic setup used, in case scheduled SRM acquisition is performed. In
this study label-free SRM-based quantification was used, but in principle SRM
assays can also be combined to a variety of stable-isotope labeling techniques
(Picotti & Aebersold, 2012). A limitation of targeted SRM analyses is that they do not
allow simultaneous de novo identification of proteins. A hypothesis driven target list
needs to be drawn based on experiments performed before assay development or
literature knowledge. Efforts aiming at developing collections of SRM assays for
complete proteomes are currently underway (now published in Picotti et al., 2013b),
and will allow measuring other pre-ribosome-associated proteins by SRM in the near
future.
Diverse energy-consuming enzymes such as GTPases, protein kinases, ATPdependent RNA helicases, and AAA-type ATPases aid ribosome maturation and
confer directionality to the assembly process (Strunk & Karbstein, 2009; Kressler et
al., 2010). To unravel the precise role(s) of these energy-consuming enzymes in
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ribosome assembly/maturation, it is essential to determine their protein substrates
and characterize the downstream effects of their activities. The AAA-ATPase Drg1
plays a crucial role in initiating final maturation steps of pre-60S particles upon their
arrival in the cytoplasm (Pertschy et al., 2007). These steps involve sequential
removal of transport receptors and nucleolar/nuclear trans-acting factors that travel
with pre-60S particles to the cytoplasm to be released (Figure 9A). The steady-state
nucleolar/nuclear localization of shuttling trans-acting factors (e.g., Tif6 and Mrt4) is
very misleading since it does not reveal their need to travel to the cytoplasm for their
release from pre-60S particles. Till date, genetic approaches in budding yeast have
been instrumental to reveal these cytoplasmic steps. Here, we have coupled our
SRM assay with genetic trapping and affinity-capture to uncover the dynamic
proteome of pre-60S particles poised to initiate cytoplasmic maturation. The
proteome of these genetically trapped pre-60S particles uncovered several
nucleolar/nuclear factors that travel with pre-60S particles to the cytoplasm to be
released, and therefore might participate in their transport and/or functional
proofreading (Figure 9B). Thus, our work adds new steps to the 60S cytoplasmic
maturation pathway. Moreover, the multiplexed SRM assay developed for the 40
different trans-acting factors now can be systematically employed to directly uncover
the energy-consuming enzymes that trigger their release from maturing 60S preribosomes.
One factor identified by our SRM analysis was the conserved and
uncharacterized ZnF domain containing protein Bud20 that co-enriches with late pre60S particles. Several evidences strongly implicate Bud20 in directly promoting
nuclear export of pre-60S subunits. Firstly, we found that the bud20∆ mutant is
specifically impaired in the nuclear export of pre-60S subunits as determined by
strong nucleoplasmic accumulation of several 60S reporters (Figure 13B). SRM and
Western analyses revealed several shuttling factors accumulating on late pre-60S
particles in the bud20∆ mutant (Figure 15A-C). Secondly, Bud20 genetically interacts
with known components of the 60S subunit export machinery (e.g., Nmd3 and
Mex67-Mtr2) (Figure 16B). Thirdly, Bud20 associates with late pre-60S particles that
are loaded with factors that are directly involved in nuclear export of pre-60S
subunits. Likewise, Bud20-TAP co-enriches several 60S export factors (Figure 8AC). Fourthly, we show that Bud20 shuttles between the nucleus and cytoplasm
(Figure 12). Finally, in vitro binding assays showed that the ZnF domain of Bud20
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directly binds FG repeats of Nup1, Nup100, Nup116 and Nup42 (Figure 16C). Taking
all the data together, we propose that Bud20 could function in concert with the other
transport factors (Arx1, Ecm1, Mex67-Mtr2, Npl3 and Xpo1) to efficiently translocate
pre-60S particles through the NPC.
When is Bud20 released from cytoplasmic pre-60S particles? Localization of
Bud20-GFP remained unaltered in yvh1∆, jjj1∆ and rei1∆ strains (Figure 18). Bud20-

