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Abbreviations

β-Me

β-Mercaptoethanol

Å

Ångström

ADP

Adenosine diphosphate

ATP

Adenosine triphosphate

CHX

Cycloheximide

Da

Dalton

DMSO

Dimethyl sulfoxid

DNA

Deoxyribonucleic acid

dNTP

Deoxynucleotide

E. coli

Escherichia coli

EDTA

Ethylene-diamine-tetraacetic acid

EGTA

Ethylene-glycol-tetraacetic acid

ER

Endoplasmatic reticulum

FRET

Förster resonance energy transfer

HA

Hemagglutinine

HDX

Hydrogen-deuterium exchange

HEPES

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid

HPLC

High-performance liquid chromatography

Hsc

constitutively expressed heat shock protein

Hsp

Heat shock protein

IPTG

Isopropyl β-D-1-thiogalactopyranoside

kDa

kilo Dalton

MAP

Methionine aminopeptidase

MCS

Multiple cloning site

mRNA

Messenger ribonucleic acid

MS

Mass spectrometry

NAC

Nascent polypeptide-associated complex

NAT

N-acetyltransferase

NBD

Nucleotide-binding domain

NC

Nascent polypeptide chain

NEF

Nucleotide exchange factor

NMR

Nuclear magnetic resonance

OD

Optical density

PCR

Polymerase chain reaction
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PDB

Protein Data Bank

PDF

Peptide deformylase

Poly(A)

Poly-adenine

PTC

Peptidyltransferase center

Puro

Puromycin

RAC

Ribosome-associated complex

RNA

Ribonucleic acid

RNase A

Ribonuclease A

RNC

Ribosome nascent-chain complex

RP

Ribosomal protein

rRNA

Ribosomal nucleic acid

RT

Room temperature

	
  
	
  

S. cerevisiae Saccharomyces cerevisiae
SBD

Substrate-binding domain

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

sHsp

Small heat shock protein

SRP

Signal recognition particle

TCA

Trichloracetic acid

TF

Trigger Factor

tRNA

Transfer ribonucleic acid

UBA

Ubiquitin associated

UPS

Ubiquitin proteasome system

Wt

Wild type

Zuo

Zuotin
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Summary (english version)

	
  
Proteins are synthesized by ribosomes in a vectorial manner from the N- towards the
C-terminus. During synthesis only parts of the sequence information are available, therefore
stable folding of a folding unit or domain can not occur until the protein is completely
synthesized. As the nascent polypeptide chain leaves the ribosomal exit tunnel, it exposes
hydrophobic residues and is therefore highly prone for unproductive interactions and
aggregation in the cytosol. Therefore, cells evolved systems, which protect proteins from
unproductive interactions and provide a platform for folding as well as for removing the
nascent polypeptides that are already caught in a non-native or unproductive conformation.
In eukaryotes, newly synthesized proteins interact co-translationally with a multitude of
different ribosome-bound factors including chaperones such as the conserved heterodimeric
polypeptide-associated complex (NAC) and a Hsp40/70 based chaperone system (Ssb /Zuo/
Ssz in yeast). Additionally, the E3 ubiquitin ligase Not4 represents a candidate for a protein
involved in co-translational quality control by targeting defective or misfolded nascent chains
for degradation by the proteasome. This work contributed the following new insights into this
broad and complex topic.
1. NAC controls the yield of newly synthesized proteins translated in vitro
Recent data from our lab suggest that NAC contributes to the chaperone network, as it was
shown that NAC functionally cooperates with Ssb in co-translational protein folding in vivo.
However, how NAC may act on newly synthesized proteins is still unknown. Therefore, one
goal of this work was to characterize the function of NAC on a molecular level. To investigate
the effect of NAC on the synthesis and folding of newly made proteins, an in vitro translation
system for the synthesis of model polypeptides with and without NAC was generated. In this
work it was shown for the first time that NAC affects the process of translation in vitro. NAC
regulates the amount of in vitro translation product and this regulation strongly depends on
the ribosome association of NAC. Importantly, NAC has a strong impact on the translation of
model proteins and a broad range of yeast proteins. While we could exclude that NAC
targets the translation product to the ubiquitin proteasome system, we found a strong
influence on the kinetics of translation suggesting that NAC influences initiation as well as
elongation of translation by a yet unknown mechanism.
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2. Analysis of Not4 as a putative ribosome-associated protein quality control system of
S. cerevisae
The E3 ubiquitin protein ligase Not4 is a component of the conserved eukaryotic Ccr4-Not
complex suggested to play an important role in protein and mRNA turnover by its ubiquitin
ligase and deadenylation activities, respectively. Not4 has been suggested to target stalled
nascent polypeptides for degradation and to ubiquitylate the ribosome-associated complex
NAC and thereby regulate its stability and ribosome association. However, we could show
that NAC associates with ribosomes independently of Not4. However, this work shows that
Not4, Caf1 as well as other members of the Ccr4-Not complex interact with translating
ribosomes (polysomes). Ribosome association of Not4 and Caf1 was dependent on the
presence of nascent polypeptides, suggesting that Not4, and likely the entire Ccr4-Not
complex, senses the presence of nascent peptides and thus may function in co-translational
protein quality control. Additionally, experimental data support the idea of a connection of
Not4 and Caf1 to the non-stop mRNA decay pathway involving Ski7. Polysome association
of Not4 and Caf1 was changed in a ski7Δ strain, and likewise Ski7 binding to the 40S subunit
was diminished in not4Δ cells. This led to the assumption that Not4 and the Ccr4-Not
complex are part of a co-translational quality control system for defective protein and mRNA.
The combination of the E3 ligase activity of Not4 and the deadenylation activity of Ccr4 and
Caf1 in one complex, which is localized at the translation machinery, would allow the
degradation of the protein via the ubiquitin proteasome system and the mRNA degradation
initated by deadenylation in a concerted manner.
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Zusammenfassung (deutsche Version)

Proteine werden am Ribosom auf eine vektorielle Art und Weise synthetisiert. Die Synthese
erfolgt gerichtet vom N- zum C-Terminus. Während der Synthese ist nur ein Teil der
Proteinsequenzinformation zugänglich, deshalb können sich Faltungsuntereinheiten oder
Domänen erst endgültig in ihre native Konformation falten, wenn das Protein vollständig
synthetisiert ist. Sobald die naszierende Polypeptidkette den ribosomalen Tunnel verlässt,
werden hydrophobe Reste des Proteins im Cytosol exponiert. Dies führt dazu, dass die
naszierende Polypeptidkette besonders anfällig für nicht produktive Interaktionen und
Aggregation ist. Um dies zu verhindern hat die Zelle Systeme entwickelt, die unproduktive
Interaktionen verhindern, eine Platform für Faltung bieten aber auch defekte, nicht korrekt
gefaltete Proteinen abbauen. In Eukaryoten, interagieren neu synthetisierte Proteine
während der Translation mit vielen verschiedenen ribosomen-assoziierten Faktoren. In Hefe
zählen der konservierte heterodimere nascent polypeptide associated complex (NAC) sowie
ein Hsp40/70 Chaperone System (Ssb/ Zuo/ Ssz in S. cerevisiae) dazu. Zudem wird
vermutet

dass

die

E3

Ubiquitin

Ligase

Not4

teil

dieses

kotranslationalen

Qualtiätskontrollsystems ist und defekte bzw. fehlgefaltete naszierende Ketten für den Abbau
durch das Proteasom markiert.

	
  
1. NAC kontrolliert die Menge an neu synthetisierten Protein im in vitro Translationssystem
Neueste Daten aus unserem Labor, implizieren dass NAC Teil des zellulären Chaperone
Netzwerkes ist, da gezeigt werden konnte dass es zusammen mit Ssb zur kotranslationalen
Faltung von Proteinen in vivo beiträgt. Die exakte Art und Weise wie NAC die Faltung von
neu synthetisierten Proteinen unterstützt, ist jedoch noch unklar. Das Ziel war es deshalb die
Funktion von NAC auf einer molekularen Ebene zu analysieren. Aus diesem Grund wurde
der Einfluss von NAC auf die Synthese und Faltung von neu synthetisierten Proteinen
untersucht. Hierfür wurde ein in vitro Translationssystem aus S. cerevisiae generiert,
welches die Synthese von Modelproteinen in An- und Abwesenheit von NAC erlaubt. In
dieser Arbeit konnte zum ersten Mal gezeigt werden dass NAC den Translationsprozess in
vitro beeinflusst. NAC beeinflusst die Menge an in vitro synthetisiertem Translationsprodukt
und die Kinetik der Translation, Voraussetzung hierfür ist die Ribosomenbindung von NAC.
Ein wichtiger Aspekt ist, dass NAC nicht nur spezifisch die Translation eines Proteins,
sondern eines Großteils aller Hefeproteine

beeinflusst. Ein proteasomaler Abbau des

Translationsprodukts in Abhängigkeit von NAC konnte ausgeschlossen werden.
In dieser Arbeit konnte eine neue in vitro Funktion von NAC gezeigt werden. NAC beeinflusst
in vitro die Kinetik der Translation, was vermuten lässt, dass NAC sowohl die Initiation als
auch die Elongation der Translation beeinflusst.
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2. Analyse eines ribosomen-assoziierten Proteinqualitätskontrollsystems in S. cerevisae
Die E3 Ubiquitin Protein Ligase Not4 ist eine Komponente des konservierten eukaryotischen
Ccr4-Not Komplexes. Zwei Substrate von Not4 sind beschrieben, so wird vermutet, dass
Not4 am Abbau arretierter naszierender Polypeptidketten beteiligt ist. Außerdem wurde
gezeigt dass Not4 den ribosomen-assoziierten Komplex NAC ubiquitiniert und dabei seine
Stabilität und Ribosomenbindung reguliert. Unsere Experimente zeigen jedoch, dass NAC
unabhängig von Not4 an Ribosomen bindet. Stattdessen assoziieren Not4, Caf1 und weitere
Untereinheiten des Ccr4-Not Komplexes selbst mit Polyribosomen. Die Ribosomenbindung
von Not4 und Caf1 hängt von der Anwesenheit naszierender Polypeptidketten ab. Dies
deutet darauf hin, dass Not4, oder der gesamte Ccr4-Not Komplex, naszierende Ketten
erkennt. Dieser Befund unterstützt die Vermutung, dass der Komplex eine Funktion in der
kotranslationalen Proteinqualitätskontrolle haben könnte. Zudem konnte eine Verbindung
von Not4 und Caf1 mit Ski7, einer Komponente des non-stop mRNA decay, nachgewiesen
werden. Einerseits beeinflusst die Deletion von Ski7 die Polysomenbindung von Not4 und
Caf1, zugleich bindet Ski7 in Abwesenheit von Not4 nicht mehr an die ribosomale 40S
Untereinheit. Dies deutet darauf hin, dass Not4 und der Ccr4-Not Komplex Teil eines
kotranslationalen Qualitätskontrollsystems für defekte Proteine und mRNA sind. Die
Kombination der E3 Ligase Aktivität von Not4 und der Deadenylierungsaktivität von Ccr4 und
Caf1 in einem Komplex, der am Translationsapparat lokalisiert ist, würde den Abbau des
Proteins über das Ubiquitin Proteasome System und den mRNA Abbau, initiiert durch
Deadenylierung, in einem gekoppelten Prozess erlauben.
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3.1

Proteinbiosynthesis at the ribosome

	
  
In all cells, the sequence information of DNA is first converted into messenger RNA (mRNA)
sequence by a process called transcription. Subsequently the ribosome converts the
information of the mRNA into a linear amino acid sequence of a protein. This complex and
highly regulated process consists of multiple steps that are summarized by the term
translation. Finally, upon synthesis and leaving the ribosomal tunnel into the cytosol, the
newly synthesized nascent chain needs to adopt its unique three-dimensional shape in order
to fulfill its biological function. This early folding steps can be supported by the cellular
chaperone system. If the folding process fails, the newly synthesized polypeptide chains are
either degraded by the proteasome or they may start to form aggregates. Therefore, it is of
particular importance to understand the mechanism by which proteins acquire and maintain
their structure under cellular conditions and how the cell copes with newly synthesized
polypeptide chains that are not able to fold into their native structure.
Detailed insights into the processes of protein synthesis, folding and quality control have
been provided during various structural and mechanical studies in the last decades.

3.1.1

Structure and function of the ribosome

Ribosomes represent large ribonucleoprotein particles, which synthesize a linear amino acid
sequence of a protein in cells, using mRNA as the template and aminoacyl-transfer tRNAs
(aa-tRNAs) as substrates. Bacterial and mammalian cells contain for example up to 105-106
ribosomes (Bashan and Yonath, 2008; Wegrzyn and Deuerling, 2005), most of them are
actively translating in growing cells. Bacterial ribosomes are able to synthesize polypeptide
chains with a rate of 15-20 amino acids per second, whereas translation in higher eukaryotes
is typically slower with a rate of 5-7 amino acids per second.
The overall architecture as well as the mechanism by which ribosomes perform their function
is highly conserved between pro- and eukaryotes. Bacterial ribosomes consist of two
subunits, the small 30S and the large 50S, both compose the 70S ribosome with a molecular
weight of 2.4 MDa. The prokaryotic 70S contains 3 rRNA molecules (5S, 23S and 16S) and
55 proteins. The eukaryotic counterparts the 40S and the 60S subunits form the 80S
ribosomal particle, which is with a weight of 4 MDa substantially larger than the bacterial one.
The eukaryotic 80S is also more complex, as it is composed of 82 proteins and 4 rRNA
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molecules (5S, 28S, 5.8S, 18S) (Bashan and Yonath, 2008; Wilson and Nierhaus, 2005)
(Fig. 1).

Figure 1: Overall view of the X-ray structure of the 80S ribosomal particle from S. cerevisiae
(picture taken from Ben-Shem et al., 2010). Proteins and rRNA in the 40S are colored dark and light
blue respectively, and dark and pale yellow respectively in the 60S. A) View from the E-site. B) View
from the A-site.

X-ray crystallography has become a powerful tool in the last few years in structural and
mechanical studies of the translation process at the ribosome. Structures of the 50S
ribosomal subunit from the archaeon Haloarcula marismortui (Ban et al., 2000) and the
mesophilic gram-positive bacterium Deinococcus radiodurans (Harms et al., 2001) as well as
the 30S subunit structures of the bacterium Thermus thermophilus (Wimberly et al., 2000)
were the basis for the modeling of the entire 70S ribosome, from Thermus thermophilus
(Yusupov et al., 2001). Meanwhile crystal structures of the 70S ribosome from Escherichia
coli (E. coli) (Yusupov et al., 2001), the eukaryotic 40S subunit from Tetrahymena
thermophila (Yusupov et al., 2001), and the 80S ribosome from Saccharomyces cerevisiae
(S. cerevisiae) (Fig. 1) (Ben-Shem et al., 2010) are available.
Important insights into the catalytic center of the ribosome have been provided by numerous
structural studies and thus led to a better understanding of the mechanism of translation.
Ribosomes

are

considered

as

ribozymes,

as

the

catalytically

active

core,

the

Peptidyltransferase centre (PTC) where peptide bond formation occurs is mainly composed
of rRNA (Nissen et al., 2000) whereas the ribosomal proteins are predominantly located at
the surface. Both ribosomal subunits take part in polypeptide synthesis, with having different
functional roles. The small ribosomal subunit binds to the mRNA, facilitates base pairing
between codons and anticodons of mRNA and tRNA, respectively and controls also the
fidelity of translation. Whereas the PTC as well as the ribosomal exit tunnel, through which
10
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the growing nascent polypeptide chain leaves the ribosome into the cytosol, reside in the
large ribosomal subunit.
The ribosomal exit tunnel spans the entire body of the large ribosomal subunit (Gabashvili et
al., 2001; Spahn et al., 2001). The length of the tunnel is between 80 - 100 Å and its
diameter varies from 10 Å at its narrowest region and 20 Å at its widest region (close to the
exit site). The tunnel is expected to accommodate a peptide stretch of approximately
30 amino acids in an extended conformation or up to 60 amino acids in an α-helical
conformation (Ban et al., 2000; Malkin and Rich, 1967; Voss et al., 2006; Wilson and
Beckmann, 2011; Yonath et al., 1987). Until recently it was believed that the ribosomal exit
tunnel is an inert passage through which the nascent polypeptide chains leave the ribosome
(Bernabeu and Lake, 1982; Blobel and Sabatini, 1970; Malkin and Rich, 1967; Smith et al.,
1978). However, stereochemical analysis of the transpeptidation reaction allowed the
suggestion that the ribosome likely generates an α-helical conformation at the C-terminal end
of the nascent peptide (Lim and Spirin, 1986). This hypothesis was verified by using FRET
and/or a combination of accessibility assays (Bhushan et al., 2010; Lu and Deutsch, 2005a,
b; Tu and Deutsch, 2010; Woolhead et al., 2006; Woolhead et al., 2004). Now there is
sufficient evidence indicating that peptides can acquire α-helical structures in the ribosomal
tunnel near the PTC and in the lower 20 - 30 Å vestibule region of the tunnel (Bhushan et al.,
2010; Lu and Deutsch, 2005a; Tu and Deutsch, 2010; Wilson and Beckmann, 2011;
Woolhead et al., 2006; Woolhead et al., 2004). Moreover, it has been suggested that the
tunnel may actively modulate peptide secondary structure formation via induction and
stabilization of α-helices within regions of the nascent chain with high helix-forming
propensity and deferring regions lacking such propensity from helix formation (Tu and
Deutsch, 2010; Woolhead et al., 2006). Additionally, the ribosomal tunnel is involved in the
regulation of protein synthesis via modulation of the PTC activity (Beringer, 2008; Ito et al.,
2010; Mankin, 2006; Ramu et al., 2011). A number of leader peptides have been identified
which induce translational stalling. These sorts of amino acid sequences interact with the
ribosomal interior components and for SecM, the best characterized stalling sequence in
bacteria, a shift in the position of the tRNA-nascent peptide linkage of the SecM-tRNA was
observed. This shift moves the carbonyl carbon of the SecM-tRNA away from the A-tRNA
and thus, is likely to contribute to the impaired activity of the PTC, explaining the SecMmediated translational arrest (Bhushan et al., 2011). The cell uses this mechanism to
regulate expression of downstream genes (Beringer, 2008; Ito et al., 2010; Mankin, 2006;
Ramu et al., 2011). In bacteria the most well studied and characterized regulatory peptides
besides SecM are TnaC, RrmC and MifM (Beringer, 2008; Ito et al., 2010; Mankin, 2006).
The ribosomal tunnel wall is primarily made up of the negatively charged rRNA (23S rRNA in
prokaryotes and the 25S in eukaryotes) as well as from non-globular parts of the ribosomal
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proteins (L4, L22 and L23 in prokaryotes and L4, L17 and L25 in eukaryotes). They form
looped out segments in the tunnel. These residues form the narrowest constriction along the
tunnel, which is located approximately 30 Å away from the PTC (Kramer et al., 2009; Rabl et
al., 2011; Wilson and Beckmann, 2011). At its distal end the ribosomal exit tunnel widens up.
It is flanked by ribosomal proteins L23 and L29 in prokaryotes (Jenni and Ban, 2003) and
additional kingdom-specific proteins. As the ribosomal tunnel exit site is the interface
between polypeptide synthesis inside the protected environment of the ribosome and the
cytosol where different events for the maturation of the protein take place a major function of
the ribosomal tunnel exit site is to provide a binding platform for ribosome-associated factors
and to coordinate their access to the nascent polypeptide chains.

3.1.2

Co-translational processes

Several different factors associate at the ribosomal exit tunnel and act on the newly
synthesized polypeptide chain. Among these are molecular chaperones, which promote
folding of the nascent polypeptide chain. In yeast the nascent polypeptide associated
complex (NAC) and a Hsp70/40 based system (Ssb/ Zuo/ Ssz) act on the newly made
protein (Fig. 2), they will later be introduced in details (Chapter 3.2.3). The fate of a nascent
polypeptide, however, is not only affected by its interaction with chaperones, but also by
various protein modifications, transport to distinct cellular compartments and targeting of the
nascent polypeptide for proteasomal degradation occur co-translationally (Fig. 2). The last
mentioned aspect will be discussed in details in Chapter 3.3.

Targeting
Translocation
Membrane insertion
Secretion

Modification
Methionine excision
N-acetylation

Folding
Native folding
Complex formation
Ligand binding

Quality control
Translation errors
Stalling
Misfolding

Targeting factors

Modification enzymes

Chaperones

UPS

SRP

Map1
Map2
NATs

NAC
Ssb
Zuotin
Ssz

Ccr4-Not?
Ltn1

} RAC

Figure 2: Overview of the network of co-translational processes and the factors involved in S.
cerevisiae. Molecular chaperones, modification enzymes, targeting factors and components of the
ubiquitin proteasome system (UPS) associate with ribosomes and act on the nascent polypeptide.
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Among the various factors that interact with nascent chains are enzymes involved in
N-terminal deformylation, methionine excision and N-acetylation (Zhang and Ignatova, 2011)
(Fig. 2). Methionine aminopeptidases (MAPs), enzymes, which catalyze the removal of the
N-terminal methionine, are ubiquitous and essential in all organisms and were found to be
associated with ribosomes in yeast (Raue et al., 2007b). The removal of the N-terminal
methionine, which can occur when the nascent chain reaches a minimal length of 40 amino
acids, is the first essential proteolytic event to occur in more than 50 % of all cellular proteins
(Ball and Kaesberg, 1973).
In prokaryotes, mitochondria and chloroplasts protein translation is initiated by a specialized
transfer RNA charged with formylmethionine (tRNAfMet). The N-terminal formyl group is
removed by a peptide deformylase (PDF) as soon as the nascent chain emerges from the
ribosomal tunnel (Bingel-Erlenmeyer et al., 2008; Leeds and Dean, 2006). This step is
required for the subsequent excision of the N-terminal methionine (Kramer et al., 2009).
The most common co-translational protein modification is the N-terminal acetylation.
Approximately 60% of yeast proteins and more than 80% of human proteins are acetylated
(Polevoda et al., 2009; Soppa, 2010), however, its in vivo relevance is largely unclear. A
recent study suggested that N-terminal acetylation is a part of a protein quality control
system and creates a specific degradation signal (AcN-degron) for the ubiquitin proteasome
system

(UPS)

(Hwang

et

al.,

2010).

Several

non-essential

heterooligomeric

N-acetyltransferases (NATs) catalyze the acetylation reaction, which is supposed to occur
co-translationally for nascent polypeptide chains of at least 40 amino acids in length. It was
also suggested that NATs might be ribosome-associated (Green et al., 1978; Yamada and
Bradshaw, 1991).
Besides these modifications, proteins have to reach their correct cellular destinations to fulfill
their function in the cell. Targeting and transport of the nascent polypeptide can occur
co-translationally (Fig. 2). As about 30% of all genes code for membrane proteins the cell
requires efficient targeting and transport systems (Wallin and von Heijne, 1998). The signal
recognition particle (SRP) is a ubiquitous targeting factor which delivers substrate proteins
co-translationally to the Sec translocon on the plasma membrane of bacteria or the
endoplasmatic reticulum (ER) of eukaryotic cells (Luirink and Sinning, 2004). This process
begins when a nascent polypeptide carrying a signal sequence emerges from the translating
ribosome and is recognized by SRP. SRP binds to the ribosome close to the tunnel exit via
the conserved ribosomal protein L23, its localization facilitates substrate recognition and
binding (Halic et al., 2004; Halic et al., 2006; Schaffitzel et al., 2006). The ribosome nascent
chain complex (RNC) is then delivered to the target membrane via the interaction of SRP
with the respective receptor. The protein is then transferred to the Sec61 translocon, which
then translocates the growing polypeptide across the membrane into the ER lumen (Cross et
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al., 2009). Whereas in eukaryotic cells most proteins are targeted via SRP, this process is
much more versatile in bacteria. E. coli cells contain two major pathways to target proteins to
the cytoplasmic membrane. Most proteins of the cytoplasmic membrane are targeted
co-translationally by SRP as ribosome-bound nascent chains (Luirink and Sinning, 2004;
Rapoport, 2007). On the other hand, the majority of secretory proteins, including periplasmic
and outer-membrane proteins, are targeted via a posttranslational pathway.

3.2

De novo protein folding in the cell

Proteins have to achieve their native conformation to fulfill their functions in the cell. The
folding information is encoded in the amino acid sequence of the protein itself, which has
been shown by in vitro experiments by Anfinsen (Anfinsen, 1973). However, during the
folding process a polypeptide can adopt a tremendous number of theoretical conformations,
which are impossible to sample to establish the right one on a biologically relevant time scale
(Buchner et al., 2011; Gruebele, 2005; Kubelka et al., 2004). Inside a cell the folding process
is even more complex and it is still unclear how the cell ensures the conformational integrity
of its proteome. Central to this problem is that proteins must retain conformational flexibility
to function, and thus are only marginally thermodynamically stable in their physiological
environment. A substantial fraction of all proteins in eukaryotic cells (20 - 30 % of the total in
mammalian cells) even seem to be inherently devoid of any ordered three dimensional
structure and adopts folded conformations only after interaction with the binding partner
(Dunker et al., 2008).
As mentioned above, most of the knowledge about protein folding is based on in vitro
denaturation/renaturation experiments. Here small proteins may fold at very high rates
(Kubelka et al., 2004), in diluted buffer solutions, however, larger multidomain proteins may
take even hours to fold (Herbst et al., 1998), and sometimes even fail to reach their native
states in vitro. Folding of such proteins is even more challenging in vivo, as the interior of the
cell is a highly crowded and dynamic environment, with total cytosolic protein concentrations
of 300 - 400 g/l. Because of its high concentration of proteins and other macromolecules, the
cytoplasm no longer behaves like an ideal fluid. The resultant excluded volume effects,
although enhancing the functional interactions between macromolecules, strongly increase
the tendency of non-native and structurally flexible proteins to aggregate (Ellis and Minton,
2006).
Additionally, the vectorial synthesis of polypeptides at the ribosome has important
implications on the folding process that are only partly understood. Ribosomes synthesize a
new polypeptide chain in a vectorial manner, namely from the N- towards the C-terminus.
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Although the N-terminus of a translating polypeptide is available for folding before the rest of
the polypeptide, stable folding of a folding unit or domain can not occur until its synthesis is
completed. At this stage the polypeptide exposes hydrophobic sites, which provide a contact
for unproductive interactions. In eukaryotes the chain elongation rate is approximately
4 amino acids per second. Compared to average protein folding kinetics, which are usually
on the microsecond to second timescale (Jackson, 1998; Zwanzig et al., 1992), protein
synthesis is considerably slower. Therefore, nascent chains are exposed in partially folded
and/ or aggregation sensitive states for considerable periods of time. Moreover, non-native
intra chain contacts formed during translation or interactions with the highly charged
ribosomal surface could delay folding after completion of synthesis. Therefore, proteins are
especially prone to misfold and to aggregate during their synthesis. In order to prevent such
errors, several strategies, including folding catalysts and molecular chaperones exist, to keep
newly synthesized proteins on the correct folding pathway (Komar, 2009).

3.2.1

Models for de novo protein folding

The question, which must be answered is how exactly and when the folding of a polypeptide
chain into its native structure is achieved. Different models for de novo protein folding have
been proposed (Fig. 3). As postulated by Baldwin, protein biosynthesis without folding is
energetically unfavorable, because the conformational space and the energy of the growing
polypeptide continuously increase with ongoing translation (Baldwin, 1999; Fedorov and
Baldwin, 1997). As described above, there is meanwhile substantial experimental support
that nascent polypeptides can fold co-translationally. Within the ribosomal tunnel only
secondary structure elements, such as α-helices, can be formed. Compact three-dimensional
folding is supposed to occur outside the ribosome. Structure formation of nascent
polypeptides on ribosomes was probed using different approaches, including limited
proteolysis, analysis of correct disulfide bridge formation, or by conformation-specific
antibodies (Hamlin and Zabin, 1972; Komar, 2009; Land et al., 2003; Netzer and Hartl,
1997). The most solid and convincing evidence, however, came from measurements of the
enzymatic activity of full-length nascent chains, which means that proteins can adopt native
conformations while still being attached to ribosomes (Kudlicki et al., 1995; Makeyev et al.,
1996). A very recent study resolved co-translational folding at the ribosome on an atomic
level using NMR. It was shown that the SH3 domain from α-spectrin stays unstructured
during ongoing elongation, but adopts a native conformation as soon as the whole sequence
information is available. The ribosome neither imposes conformational constraints nor forms
significant contacts with the unfolded nascent SH3 domain (Eichmann et al., 2010).
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Importantly, it was shown that for some proteins co-translational folding occurs faster (Kolb et
al., 2000) and with higher yields of correctly folded species, compared to in vitro refolding
(Katranidis et al., 2009; Ugrinov and Clark, 2010).

Posttranslational

Cotranslational

Cotranslational
domainwise

N

N

N

C

N
N

N

C
N

C

N

N

Figure 3: Models for initial protein folding. In the posttranslational folding mode polypeptides stay
unfolded during their synthesis and fold into their native conformation upon release from the ribosome.
On the contrary, proteins could fold co-translationally by forming intermediate structures as soon as
sufficient sequence information becomes available outside the ribosome. An alternative model
suggests that co-translational folding of multi-domain proteins could occur in a domainwise manner. In
this case, an individual domain remains unfolded until its entire sequence is exposed to allow
productive structure information. The subsequent domains may fold likewise. Based on (Deuerling and
Bukau, 2004), taken from Preissler S. 2011.

The pathway used to obtain a properly folded protein may depend on the specific protein
itself and the cellular conditions. There are three different models addressing this question,
which are not mutually exclusive. The first model proposes a strict posttranslational folding
mode. Here, structure formation of the newly synthesized polypeptide chain is postponed by
chaperone binding, till its synthesis is completed. In this model folding is initiated as soon as
the polypeptide chain is released from the ribosome and therefore the whole sequence
information is available.
For co-translational folding two different scenarios can be envisioned (Fig. 3). One possible
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scenario would be that formation of secondary and tertiary structures starts co-translationally,
as soon as the polypeptide chain emerges from the ribosome. This folding mode would
minimize intermolecular off-pathway reactions, given that hydrophobic side chain interactions
are immediately formed. For some proteins with complicated folds, that require long-distance
interactions within the polypeptide sequence, however, unproductive folding intermediates
might occur due to the limited availability of folding information. The third model proposes a
stepwise co-translational folding, in which co-translational folding is initially delayed and is
allowed to proceed only when sufficient sequence information is available for the generation
of a folded core or domain (Deuerling and Bukau, 2004; Zhang and Ignatova, 2011). This
domain-wise folding could be particularly advantageous for the folding of multi-domain
proteins, because this process limits possible unproductive inter- and intramolecular
interactions during the early folding steps (Bukau et al., 2000; Netzer and Hartl, 1997).

3.2.2

Molecular chaperones

As described above a newly synthesized protein faces different problems on its way to its
native structure, however, the cellular chaperone machinery ensures an efficient folding
process for most proteins. Molecular chaperones exist in all organisms and in all cellular
compartments and their common feature is the stoichiometric and transient binding of folding
intermediates. Chaperones prevent inappropriate inter- and intramolecular interactions by
binding to hydrophobic patches of non-native proteins; thereby influencing the partitioning
between productive and unproductive folding steps. Importantly, chaperones are not a part of
the final structure of the folded proteins. Instead substrates are released from the
chaperones, thereby providing nonnative proteins a new opportunity for productive folding
(Buchner, 1996; Bukau and Horwich, 1998; Ellis and Hartl, 1999). Chaperones are required
for a multitude of cellular functions as de novo folding, refolding of stress-denatured proteins,
assembly of oligomeric structures, intracellular protein transport and assistance in proteolytic
degradation.
Numerous classes of structurally unrelated chaperones have been described. Many of these
are known as stress proteins or heat shock proteins (Hsps), as their expression is increased
with cells exposing to elevated temperatures or other stress conditions. Under conditions of
conformational stress the concentration of aggregation-prone intermediates increases
(Richter et al., 2010) and therefore, the need for chaperones to establish proper protein
conformation and to prevent protein aggregation is essential. The heat shock response is a
universal defense mechanism of pro- and eukaryotic cells against an imbalance of protein
homeostasis due to enhanced protein unfolding. Hsps are the only class of chaperones,
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which show significant conservation between distantly related species. They are classified
according to their molecular weight as Hsp40, Hsp60, Hsp70, Hsp90, Hsp100 and the socalled small Hsps. Besides these, cells contain non-ubiquitous chaperones like the Hsp33,
Trigger Factor (TF) and the nascent polypeptide associated complex (NAC) (Jakob et al.,
1999).
The majority of chaperones belong to the Hsp family and their expression is induced upon
heat shock. However, most of them are also present in the cell under regular conditions. An
additional class of chaperones, which are constitutively expressed (e.g. Hsc 90 and Hsc 70),
indicates a general need for chaperones assisting proteins in de novo folding. Chaperones
interact with a broad range of substrates, which are recognized by hydrophobic patches,
which are not exposed in the native structure of the protein. Besides such patches
chaperones can also recognize defined sequence motifs or structural elements in non-native
polypeptides (Hartl and Hayer-Hartl, 2009; Richter et al., 2010). Although all these
components possess the capacity to prevent aggregation, only certain members of the
Hsp100 family can actively dissociate aggregates for subsequent protein refolding or
degradation (Bukau et al., 2006; Liberek et al., 2008).

3.2.3

Ribosome-associated chaperones

Chaperones, which guide the folding of newly synthesized proteins can be divided into two
groups based on their cellular localization. The first group includes chaperones that
dynamically bind to both the ribosome and the nascent polypeptide, thereby assisting early
protein folding steps during translation (Fig. 4). The existence of ribosome-associated
chaperones is highly evident in pro- and eukaryotes. However, cells of different kingdoms
have evolved different types of ribosome-associated chaperones. Bacteria possess the
chaperone TF while eukaryotes have two different types of ribosome-associated systems
that support de novo folding of nascent polypeptide chains. One system is the highly
conserved, heterodimeric nascent polypeptide associated complex (NAC) (Fig. 4). The
second system is formed by a specialized Hsp70/Hsp40-based chaperone system which is
tripartite in yeast, formed by Zuotin (Zuo, a Hsp40) and two Hsp70-chaperones namely Ssz
and Ssb, and bipartite in mammals encompassing a Zuo-homolog called Mpp11 and a Sszlike protein called Hsp70L1. Both eukaryotic systems are unrelated to bacterial TF. Thus,
although nature has clearly employed the strategy of associating chaperones with ribosomes
across all kingdoms, the structural and mechanistical principles of the ribosome-associated
chaperones are seemingly different (Preissler and Deuerling, 2012).
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Downstream of ribosome-associated chaperones a second group of cytosolic chaperones
acts on newly synthesized proteins. This group mainly comprises chaperones of the
Hsp70/40 and Hsp60/10 families in pro- and eukaryotes, as well as prefoldin in archaea and
eukaryotes.
Both groups of chaperones functionally cooperate with each other and form a robust network
for de novo protein folding.
Bacteria

Yeast

30S
40S
50S

60S

Zuo

Trigger Factor

RAC

DnaJ

Ssz

DnaK

Ssb

R
Hs

β
α NAC

GroES
Prefoldin

intermediate

intermediate

intermed

Ssa

GroEL

native

Ydj1/
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Fig. 4: Chaperone networks involved in de novo protein folding in bacteria and yeast. The
concept of chaperone systems is conserved across all kingdoms. In bacteria and yeast (the
mammalian system is similar to the one from yeast but not shown here) some chaperones associate
with the ribosome (grey) and act on the newly synthesized polypeptide (orange). In bacteria Trigger
Factor and in yeast NAC and the Hsp70/40 based system Ssb-RAC associate with the ribosome close
to the exit tunnel and are the first chaperones that interact with the nascent chain. A subset of newly
synthesized proteins requires further folding assistance. Therefore, members of the Hsp70/40 and
Hsp60/10 chaperone families act downstream of the ribosome associated chaperones on these
substrates. These downstream interacting chaperones include the DnaK/DnaJ and GroEL/ES
chaperone system in bacteria and Ssa-Ydj1/Sis1 and the chaperonin TRiC/CCT in yeast. Certain
substrates require the assistance in folding of specialized chaperones like prefoldin. (Taken from
Preissler and Deuerling, 2012).

19

	
  
	
  

Figure 3

Introduction

(a)

	
  
	
  

	
  

ae α-NAC
NAC
UBA
3.2.3.1 Nascent polypeptide associated complex (NAC)
1 13

7079

117

yeast α-NAC
NAC
UBA
1
14
78
136
172 that contacts the
In eukaryotes NAC was identified as the first ribosome-associated factor
NAC NAC is highly conserved from archaea
nascent polypeptide yeast
chainβ-NAC
(Wiedmann et al., 1994a).
1

38

103

157

to eukaryotes, however, no bacterial homologue exists. In yeast and higher eukaryotes NAC
23-RRKLNKK-31

exists αβ-heterodimer, whereas archaea only posses a homodimeric NAC formed by two
yeast β‘-NAC
NAC
α-subunits. Crystal structures of truncated
and human suggest
1
38NAC variants,
103 from archaea
149
that dimer formation occurs via 23-RRKINKK-31
the homologous six-stranded β-barrel-like NAC domains
(Fig. 5). Additionally,
the β-NAC
α-NAC subunit contains a C-terminal
ubiquitin-associated (UBA)
NAC
human
1

82

147

206

domain (Liu et al., 2010; Spreter et al., 2005; Wang et al., 2010), suggesting different
functions for the two subunits (Hartl et al.; 70-RRKKK-76
Spreter et al., 2005). The functional relevance of
UBA
human α-NAC
NAC
the UBA domain of NAC is still unclear and must be investigated.
1

72

130

176

215

(a)

C

UBA

136
97

N

N

162
84

C

Figure 5: Structural model of NAC. α-NAC (blue) and β-NAC (orange) form a stable heterodimeric
complex via their NAC domains. The UBA domain is derived from the crystal structure of archaeal
NAC (PDB 1TR8) (Spreter et al., 2005) and was modeled on the human NAC domain heterodimer
(PDB 3LKX, aa 84-136 of α-NAC (NACA) and aa 97-162 of β-NAC (BTF3; isoform A)) (Liu et al.,
2010). Broken lines indicate unresolved parts of the molecule. The figure was taken from (Preissler
and Deuerling, 2012)

In yeast, NAC is encoded by three genes. EGD2 (Enhancer of GAL4 DNA binding) encodes
α-NAC, whereas EGD1 (β-NAC) and BTT1 (BTf Three, β`-NAC) encode for two alternative
versions of β-NAC (Fig. 6). Yeast is the only organism so far, that contains two β-subunits.
Both β-subunit can form a heterodimeric complex with α-NAC and can mediate ribosome
binding. However, Egd1/Egd2 form the major NAC complex in yeast, as Btt1 is about
100 - fold less expressed than Egd1 (Reimann et al., 1999). The cellular concentration of
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NAC is approximately equimolar relative to ribosomes and associates with them in a 1:1
ratio, irrespective of their translational status (Raue et al., 2007b) .
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Figure 6: NAC from S. cerevisiae. A) α-NAC (depicted in red) contains a NAC domain and a Cterminal UBA domain. The two alternative β-subunits (depicted in yellow) consist of the NAC domain
and a conserved ribosome binding motif (RRK-motif; asterisk) in the N-terminal region. B) α-NAC
forms a heterodimeric complex with one of the two alternative β-subunits. Dimer formation is mediated
by the NAC-domains. The RRK-motif of β-NAC is located in a loop region between two predicted αhelices.