Figure 18 Bud20-GFP and Nug1-GFP are not mislocalized in yvh1∆, rei1∆ or jjj1∆ cells.
Bud20-GFP and Nug1-GFP localization in yvh1∆, rei1∆ and jjj1∆ strains was determined by
fluorescence microscopy. Cells were grown at 25°C for 8 h. Mrt4-GFP, Arx1-GFP and Tif6-GFP
served as positive controls for cytoplasmic mislocalization in the indicated deletion strains.
Scale bar = 5 µm.
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GFP was only partially mislocalized to the cytoplasm after induction of Drg1DN,
indicating that Bud20 might not be a direct substrate of the AAA-ATPase Drg1
(Figure 10). Bud20 might be released from pre-60S particles by yet unknown
cytoplasmic factors that function downstream of Drg1. Notably, the essential GTPase
Nug1 accumulated on Kre35-TAP (Figure 9B-D) and was strongly mislocalized to the
cytoplasm upon expression of Drg1DN (Figure 10). Moreover, the heterokaryon assay
demonstrated that Nug1 shuttles between the nucleus and cytoplasm (Figure 12).
However, Nug1-GFP was not mislocalized in yvh1∆, jjj1∆ and rei1∆ strains (Figure
18). Curiously, the FG-interacting transport receptor Mex67-Mtr2 accumulated on
Kre35-TAP upon the induction of Drg1DN (Figure 9B-D), but not in yvh1∆, jjj1∆ and
rei1∆ strains (data not shown). Elucidating the mechanisms by which the shuttling
trans-acting factors and transport factors identified in this study are released from
pre-60S particles remains an important challenge for the future.
Previous work showed that the downstream release of the transport factor
Arx1 and the ribosomal-like protein Mrt4 by the cytoplasmic release factors Rei1 and
Yvh1, respectively, requires the upstream Drg1 mediated release of the ribosomelike protein Rlp24 (Kemmler et al., 2009; Lo et al., 2009). In agreement with previous
analyses, we found Rei1 failed to co-enrich with pre-60S particles upon induction of
the DRG1DN allele (Figure 9B and C) (Lo et al., 2010), thereby inducing cytoplasmic
mislocalization of Arx1-GFP (Figure 10). However, the reason for mislocalization of
Mrt4-GFP upon induction of the DRG1DN allele was not clarified. Here, we found that
Yvh1 failed to co-enrich with late pre-60S particles upon induction of the DRG1DN
allele (Figure 9B-D), thereby offering a plausible explanation as to why Mrt4
accumulates on Kre35-TAP, and mislocalizes to the cytoplasm upon induction of the
DRG1DN allele. Both these analyses indicate that sequential recruitment of release
factors might order cytoplasmic maturation of pre-60S subunits.
The translation initiation factor and cytoplasmic GTPase Fun12 promotes
binding of tRNAfMet and subunit joining during translation initiation (Pestova et al.,
2000; Lee et al., 2002). Recently, the 60S subunit aided by GTPase activity of Fun12
was shown to engage in interactions with pre-40S particles to form 80S-like particles.
This interaction was demonstrated to be required for efficient 20S pre-rRNA
processing leading to the formation of mature 40S subunits (Lebaron et al., 2012).
Our SRM analyses revealed that Fun12 maximally co-enriches with Arx1-TAP
(Figure 8A). It appears that late pre-60S particles might be competent to load Fun12,
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potentially to check their ability to subsequently engage with pre-40S subunits for
cytoplasmic maturation and translation initiation.
The ABC-type ATPase Rli1 (Yarunin et al., 2005) is known to be involved in
disassembling the 80S particle after translation and 80S-like particles after 20S prerRNA cleavage (Pisareva et al., 2011; Shoemaker & Green, 2011; Strunk et al.,
2012). Our SRM data show that Rli1 is recruited to early pre-60S particles in the
nucleus (Figure 8A). Thus Rli1 might sense the ability of the 60S subunit to
disengage 80S-like particles after 20S pre-rRNA cleavage and terminate translation,
already during nuclear pre-60S maturation. Interestingly, Rli1 accumulated on Kre35TAP upon induction of Drg1DN (Figure 9B). Thus Rli1 in concert with Tif6 might
actively prevent the genetically trapped immature pre-60S particles from interacting
with 40S subunits.
In summary, we devised a strategy in which genetic trapping and affinitycapture were combined with the reliability of SRM, to measure dynamic interactions
of 50 trans-acting factors and r-proteins with maturing pre-60S particles, in a highthroughput manner. Our strategy represents a significant step towards characterizing
dynamic proteomes of pre-ribosomal particles, and thus opens the way to analyze