Ribosome binding of eukaryotic NAC is mediated by the conserved N-terminal RRK-motif of
β-NAC (Fig. 6) and possible the predicted adjacent N-terminal alpha-helix element (Wegrzyn
et al., 2006). However, structural information is only available for the NAC domains, which
does not involve the N-terminus containing the RRK-motif. NAC associates with ribosomes
close to the ribosomal exit tunnel and thereby is in close proximity to the emerging nascent
chain. NAC is suggested to bind to the ribosomal protein Rpl25, which is the yeast homolog
of bacterial L23, shown by cross-linking data. However, different binding sites on the
ribosome have been discussed so far (Franke et al., 2001; Pech et al., 2010; Wegrzyn et al.,
2006).
Cross-linking experiments showed that both NAC subunits interact with the nascent chain.
Diminished ribosome-association, by a mutation in the RRK-motif, prevents cross-linking to
nascent chains in vitro (Wegrzyn et al., 2006; Wiedmann et al., 1994a, b). The substrate
binding sites in the individual subunits are, however, not elucidated yet.
Although not essential in S. cerevisiae, the importance of NACs in vivo function is
emphasized by the fact that NAC mutants in higher eukaryotes, such as Caenorhabditis
elegans, Drosophila melanogaster and Mus musculus, result in an embryonically lethal
phenotype (Bloss et al., 2003; Deng and Behringer, 1995; Markesich et al., 2000).
Multiple potential functions of NAC have been widely discussed. Based on in vitro data, a
role for NAC in targeting new proteins into mitochondria and the ER has been suggested
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(Beatrix et al., 2000; Funfschilling and Rospert, 1999; George et al., 1998; Lauring et al.,
1995; Moller et al., 1998; Wiedmann and Prehn, 1999; Wiedmann et al., 1994a). The
α-subunit includes a C-terminal UBA-domain, however, ubiquitin binding of this domain could
has not been shown so far (Raasi et al., 2005). Due to existing data of co-translational
degradation, it a role of NAC co-translational protein quality control via the ubiquitinproteasome pathway can be envisioned (Adachi et al., 2004; Chen and Madura, 2005;
Turner and Varshavsky, 2000).
In vivo evidence for most of these functions is still lacking. Given that NAC quantitatively
associates with ribosomes by binding close to the ribosomal exit tunnel, cross-links to a large
variety of nascent polypeptides and protects them from proteolysis suggests that this
complex might be a component of the chaperone network in eukaryotes dedicated to support
de novo folding processes (Raue et al., 2007a; Wegrzyn and Deuerling, 2005).
Two recent analyses of yeast NAC lead to an enhanced understanding of NAC in vivo
function.
Whereas the absence of NAC is compensated by another chaperone system, and therefore
shows no detectable phenotype in yeast has been addressed. Simultaneous deletion of NAC
and Ssb, a ribosome-associated Hsp70, increases the growth defect of cells lacking only
Ssb. In cells lacking Ssb newly synthesized proteins aggregate, which is enhanced by the
additional absence of NAC. This suggest that NAC is functionally and genetically connected
to another ribosome-associated chaperone system hence it demonstrates for the first time an
integral part of NAC in the chaperone network of yeast (Koplin et al., 2010).
Another recent study identified co-translational substrates of NAC by isolating ribosomenascent chain-chaperone complexes and analysis of the corresponding mRNA (del Alamo et
al., 2011). It has been shown that NAC is a general co-translational chaperone that contacts
every newly synthesized polypeptide in yeast. Interestingly, the three NAC subunits have
different substrate specificities and seem to recognize different features of the nascent
polypeptide. Btt1 was found associated with ribosomes translating mitochondrial or ribosomal
proteins, whereas Egd1 and Egd2 were enriched at ribosomes synthesizing secretory
proteins. Furthermore, the substrate pool of NAC and SRP partially overlaps and NAC
modulates the specificity and fidelity of SRP in vivo, supporting earlier data suggesting a role
for NAC in targeting newly made proteins to the ER (Wiedmann and Prehn, 1999; Wiedmann
et al., 1994a). However, NAC-free cells do not show a large impairment in ER-targeting of
proteins. Taken all these facts into consideration, leads to the assumption that NAC in vivo
supports de novo folding of newly synthesized proteins and is involved in SRP-mediated
transport processes (del Alamo et al., 2011; Preissler and Deuerling, 2012).
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3.2.3.2 The ribosome–associated Hsp70/40 system

The Hsp 70/40 system
Members of the Hsp70 family are ubiquitous chaperones involved numerous processes like
stabilization of folding intermediates, refolding of stress-denatured proteins, assistance of
protein transport across membranes and in folding of newly synthesized proteins (Bukau,
2005; Hartl and Hayer-Hartl, 2002). They usually consist of a N-terminal ATPase domain
(45 kDa), a C-terminal substrate binding domain (15 kDa) as well as a variable C-terminus
(10 kDa) (Mayer and Bukau, 2005). Classical Hsp70s function via the C-terminal peptide
binding domain which dynamically interacts with hydrophobic segments of substrate
polypeptides. This substrate binding and release cycle is controlled by the N-terminal
ATPase domain, which alternates between the low affinity ATP and the high affinity ADP
state. Co-chaperones regulate Hsp70 function via modulation of the ATPase cycle. The
J-proteins, known as Hsp40s, which contain a characteristic J-domain, interact with the
ATPase domain of the Hsp70, stimulate ATP hydrolysis and thereby promote tight substrate
binding. The nucleotide exchange factors (NEFs) stimulate the release of ADP thereby
enable new ATP binding of the Hsp70 which triggers substrate release (Bukau and Horwich,
1998; Walsh et al., 2004). If the client protein is not able to fold into its native structure it may
enter the Hsp70/40 cycle (Fig. 7) several times.

Figure 7: The Hsp70/40 cycle. J-protein binds its client protein (1) and interacts with the Hsp70-ATP
(2). Client protein interacts with the peptide binding site of the Hsp70. ATP hydrolysis is stimulated by
the J-domain of the Hsp40 and the client protein leading to a conformational change in the Hsp70 that
closes the helical lid and stabilizes the client interaction. The Hsp40 leaves the complex (3). The NEF
binds the Hsp70 (4) and leads to the dissociation of ADP (5). Now a new ATP molecule can bind to
the Hsp70 (6). Thereby the client protein is released from the Hsp70 (7). (Taken from (Kampinga and
Craig, 2010).
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Ssb and the ribosome-associated complex (RAC)
In eukaryotes a ribosome-associated Hsp70/40 system evolved to assist co-translational
protein folding processes of nascent polypeptides (Craig et al., 2003; Peisker et al., 2010).
The stable heterodimeric RAC composed of the Hsp70 chaperone Ssz and the Hsp40
protein Zuo is present in all eukaryotes. In S. cerevisiae RAC is complemented by another
ribosome-associated Hsp70 chaperone Ssb (to form RAC-Ssb), whereas in higher
eukaryotes a cytosolic Hsp70 is supposed to act together with RAC to associate with newly
synthesized proteins (Gautschi et al., 2001; Hundley et al., 2005; Jaiswal et al., 2011; Otto et
al., 2005). Although all components of RAC-Ssb belong by homology to the classical Hsp70
and Hsp40 chaperone families, the system is special with respect to its ability to associate
with ribosomes and the stable assembly of the Hsp70 and Hsp40 partners. Normally,
J-proteins interact only transiently with their Hsp70 partner chaperone to activate their
substrate-binding cycle (Fig. 7), however, Ssz stably associates with Zuo to form RAC. A
recent study using HD-exchange experiments combined with mutational analysis revealed
insights into the overall architecture of RAC and presents a novel mechanism for converting
Zuo and Ssz chaperones into a functionally active dimer (Fiaux et al., 2010). Zuo was shown
to bind directly to ribosomes, whereas Ssz only associates with ribosomes via the stable
interaction with Zuo (Nelson et al., 1992; Yan et al., 1998).
In the yeast genome two genes SSB1 and SSB2 encode Ssb1 and Ssb2, respectively and
SSB1 and SSB2 are transcribed with similar efficiencies and the Ssb1 and Ssb2 proteins are
almost identical they differ only by 4 amino acids (Ssb hereafter). Ssb (67 kDa) reveals
canonical domains of a classical Hsp70 and similar to the classical Hsp70-system, the Ssb
reaction cycle is driven by co-chaperones. RAC stimulates the ATP-hydrolysis which triggers
closing of the lid and thereby tights substrate binding. The NEFs Sse1, Fes1 in yeast allow
exchange of ADP by ATP thereby triggering substrate release.
Ssb associates by an unknown mechanism with ribosomes in a 1:1 stoichiometry
independently from RAC. Cross-links to very short nascent polypeptide chains that extend as
little as 10-15 residues beyond the ribosome exit tunnel, suggest its localization close to the
ribosomal exit site. Therefore Ssb, together with NAC, is thought to be involved in the first
folding events and perhaps in the translation process itself (Gautschi et al., 2003; Hundley et
al., 2002; Pfund et al., 1998). For efficient association with nascent polypeptide chains, Ssb
requires the stimulation of its ATPase activity by RAC.
Yeast cells lacking RAC, Ssb or both show a very similar phenotype, which includes cold
sensitivity of growth, hypersensitivity to cations and translation inhibitory drugs (Craig et al.,
2003; Peisker et al., 2010), which suggests that these components form a functional unit on
ribosomes.
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A direct role for RAC-Ssb in folding process of newly synthesized polypeptides has not been
demonstrated yet, however, the fact that all components belong to the classical chaperone
families, the system is ribosome associated and Ssb contacts nascent chains let assume that
it supports early folding steps. Recent studies have provided new insights into the role of
RAC-Ssb as ribosome-associated system to support folding of newly synthesized proteins.
Koplin et al. identified potential in vivo substrates of Ssb (Koplin et al., 2010). The loss of Ssb
resulted in misfolding of newly synthesized proteins, which accumulated in protein
aggregates. Aggregation was increased by the additional loss of NAC. The pattern of
aggregated proteins remained similar, which suggests an overlapping substrate pool of NAC
and RAC-Ssb. Ribosomal proteins and biogenesis factors were found most prominent in the
pool of aggregated proteins. This aggregation was accompanied by a pronounced deficiency
in ribosomal particles and translating ribosomes. These findings strongly support a role for
RAC-Ssb and NAC in ribosome biogenesis and the regulation of translation activity
(Albanese et al., 2010; Koplin et al., 2010). Moreover, this fact correlates with suggestions
that Zuo and Ssb as well as NAC cycle between the cytoplasm and the nucleus (Albanese et
al., 2010; Rospert et al., 2002; Shulga et al., 1999).
Another function of RAC-Ssb and NAC in protein aggregation/disaggregation has been
recently described. In one study NAC was identified as major interactor of insouble toxic
amyloid-like fibres in mammalian cells (Olzscha et al., 2011). In addition, yeast Ssb was
shown to associate with recombinant PolyQ-proteins in vivo and to modulate the formation
and toxicity of the Sup35 prion (Chernoff et al., 1999). Although, the physiological relevance
of these findings is not clear yet, NAC and RAC-Ssb systems do not only cycle between
different cellular compartments (cytoplasm and nucleus) but also associate with different
macromolecular assemblies in the cytosol (ribosome and amyloidogenic protein aggregates)
to exert versatile chaperoning functions.

3.3

Protein quality control at the ribosome

Cells have numerous sophisticated mechanisms to assist newly synthesized proteins in de
novo folding. However, not all proteins reach their native conformation, but are defective or
misfolded. This may have different reasons, like incorrect encoding of protein by a erroneous
mRNA or misfolding because of stress conditions or errors occurring during the process of
translation. Therefore, a cell requires a special system to degrade these irreversibly
misfolded proteins. In eukaryotes, the UPS represents the major pathway for intracellular
protein degradation. Polyubiquitin chains are markers, which are covalently attached to
substrates, which are set for destruction. Ubiquitin itself is a highly conserved 76 amino acid
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protein, which invariably ends in a diglycine motif. A covalent bond between ubiquitin and
substrate is typically formed via the carboxyl group of the terminal glycine in ubiquitin and the
ε-amino group of a lysine residue within the substrates. In polyubiquitin chains, which mark a
protein for degradation the ubiquitin molecules are linked via their lysine 48 (K48 chains).
The generation of such polyubiquitin chains requires the activity of three classes of enzymes
(Pickart and Cohen, 2004). First the ubiquitin molecule is activated for transfer via formation
of a thioester bond with an ubiquitin-activating enzyme (E1). This activated ubiquitin is then
transferred to an ubiquitin-conjugating enzyme (E2) under formation of a new thioester bond.
In yeast only one E1 enzyme is known, however several E2 enzymes exist. Ubc4 and Ubc5
are the major E2 enzymes in yeast. The activated ubiquitin molecule is then transferred to
the substrate in collaboration with an ubiquitin ligase (E3). The E3 enzymes provide the
substrate specificity and are classified on the basis of their primary structure into the HECT
and RING finger type ligases (Weissman, 2001). HECT domain E3s form thioester
intermediates with ubiquitin as part of the process, leading to ubiquitylation of the substrates.
Members of the other class, RING finger E3s, only mediate the direct transfer of ubiquitin
from the E2 to the substrate protein (Weissman, 2001). Finally, the 26S proteasome complex
recognizes, unfolds and degrades polyubiquitylated substrate proteins into small peptides.

3.3.1

Co-translational protein degradation

Co-translational protein folding is highly error-prone as it has earlier been mentioned. The
ribosome-associated chaperones, assisting newly made proteins in de novo folding, are well
characterized. However, only a few facts about the process of co-translational degradation
are known, many aspects of the mechanism that couple protein synthesis and degradation
remain unclear. It is reasonable to suggest that under normal circumstances only a small
fraction of nascent chains are subjects to co-translational degradation (Schubert et al., 2000).
Several studies showed that newly synthesized proteins are rapidly degraded by the
proteasome (Adachi et al., 2004; Schubert et al., 2000; Turner and Varshavsky, 2000).
Additionally, the existence of the “translasome”, a protein complex containing proteasomes
and many components of the translation machinery, which was recently discovered,
suggests the coupling of protein synthesis, quality control and degradation (Sha et al., 2009).
Recognizing defective proteins at an early stage and target them for degradation is from a
cellular level the most favorable and beneficial.
This idea is further supported by two recent publications, describing two E3 ubiquitin protein
ligases, namely Not4 and Ltn1, responsible for targeting arrested nascent chains for
proteasomal degradation in yeast (Bengtson and Joazeiro, 2010; Dimitrova et al., 2009).
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Targeting arrested nascent chains for proteasomal degradation

Bengtson et al. have shown that the S. cerevisiae Ltn1 RING-domain-type E3 ubiquitin ligase
is predominantly associated with ribosomes and marks nascent non-stop proteins with
ubiquitin to signal their proteasomal degradation. Ltn1 mediated ubiquitylation of non-stop
proteins seems to be triggered by their stalling in ribosomes upon translation through the
poly(A) tail. Translation of the poly(A) tail leads to a sequence of lysine residues. Lysine
possesses a positively charged side chain, which may interact with the negatively charged
ribosomal tunnel (Lu and Deutsch, 2008) (phosphate backbone of the rRNA) and could give
rise to stalled ribosome nascent chain complexes.
Another study, using constructs coding for poly(Lys) or poly(Arg) stretches, showed that the
resulting translation arrest products are stabilized in the absence of the E3 ubiquitin protein
ligase Not4 (Dimitrova et al., 2009).
Sequestration of ribosomes as a result of failure to recycle would lead to decreased
translation efficiency. Additionally these non-stop mRNAs encode aberrant, non-stop proteins
that can not be corrected by the chaperones responsible for protein quality control. Therefore
a mechanism enabling the degradation of both non-stop transcripts and proteins seems to be
of important biological function.

3.3.3

Not4 – part of a co-translational quality control network

In S. cerevisiae Not4 is a good candidate, being part of such a co-translational quality control
network and targeting nascent polypeptides for degradation. The conserved N-terminus of
Not4 contains a RING finger domain, which defines a large subgroup of E3 ubiquitin ligases
(Lorick et al., 1999). Indeed, E3 ligase activity of the human and yeast Not4 orthologs has
been demonstrated in vitro and depends on the E2 ubiquitin-conjugating enzymes Ubc4 and
Ubc5 (Albert et al., 2002; Mulder et al., 2007b; Winkler et al., 2004). Interestingly, Not4 was
shown to associate with ribosomes where it was proposed to be involved in recognition and
removal of arrested polypeptide chains (Dimitrova et al., 2009). Another putative target of
Not4 is NAC, a ribosome-associated heterodimer with chaperone-like features. It was
proposed that Not4 regulates the stability of NAC and its interaction with the ribosome by
ubiquitylation (Panasenko et al., 2006; Panasenko et al., 2009), however, the in vivo
relevance of this function remains unclear and must still be investigated. Besides this
putative role in a co-translational protein quality control network, Not4 is a core component of
the Ccr4-Not complex.
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The Ccr4-Not complex

The Ccr4-Not complex is a multi-subunit protein complex (Fig. 8), which is conserved in
eukaryotes. It consists of at least nine core subunits in yeast (Caf1, Caf40, Caf130, Ccr4 and
Not1-5) and is localized in nucleus and in cytosol (Chen et al., 2001; Collart, 2003; Collart
and Timmers, 2004).
mRNA deadenylation

Ccr4
Caf1
Caf130

Caf40

Not1

ubiquitylation

Not4
Not2 Not5

transcription

Not3

chromatin modulation
Figure 8: Schematic representation of the subunit composition of the Ccr4-Not core complex
from S. cerevisiae and its different functions.

In yeast it forms protein complexes of 1 MDa and 1.9 MDa as assayed by gel filtration
experiments (Bai et al., 1999; Liu et al., 1998), both forms contain all core subunits, which
suggests that the larger complex contains additional proteins (Collart and Timmers, 2004;
Hata et al., 1998; Komarnitsky et al., 1998; Liu et al., 2001). Not1 (240 kDa) is the only
essential protein of the core subunits of the complex and serves as scaffold (Maillet et al.,
2000). Several genetic and biochemical studies showed that the Ccr4-Not complex consists
mainly of two subcomplexes (Fig. 8). The Not-proteins form one subcomplex whereas the
other comprises Ccr4 and Caf1. Both are linked via the scaffold protein Not1 (Bai et al.,
1999; Chen et al., 2001). The Not-proteins interact with the C-terminus of Not1, whereas
Ccr4 and Caf1 are located at the center (Bai et al., 1999; Collart and Struhl, 1994;
Oberholzer and Collart, 1998). The Ccr4-Not complex was shown to be involved in regulation
of gene expression as well as mRNA turnover at different cellular levels. It has been
considered that one of its main functions is a global regulation of transcription (Azzouz et al.,
2009; Cui et al., 2008). The complex plays also a role for the post-translational modification
status and transcriptional activity of the stress-responsive transcription factor Msn2, as well
as for the proper genome-wide distribution of the general transcription factor TFIID on
promoters (Lenssen et al., 2007; Lenssen et al., 2002). Here, the Not-proteins were
proposed to act as transcriptional repressors by restricting the access of TFIID to promoters

28

	
  
	
  

Introduction

	
  
	
  

	
  

and have been shown as controllers of particularly SAGA-responsive genes (Badarinarayana
et al., 2000; Collart, 1996; Collart and Struhl, 1994; Cui et al., 2008; Deluen et al., 2002).
Additionally, the complex is also involved in transcription initiation and elongation (Denis et
al., 2001; Lemaire and Collart, 2000; Oberholzer and Collart, 1999).
Besides its role as a transcriptional regulator, the Ccr4-Not complex takes part in other
processes like mRNA turnover. According to their physical interaction in the complex, Ccr4
and Caf1 act both as deadenylases, which catalyze poly(A) tail shortening of cytoplasmic
mRNAs (Tucker et al., 2001). Ccr4 and Caf1 have been discovered as the major yeast
deadenylases, thus attributing an enzymatic activity to the Ccr4-Not complex (Chen et al.,
2002; Tucker et al., 2001; Viswanathan et al., 2004). Caf1 was shown to mediate the
association of Ccr4 with Not1 and has been suggested to regulate the deadenylation of
special transcripts (Bai et al., 1999; Morozov et al., 2010). Both proteins influence mRNA
stability, as poly(A) tail shortening is the first step in mRNA degradation, and thereby regulate
protein expression (Bartlam and Yamamoto, 2010). These two distinct functions of the
complex, transcription regulation and mRNA turnover, take place in two different
compartments of the cell, namely in nucleus and cytosol.
Besides its role in the complex, Not4 also acts as an E3 ubiquitin protein ligase (see above)
connecting the complex also to the UPS. A series of studies have also provided a
mechanism by which Not4 may directly influence gene expression. They have shown that
Not4 modulates trimethylation of lysine 4 on histone H3 (H3K4) by controlling the levels of
the demethylase Jhd2 through polyubiquitin-mediated degradation (Huang et al., 2010;
Laribee et al., 2007; Mersman et al., 2009; Mulder et al., 2007a).
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Different cytosolic factors have been discovered, which physically interact with translating
ribosomes and contact nascent polypeptide chains to promote either productive folding or to
control the recycling of incorrectly synthesized proteins. Among these factors, molecular
chaperones, like NAC and a Hsp40/70 based system in yeast, assist folding of newly made
proteins at different states. Therefore, the aim of this work was to analyze the function of
NAC in protein synthesis and folding on a molecular level. A second goal was to investigate
whereas Not4, an E3 ubiquitin protein ligase, is a part of a co-translational quality control
network, which recognizes damaged newly synthesized proteins and subsequently targets
them for proteasomal degradation.

(A) Impact of NAC on protein synthesis in vitro
NAC is a highly conserved complex in eukaryotes. Despite several studies from last decades
where different functions of NAC have been proposed, its mechanism of action is still
unknown. As the deletion of NAC in yeast has no phenotype, it is challenging to characterize
the exact function and mode of action of NAC. Therefore, it was a great need and one aim of
this study was to investigate the influence of NAC on protein synthesis and folding on a
molecular level. To do so, an in vitro translation system derived from yeast and a vector
allowing the production of homogenous mRNAs coding for every protein of interest had to be
designed and established. This system allows translation of model and total yeast proteins in
the presence and absence of NAC and mutants thereof. One question to address was
whereas ribosome binding of NAC is required for its function. Furthermore, it should be
clarified if the two β-subunits of NAC have different functions or mechanisms of action in
protein synthesis and folding. Moreover, the deletion of NAC in higher eukaryotes leads to
embryonic lethality, emphasizing the importance of NAC. Despite having different
phenotypes the function and mode of action of NAC might be the same in yeast and higher
eukaryotes. In order to analyze the function of NAC from higher eukaryotes the impact of
C. elegans NAC on protein synthesis was tested.

(B) Investigation of the interaction of Not4 with ribosomes and the connection to
the mRNA surveillance mechanism
The E3 ubiquitin ligase Not4, which is a part of the Ccr4-Not complex has been suggested to
be involved in co-translational degradation of arrested nascent polypeptide chains in yeast.
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In order to investigate the role of Not4 in co-translational degradation its association with the
translation machinery was characterized. Answers on the following questions, would be very
helpful to gain more insights into the process of co-translational degradation, namely:
Does Not4 physically interact with the translation machinery? Does the whole Ccr4-Not
complex associate with ribosomes or is this a function of Not4 besides its role in the Ccr4Not complex? How is ribosome binding of Not4 or the Ccr4-Not complex mediated? Is Not4 a
part of the ribosome-associated quality control system for nascent polypeptides and does
Not4 recognize nascent polypeptide chains? Is Not4 connected to the mRNA surveillance
mechanism?
To answer these questions, polysome profile analysis has been performed and the
distribution of Not4 and other Ccr4-Not complex members in the sucrose gradients were
analyzed. Several deletion strains from Ccr4-Not complex members have been used to
define the requirements for ribosome binding of Not4. Additionally, experiments following the
hypothesis of a combined co-translational protein and mRNA quality control network have
been performed, by analyzing the Not4 ribosome-association in cells lacking individual
components of mRNA decay and of these components in Not4 deletion cells.
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In the following part the main results have been summarized. The results obtained for the
ribosome-associated E3 Ligase Not4 are part of a manuscript.
Additional contributions to publications are not included in this thesis, as they are not directly
related to the topics presented here.
Publications and manuscripts from this thesis:

	
  
Koplin A., Preissler S., Ilina Y., Koch M., Scior A., Erhardt M., and Deuerling E. (2010) A
dual function for chaperones Ssb/RAC and the NAC nascent polypeptide-associated
complex on ribosomes. J Cell Biol. 189 (1): 57 - 68
Scior A., Preissler S., Koch M., Deuerling E. (2011) Directed PCR-free engineering of highly
repetitive DNA sequences. BMC Biotechnol. 2011 Sep 23; 11:87
Preissler S.*, Koch M.*, Scior A., Bruderek M., Reuther J. and Deuerling E. (2012) A role of
the Ccr4-Not complex in the quality control of newly synthesized proteins. (to be submitted)
* shared first authorship
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Results

To study the function of NAC in translation and protein folding on a molecular level, a yeast
in vitro translation system has been designed and applied. The key benefit of the yeast cellfree system for this study is that it can be used in combination with genetic analysis. It means
that the in vitro translation extracts can be successfully prepared from wild type and NAC
deletion cells. Therefore, the strategy was to prepare in vitro translation extracts from wt and
nacΔ cells and with following addition of purified NAC as well as mutants thereof in a
controlled manner to investigate the impact of NAC on protein synthesis and folding. The first
step was to establish a reliable in vitro translation system using already published protocols.
Moreover, a prerequisite was to design and clone a vector, which allows the production of
homogenous populations of mRNAs coding for different model proteins. An overview of the
strategy applied for extract and mRNA preparation as well as in vitro translation is presented
in Fig. 10.

5.1

Yeast in vitro translation system

In principle, a model of cell-free extract for in vitro translation from any type of cells is
imaginable, however, only a few cell-free systems have been successfully established so far.
Generally, these systems are derived from cells engaged in a high rate of protein synthesis
and for this purpose a cell-free extract from E. coli is the most common prokaryotic in vitro
translation system. Cell-free systems from rabbit reticulocytes and wheat germ are the
eukaryotic counterparts. All these systems are commercially available.
A cell extract from S. cerevisiae is suitable for in vitro translation (Hofbauer et al., 1982; Wu
et al., 2007) as well, however the yeast system is not as popular as the eukaryotic systems
mentioned above.

5.1.1

In vitro translation vector

A cell-free eukaryotic system requires the availability of individual defined mRNA species
(Fig. 10). In eukaryotes transcription and translation are uncoupled processes as the
conversion from the DNA into the mRNA sequence occurs in nucleus, from where the mRNA
is transported into cytoplasm. In cytosol ribosomes translate the mRNA information into the
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amino acid sequence of a protein. Therefore, mRNA for in vitro translation in eukaryotic
systems is usually prepared in separate in vitro transcription reactions (Fig. 10).
An in vitro translation vector has been designed and cloned which allows the production of
homogenous mRNAs, coding for the desired substrate protein. The in vitro translation vector
pMK1 (Fig. 9) contains all elements of eukaryotic mRNAs, which are required for efficient
translation.
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Figure 9: Schematic representation of the elements of pMK1 required for in vitro transcription
and translation. pMK1 contains a T7 promoter sequence. The MCS is flanked by a HSP26 5´UTR
and a PGK1 3´UTR, respectively. pMK1 additionally encodes a poly(A) tail. Restriction sites used for
cloning of pMK1 and restrictions sites available in the MCS for substrate insertion are indicated.

The 5´ and 3´UTR (untranslated region) contribute to the stability and efficient translation
of mRNAs. For this purpose, the 5´UTR of HSP26 and the 3´UTR of PGK1
(3-phosphoglycerate kinase) have been used for the construction of pMK1 to produce stable
mRNAs with high translation efficiency (Sagliocco et al., 1993; Shalgi et al., 2005). UTRs
from HSP26 and PGK1 have been used, as their mRNAs were described as highly stable
and having a high translation rate in yeast. These UTRs have been included as fixed
elements in the pMK1 vector and used instead of the endogenous UTRs of the target gene.
Another specific element of eukaryotic mRNAs is a stretch of adenines at the 3´end, a
so-called poly(A) tail. In yeast, mRNAs are synthesized and exported from nucleus with a
poly(A) tail length of approximately 70 adenines. The poly(A) tail contributes to mRNA
stability and translation initiation efficiency. For the addition of the poly(A) tail, a method for
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seamless cloning of highly repetitive sequences has been established and is described in
(Scior et al., 2011). Employing this method, synthetic oligonucleotides have been used to
generate poly(A) tails of different length. To the very 5´end of the construct, a T7 promoter
sequence has been added, to allow in vitro transcription using the T7 RNA Polymerase.
The multiple cloning site (MCS) allows the insertion of any ORF (open reading frame), to
produce the protein of interest in the in vitro translation system. As model substrates for in
vitro translation the coding sequence of the Src-homology 3 (SH3) domain from human αspectrin and of the bacterial chloramphenicol acetyltransferase (CAT) have been cloned into
the pMK1 vector, resulting in pMK1-SH3 and pMK1-CAT. Both proteins have already been
successfully synthesized in a cell-free system before (Hoffmann et al., 2006; Stueber et al.,
1984).
In order to initiate protein synthesis at the AUG start codon eukaryotic ribosomes recognize
the 5´end of mRNAs and then move along. The so-called “Kozak sequence” is a consensus
motif of a few nucleotides upstream of the start codon. This sequence is recognized by
ribosomes and thereby improves translation initiation (Kozak, 1999). Therefore, together with
the gene of interest, the Kozak sequence has been inserted into the MCS of pMK1. The
rationale was to further increase the efficiency of translation initiation. Additionally, for
efficient recognition by eukaryotic ribosomes, mRNAs require a 5´end that is ‘capped’ by a
7-methylguanosine. Therefore, the in vitro transcription has been performed in the presence
of 7-methylguanosine and GTP has been added 5 min after initiation of transcription, to
ensure that every mRNA molecule is capped. 7-methylguanosine was present during the
whole reaction, however GTP has been added in excess, to assure that GTP is incorporated
into the mRNA during the elongation process (Kozak, 1999).
The basic experimental setup for preparation of mRNAs is illustrated in Fig. 10. Linearized
and gel purified pMK1-SH3 or pMK1-CAT vectors served as templates for in T7 in vitro
transcription. Vectors have been cut at the 3´end of the poly(A) tail using XhoI and run-off
transcription, which stops at the end of the DNA sequence, has been performed. After in vitro
transcription reaction, mRNA has been purified using the Ambion MegaClear kit removing
free nucleotides and therefore, the exact concentration of mRNA can be determined. The
purity of the mRNA has been analyzed by agarose gelelectrophoresis. Highly pure mRNAs
with concentrations up to 300 ng/µl were obtained from one in vitro transcription reaction. For
one in vitro translation reaction 100 – 200 ng of the corresponding mRNAs were used.
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In vitro translation extract

Yeast in vitro translation extracts have been prepared as illustrated in Fig. 10 and according
to published protocols (Hofbauer et al., 1982; Wu et al., 2007). These crude cell extracts
contain all the macromolecular components (80S ribosomes, tRNAs, aminoacyl-tRNAsynthetases, initiation, elongation and termination factors) required for translation and were
depleted of amino acids and other small molecules by gel filtration. After this step, the
absorption of rRNA at 260 nm (A260) of each fraction was determined, and the fractions with
the highest A260 values were pooled, assuming that these contain the highest concentration
of ribosomes. The extracts were then shock frozen in liquid nitrogen in small aliquots and
stored at - 80°C for several months without any detectable activity decrease.
The depletion of amino acids and small molecules was necessary to allow the defined
addition of nucleotides and amino acids, especially

35

S-Methionine (35S-Met) for radioactive

labeling of in vitro synthesized protein. For translation, the extracts were supplemented with
amino acids, energy sources (ATP, GTP), energy regenerating system (creatine phosphate,
creatine phosphokinase) as well as other co-factors (Mg2+, K+ etc.).
Prior to in vitro translation, the extracts were thawed on ice and the yeast mRNA, which has
not been removed by the extract preparation, has been degraded using micrococcal
nuclease. This enzyme requires Ca2+ as cofactor and could therefore easily be inactivated by
removal of Ca2+, which can easily be done by complexation using EGTA. Subsequently, all
required supplements have been added before translation could be started by simple
addition of mRNA and

35

S-Met. This extract allowed high reproducibility of in vitro translation

of any protein of interest.
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mRNA synthesis and preparation
pMK1 XhoI linearized,
gel purified
T7 Polymerase
Polymerase buffer
ATP, CTP, UTP
7mGpppA
RNase inhibitor

Extract preparation
Growing of yeast cells to OD600

5 min, 37 °C
GTP

Harvesting cells by centrifugation,
washing cells (3 x)

Cell lysis - glass bead disruption

T7 run-off in vitro transcription
1 h, 37 °C

Clearance of extracts by centrifugation (30 000 g)

Removal of small molecules by
gelfiltration (Sephadex G25)

A260 > 75 % active extract,
freezing in liquid N2

DNase treatment
15 min, 37 °C
mRNA purifcation

In vitro translation
Thawing extracts on ice
Micrococcal nuclease
Ca2+

7mGppp

AAAAAAAAAAAAAAAA

100 - 200 ng mRNA
per in vitro translation reation

Nuclease (Ca2+-dependent) treatment
- degradation of endogenous mRNA
10 min, 20 °C
EGTA

Nuclease inactivation
5 min, on ice
Energy regenerating system,
amino acids, 35S-Met, mRNA

In vitro translation
23 °C, 30 min

SDS-PAGE, Autoradiography

Figure 10: Yeast in vitro translation system. Schematic representation of the workflow for
preparation of the yeast in vitro translation extracts, T7 run-off in vitro transcription for mRNA
preparation and in vitro translation setup.

5.2

5.2.1

NAC effect in the in vitro translation system

NAC controls the yield of newly synthesized proteins in vitro

To study the function of NAC at a molecular level in vitro translation (ivt) extracts from wild
type (wt) yeast cells or cells lacking all subunits of NAC (btt1Δ, egd1Δ, egd2Δ referred to
nacΔ) have been prepared. In vitro translation in the mutant background allows to study
protein biosynthesis and co-translational protein folding in the absence of NAC and thereby
its impact on structure formation and protein synthesis. The addition of mutant variants of
NAC allows testing for the domains responsible for nascent chain binding and NAC function.
Extracts from wt and nacΔ yeast cells have been used to translate the model substrate, CAT
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S-Met to label the newly synthesized protein. Both extracts

were active in in vitro translation and CAT was produced as shown by the radioactive product
band corresponding to the size of CAT (Fig. 11A). No product band has been found in the
absence of mRNA. However, comparing the translation products of the two extracts, a great
difference in the amount of translation product was observed. In nacΔ extract the product
band was more intense compared to the one obtained in the wt extract (Fig. 11A).
Quantification revealed that twice the amount of CAT was produced in nacΔ extract
compared to wt extract, suggesting that translation was more efficient in the absence of NAC
than in wt conditions.
A
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mRNA
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80S ribosomes [µM]

2.8

2.3

0.93

Figure 11: Yeast in vitro translation extracts derived from nacΔ cells are more active compared
to wt extracts. A) Yeast in vitro translation of CAT in nacΔ and wt extracts. CAT was translated in
vitro for 30 min at 23°C. Total ivt-reactions (15 µl) were loaded on a Tricine-Gel, the gel was dried and
exposed overnight. Autoradiograph was read out using a Fuji FLA 9000 IP reader. B) Protein and
ribosome content of nacΔ and wt ivt extracts. nacΔ and wt ivt extracts were applied to SDS-PAGE and
stained with Coomassie to visualize protein content (left panel). 80S ribosomes from the same volume
of nacΔ and wt extracts were pelleted by ultracentrifugation, resuspended in equal volumes and A260
was determined. Intensity of the CAT product bands and the protein content were quantified using
ImageJ. Intensity in the wt situation was set as reference to the nacΔ situation.

To exclude the different translational activities result from an artefact of the extract
preparation, several extracts from wt and nacΔ cells have independently been prepared,
showing the same result. The yield of translation product was reproducibly higher in nacΔ
extracts compared to extracts from wt cells (data not shown).
Furthermore, the concentration of ribosomes and total protein was determined in the extracts
in order to exclude concentration dependent effects. Only small differences in protein and
ribosome concentrations were detected as it has been shown in Fig. 11B and the protein and
ribosome concentration was even higher in the less active wt extract. It shows that increased
activity of the nacΔ extract does not correlate with a higher concentration of ribosomes and
proteins, but exclusively with the absence of NAC.
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The next step was to investigate whether this effect is somehow related to NAC or any other
difference in composition of a translation extract. Therefore, we asked what happens if the
extract from nacΔ cells now translates with ribosomes from wt cells containing NAC and if
there are any differences in the product yield if NAC is present in the ribosomal fraction or in
the supernatant. In order to exchange ribosomes with bound NAC or lysate with NAC for
complementing the absence of NAC, a ribosome exchange experiment has been performed
and set up as illustrated in Fig. 12A.
To exchange ribosomes of extracts prepared from wt and nacΔ cells, first the endogenous
yeast mRNA has been removed by nuclease treatment and afterwards, ribosomes were
pelleted by ultracentrifugation and resulting supernatant has been removed. Subsequently,
ribosomes have been resuspended in supernatant as indicated in Fig. 12A. Supernatant
obtained from wt extract has therefore been used to resuspend the ribosomal pellet from the
nacΔ extract and vice versa.
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Figure 12: In vitro translation reactions containing either nacΔ ribosomes or soluble ivt-protein
fraction derived from nacΔ cells showed reproducible higher product yield compared to wt ivtextract. A) Schematic overview of the ribosome exchange experiment. B) CAT was translated in vitro
using wt and nacΔ extracts, with exchanged ribosomes, for 30 min at 23°C, loaded on a Tricine-Gel,
the gel was dried and exposed overnight. Autoradiograph was read out using Fuji FLA 9000 IP reader.
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Importantly, mixing wt ribosomes with associated NAC and nacΔ lysate decreased the
translation product, which can clearly be seen comparing lane 8 and 12 in Fig. 12B.
Association of NAC with ribosomes is a very dynamic process, meaning that NAC cycles the
ribosome off and on. Therefore, NAC is present in ribosomal as well as in soluble fractions.
Mixing the ribosomal NAC-free fraction with the soluble fraction containing NAC and vice
versa, results in a NAC concentration, which lays between wt and nacΔ extracts. All
reactions lacking NAC or with decreased NAC concentrations revealed enhanced yields of
newly synthesized protein (Fig. 12B).