the functional and mechanistic contribution of the >50 diverse energy-consuming
factors involved in the complex ribosome assembly process, a goal that is of obvious
importance to the ribosome maturation field. Moreover, our targeted approach based
on SRM and genetic trapping provides a versatile discovery tool to reveal dynamic
interactions of macromolecular assemblies involved in processes such as replication,
transcription, cell division, chromatin remodeling, protein and RNA metabolism, and
how these interactions might be regulated by diverse energy-consuming enzymes. A
reliable quantitative view of dynamic protein interactions should aid modeling efforts
aimed at understanding the regulatory aspects of essential anabolic and catabolic
processes.
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5 Conclusion and outlook
Ribosomes are complex molecular machines that translate mRNA into
proteins. Mature ribosomes consist of a small and a large subunit comprised of four
different rRNAs and 79 ribosomal proteins. Whereas the structure and function of the
mature eukaryotic ribosome is well known, much less is known about the complex
biogenesis pathways of the two ribosomal subunits. Most of our understanding of this
evolutionary conserved and highly dynamic assembly process comes from studies
with the yeast Saccharomyces cerevisiae. A growing yeast cell contains nearly
200,000 ribosomes. With a given generation time of 90 min, one yeast cell must
produce about 2,000 ribosomes within one minute (Warner, 1999).
Ribosome biogenesis takes place in different cellular compartments. The first
precursor, the 90S particle, is assembled in the nucleolus before being cleaved
generating a pre-40S and pre-60S subunit. The two precursors undergo separate
maturation pathways on their way through the nucleoplasm and are separately
exported through the nuclear pore complex into the cytoplasm. Final maturation
occurs in the cytoplasm and mature ribosomes enter translation.
Besides the r-proteins and RNA polymerases that produce the rRNA
transcripts, more than 60 snoRNAs and 250 non-ribosomal trans-acting factors are
involved in ribosome assembly. Trans-acting factors include RNA-modifying
enzymes, exo- and endonucleases, helicases, ATPases, GTPases, kinases, export
factors etc. Together, they confer directionality and ensure the accuracy of this
complex process. However, the dynamic interactions with the nascent particles and
the precise functions of most of these factors are still largely unknown.
In this work we present a workflow using a genetic and targeted proteomics
approach to determine the proteome of trapped 60S pre-ribosomal subunits before
and after nuclear export. By applying the powerful method of selected reaction
monitoring mass spectrometry we could measure 50 proteins, 40 trans-acting factors
and 10 r-proteins, in a reliable, very precise and high-throughput manner. Amongst
other proteins, we could identify the yet unidentified protein Bud20 binding to pre-60S
particles on their way from the nucleus to the cytoplasm. Follow-up analyses
characterized Bud20 as a ribosomal trans-acting factor that facilitates the nuclear
export of the large ribosomal precursor by interacting with FG repeat containing
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nucleoporins. Bud20 binds to pre-60S particles in the nucleus, accompanies the
subunits through the nuclear pore and is removed from the particles in the cytoplasm
by a yet unidentified releasing factor and mechanism.
We showed that the induction of the dominant negative allele of DRG1 only
partially mislocalized Bud20-GFP to the cytoplasm (Figure 10). This lead us to the
assumption that Bud20 might not be a direct substrate of the AAA ATPase Drg1 and
might be released by a factor that acts downstream of Drg1.
However, recently and after this work was published, we repeated the
mislocalization microscopy by treating the GFP-reporter strains with the Drg1
inhibitor diazaborine for 1 h. The results are included in the results section (Figure
11). Whereas most of the GFP-strains showed similar GFP-localization compared to
the induction of Drg1DN, Bud20-GFP was almost completely mislocalized to the
cytoplasm after diazaborine treatment. This difference in the strength of
mislocalization of Bud20-GFP is still not understood.
The drug diazaborine binds to the AAA D2 domain of Drg1 only after ATP
binding and thus stabilizes the complex (Loibl et al., 2014). Like Drg1DN, the