5.2.2

NAC effect on the product yield depends on its ribosome-association

In order to investigate whether the effect of NAC on the translation product yield depends on
its ribosome-association, purified αβ-NAC-RRK/AAA in increasing concentrations has been
added. The αβ-NAC-RRK/AAA mutant was shown to be deficient in ribosome binding
(Wegrzyn et al., 2006). Wild type NAC (αβ- and αβ`-NAC) has also been added to the in vitro
translation reactions (Fig. 13). In yeast, two NAC complexes exist, namely αβ- and αβ`-NAC.
Two β-subunits can be distinguished in yeast, namely β and β`, which are encoded by EGD1
and BTT1, respectively. Both of them form a complex with α-NAC and mediate ribosome
binding of the whole complex. However, αβ`-NAC is less abundant, as btt1 is 100 - fold less
expressed than egd1 (Reimann et al., 1999). Recently it was shown that these two
β-subunits have different substrate specificities in vivo (del Alamo et al., 2011). Therefore,
the effect of both NAC complexes on in vitro translation has been tested. Later in text, NAC
refers to both NAC complexes, otherwise it is mentioned elsewhere.
Both NAC complexes as well as αβ-NAC-RRK/AAA have been expressed in E. coli and
purified using Ni-IDA and ion exchange chromatography. Translation reactions using nacΔ
extract have been assembled and directly split. Finally NAC has been added as the last
component. Higher concentrations of αβ-NAC decrease product yield as judged by the
intensity of the CAT product band (Fig. 13, lane 1 - 6). However, 8 – fold molar excess of
NAC over ribosomes limits it, as it has been shown in Fig. 13 lane 1 and 6 and 4 and 6,
respectively. A similar effect has been observed for the addition of αβ`-NAC. Addition of
αβ`-NAC in increasing concentrations resulted in a decrease in the intensity of CAT product
band. Saturation has been observed at a αβ`-NAC concentration of 8 µM (Fig.13, lane 1-6
and 7-12). Despite of different substrate specificities in vivo, the presence of both NACcomplexes in in vitro translation reactions results in a decrease in translation product.
Interestingly however is the fact, that no decrease in translation product yields have been
observed for the addition of the ribosome binding mutant αβ-NAC-RRK/AAA to in vitro
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translation reactions. Even a 12 - fold molar excess over ribosomes has no influence on the
intensity of CAT product band, as it shows the same intensity as in the absence of NAC
(Fig. 13, lane 13 and 18), hence in vitro synthesis of CAT is unchanged in the presence of
αβ-NAC-RRK/AAA. Therefore, as a conclusion, NAC has to bind to the ribosome in order to
control the yield of protein synthesized in in vitro translation reactions.
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Figure 13: Wt NAC but not αβ-NAC-RRK/AAA leads to decrease in translation product yield.
CAT was translated in vitro in presence of increasing concentrations of purified wt NAC (αβ and αβ`)
or αβ-NAC-RRK/AAA in nacΔ extract. Purified NAC was present during the entire in vitro translation
reaction. Ribosome concentration in in vitro translation reaction was 1 µM. Total ivt-reactions were
loaded on a Tricine-gel, the gel was dried and exposed overnight. Autoradiograph was read out using
Fuji FLA9000 IP reader.

5.2.3

NAC from C. elegans controls the yield of newly synthesized proteins in
vitro

NAC is conserved from archaea to eukaryotes. However, in higher eukaryotes only one
β-subunit exists, namely egd1. In contrast to yeast, where deletion of NAC has no
phenotype, the deletion of NAC is embryonically lethal in higher eukaryotes, emphasizing
that NAC may fulfill different or additional functions. Considering these facts, if C. elegans
NAC controls the yield of protein synthesized in yeast in vitro translation system has also
been tested. Therefore, C. elegans NAC expressed in E. coli cells and purified via Ni-IDA
and ion exchange chromatography, kindly performed by A. Scior, was added to in vitro
translation reactions in increasing concentrations. Additionally, in this experiment a second
substrate protein was introduced. SH3 domain from α-spectrin (7.4 kDa) was synthesized in
order to test the influence of C. elegans NAC on in vitro translation.
The addition of C. elegans NAC decreased translation product yield, as judged from the
decrease in the intensity of the product band (Fig. 14). In the presence of a 10 - fold molar
excess of NAC over ribosomes any product band was hardly visible, what clearly
demonstrates that NAC effect on in vitro translation is conserved.
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Figure 14: Addition of NAC from C. elegans results in decrease in translation product yield.
SH3 was translated in vitro in presence of increasing concentrations of C. elegans wt NAC (αβ) in a
nacΔ extract. Purified NAC was present during the entire in vitro translation reaction. Total ivtreactions (15 µl) were loaded on a Tricine-gel, the gel was dried and exposed overnight.
Autoradiograph was read out using Fuji FLA9000 IP reader.

CAT was a model substrate, which has been used for experiments so far. A second protein
has then been analyzed as a model, namely SH3. NAC controls also the product yield when
the SH3 domain was synthesized in vitro, as judged from the decrease in product band of
SH3 with increasing concentrations of C. elegans NAC (Fig. 14, lane 1 - 5). The same results
have been obtained for in vitro translated SH3 in presence of increasing concentrations of
purified yeast NAC (data not shown).

5.2.4

NAC broadly affects the production yields of in vitro translated proteins

The yield of CAT and SH3 synthesized in vitro is decreased in the presence of NAC.
However, these two proteins may be very special as they are derived from bacteria or human
and therefore are no endogenous yeast substrates of NAC. To exclude that the observed
effect is specific and limited to synthesis of recombinant CAT and SH3, the effect of NAC on
synthesis of endogenous yeast proteins was analyzed. Therefore, the same experimental
setup has been used, but endogenous yeast mRNA has been translated. For this purpose,
the micrococcal nuclease treatment prior to translation has been omitted, which is the
standard procedure for removing yeast mRNA. A crude cell extract has been prepared for in
vitro translation, so most of the cellular yeast mRNAs should be present in the system. The
complete set of yeast mRNAs consequently has been translated in in vitro translation
reaction, resulting in translation products spanning the whole range of protein size (Fig. 15,
lane 1).
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Figure 15: NAC broadly affects the production yields of in vitro translated proteins. Endogenous
yeast mRNA was translated in vitro in presence of increasing concentrations of yeast wt αβ-NAC or
αβ-NAC-RRK/AAA in a nacΔ extract. Purified NAC was present during the entire in vitro translation
reaction. Total ivt-reactions (15 µl) were loaded on a Tricine-gel, the gel was dried and exposed
overnight. Autoradiograph was read out using Fuji FLA9000 IP-reader.

The addition αβ-NAC resulted in less protein synthesized during in vitro translation reaction
in a concentration dependent manner (Fig. 15 lane 1 - 5). The synthesis of all proteins
seemed to be affected in the presence of NAC, as the radioactive signal for translation
products of all sizes was reduced. αβ-NAC-RRK/AAA was included as control. The αβ-NACRRK/AAA mutant behaved as expected and did not show any effect on yield of translation
product (Fig. 15 lane 6 - 10). Here, a more general NAC effect can be observed, which is not
restricted to two synthesized proteins that are not derived from yeast. Thus NAC may
influence protein synthesis in a more general way, independent of the protein being
synthesized.

5.2.5

NAC controls protein synthesis in vitro by a co-translational process

One of the previous experiments showed that in order to control yield of protein synthesized
in vitro, NAC binding to the ribosome is required. Therefore, requirement of ongoing
translation for NAC activity has been taken into consideration and tested by post-translational
addition of NAC to in vitro translation reactions.
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CAT has been translated in the cell-free system for 30 min and the reaction was stopped by
addition of cycloheximide (CHX) or puromycin (Puro). Both of them inhibit the translation
elongation process, CHX interferes with the translocation step and stabilizes the nascent
chain on the ribosome, while Puro causes premature chain release. After inhibition of protein
synthesis, αβ-NAC was added in increasing concentrations to in vitro translation reactions
and then incubated for next 30 min, resulting in a stable CAT product band detected in the
autoradiography (Fig. 16). Even in the presence of 12 µM NAC no decrease in the product
band could be detected either for CHX or for Puro treated samples. This result implies that
NAC acts co-translationally rather than controlling a post-translational process.
Considering the different modes of action of CHX, which stabilizes RNCs and Puro, which
releases the nascent chain, in both cases the product yield is not decreased, independent
whether the nascent chain is released from the ribosome or is still attached to it, as it has
been shown. This lead to the conclusion that it is not sufficient for the NAC activity that the
nascent chain is ribosome bound, but requires ongoing translation.
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Figure 16: Presence of NAC does not lead to a decrease in translation product when
translation is inhibited. CAT was translated in a nacΔ lysate for 30 min at 23°C, translation was
stopped by addition of either Puro (1 mM) or CHX (100 µg/ml). Yeast αβ-NAC was added at the
concentrations as indicated and the ivt-reactions were further incubated for 30 min at 23°C. Total ivtreactions (15 µl) were loaded on a Tricine-gel. The gel was dried and exposed overnight.
Autoradiograph was read out using Fuji FLA9000 IP-reader.

This conclusion matches very well with result of the following experiment, where translation
was performed for 5 min in the absence of NAC. After that, αβ-NAC was added and
translation was allowed to proceed at 23 °C for further 30 min. Addition of αβ-NAC resulted in
a decrease in translation product yield as observed before, however the effect was not as
pronounced compared to the situation, when αβ-NAC was present during the whole
incubation time (Fig. 17). This implies that NAC affects translation initiation. As in the first
minutes of translation, in the absence of NAC, translation is initiated and could continue in
the presence of NAC. This would explain why the effect is not as pronounced as observed
before, when NAC was present from the very beginning (Fig. 13).
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Figure 17: Addition of NAC after 5 min of translation has only a minor effect on translation
product yield. CAT was translated in a nacΔ ivt-lysate for 5 min at 23°C, purified NAC was added at
the concentrations indicated, reactions were further incubated for 30 min at 23°C. Total ivt-reactions
(15 µl) were loaded on a Tricine-gel, the gel was dried and exposed overnight. Autoradiograph was
read out using Fuji FLA9000 IP-reader.

5.3

NAC affects the process of translation

The presence of NAC during in vitro translation results in a decrease in the translation
product yield, independent of which protein being synthesized has so far been shown.
Furthermore, data revealed that NAC acts in a co-translational manner, which requires
ribosome binding, in order to control the amount of translation product.
The obtained results allow two different interpretations. Firstly, NAC may favor a
co-translational degradation process of nascent polypeptide chains. This means that the
newly synthesized protein would get ubiquitylated and rapidly degraded by the proteasome in
ivt-system. Despite of similar amounts of protein synthesized, in the end it would result in
less translation product being detectable. Based on the fact that the α-subunit of NAC
contains an UBA-domain and NAC binds to the ribosome close to exit tunnel and interacts
with nascent polypeptide chains, one could assume that NAC may be involved in
proteasomal degradation of nascent polypeptides. To address this point proteasomal
degradation of the synthesized protein within the cell-free system has been investigated.
Secondly, NAC may influence the initiation or elongation step, either directly or indirectly.
This scenario is supported by the fact that NAC was shown to have a nucleic acid binding
site and to bind to RNA in vitro (Liu et al.). Thereby one could imagine that NAC interacts
with the mRNA and blocks ribosome binding or influences translation by interaction with or
regulation of a component of the translation machinery. A protein involved in translation
initiation named Uri1 in yeast is also involved in a chaperone-network and thereby helps to
coordinate translation initiation and co-translational quality control as it has been described
(Deplazes et al., 2009). A dual function for NAC, shuttling between the chaperone function at
the ribosomal exit tunnel and regulation of translation can also be envisioned.
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In vitro translation extract exhibits proteasomal activity

To test the first hypothesis, the in vitro translation extracts were tested for proteasomal
activity. Therefore, a proteasomal activity assay has been performed, using the fluorogenic
substrate Suc-LLVY-AMC, which normally is hydrolyzed in an ubiquitin independent manner.
Cleavage of the substrate by the proteasome (chymotrypsin-like proteases) results in the
product AMC showing a strong fluorescence at 460 nm when excited at a wavelength of
380 nm. Both wt and nacΔ extracts were tested. When incubated with the fluorogenic
substrate at 30°C both extracts showed proteasomal activity, represented by the increase of
the fluorescence emission peak of the product (Fig. 18).

A

B

Figure 18: Proteasome activity in in vitro translation extracts can be efficiently inhibited by
MG132. Proteasome activity assay using the fluorogenic substrate Suc-LLVY-AMC. Substrate was
incubated together with in vitro translation extracts at 30 °C for the indicated times. Detection was
performed at the Perkin Elmer Spectrofluorimeter (excitation 380 nm; emission 460 nm). Proteasome
activity was detected for wt (A) and nacΔ (B) extracts and could be efficiently inhibited by addition of
MG132 (70 µM).
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It proves the active proteasomal features of in vitro translation extracts. The fluorescence
signal of AMC for both extracts increased with time. However, there was a reproducible
slightly increased proteasomal activity in the nacΔ sample (Fig. 18B) compared to the wt
extract (Fig. 18A). Importantly the proteasomal activity could be completely blocked by
addition of the proteasomal inhibitor MG132 (70 µM), as the fluorescence signal was down to
the control reactions lacking substrate or lysate.

5.3.2

Proteasomal degradation is not responsible for decreased translation
product

As it has already been shown the in vitro translation extracts contain active proteasomes,
which could be efficiently inhibited by the addition of MG132. At this point a question arises,
namely, in which correlation is the decrease in translation product yield in the presence of
NAC with proteasomal degradation. Therefore, MG132 has been added at a concentration of
150 µM to the in vitro translation reactions to inhibit the proteasome. In vitro translation
reactions

were

supplemented

with

αβ-NAC

and

αβ-NAC-RRK/AAA

in

increasing

concentrations. The autoradiograph of in vitro translation reactions in the presence of MG132
and αβ-NAC showed no difference to the absence of MG132 (Fig. 13 and Fig. 19 lane 1 - 5).
Although the proteasomal activity was blocked, the amount of translated CAT decreased with
increasing concentrations of αβ-NAC and hardly any product band was detectable in the
presence of 4 - 10 µM αβ-NAC (Fig. 19 lane 3 - 5). As control, no decrease in translation
product yield has been detected when adding αβ-NAC-RRK/AAA (Fig. 13 and Fig. 19 lane
6 - 10). Therefore, it could be concluded that the decrease in the translation product yield in
the presence of NAC is not correlated to enhanced proteasomal degradation of newly
synthesized proteins.
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Figure 19: Proteasomal inhibition does not increase the translation product yield in the
presence of NAC (to nacΔ levels). Autoradiograph of in vitro synthesized CAT. MG132 (150 µM)
was added to the in vitro translation reactions, translation was performed in the presence of wt
αβ-NAC or αβ-NAC-RRK/AAA at the indicated concentrations. Total ivt-reactions (15 µl) were loaded
on a Tricine-gel, the gel was dried and exposed overnight. Autoradiograph was read out using Fuji
FLA9000 IP-reader.
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The presence of NAC affects the amount of in vitro translation product
synthesized over the time

Excluding proteasomal degradation as cause for a decrease in translation product, a second
hypothesis has been verified, namely the influence of NAC on translation process itself, its
efficiency and kinetic. Therefore, SH3 has been synthesized in a nacΔ extract with and
without addition of 5 µM purified αβ-NAC. For both reactions the same extract was used. As
the two reactions differed only by the presence of the added αβ-NAC, any observable effect
could be therefore exclusively attributed to the presence of αβ-NAC. Samples were
withdrawn after different time of translation. In the absence of αβ-NAC the first faint product
band has been detected after 2 min of translation (Fig. 20A, lane 2). The amount of
translation product increased substantially within the first 15 min of translation and remained
stable afterwards (Fig. 20A lane 3 - 7). In the presence of αβ-NAC however, substantially
less newly synthesized product has been observed. Also for this reaction the first product
band has been detected after 2 min of translation, similar to nacΔ sample. However, the
amount of protein synthesized increased only slightly in the first 15 min and stayed stable for
the remaining time of translation.
This trend has also been illustrated graphically in the quantification of the translation product
bands (Fig. 20B). Quantification revealed that the translation product in the absence of
αβ-NAC strongly increased in the first 15 min and then reached a plateau. The curve
representing the amount of translation product in the presence of αβ-NAC did not show this
strong increase. The overall amount of product obtained in the absence of αβ-NAC was
about 3 – 4 - fold higher than in the presence of αβ-NAC.

50

	
  
	
  

Results

A

	
  
	
  
nacΔ + 5 µM αβ-NAC

nacΔ
[min]

0

2

5

10

15

30

45

0

2

5

10

15

30

45

- (7.4SH3
kDa)
lane

1

2

3

4

5

6

7

8

9

10

11

12

13 14

B

Figure 20: The presence of NAC affects the amount of in vitro translation product synthesized
over the time. A) Autoradiograph of the translation reactions in the absence and presence of NAC.
The amount of protein synthesized in the in vitro translation reactions over the time was investigated in
a nacΔ ivt-extract and in a nacΔ ivt-extract supplemented with 5 µM of purified NAC. Translation
reactions were incubated at 23°C and aliquots were taken at the indicated time points. Total ivtreactions (15 µl) were loaded on a Tricine-gel, the gel was dried and exposed overnight.
Autoradiograph was read out using Fuji FLA9000 IP-reader. B) Quantitative analysis of one
representative experiment. The amount of translation product was quantified using ImageJ. The
increase in translation product was normalized to the time point zero and plotted against the time of
translation.

Importantly, a substantial difference in the slope of the curves for the two reactions has been
observed. In absence of αβ-NAC more translation product has been produced in a defined
time, meaning the translation occurs with a higher rate. Whereas the amount of translation
product increases more then 10-fold in absence of NAC, in the presence of αβ-NAC within
the first 15 min of translation the ratio is only 2 - fold. Thus, NAC decreases translation
through a direct or indirect interaction with the translation machinery. Focusing on both
results may conclude, the slope (rate) and the total yield of synthesis are reduced,
suggesting that NAC may decrease initiation and elongation steps of protein synthesis.
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The E3 ubiquitin ligase Not4 from S. cerevisiae

This work is part of a manuscript (see Appendix).
5.4.1

NAC associates with ribosomes independent of Not4

It has previously been suggested that NAC is subject to Not4-dependent ubiquitylation and
that ubiquitylation of NAC regulates its stability and ribosome-association (Panasenko et al.,
2006; Panasenko et al., 2009). However, binding of NAC to ribosomes has been analyzed by
immunoprecipitation and pulldown experiments detecting only the interaction of individual
NAC subunits with a single ribosomal protein. Additionally, a recent report has shown that
ribosomal proteins are substrates of Ssb and NAC and aggregate in a ssbΔ and a ssbΔnacΔ
strain (Koplin et al., 2010). Therefore, the detected interaction of NAC with ribosomal
proteins may not represent the binding of NAC to the ribosome but the interaction of NAC as
a chaperone with its substrate.
By contrast, the influence of Not4 on the direct physical interaction between NAC and
ribosomal particles has not been tested. Therefore, lysates from exponential growing wt
yeast cells or cells lacking Not4 (not4Δ) have been prepared and the different ribosomal
species have been separated by sucrose density gradient ultracentrifugation. Upon
centrifugation, ribosome profiles were read out from the top of the gradient by measuring the
absorption of rRNA at the distinct wavelength of 254 nm (A254) and fractions were collected.
Since equal absorption units were loaded on each gradient, the relative peak heights are
proportional to the quantities of the individual ribosomal species. The ribosomal profiles of
not4Δ cells were similar to the ones of wt cells (Fig. 21). In both cases, the height of the 80S
peak and the number of polysomal species were the same, concluding that the ribosome
levels were very similar in wt and not4Δ strains. However, polysome peaks were slightly
decreased in not4Δ cells and may be explained by reduced protein synthesis rates, since the
mutants showed also a slow-growth phenotype (Fig. 22).
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Figure 21: Ribosomal profiles of wt and not4Δ cells show that Not4 has no significant influence
on the ribosome-association of NAC. Lysates of wt and not4Δ cells were prepared and equal A260
units were loaded onto linear sucrose gradients (15 - 45% sucrose) to separate ribosomal particles.
After centrifugation, the gradients were read out by measuring A254 (top panels) and fractionated.
Peaks indicate the 40S and 60S ribosomal subunits as well as 80S monosomes and the different
polysomal species. The soluble fractions (sol.) were on top of the gradient. The proteins of the
individual fractions were precipitated and analyzed by Western blotting (lower panels). The signals of
the ribosomal protein Rpl25 indicate fractions containing 60S ribosomal subunits. NAC, Ssb1 and
Zuo1 associated with ribosomal particles independent of Not4. Sse1 stayed largely in the soluble
fractions on top of the gradient.