recruitment of diazaborine bound Drg1 to an Arx1-TAP particle is not affected
(Pertschy et al., 2007; Kappel et al. 2012; Loibl et al., 2014). Together with the
lacking ATPase activity, the structurally rigid complex of Drg1, ATP, and diazaborine
might stabilize the interaction of Bud20 with pre-ribosomal particles. This would
explain the strong cytoplasmic mislocalization of Bud20-GFP when diazaborine is
added to the cell suspension and indicates that Bud20 might be a direct substrate of
Drg1. Moreover, the dominant negative variant of Drg1 contains an amino acid
exchange from glutamate to glutamine at amino acid position 617 within the ATPase
domain D2 resulting in impairment of ATPase activity (Pertschy et al., 2007). A
detailed structural impact of this amino acid exchange is not known. This E617Q
exchange might not only impair ATPase activity but also the structure of Drg1.
Drg1DN might loose the ability of stabilizing the binding of Bud20 to the trapped
subunit and thereby weaken the release-inhibiting effect of the lacking ATPase
activity.
Furthermore, the dominant negative form of Drg1 is overexpressed in
presence of wild-type Drg1. Thus, Drg1 wild-type proteins might weaken the negative
effect of Drg1DN whereas applying diazaborine to the cell suspension might block
nearly all Drg1 proteins. This would be another explanation for the stronger
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mislocalization of Bud20-GFP. To find out whether Bud20 is a direct substrate of
Drg1 or not, further experiments have to be performed.
In summary, with this work we contributed to the better understanding of the
dynamic interaction of assembly factors with maturing pre-60S ribosomes. By affinity
purifying four pre-60S particles at different maturation stages and applying the
powerful SRM-MS we could measure the interaction of 40 trans-acting factors with
pre-ribosomes.
By using a triple quadrupole (QQQ) mass spectrometer, SRM specifically
quantifies pre-selected peptides/peptide fragment ions (transitions) unique to the
target proteins (Liebler & Zimmerman, 2013) in an enzymatically digested protein
sample. The first and third quadrupoles serve as mass filters to select a specific
precursor peptide (Q1) and to record unique transitions (Q3). Q2 acts as collision
chamber where peptides are fragmented with neutral gas (Figure 7). SRM-MS
targets pre-selected peptides/transitions. For this targeted data acquisition prior
literature knowledge or experimental data are needed to develop SRM assays before
the actual measurements. Therefore, de-novo identification of proteins is not possible
by using SRM-MS.
However, SRM overcomes the disadvantages of the shotgun approach such
as limited sensitivity, low reproducibility, inaccurate peptide quantification. ShotgunMS is based on the data dependent acquisition (DDA). This DDA-measurement is
guided by the abundance of detectable precursor peptides. More abundant peptides
are selected for collision induced fragmentations and spectra recording. Therefore,
shotgun measurements are biased towards more abundant proteins and thus might
miss important data points. Still, the big advantage of shotgun over SRM is the highthroughput manner. In contrast to SRM, shotgun-MS can measure thousands of
peptides from a single DDA mass spectrometry run and thus identify new proteins in
a sample.
To overcome the described drawbacks and to combine the advantages of the
different mass spectrometry approaches, many strategies have been developed in
the last years. SWATH (Sequential Window Acquisition of all THeoretical fragment
ion spectra) mass spectrometry is one powerful method that was recently developed
(Gillet et al., 2012; Collins et al., 2013; Lambert et al., 2013). SWATH combines the
advantages of shotgun proteomics, which is the ability to measure thousands of
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proteins in one run, with the reproducibility of SRM. With SWATH it is possible to
reliably quantify and identify peptides in a digested protein sample.
SWATH uses the so-called data independent acquisition (DIA). Peptides of a
trypsin digested protein sample are separated by liquid chromatography and ionized
by electrospray ionization. Peptides eluting within 3.2 s are separated by the first
quadrupole using 25 Da (m/z) wide isolation windows. To cover the range of 400 1200 m/z within one 3.2 s cycle, 32 windows are needed (window 1: 400 - 425 m/z,
2: 425 – 450 m/z, ..., 12: 1175 – 1200 m/z). The precursor peptides of each window

Figure 19 SWATH-MS. Proteins are trypsin digested and separated by liquid chromatography
before the resulting peptides are ionized by electrospray-ionization. Peptide ions of 25 Da wide
isolation windows are selected and filtered in Q1 and fragmented in the collision chamber Q2
before being analyzed by a TOF mass analyzer. Measurements are analyzed and processed by
targeted data extraction resulting in ion chromatograms similar to SRM. Three different
precursor peptides within one isolation window with respective fragment ions and the resulting
ion chromatograms are shown.
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are fragmented in Q2 and the resulting fragment ions analyzed by a time of flight
(TOF) mass analyzer (Figure 19).
The output is a complete and accurate fragment ion spectrum of all precursor
peptides selected in that isolation window. After running through 32 windows in one
3.2 s cycle, peptides eluting in the following 3.2 s are separated, fragmented, and
analyzed. In the end, peptides of the same precursor isolation windows are
fragmented over and over during the entire chromatographic retention time resulting
in a high-resolution 3D retention-time ion m/z-intensity map of all ionized peptides
present in the sample. With targeted data extraction it is possible to plot ion
chromatograms of the recorded transitions similar to SRM. In summary, the data
independent acquisition mode of SWATH-MS combined with targeted data analysis
allows us to generate a comprehensive proteome map with high accuracy, sensitivity,
and reproducibility.
In this work, we TAP purified pre-60S particles at different maturation stages:
Ssf1-TAP, an early nucleolar particle, Rix1-TAP, an intermediate nucleoplasmic
particle, Arx1-TAP, a late export competent particle, and finally Kre35-TAP, an
exclusive cytoplasmic particle. By analyzing the particle compositions by SRM we
could determine the dynamic interaction of 40 ribosomal maturation factors to the
four different TAP-particles.
Recently, the Panse lab members purified over 50 TAP-tagged proteins that
are known or assumed to interact with pre-60S particles. With the help of the group
of Ruedi Aebersold, the samples will be analyzed by SWATH-MS. Due to the
described advantages of SWATH we will be able to not only analyze 40 trans-acting
factors for pre-ribosome interaction but for all proteins present in the different
samples. By that we cannot only quantify but more importantly identify yet unknown
proteins that interact with 60S pre-ribosomes. Furthermore, by TAP-purifying over 50
bait proteins, instead of four, we will also increase the “horizontal” resolution of the
dynamic interaction map. For most of the purified factors it is not known at which
stage they join and leave the maturing particles. We will be able to give much more
accurate evidence about the spatiotemporal interaction of assembly factors with the
pre-ribosome. Moreover, many proteins are present on the particle simultaneously.
Hence, the challenge is to place the analyzed TAP-particles in the correct order and
thus covering and identifying the entire dynamic proteome of maturing 60S preribosomal particles.
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In addition, through affinity purification of ribosome assembly factors, we might
also be able to detect proteins that form complexes prior ribosome incorporation or
after their simultaneous release from the particles. For instance, if two factors A and
B interact before they are loaded onto the ribosome as heterodimer, we should see
elevated protein levels of A in B-TAP or B in A-TAP in comparison to other unrelated
assembly factors binding to the ribosome. We might also identify factors that act as
placeholders for other ribosome interaction proteins, like Nug2 for Nmd3 (see
introduction 3.1.1.2 and Baßler et al., 2001; Saveanu et al., 2001). Such protein pairs
should exclude each other on the analyzed TAP-particles.
In summary, through the analysis of over 50 TAP-tagged ribosome assembly
factor, we will generate a high-resolution interaction map of all assembly factors
involved in the maturation of the large ribosomal particle and reveal yet unknown
interaction networks that coordinate and regulate ribosome production.
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6 Appendix
Supplementary Table 1 Proteins analyzed by SRM.