To compare association of NAC with the ribosomal species in the two yeast strains, the
proteins of the collected fractions were precipitated with TCA and analyzed by Western
blotting using NAC specific antibodies. Ribosomes were detected using an antibody against
Rpl25, which is a ribosomal protein of the 60S subunit. As controls, the distribution of the
ribosome-associated chaperones Ssb1 and Zuo1 has been analyzed, as well as Sse1 which
does not bind to ribosomes was analyzed. Both NAC subunits have been found in all
fractions of the gradients prepared from wt and not4Δ cells (Fig. 21). In every case, the
strongest signals were obtained in the 80S and polysomal fractions. As expected, Ssb1 and
Zuo1 were partly found in the soluble fractions and also co-migrated with ribosomal particles,
whereas Sse1 remained in the soluble fractions. This result indicates that NAC was
efficiently bound to ribosomes in both, wt and not4Δ cells. Although slightly more NAC has
been detected in the soluble fractions in lysates prepared from not4Δ cells, nevertheless the
majority of NAC was found in the ribosomal fractions. Similar redistributions have been
observed for Ssb1 and Zuo1, which bind to ribosomes independently of Not4. Therefore, the
minor differences in the NAC distribution in not4Δ gradients can be interpreted as a result of
the slightly reduced amounts of polysomes, rather than to be caused by the absence of Not4
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and subsequently concluded that Not4 has no significant influence on ribosome-association
of NAC or on any other known ribosome-associated chaperone. This agrees with new data
obtained in the lab showing no genetic interaction of Not4 and NAC (unpublished data,
manuscript in the Appendix). To test for a genetic interaction between Not4 and NAC, the
NOT4 gene was deleted in a nacΔ strain (egd1Δegd2Δbtt1Δ) to generate nacΔnot4Δ
mutants (egd1Δegd2Δbtt1Δnot4Δ) (Dr. Steffen Preissler). The nacΔnot4Δ cells were viable
and showed no significant difference in the growth behavior compared to not4Δ (Fig. 22).
This suggests that Not4 and NAC display distinct functions and do not functionally cooperate
with each other.

nacΔ
nacΔnot4Δ

YPD

not4Δ

3 days, 30oC,

wt

Figure 22: Growth analysis of wt and mutant cells. Serial dilutions of cells were spotted on YPD
and grown as indicated. The growth of not4Δ, nacΔ and nacΔnot4Δ cells was compared to wt
(Preissler & Koch, Deuerling unpublished data)

5.4.2

Not4 and Caf1 associate with the translation machinery

For further investigation of the interaction between Not4 and the translation machinery, the
distribution of Not4 in sucrose gradients prepared from wt lysates has been analyzed. As
Not4 is expressed at low levels and is therefore hardly detectable even in total yeast lysate,
larger gradients (38 ml) have been used which allow loading of up to 200 A260 units for
separation of the ribosomal species by ultracentrifugation were used. Fractions from the
gradients have then been precipitated using TCA and analyzed by Western blotting using
polyclonal Not4 antibodies.
Not4 was detected in the 80S and polysomal fractions interestingly however, the strongest
signals were observed in the late polysomal fractions (Fig. 23). This indicates that Not4
prefers binding to translating ribosomal species carrying nascent polypeptide chains. Not4
ribosome-association was additionally analyzed in a nacΔ background, however any
difference in the distribution of Not4 in the ribosomal fractions could not have been detected
(data not shown), again underlying that Not4 and NAC are functionally independent.
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Figure 23: Not4 and Caf1 co-migrate with ribosomal species. Ribosomal profiles were read out by
measuring A254 and the fractionated gradients were analyzed for the distribution of Not4 and Caf1.
60S ribosomal subunits, 80S monosomes and polysomes were detected by Western blotting against
Rpl25. Immunodetection of ribosome-associated chaperone Zuo1 served as control. Not4 and Caf1
co-migrated both with 80S and polysomal particles.

Since Not4 is a part of the Ccr4-Not complex we asked whether additional complex members
co-migrating with ribosomal particles in the sucrose gradient can be found. Mapping of the
physical interactions within the Ccr4-Not complex identified two subcomplexes consisting of
the Not-proteins in the one case, as well as Ccr4 and the Caf-proteins in the other case (Bai
et al., 1999). Both subcomplexes are connected mainly via the scaffold protein Not1.
Therefore, the gradient fractions have been probed with antibodies directed against Caf1.
Results of Western blotting have shown that Caf1 was present in the fractions of 80S monoand polysomes (Fig. 23). Strikingly, Caf1 was also enriched in the late polysomal fractions.
As control, the fractions of the sucrose gradient have been tested for the presence of Zuo1, a
ribosome-associated Hsp40. Zuo1 was found in some extent in the soluble fractions, but
mainly in the 80S and polysomal fractions. However, it was not specifically enriched in the
late polysomes as it was the case for Not4 and Caf1. This emphasizes the difference in
ribosome binding of Zuo1 compared to Not4 and Caf1 that both are enriched in the late
polysomal fractions.

5.4.3

Several subunits of the Ccr4-Not complex associate with the translation
machinery

As Not4 and Caf1 showed a very similar distribution in the sucrose gradient, but do not
interact directly with each other, one could speculate whether the entire Ccr4-Not complex
associates with the translation machinery. To investigate this further, genes of the Ccr4-Not
components Not1, Not5 and Ccr4 were HA-tagged by chromosomal integration of PCR
amplified cassettes to label the proteins in vivo in S. cerevisiae. The amplified 3xHA-tag was
directed to the chromosomal loci of NOT1, NOT5 and CCR4 due to flanking homologous
sequences provided by the PCR-primers, for the generation of C-terminally tagged proteins
(Janke et al., 2004). For tagging Not1 and Not5 have been chosen, because the Not1
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deletion is lethal and Not5 knockout cells show a strong growth phenotype in yeast.
Therefore, the functionality of the tagged proteins has been analyzed by growth analysis.
Growth of the strains expressing the tagged versions of these proteins was not impaired
(data not shown); therefore functionality of the tagged versions of these proteins has been
concluded. Additionally, the correct integration of the 3xHA-tag at the C-terminus of the
desired genes has been verified by DNA sequencing. These strains have been used to
analyze the distribution of Not1, Not5 and Ccr4 in the sucrose gradient. Fractions of the
sucrose gradient were precipitated by TCA and analyzed by western blotting using
monoclonal antibodies against the HA-tag. Although Ccr4, Not1 and Not5 have been found
with some extent in the soluble fractions, they have been mainly found in the late polysomal
fractions similar to Not4 and Caf1 (Fig. 24), suggesting the association of the whole Ccr4-Not
with actively translating ribosomes.
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Figure 24: Ccr4, Not1 and Not5 co-migrate with ribosomal particles. Yeast strains expressing Cterminal 3xHA-tagged versions of Ccr4, Not1 and Not5 from the chromosomes were grown to the
logarithmic phase and lysates were prepared. Equal A260 units were loaded onto linear sucrose
gradients (10 - 40% sucrose) and the ribosomal profiles were read out by measuring A254 upon
centrifugation. The proteins of the individual fractions were precipitated and subjected Western blot
analysis using antibodies against Rpl25 and the HA-tag. The signals of the ribosomal protein Rpl25
indicate the fractions containing 60S ribosomal subunits.

5.4.4

Not4 associates with ribosomes in the absence of other Ccr4-Not complex
components

Ccr4 and Caf1 are the major deadenylases in yeast and interact with mRNA (Tucker et al.,
2001). Therefore, ribosome-association of Not4 could be mediated by the interaction of Ccr4
or Caf1 with mRNA, which is present in 80S particles and polysomes. To figure out, whether
Ccr4 or Caf1 is required for ribosome-association of Not4, the polysome profiling
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experiments have been repeated with lysates prepared from single knockout yeast strains
lacking individual components of the Ccr4-Not complex. Again, the ribosomes have been
read out from the top of the gradient by measuring the absorption of ribosomal RNA at
254 nm (A254) and fractions were collected. Equal absorption units were loaded on each
gradient and therefore the relative peak heights are proportional to the quantities of the
individual ribosomal species. Ribosome profiles of wt, not4Δ, not2Δ, not3Δ, not5Δ, ccr4Δ,
caf1Δ, caf40Δ and caf130Δ cells have been compared. All profiles prepared from these
mutant cells were very similar to the profiles of wt cells (Fig. 25A). For all profiles the height
of the 80S peak and the number of polysomal species were the same. Therefore, the
similarity of the ribosomal levels and also translational activity in all these mutant cells can be
concluded. No differences in the ribosomal profiles like a reduction in polysomes or a strong
increase of the 60S peak height could be observed, as described recently (Panasenko and
Collart, 2012).
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Figure 25: Not4 co-migrates with ribosomal particles in the absence of Ccr4, Not3 and the
Caf-proteins. (B) Proteins of the individual fractions from the gradients shown in (A) were precipitated
and subjected Western blot analysis using antibodies against Rpl25 and Not4. The signals of the
ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits.

The fractions of the ribosomal profiles shown in Fig. 25A were used to detect the distribution
of Not4 in the sucrose gradients in the absence of individual components of the Ccr4-Not
complex. Not4 was present in the 80S and polysomal fractions of gradients prepared from
ccr4Δ, caf1Δ, caf40Δ, caf130Δ, and not3Δ cells (Fig. 25B). This experiment showed that
even in the absence of one of the Ccr4-Not complex partners, namely Ccr4, Not3 and the
Caf-proteins, Not4 is still able to associate with polysomes. However, the signal for Not4 was
slightly decreased in the polysomal fractions, and some Not4 could be detected in the
soluble fractions. This suggests that none of these factors alone mediates the association of
Not4 with ribosomes. However, a not1Δ strain was not included because the NOT1 gene is
essential for yeast viability. In addition no Not4 signals were detected in gradients prepared
from not2Δ and not5Δ cells. Not2, Not4 and Not5 have been shown previously to interact
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with each other in the Ccr4-Not complex (Bai et al., 1999; Deluen et al., 2002). Therefore,
stability of Not4 in the individual ccr4-not mutants was tested by Western blotting. The Not4
levels were severely decreased in not2Δ and not5Δ cells (Fig. 26), suggesting that Not4 is
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Figure 26: Analysis of Not4 levels in ccr4-not mutants. Yeast cells lacking individual subunits of
the Ccr4-Not complex were grown in YPD to the exponential phase and cell extracts were analyzed by
Western blotting using antibodies against Not4. Glucose-6-phosphate dehydrogenase (G6PDH) was
immunodetected as a loading control.

From these results physical interaction of Not4, Caf1, Ccr4, Not1 and Not5 with the
translation machinery and ribosome-association of Not4 can be concluded, to be
independent of one individual component of the Ccr4-Not complex, namely Not3, Ccr4 and
the Caf-proteins. Since Not4 is present in the polysomal fractions of lysates prepared from
ccr4Δ and caf1Δ cells, ribosome binding of Not4 and the Ccr4-Not complex is not mainly
mediated by the binding of Ccr4 and Caf1 to mRNA.

5.4.5

Not4 and Caf1 interact specifically with ribosomal particles

The Ccr4-Not core complex with its ca. 1 MDa is large enough to enter the sucrose gradient
during separation of the ribosomal species. To prove that Not4 and other complex members
such as Caf1 associate specifically with ribosomal particles rather than co-migrate with
ribosomes in the sucrose gradient due to the size of the complex, wt lysates were treated
with RNase A prior loading them on sucrose gradients. The densely packed ribosomal RNA
is largely resistant to RNase A digestion, whereas single-stranded mRNA becomes rapidly
degraded. RNase A treatment resulted in a complete loss of polysomes and a concomitant
increase in 80S monosomes as shown in the ribosome profiles (Fig. 27A). The individual
fractions of the gradients have been analyzed by Western blotting to detect Not4 and Caf1.
As it has already been shown, both proteins have been found in the polysomal fractions in
untreated lysates (Fig. 23 and Fig. 27B). On the contrary, the signals for Not4 as well as for
Caf1 shifted to the 80S fractions upon RNase A treatment (Fig. 27B). Immunodetection of
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Rpl25 confirmed the efficient disruption of polysomes and the absence of Rpl25 in the
soluble fractions indicates that the majority of ribosomal particles remained intact during
RNase A digestion. It should however be mentioned, that RNase A treatment has also
resulted in slightly increased Not4 and Caf1 signals in the soluble fractions (Fig. 27B).
However, the same effect has been found for the ribosome-associated factor Zuo1
(Fig. 27C), a slight increase in the Zuo1 signals in the soluble fractions upon RNase A digest
has been observed. Therefore, specific association of Not4 and Caf1 with the translation
machinery can be concluded.
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Figure 27: Not4 and Caf1 specifically associate with ribosomal particles. (A) Lysates from wt
cells were treated with RNase A to deplete the polysomal species. RNase A-treated lysates and
untreated control lysates were applied to sucrose density gradient centrifugation to separate ribosomal
species. Upon RNase A treatment, ribosomal profiles were red by measuring A254. The polysomal
signals disappeared, whereas the 80S peak increased beyond detection, indicating that the
polysomes were efficiently converted to 80S monosomes. (B) Fractions of the gradients from (A) were
analyzed by Western blotting. 60S ribosomal subunits, 80S monosomes and polysomes were
detected by Western blotting against Rpl25. Not4 and Caf1 co-migrated both with 80S and polysomal
particles. The shift of the Not4 and Caf1 signals to 80S fractions in the RNase A-treated sample
indicates that both proteins associated specifically with ribosomal particles. (C) Distribution of Zuo1 in
the sucrose gradient upon RNase A treatment. Polysome analysis was performed as described under
(A) Fractions of the gradients were analyzed by Western blotting to detect Zuo1. As a control,
untreated lysates were analyzed in parallel (top). The Zuo1 signals shifted from polysomal fractions to
80S and partly to the soluble fractions upon RNase A treatment.
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Ribosome-association of Not4 and Caf1 depends on nascent polypeptides

Many proteins, such as chaperones, modifying enzymes and targeting factors, associate with
ribosomes to act on nascent polypeptides. It has been reported for several of these factors
that their interaction with ribosomes significantly depends on nascent polypeptide chains
(Raue et al., 2007b; Rutkowska et al., 2008). To verify this case for Not4 and Caf1, decrease
in ribosome-association upon release of the nascent polypeptides from ribosomes, should be
observed. Since Not4 and Caf1 have mainly been found associated with late polysomes,
which expose nascent polypeptides, suggesting that the nascent polypeptide may contribute
to the binding of Not4 and/or Caf1 to ribosomes. To test this assumption, not4Δ cells
expressing HA-tagged Not4 from a plasmid (pNOT4-HA) were grown to the exponential
phase and applied a short pulse of

35

S-Met to label nascent polypeptides. For this

experiment a HA-tagged version of Not4 encoded on a plasmid was used, as the Not4
specific antibodies were not available at this point and just generated during the course of
this work (Preissler & Koch, Deuerling unpublished data). Importantly, the HA-tagged version
of Not4 behaved like wt Not4 and complemented the growth defect of Not4 deletion cells
(Fig. 28B). After labeling, the yeast cells were harvested and split in two equal samples and
lysates were prepared. One half of the lysate was treated with Puro to release nascent
polypeptide chains from the ribosomes. As control, ribosome nascent-chain complexes were
stabilized by the addition of CHX to the other half of the lysate. Both samples were applied
on 20% sucrose cushions and ribosomal particles were sedimented by ultracentrifugation. To
analyze ribosome-association of Not4, equal amounts of ribosomes were loaded on a SDSgel and Not4 was detected by Western blotting using antibodies against the HA-tag.
Efficiency of the nascent polypeptide chain release in the Puro-treated sample was tested by
autoradiography. The radioactive signal in the pellet fraction was significantly decreased
when Puro was added to the sample, as shown in Fig. 28A, compare lane 1 and 2. At the
same time, the radioactive signal became stronger in the supernatant fraction, indicating that
nascent chain-release was successful (Fig. 28A compare lane 3 and 4). This fact has also
been confirmed by determining the radioactivity in the pellet using a scintillation counter,
which revealed a nascent polypeptide release of almost 50 % compared to the CHX
stabilized RNCs. Interestingly, the Western blot revealed that Not4-HA was almost absent in
the ribosomal pellet of the Puro-treated sample, but associated with ribosomal particles in the
control lysate (Fig. 28A). Equal loading of ribosomes has been tested by immunodetection of
the ribosomal protein Rpl25 (Fig. 28A). A similar decrease of the Caf1 signal in the Purotreated sample was observed (Fig. 28A). This result indicates that ribosome-association of
Not4 and Caf1 critically depends on the presence of nascent polypeptide chains.
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Figure 28: Puro-mediated release of nascent polypeptides reduces ribosome-association of
Not4 and Caf1. (A) not4Δ cells transformed with a plasmid encoding HA-tagged Not4 were grown to
35
the exponential phase and pulse-labeled for 50 sec with S-Met. The sample was split and lysates
were prepared. The lysates were treated either with Puro or with CHX prior sedimentation of
ribosomes through a 20% sucrose cushion by centrifugation. Equal A260 units of purified ribosomes
(Pellet) and equal volumes of precipitated supernatants (Sup.) from the ultracentrifugation step were
loaded on a SDS-Gel for autoradiography and Western blotting. To check the efficiency of nascent
polypeptide release the radioactively labeled nascent chains were detected by autoradiography (left).
Radioactive signals represent mainly nascent polypeptide chains and newly synthesized proteins. The
radioactivity in the pellets was quantified with a scintillation counter and the value of the CHX sample
was set to 100%. The same samples from the ribosomal pellet fractions were applied to Western
blotting against the HA-tag of Not4 and Caf1 (right). Loading of equal amounts of ribosomes was
confirmed by immunodetection of Rpl25. (B) Complementation analysis of plasmid encoded Not4-HA.
Serial dilutions of cells were spotted on –URA for plasmid selection and grown as indicated. The
growth of not4Δ, not4Δ pNot4-HA was compared to wt.