Protein

ORF

Essential

Location

Defined pre-60S
association

Nop4
Nop12
Noc1
Nsa1
Dbp10
Loc1
Erb1
Nip7
Nop15
Nop7
Mak16
Rli1
New1
Noc2
Rea1
Rix7
Noc3
Nug1
Nog2
Ipi1
Rlp24
Fun12
Nog1
Sqt1
Jjj1
Mrt4
Tif6
Mex67
Drs1
Drg1
Bud20
Nmd3
Rei1
Ecm1
Arx1
Arb1
Dbp5
Nsa2
Xpo1
Yvh1

YPL043W
YOL041C
YDR060W
YGL111W
YDL031W
YFR001W
YMR049C
YPL211W
YNL110C
YGR103W
YAL025C
YDR091C
YPL226W
YOR206W
YLR106C
YLL034C
YLR002C
YER006W
YNR053C
YHR085W
YLR009W
YAL035W
YPL093W
YIR012W
YNL227C
YKL009W
YPR016C
YPL169C
YLL008W
YLR397C
YLR074C
YHR170W
YBR267W
YAL059W
YDR101C
YER036C
YOR046C
YER126C
YGR218W
YIR026C

+
−
−
+
+
−
+
+
+
+
+
+
−
+
+
+
+
+
+
+
+
+
+
+
−
−
+
+
+
+
−
+
−
−
−
+
+
+
+
−

No
No
No
No/N
No
N
No
No/N/C
No
No/N
No
C
C
No/N
N
N
No
No/N
No/N
N
N/C
C
N
C
C
No/N
No/N/C
N/NP/C
No
C
N
C
C
N
N/C
C
N/NP/C
ND
N/NP/C
C

this study
this study
+
this study
this study
this study
this study
this study
this study
+
this study
this study
this study
this study
+
+
+
this study
+
this study
+
this study
+
this study
this study
+
+
+
this study
+
this study
+
this study
this study
+
this study
this study
+
this study
+

No, nucleolus; N, nucleus; NP, nuclear pore; C, cytoplasm.
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Reference

166,165
190
34,111,117,81,76
57,66
24
99
110
197,198
57,66
57,121,110,81,76
129
194
124,93
111,66
118,12
43,81
111,117,81,175
10
145,81,175
118
146,130
93,88
73,130,81,76,175
35
109
76,141
130,76,96
192,191,76,175
17
130
11
62,63,117,76,175
90
193
21,130
30
154
89,175
42,105
76,97

Supplementary Table 2 Shotgun proteomic datasets acquired from purified pre60S particles at different maturation stages can be downloaded from:
http://msb.embopress.org/content/8/1/628.long

Supplementary Table 3 Final SRM assays used in this study can be downloaded
from:
http://msb.embopress.org/content/8/1/628.long
Q1 m/z, mass-to-charge ratio for the peptide ion used as Q1 value; Q3 m/z, mass-tocharge ratio for the fragment ion used as Q3 value; RT, retention time; CE, collision
energy.
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Supplementary Table 4 Yeast strains used in this study.

Strain name

Genotype

Source

BY4741

MATa ura3 his3 leu2 met15 TRP1

Euroscarf

arx1∆ Pgal-BUD20

MATa ura3 his3 leu2 met15 TRP1 ARX1::KANMX
Pgal-BUD20::NATNT2

this study

Arx1-GFP

MATa ura3 his3 leu2 met15 TRP1 ARX1GFP::HIS3MX

Open biosystems

Arx1-GFP bud20∆

MATa ura3 his3 leu2 met15 TRP1 bud20::KANMX
ARX1-GFP::HIS3MX

this study

Arx1-GFP rei∆

MATa ura3 his3 leu2 met15 rei1∆::KanMX ARX1GFP::HIS3MX

(Lo et al., 2010)