5.4.7

Not4 ribosome interaction is altered upon deletion of Ski7

It has been shown so far that Not4 associates with translating ribosomes. Not4 and Caf1
ribosome binding was abolished when the nascent chain was released from the ribosome by
Puro treatment. Furthermore, Not4 is an E3 Ligase suggested to destabilize arrested nascent
chains in vivo (Dimitrova et al., 2009). Summarizing it can be suggested that Not4 is a
ribosome associated E3 Ligase recognizing nascent chains, which are arrested, misfolded or
defective and by ubiquitylation finally targeted for degradation. Moreover, as shown above
also other components of the Ccr4-Not complex were found to be associated with translating
ribosomes, including Ccr4 and Caf1, the two major deadenylases in yeast. This suggests a
scenario, where the Ccr4-Not complex may serve a dual quality control function; when
defective mRNA is translated defective protein can be expected. mRNA and nascent
polypeptide might be targeted to degradation by the Ccr4-Not complex. This suggests that
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the Not4 activity is connected to mRNA surveillance pathways. To figure out whether there is
any connection of Not4 with the mRNA surveillance mechanisms, Not4 ribosome-association
was investigated in yeast strains carrying deletion in components of the mRNA decay
machinery. The following components were tested, namely Dom34, Hbs1, Ski7, Upf1 and
Asc1. As first, the Not4 ribosome associated was tested in Dom34 (duplication of multilocus
region) and Hbs1 (Hsp70 subfamily B suppressor) knock out cells. Dom34 works together
with Hbs1 in no-go decay, to recycle stalled ribosomes by subunit dissociation and peptidyltRNA drop off. Dom34 is evolutionary related to eRF1 (Shoemaker et al., 2010) and exhibits
substantially sequence identity to eRF3-related guanosine phosphatases (Shoemaker et al.,
2010). A Ski7 (superkiller) deletion strain was also included in the analysis. Ski7 is required
for the non-stop decay pathway, it is a GTP binding protein that might recognize stalled 80S
ribosomes at the 3´end of non-stop mRNAs and dissociates the ribosomal subunits. It was
shown that it mediates the interaction between the exosome and Ski complex (Ski2, Ski3 and
Ski8), which results in degradation of non-stop mRNA (van Hoof et al., 2002). Furthermore,
polysome profiles of upf1Δ (up-frameshift protein) cells have been analyzed for Not4
distribution. Upf1 is a cytoplasmic ATP-dependent RNA helicase involved in non sense
mediated decay (Czaplinski et al., 1995). Additionally, Asc1 (absence of growth suppressor
of Cyp1) deletion strain has been analyzed. Asc1 is a protein of the 40S subunit and serves
as a regulatory link between signaling and translation (Kouba et al., 2011), it is known for its
stimulation of endonucleolytic mRNA cleavage in arrested ribosomes. Lysates from these
knockout strains have been prepared and polysome profiling has been performed as
described. There was no anomaly in the ribosomal profiles of these deletion strains. Peak
heights and number of polysomes were the same as in wt cells, concluding that translation
activity is not impaired in these cells (data not shown). In dom34Δ, hbs1Δ, asc1Δ, ski7Δ and
upf1Δ cells, Not4 was mainly associated with the late polysomes, as shown for wt cells
(Fig. 29 and 30). In contrast to wt cells and all other tested deletion strains, Not4 was partly
redistributed in ski7Δ cells (Fig. 30). This suggests a functional relationship between Ski7
and Not4.
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Figure 29: Not4 co-migrates with late polysomes in the absence of Dom34, Hbs1 and Asc1, and
Upf1, which are all components of the cellular mRNA decay machinery. Yeast strains lacking the
components of the cellular mRNA decay machinery were grown to the logarithmic phase and lysates
were prepared. Equal A260 units were loaded onto linear sucrose gradients (10 - 40% sucrose) and the
ribosomal profiles were read out by measuring A254 upon centrifugation. Proteins of the individual
fractions were precipitated and subjected Western blot analysis using antibodies against Rpl25 and
Not4. The signals of the ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal
subunits.

For the ski7 deletion cells, Not4 partly shifted from the polysomal to the 80S peak (Fig. 30). It
should be noted, that in most of the experiments, a double band for Not4 has been detected.
The two species differ in size by approximately 10 kDa. Interestingly, the shift to the 80S
peak in the absence of Ski7 exclusively occurs for the higher molecular weight species. To
investigate whether Not4 alone, or the whole Ccr4-Not complex shifts towards the 80S peak,
the distribution of Caf1 was analyzed. As shown in Fig. 30 also Caf1 partly shifted to the 80S
peak in the absence of Ski7, suggesting that the whole Ccr4-Not complex partly relocalizes
in ski7Δ cells. This result suggests a connection of Not4 and the whole Ccr4-Not complex to
Ski7 and the mRNA decay pathway involving Ski7 and the exosome.
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Figure 30: Not4 and Caf1 ribosome-association is altered upon deletion of Ski7. Yeast wt and
ski7Δ cells were grown to the logarithmic phase and lysates were prepared. Equal A260 units were
loaded onto linear sucrose gradients (10 - 40% sucrose) and the ribosomal profiles were read out by
measuring A254 upon centrifugation. Proteins of the individual fractions were precipitated and subjected
Western blot analysis using antibodies against Rpl25, Not4 and Caf1. The signals of the ribosomal
protein Rpl25 indicate the fractions containing 60S ribosomal subunits.

5.4.8

Interaction of Ski7 with the small ribosomal subunit is diminished upon
Not4 deletion

Having shown that the Not4 association with polysomes is unchanged upon deletion of
Dom34, Hbs1, Asc1, Upf1, but shifts in ski7Δ cells to the 80S peak, the influence of loss of
Not4 on localization of mRNA decay factors should be deeply considered. Thus, the
distribution of these factors in a not4Δ background was analyzed using polysome profiling.
For this purpose Dom34, Hbs1, Asc1, Ski7 and Upf1 were tagged with a 3xHA tag at the
C-terminus, in wt and Not4 deletion cells, and used for polysome profiling.
The distribution of these components in wt cells has been investigated (Fig. 31). Dom34 has
been predominantly found in the 80S peak fractions and in some extent in the soluble
fractions. Hbs1 however has mainly been found in the 40S and 60S fractions. Some signal
could be detected in the 80S peak, compared to its complex partner Dom34, where the
signals are shifted towards the single ribosomal subunits. The localization of Asc1, a protein
of the small ribosomal subunit, has also been analyzed. As it is a protein of the small
ribosomal subunit, it is found in the 40S, 80S and polysomal fractions, however not in the
soluble or 60S peaks (Fig. 31). The soluble fractions and the fractions of the 40S peak have
been enriched for Ski7, whereas no signal was detectable in the 60S and the assembled
subunits or polysomes. Finally, Upf1 was found in all fractions of the sucrose gradient,
without enrichment for any ribosomal species.
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Figure 31: Distribution of Dom34,soluble
Hbs1, Asc1
the ribosomal profiles of wt cells.
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Yeast strains expressing C-terminal 3xHA-tagged versions of Dom34, Hbs1, Asc1
authentic chromosomal lociPABP
were grown to the logarithmic phase and lysates were prepared. Equal
A260 units were loaded onto linear sucrose gradients (10 - 40% sucrose) and the ribosomal profiles
Rpl25
were read out by measuring
A254 upon centrifugation. The proteins of the individual fractions were
precipitated and subjected Western blot analysis using antibodies against Rpl25 and the HA-tag. The
signals of the ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits.

Next, the distribution of mRNA decay components in the sucrose gradients in the absence of
Not4 was analyzed. Dom34 was associated with the 80S peak and found in the soluble
fractions, as in the wt background (Fig. 31 and 32). The Hbs1 distribution in the not4Δ
background reflects the situation in wt cells. Hbs1 is present in the soluble and the 40S peak.
Upf1 was found in all fractions of the ribosomal profile, and Asc1 was present in all fractions
containing the 40S subunit, as in wt cells (Fig. 31 and 32).
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Figure 32: Distribution of Dom34, Hbs1, Asc1 and Upf1 in the ribosomal profiles of not4Δ cells.
Yeast strains expressing C-terminal 3xHA-tagged versions either of Dom34, Hbs1, Asc1 and Upf1
from their authentic chromosomal loci were grown to the logarithmic phase and lysates were prepared.
Equal A260 units were loaded onto linear sucrose gradients (10 - 40% sucrose) and the ribosomal
profiles were read out by measuring A254 upon centrifugation. The proteins of the individual fractions
were precipitated and subjected Western blot analysis using antibodies against Rpl25 and the HA-tag.
The signals of the ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits.

However, a different distribution of Ski7 in not4Δ cells compared to the profiles from wt cells
was observed (Fig.33). Ski7 has been found associated with the 40S subunit and to the
major extent in the soluble fractions in wt cells. Analyzing the distribution of Ski7 in not4Δ
cells, it has revealed a shift of the signal from the 40S to the soluble fractions (Fig. 33). No
signal for Ski7 in the 40S peak has been detected (Fig. 33).
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Figure 33: Interaction of Ski7 with the 40S subunit is diminished upon Not4 deletion. Yeast wt
and not4Δ cells expressing a C-terminal 3xHA-tagged version of Ski7 from its authentic chromosomal
locus were grown to the logarithmic phase and lysates were prepared. Equal A260 units were loaded
onto linear sucrose gradients (10 - 40% sucrose) and the ribosomal profiles were read out by
measuring A254 upon centrifugation. The proteins of the individual fractions were precipitated and
subjected Western blot analysis using antibodies against Rpl25 and the HA-tag. The signals of the
ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits.

These results indicate, that Not4 and Ski7 influence each other in their association with
ribosomes. This leads to the suggestion that Not4 and Ski7 may work together in degrading
mRNA and resulting protein in a concerted manner.
Summarizing, the results suggest that Not4 and Ski7 work together within a quality control
network at the ribosome, degrading defective nascent polypeptide chains and the
corresponding mRNA.
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Discussion

This work focused on two major aspects:
1. Characterization of the NAC activity on in vitro translation
2. Characterization of a new ribosome-associated quality control system including
the E3 Ligase Not4

6.1

NAC controls the yield of in vitro translation product

	
  
The first step was to establish a reliable in vitro translation system derived from S. cerevisiae
wt and NAC deletion cells. The system has successfully been established and allowed the
efficient and highly reliable in vitro synthesis of different substrate proteins. Translational
active extracts have been prepared, amongst others from cells lacking NAC or Not4
(unpublished data). Increased translation activity has been observed for nacΔ extracts
(Fig. 11). Despite using the same mRNA batch and supplements, the translation product
yield was decreased in the presence of NAC. Since all other components of in vitro
translation reactions were identical and protein and ribosome concentration was even higher
in wt extracts, decrease in translation product yield must origin from the presence of NAC.
Therefore, an increase the translation product yield in wt extracts by decreasing the NAC
concentration was questioned. For this purpose, a ribosome exchange experiment was
performed, by combining either ribosomal fraction or the ribosome free supernatant depleted
of NAC with the complementary fractions from wt extracts. Using either ribosomal fraction or
supernatant from nacΔ extracts resulted in an increase in translation product compared to
the full wt situation (Fig. 12). This showed that by lowering NAC concentration translation
product yield could be increased. Any differences whether NAC was present in either
ribosomal fraction or ribosome free supernatant have been observed, which matches very
well with the fact that NAC shuttles the ribosome on and off in a dynamic manner.
To analyze whether NAC requires ribosome binding in order to control translation product
yield, purified αβ-NAC has been added to translation reactions, and resulted in decreasing
translation product in a concentration dependent manner (Fig. 13). However, when αβ-NACRRK/AAA, a NAC mutant which is deficient in ribosome binding, has been added (Wegrzyn
et al., 2006) no effect has been observed (Fig. 13). Concluding, ribosome binding of αβ-NAC
is a prerequisite to control translation product yield. This observation was very important for
two reasons. First, it showed the specificity of the observed effect. In vitro translation
reactions are per se very sensitive to small changes like addition of components for example.
Therefore, decrease of translation product yield in the presence of αβ- NAC could be a very
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unspecific effect, which might be mediated by addition of any other protein. However,
addition of αβ-NAC-RRK/AAA did not influence translation, showing that the NAC-specific
effect requires its ribosome-association. Second, αβ-NAC-RRK/AAA served as control for the
further experiments.
The effect was limited to approximately 6 - 8 molar excess of αβ-NAC over ribosomes when
added to the in vitro translation reactions (Fig. 13); in other words, addition of higher
concentrations of αβ-NAC did not result in more pronounced effect. The fact that the NACeffect was limited confirms its specificity, as any unspecific effect should be free of any
limitation.
One could argue that an artificial situation was created, by the presence of 6 - 8 µM of
αβ-NAC compared to 1 µM of ribosomes during in vitro translation, which does not reflect the
situation in cell. In a yeast cell, NAC is in slight excess over ribosomes (Raue et al., 2007b).
The ribosome exchange experiment, however, has shown that the yield of translation product
is also decreased when cellular concentrations and endogenous yeast NAC have been used.
Thus, the observed effect is not due to the excess of NAC and rather occurs under in vivo
NAC to ribosome ratios.
The deletion of NAC has no phenotype in yeast hence no in vivo effect of NAC on translation
can be observed. Polysomal profiling using lysates from both wt and nacΔ cells has been
performed. The number and the height of the polysome peaks were the same for wt and
NAC deletion cells and reflects the translation activity of cells. Concluding, that translation is
unchanged in nacΔ cells (Koplin et al., 2010). However, the in vitro experiment, which has
been reproduced, resulted in a strong negative effect of NAC on translation. The reason for
the discrepancy between the in vivo and in vitro function of NAC is still unknown. The in vitro
system discloses a NAC function on translation, which is in vivo undetectable. A possible
explanation is that during extract preparation factors might be lost or loose functionality while
other factors might be increased in their concentration or functionality. Therefore, a protein
that controls in vivo NAC function might be absent in in vitro system or less functional. Thus,
NAC activity becomes manifested, that is otherwise not observed in vivo. Nevertheless, it
shows the functional potential of NAC, which is a strong impact on translation. How may
NAC act on translation in vitro? There are several possible scenarios. First, NAC can bind to
mRNA and thereby block translation initiation or elongation, as it was shown that NAC
exhibits a nucleic acid binding site and binds to DNA and RNA in vitro (Liu et al., 2010).
However, the nucleic acid binding site is only accessible in the homodimeric complexes and
for experiments heterodimeric αβ- and αβ`-complexes purified from E. coli have been used.
However, the fact that addition of αβ-NAC-RRK/AAA does not decrease translation product
yield, although carrying the suggested nucleic acid binding site, argues against this
explanation. Additionally, data from the ribosome exchange experiment, where the cellular
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concentration and pool of NAC was used and the NAC subunits should be present in a
balanced ratio, underlines that blocking important sites for translation on the mRNA may not
be the reason for the decrease in translation product.
On the other hand, α-NAC contains an UBA domain, which is a commonly occurring
sequence motif in diverse proteins in the ubiquitin proteasome pathway. This implies a
connection of NAC to UPS, however the function of its UBA domain is still unknown and
ubiquitin binding has not been so far shown (Raasi et al., 2005). Thus the effect of NAC on
translation product yield might be correlated to ubiquitin-mediated degradation of newly
synthesized proteins. NAC may therefore be involved in translation and mediate degradation
of proteins as well. Such a dual function has been described for yeast protein Uri1, which is
required for efficient translation initiation in yeast. However, it is also connected to the cotranslational protein quality control system and chaperone network (e.g. Ssb) to coordinate
translation initiation and quality control (Deplazes et al., 2009). To address whether
translation product is co-translationally degraded by the proteasome in a NAC dependent
manner, in vitro translation has been performed in the presence of proteasomal inhibitor and
increasing concentrations of NAC. Stabilization of the translation product yield has been
verified. Despite efficiently inhibiting the proteasome, which has been proved by proteasome
activity assays, NAC still reduced the protein synthesized in vitro (Fig. 18 and Fig. 19).
Therefore, it is not a degradation process mediated by NAC, leading to a decrease in the
translation product yield, can be concluded.
Another possible scenario is that NAC might decrease the rate or efficiency of translation,
either initiation or elongation, by other means. This idea is supported by the fact, that NAC
was found to interact with the translation initiation factor (iso)4E in Arabidopsis thaliana
(Freire, 2005). Therefore, one could imagine that by interaction with this translation initiation
factor NAC is involved in regulation of translation initiation. Therefore, whether NAC
influences the kinetics of translation can be questioned. CAT has been translated in the
absence and presence of NAC and aliquots have been taken after different time to obtain
information about the kinetic of synthesized translation product. Afterwards, the intensity of
the product bands from the autoradiograph has been quantified. Translation was clearly
slowed down and less efficient in the presence of 5 µM αβ-NAC compared to the translation
reactions without NAC (Fig. 20) and can be concluded that NAC affects the translation
process. As the rate of elongation, as judged by the different slopes seen in Fig. 20B and
total yield of translation product are different (Fig. 20B), suggests that NAC affects both
initiation and elongation. Slower and less efficient translation process in presence of NAC
has been observed, however, it is difficult to distinguish to what extend NAC affects
translation initiation or elongation process. An experiment with aurintricarboxylic acid (ATA)
as a translation initiation inhibitor can be considered in order to clarify this problem (Stewart
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et al., 1971). Therefore, ATA would be added a few minutes after the start of translation, to
ensure that a first round of initiation occurred. Afterwards, increase in translation product, by
taking aliquots at different time, can be analyzed. The increase in translation product can be
exclusively attributed to the elongation of nascent polypeptides where translation was
already initiated before adding ATA. Different amounts of translation product, which has been
produced over time would enlighten the impact of NAC on the translation elongation process.
To investigate the impact of NAC on translation initiation, translation initiation complex
formed in the in vitro translation system in the absence and presence of NAC could be
visualized using sucrose density centrifugation (Valasek et al., 2007). After start of translation
the initiation complexes could be stabilized using formaldehyde cross-links, after different
time. The initiation complexes could then be separated from other ribosomal species by their
density in a sucrose gradient. If the presence of NAC leads to hampered translation initiation,
one should either observe less preinitiation complexes suggesting that NAC interferes with
binding of the 40S ribosomal subunit to the mRNA or increase in initiation complexes
meaning that NAC would influence joining of the 60S subunit to form the translationally active
80S ribosome.
Furthermore, it has been shown that NAC binds to ribosomes close to ribosomal exit tunnel
(Wegrzyn et al., 2006) and interacts with nascent polypeptide chains (Wang et al., 1995)
(Wang et al., 1995). It shields newly synthesized proteins from cytosol, which was shown by
protection from controlled proteolysis of nascent polypeptide chains in the presence of NAC.
NAC may slow translation down by binding to ribosomes and interacting with nascent chains,
thereby providing the nascent polypeptide not only a shielded environment but also time to
fold. The stable association of NAC with ribosomes and its interaction with nascent chains
could lead to signaling to the PTC and slow down of translation.
αβ`-NAC has also been included in this analysis and as shown for αβ-NAC, the addition of
αβ`-NAC in increasing concentrations resulted in a decrease in translation product yield in a
concentration dependent manner. So far yeast is the only organism known that encodes two
β-subunits of NAC (Reimann et al., 1999), which both form the complex with α-NAC and
mediate ribosome binding. The function of β`-NAC, which is 100 - fold less expressed than βNAC in the cell (Reimann et al., 1999), was for a long time unclear. However, a recent
analysis revealed that two β-NAC subunits serve different substrate pools in vivo (del Alamo
et al., 2011). Despite having these pools in vivo, the NAC effect on the translation product for
both heterodimers could be observed (Fig. 13). Therefore, one can speculate that the effect
which has been observed is not correlated to interaction of NAC with its nascent chain
substrate and thereby independent of the substrate being translated or the NAC
heterodimeric complex that was used. As CAT and the SH3 domain have been translated,
which are no endogenous NAC substrates, the effect is not limited to specific substrates.
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Additionally, an effect when translating endogenous yeast mRNA in vitro has been observed
emphasizing NAC broadly affects the translation process (Fig. 15).
NAC is highly conserved in eukaryotes, however different than in yeast the knockout of NAC
is embryonically lethal in higher eukaryotes like C. elegans, D. melanogaster and mice (Deng
and Behringer, 1995; Markesich et al., 2000). It suggests that NAC might have a different
function in higher eukaryotes. However, yeast is highly redundant and might possess
systems, to compensate the loss of NAC. Several data support this idea, as the additional
deletion of NAC in ssbΔ cells results in an increase of the phenotypes observed for the Ssb
knockout (Koplin et al., 2010). Additionally, no Ssb homologue could be identified in higher
eukaryotes so far. Therefore, one could speculate that the deletion of NAC in yeast can be
compensated by the Ssb-RAC system, but not in higher eukaryotes, since no Ssb is present.
Despite these differences between NAC in yeast and higher eukaryotes, the same effect in
the in vitro translation system, as observed for addition of yeast NAC, has been observed for
addition of NAC derived from C. elegans (Fig. 14). Showing therefore that NAC has the same
or similar function in yeast and higher eukaryotes.
Even though in the absence of NAC more translation product is synthesized, it is still unclear
whether the synthesized protein is correctly folded and functional. To address this question,
luciferase from Renilla reniformis could be used as substrate protein. To analyze if the in
vitro synthesized protein in the absence of NAC is functional the total amount of synthesized
protein could be detected by the incorporated radioactivity whereas the amount of folded and
native protein could be determined by measuring the resulting luciferase activity.
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Not4 part of a co-translational quality control network