Arx1-TAP

MATα ura3 his3 leu2 ARX1-TAP::TRP1

(Yao et al., 2007)

Arx1-TAP

MATa ura3 his3 leu2 met15 TRP1 ARX1TAP::HIS3MX

Open biosystems

Arx1-TAP bud20∆

MATa ura3 his3 leu2 met15 TRP1 ARX1TAP::HIS3MX bud20::KANMX

this study

bud20∆

MATa ura3 his3 leu2 met15 TRP1 bud20::KANMX

this study

Bud20-GFP

MATa ura3 his3 leu2 met15 TRP1 BUD20GFP::HIS3MX

Open biosystems

Bud20-GFP jjj1∆

MATa ura3 his3 leu2 met15 TRP1 BUD20GFP::HIS3MX jjj1::KANMX

this study

Bud20-GFP rei1∆

MATa ura3 his3 leu2 met15 TRP1 BUD20GFP::HIS3MX rei1::KANMX

this study

Bud20-GFP yvh1∆

MATa ura3 his3 leu2 met15 TRP1 BUD20GFP::HIS3MX yvh1::KANMX

this study

Bud20-TAP

MATa ura3 his3 leu2 met15 TRP1 BUD20TAP::HIS3MX

Open biosystems

ecm1∆ Pgal-BUD20

MATa ura3 his3 leu2 met15 TRP1 ECM1::KANMX
Pgal-BUD20::NATNT2

this study

Gar1-GFP

MATa ura3 his3 leu2 met15 TRP1 GAR1GFP::HIS3MX

Open biosystems

Kre35-TAP

MATα ura3 his3 leu2 trp1 met15 KRE35-TAP::TRP1

(Yao et al., 2007)

Kre35-TAP DRG1

MATα ura3 his3 leu2 trp1 met15 KRE35-TAP::TRP1
<pYEX4T-1>

this study

MATα ura3 his3 leu2 trp1 met15 KRE35-TAP::TRP1
<pYEX4T-1-pCUP1-GST-DRG1-E617Q>

this study

Kre35-TAP drg1
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Mex67 shuffle bud20∆

MATa ura3 his3 leu2 trp1 ade2 mex67::HIS3MX
bud20::NATNT2 <pRS316-MEX67>

this study

Mrt4-GFP

MATa ura3 his3 leu2 met15 TRP1 MRT4GFP::HIS3MX

Open biosystems

Mrt4-GFP yvh1∆

MATa ura3 his3 leu2 met15 TRP1 MRT4GFP::HIS3MX yvh1::KANMX

this study

Mtr2 shuffle bud20∆

MATa ura3 his3 leu2 trp1 ade2 mtr2::HIS3MX
bud20::NATNT2 <pRS316-MTR2>

this study

Nmd3-GFP bud20∆

MATa ura3 his3 leu2 met15 TRP1 bud20::KANMX
NMD3-GFP::HIS3MX

this study

Nmd3 shuffle PgalBUD20

MATa ura3 HIS3 leu2 met15 trp1 nmd3::KANMX
Pgal-BUD20::NATNT2 <pRS316-NMD3>

this study

Nog1-GFP

MATa ura3 his3 leu2 met15 TRP1 NOG1GFP::HIS3MX

Open biosystems

Nop7-GFP

MATa ura3 his3 leu2 met15 TRP1 NOP7GFP::HIS3MX

Open biosystems

Nop7 shuffle bud20∆

MATa ura3 his3 leu2 trp1 ade2 can1 Nop7::KANMX6
<pRS316-NOP7>

this study

Nug1-GFP

MATa ura3 his3 leu2 met15 TRP1 NUG1GFP::HIS3MX

Open biosystems

Nug1-GFP jjj1∆

MATa ura3 his3 leu2 met15 TRP1 NUG1GFP::HIS3MX jjj1::KANMX

this study

Nug1-GFP rei1∆

MATa ura3 his3 leu2 met15 TRP1 NUG1GFP::HIS3MX rei1::KANMX

this study

Nug1-GFP yvh1∆

MATa ura3 his3 leu2 met15 TRP1 NUG1GFP::HIS3MX yvh1::KANMX

this study

Nup82-mCherry

MATa ura3 his3 leu2 Nup82-mCherry::KANMX

this study

Rix1-TAP

MATα ura3 his3 leu2 trp1 met15 RIX1-TAP::TRP1

(Yao et al., 2007)

Ssf1-TAP

MATα his3 leu2 ura3 SSF1-TAP::TRP1

(Yao et al., 2007)

Tif6-GFP

MATa ura3 his3 leu2 met15 TRP1 TIF6GFP::HIS3MX

Open biosystems

Tif6-GFP jjj1∆

MATa ura3 his3 leu2 met15 jjj1∆::KanMX TIF6GFP::HIS3MX

(Lo et al., 2010)

yrb2∆

MATa ura3 his3 leu2 met15 TRP1 yrb2::KANMX

(Faza et al., 2012)

	
  

76

Supplementary Table 5 Plasmids used in this study.

Plasmid

Relevant markers

Source

pYEX4T-1

URA3 LEU2

(Pertschy et al., 2007)

GST-DRG1-E617Q URA3 LEU2

(Pertschy et al., 2007)

kar1-1 2µ URA3

this study

pRS315-S2-eGFP

RPS2-eGFP CEN LEU2

this study

pRS315-L5-eGFP

RPL5-eGFP CEN LEU2

this study

pRS316-S2-eGFP

RPS2-eGFP CEN URA3

(Milkereit et al., 2003)

pRS316-L5-eGFP

RPL5-eGFP CEN URA3

this study

pRS314-BUD20

BUD20 CEN URA3

this study

pRS315-BUD20

BUD20 CEN URA3

this study

pRS316-BUD20

BUD20 CEN URA3

this study

pRS426-NMD3

NMD3 2µ URA3

this study

pRS314-NMD3

NMD3 CEN TRP1

(Yao et al., 2007)

pRS314-nmd3∆NES1

nmd3∆NES1 CEN TRP1

(Yao et al., 2007)

pUN100-MEX67

MEX67 CEN LEU2

(Yao et al., 2007)

pRS315-mex67 KRAA

Mex67KRAA CEN LEU2

(Yao et al., 2007)

pRS315-MTR2

MTR2 CEN LEU2

(Yao et al., 2007)

pRS315-mtr2-33

Mtr2-33 CEN LEU2

(Yao et al., 2007)

pRS315-nop7-1

nop7-1 CEN LEU2

(Du & Stillman, 2002)

pRS315-nmd3∆NES1

nmd3∆NES1 CEN LEU

this study

pETDuet1-BUD20

His-BUD20 Amp

this study

pETDuet1-BUDΔZnF

His-BUD20(Δ39-83) Amp

this study

pET47-BUDZnF

His-BUD20(39-83) Amp

this study

pPROEX1-MTR2-RBS-MEX67

MEX67 His-MTR2 Amp

(Yao et al., 2007)

pGEX-6P-1

GST Amp

GE Healthcare

pGEX-2TK-Nup1(332-1076)

GST-Nup1(332-1076) Amp

(Allen et al., 2001)

pGEX-2TK-Nup42

GST-Nup42 Amp

(Allen et al., 2001)

pGEX-2TK-Nup100(1-640)

GST-Nup100(1-640) Amp

(Allen et al., 2001)

pGEX-2TK-Nup116(165-715)

GST-Nup116(165-715) Amp

(Allen et al., 2001)

pQE70-XPO1

XPO1-His Amp

(Maurer et al., 2001)

pGEX-4T-gsp1(Q71L)

GST- gsp1(Q71L) Amp

(Maurer et al., 2001)

pGEX-2TEV-YRB1

GST-YRB1 Amp

(Schlenstedt et al., 1995)

pYEX4T-1-pCUP1-GST-DRG1E617Q
pRS426-kar1-1
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