The data provided her present a new function of the Ccr4-Not complex in yeast as a potential
quality control system on ribosomes. It has been found that subunits of the complex interact
with ribosomes in a nascent polypeptide-dependent manner and is functionally connected to
the Ski7 mRNA surveillance pathway. Additionally, no evidence has been found to support
earlier data of a function of Not4 on NAC.
It has been reported that ubiquitylation of NAC by the E3 ligase Not4 regulates its stability
and association with ribosomes (Panasenko et al., 2009). Data now indicate that under
standard growth conditions, NAC associates with ribosomal particles independent of Not4,
(Fig. 21). However, several components of the Ccr4-Not complex, namely Not4, Not1, Not5,
Caf1 and Ccr4 have been found to interact with the translation machinery in vivo (Fig. 23 and
24). It has already been established that the Ccr4-Not core complex consists of two major
subcomplexes (Bai et al., 1999; Deluen et al., 2002; Liu et al., 2001; Tucker et al., 2002).
Since proteins of each subcomplex (Not4, Not5 as well as Caf1, Ccr4 see Fig. 23 and 24) as
well as the scaffold protein Not1 could be detected in ribosomal fractions of the density
gradient centrifugation experiments, it can be assumed that the entire Ccr4-Not complex
interacts physically with the translation machinery. To demonstrate the specific interaction of
Not4 and Caf1 with ribosomal particles, mRNA of the polysomal fractions between ribosomes
has been digested with RNase A (Fig. 27). The RNase A treatment resulted in the
conversion of polysomes into monosomes. Accordingly, a shift of Not4 and Caf1 to the
monosomal fraction has been observed, indicating a specific association of these factors with
ribosomes.
Interestingly, the components of the Ccr4-Not complex have been found enriched in the late
polysomal fractions. If these factors would bind to ribosomes themselves, their signals
corresponding to the quantitative distribution of ribosomal particles in the gradients could be
expected, as it is the case for typical ribosome-associated chaperones like Zuo1, NAC or
Ssb (Fig. 21). The most abundant ribosomal species are the 80S monosomes as indicated
by the largest peak in the ribosomal profiles (Fig. 21). The monosomal fraction is a
heterogeneous population of assembled ribosomal particles, containing active and inactive
ribosomes. By contrast, polysomes consist exclusively of translating ribosomes. However,
this fraction may also contain stalled RNCs due to non-stop or non-sense mRNA. Data show
a strong preference for the interaction of the Ccr4-Not complex with late polysomes (Fig. 23
and 27). Remarkably, these fractions have the highest content of nascent polypeptide
chains, which suggests, that their interaction with ribosomes is modulated by nascent
polypeptides. It is therefore likely that these factors also act functionally on nascent chains.
This assumption is in accordance with a previous report showing that the degradation of
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stalled nascent polypeptides depends on Not4 (Dimitrova et al., 2009). To distinguish
between direct ribosome binding and the interaction with nascent chains, a ribosome cosedimentation experiment with Not4 and Caf1 has been performed and revealed both
proteins dissociated from ribosomes as nascent chains have been released (Fig. 28). This
namely proves the strong dependency of interaction between Not4 and Caf1 (probably of the
whole Ccr4-Not complex) with the translation machinery on the presence of nascent
polypeptides.
However, Ccr4 and Caf1 act as deadenylases and therefore contact mRNA. This still raises
the possibility that association of Not4 with the translation machinery may be caused by
mRNA binding of Ccr4 and Caf1. Several observations speak against this assumption.
Firstly, Not4 has been found in the polysomal fractions in absence of individual Ccr4-Not
components, also ccr4Δ and caf1Δ mutants. Secondly, the distribution of Not4 in the sucrose
gradients does not reflect the expected distribution of mRNA molecules. Late polysomes
contain less mRNA per 80S ribosome than the early ones. The Not4 and Caf1 signals,
however, were strongest in the late polysomal fractions although these species were least
abundant (Fig. 23). Finally, the fact that nascent chains are involved in mediating ribosomeassociation of Not4 and Caf1 can be shown. Summarizing all these aspects, the fact that the
Ccr4-Not complex interacts with the translation machinery and this interaction depends on
nascent polypeptides can be suggested.
A still open question is which subunit mediates the interaction of the Ccr4-Not complex with
ribosomes. One possibility is that Not4 and Caf1 bind independent of each other to the
translation machinery, however, both interactions were dependent on nascent polypeptides
(Fig. 28). Not4 was suggested to act on nascent chains (Dimitrova et al., 2009), therefore, it
is possible that Not4 mediates the association of the other complex subunits with the
translation machinery. Two further arguments support this hypothesis. First, Not4 has a
RNA-recognition motif in its N-terminal region, which may contribute to ribosome-association
by interacting with ribosomal RNA. Second, Not4 has been found quantitatively in the
ribosomal fractions whereas Caf1 showed a broader distribution in the sucrose gradients and
has also been detectable in the supernatants (Fig. 23). If these factors associate with
ribosomes in absence of Not4 is an important experiment, which still can be performed.
However, the ribosome-association of Not4 in cells lacking components of Ccr4-Not complex
has been analyzed. It was impossible to detect Not4 signals in polysome profiles prepared
from not2Δ and not5Δ cells, as the stability of Not4 is strongly decreased in these cells. For
all other tested knockout strains Not4 associated with polysomes, however the signals in the
western blot have slightly been decreased (Fig. 25). Nevertheless, single subunits of the
complex are not sufficient for ribosome binding of the Ccr4-Not complex. As the investigation
of Not4 ribosome-association in combined knockouts has not been performed, no further
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conclusions about multiple binding sites contributed by several subunits could be made. Data
presented here, support the idea that Not4 mediates ribosome binding of the Ccr4-Not
complex. Nevertheless, since Not4 in cells lacking Not2 or Not5 could not be detected
(Fig. 26), all these factors contribute in targeting the Ccr4-Not complex to ribosomes can be
possible.
Since several components of the Ccr4-Not complex are associated with the translation
machinery, together with the fact that Not4 is an E3 ligase which has been found to be
involved in the degradation of arrested nascent polypeptides (Dimitrova et al., 2009), a
function of the Ccr4-Not complex in co-translational quality control of newly synthesized
polypeptides has been speculated. Additional data from our lab support this suggestion very
well. The deletion of Not2, Not4 or Not5 resulted in severe growth defects and remarkably
strong protein aggregation has been found in these three knockout strains. Analysis of the
insoluble fractions by SDS-PAGE revealed very similar patterns of aggregated proteins
(unpublished data, see manuscript in Appendix). Importantly, this aggregation of proteins is
highly dependent on the synthesis of proteins, since in cells, where protein synthesis was
stopped by the addition of CHX aggregation is almost completely diminished (unpublished
data). This further supports a role of Not4 and the Ccr4-Not complex in a co-translational
protein quality control network.
Whether not2Δ, not4Δ and not5Δ cells suffer from a general imbalance of protein
homeostasis has also been taken into consideration. Indeed, our data suggest that the
integrity of the cellular proteome is massively affected. Firstly, the insoluble fractions of these
cells contained a broad spectrum of proteins, which were engaged in diverse cellular
processes (unpublished data, see manuscript in Appendix) and indicates therefore the
deletion of either one of these factors has a global effect on protein folding. Secondly, the
heat shock response, which is a reliable indicator for protein folding stress, was constitutively
turned on in not4Δ cells (unpublished data, see manuscript in Appendix).
The very similar pattern of aggregated proteins in cells lacking Not2, Not4 or Not5 suggests
that these factors functionally cooperate. In support of this assumption, Not3, Not4, and Not5
and probably Not2 have similar effects on gene expression (Cui et al., 2008; Russell et al.,
2002). However, the Not4 levels were strongly reduced in not2Δ and not5Δ cells (Fig. 26). It
therefore is possible that aggregation in these strains results primarily from insufficient
amounts of functional Not4 and, vice versa, Not4 and Not5 were shown to be absent from
the Ccr4-Not complex in cells lacking Not2, indicating that the three factors stabilize each
other (Bai et al., 1999; Russell et al., 2002). Collectively, these data suggest, that the
Not2/4/5 triad may form a stable subcomplex within the Ccr4-Not complex.
Consistent with its possible role as an E3 ligase on ribosomes, one can speculate on a
function of Not4, and probably the entire Ccr4-Not complex, in co-translational quality control
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of newly synthesized polypeptides. The presence of the whole Ccr4-Not complex in the late
polysomes allows to speculate, that it is not only a quality control system for defective
proteins, but also for the mRNA to be responsible for the synthesis of the defective protein.
Since Caf1 and Ccr4 are the major deadenylases in yeast and deadenylation of mRNA is
required for mRNA degradation, one can speculate about a connection of Not4 and the Ccr4Not complex to one of the mRNA surveillance mechanisms. Therefore, the distribution of
Not4 in polysome profiles from deletion strains of major components of the different mRNA
decay pathways has been analyzed and been found that Not4 partly shifted from the
polysomal to the 80S fraction in a ski7Δ strain. Ski7 is an essential component of the mRNA
decay machinery. Interestingly, in the majority of polysome profiles, which have been
analyzed for Not4 distribution a double band for Not4 in the polysomal fractions has been
detected. In the ski7Δ cells the band corresponding to the higher molecular weight species
partly shifted towards the 80S fraction. This higher molecular weight band might represent a
modification of Not4. The higher molecular weight band is shifted by approximately 10 kDa in
size and has already been observed elsewhere (Mulder et al., 2007b). From the difference in
size this modification could represent a monoubiquitylation, however, it was not detected in
an immunoblot against ubqiquitin (Mulder et al., 2007b), therefore further experiments are
required to enlighten the origin of this higher molecular weight species of Not4.
Either Not4 or the whole Ccr4-Not complex shifts to the 80S peak upon Ski7 deletion has
also been taken into focus. Exemplarily for the Ccr4-Not complex the distribution of Caf1 in
the polysomal profile from ski7Δ cells has been analyzed. Interestingly, a shift for Caf1 to the
monosome fraction has also been observed which led to the conclusion that the whole Ccr4Not complex shifts from the polysome to the monosome fraction in the absence of Ski7.
Importantly, the Not4 deletion affects the association of Ski7 with the 40S subunit. It is widely
known that Ski7 recognizes and binds to the empty A-site of the ribosome and recruits the
Ski complex as well as the exosome, for mRNA degradation (Araki et al., 2001; Benard et al.,
1999; van Hoof et al., 2002). Ski7 also mediates the dissociation of the ribosomal subunits
from stalled ribosomes. Ski7 has been found associated with the 40S subunit and to some
part in the soluble fraction. However, upon deletion of Not4 any Ski7 associated with the
small ribosomal subunit could be detected. The association of Ski7 with the 80S, where it
binds to the empty A-site in order to dissociate the subunits, seems to be very transient, as
no Ski7 has been found in the monosome or polysome fractions (Fig. 33). However, after
dissociation of the 80S, Ski7 stays associated with the small ribosomal subunit, as it has
been detected in the 40S fractions. Not4 is enriched in the polysome fractions, whereas Ski7
is found to be associated with the 40S and this interaction is diminished in the absence of
Not4. This implies a connection of Not4 and the entire Ccr4-Not complex to the mRNA
decay. Therefore, Not4 binding to the translation machinery is required for Ski7 to dissociate
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the stalled ribosomes can be suggested, meaning that Not4 works upstream of Ski7 in the
removal of stalled ribosomes and degradation of the mRNA (Fig. 34).
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Figure 34: Model of a new quality control network at the ribosome. The Ccr4-Not complex works
together with Ski7 in the removal of stalled ribosomes. Not4 might ubiquitylate defective or arrested
nascent polypeptide chains and targets them for degradation, whereas Ccr4 and Caf1 initiate mRNA
degradation by deadenylation. Subsequently Ski7 binds to the empty A-site, leads to the dissociation
of the 40S and 60S ribosomal subunits and recruits the exosome for mRNA degradation.

Upon this data one can further speculate about the function of Not4 and Ski7 in mRNA
degradation. Ski7 recognizes and binds to the empty A-site (no codon) of a ribosome,
however, the question arises about the origin of a 3` truncated mRNA which is engaged in
translation. Within the cell, a 3` truncated mRNA would be rapidly degraded by the mRNA
surveillance mechanisms as it misses the stabilizing poly(A) tail. Additionally, a mRNA
missing the poly(A) tail will be probably not translated by the ribosome, since the poly(A) tail
is required for translation initiation. Therefore, we speculate that the Ccr4-Not complex
co-translationally creates a substrate mRNA, this means a 3`truncated mRNA, for Ski7 and
the non-stop mRNA decay pathway. The Ccr4-Not complex is associated with translating
ribosomes and upon a signal, this may either be a problem with the nascent polypeptide
chain or signal on the mRNA itself, which determines its half-life, deadenylation of the mRNA
might be initiated. The Ccr4-Not complex would then remove the poly(A) tail from the 3` to
the 5`end of the mRNA, however, the mRNA is still occupied and translated by ribosomes in
the 5` to the 3`direction (Fig. 34). At one point, the ribosome reaches the end of the mRNA
with the empty A-site, which is subsequently recognized by Ski7. Upon binding, Ski7
dissociates the 80S into its subunits and recruits Ski complex and exosome, which degrades
mRNAs in a 3`to 5`direction (Fig. 34). On the other hand, as the mRNA is about to be
degraded, the cell can not assure that the synthesized protein is complete and functional.
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Therefore, Not4 acts on the corresponding nascent polypeptide and targets it for
proteasomal degradation.
This quality control mechanism may be required under stress conditions when nascent
polypeptide chains have any problem with folding into their native structure or when a
defective mRNA is translated. On the other hand, this mechanism may be part of the cellular
mRNA surveillance system. Half-lives of mRNAs in cell are very specific, different and
defined for any of them and therefore they have to be somehow degraded. However, mRNAs
are generally engaged in translation and thereby protected by the ribosomes from
degradation. A model presented in Fig. 34 explains this complex aspect.
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NAC controls the yield of newly synthesized protein in vitro
Even though being studied for decades, function of NAC and especially on a molecular level
is still unknown. Just recently, NAC has been connected to the chaperone network and in
vivo substrates of NAC have been identified (del Alamo et al., 2011). It has been found that
the presence of NAC in in vitro translation reactions affects the translation process and
results in decrease in the translation product yield. This effect strongly depends on the
ribosome binding of NAC.
It needs to be figured out whether the presence of NAC affects the translation initiation or
elongation process. Furthermore, one needs to analyze whether this effect is directly
mediated by NAC or whether NAC is part of a highly regulated network coupling protein
synthesis and protein quality control. To identify factors, which work together with NAC in
regulating translation it is essential to understand its mechanism. Therefore, interaction
studies have to still be performed, which allow identification of interaction partners but
exclude substrate interactions. To confirm this new function of NAC in regulation of
translation, in vivo relevance has to be shown.
The ribosome-associated chaperones from yeast were extensively studied and their roles in
co-translational protein quality control are well characterized. However not much is still
known about the contribution of the UPS to this co-translational protein quality control
system.

Not4 part of a new quality control network at the ribosome
The E3 ubiquitin protein ligase Not4, which is part of the conserved Ccr4-Not complex, was
recently suggested to be involved in the degradation of arrested nascent polypeptides.
Therefore, there was a great interest whether Not4 contributes to the co-translational protein
quality control system and thereby, connects protein synthesis and degradation. In this work
the association of Not4 and the Ccr4-Not complex with the translation machinery has been
characterized. Ribosomal binding of Not4 and Caf1 and its dependency on the presence of
nascent polypeptide chains has also been shown.
Ccr4 and Caf1 are subunits of the Ccr4-Not complex and the major deadenylases in yeast.
Deadenylases shorten poly(A)-tails of mRNA and thereby promote mRNA degradation. One
could speculate that the Ccr4-Not complex may act as a multifunctional platform on
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ribosomes, which is able to target defective or mistranslated nascent chains for degradation,
and at the same time initiates the elimination of their mRNA templates. Therefore, the
ribosome-association of Not4 and Caf1 in strains, lacking essential components of the
different mRNA surveillance pathways has been analyzed. A connection of Not4 with Ski7,
which is an essential component of the mRNA decay, has therefore been found.
However, this cooperation needs further analysis. There are several open questions to be
answered, like how are stalled ribosomes dissolved and what is the signal for these factors to
recognize stalled ribosomes and what is the order of events and which factor acts first.
Moreover, the Not4-dependent ubiquitylation of nascent chains has to be analyzed and in
vivo substrates need to be identified. It is also possible that another E3 ligase, namely Ltn1,
targets nascent polypeptides for degradation. Therefore, investigating the interplay between
Not4 and Ltn1 of the co-translational protein quality control system, including ribosomeassociated chaperones, is a prerequisite to understand their individual functions in this
process. As Not4 connected to Ski7 and the non-stop mRNA decay pathway has been
found, whereas Ltn1 was connected to Hbs1 and Dom34, both involved in the no go mRNA
decay pathway, it might be that both, Not4 and Ltn1, serve different substrate pools at the
ribosome.
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Materials and Methods

8.1

8.1.1

Materials

Chemicals

All chemicals were analytical grade and purchased from Sigma-Aldrich, Merck or Roth if not
listed separately.

8.1.2

General buffers

Name

Origin

10 x T4 DNA ligase buffer

Fermentas, St. Leon-Rot

2 x RNA loading dye

Fermentas, St. Leon-Rot

6 x DNA loading dye

Fermentas, St. Leon-Rot

10 x NEB buffer (3)

New England Biolabs GmbH, USA

5 x T7 Transcription buffer

Fermentas, St. Leon-Rot

SDS running buffer

25 mM Tris, 200 mM Glycine, 1 % (w/v) SDS

Transfer buffer

25 mM Tris, 192 mM Glycine, 0.02 % (w/v) SDS,
20 % (v/v) Methanol

TBS

50 mM Tris/HCl pH 8.0, 150 mM NaCl

TBS-TT

50 mM Tris/HCl pH 8.0, 150 mM NaCl,
0.2 % (v/v) Tween-20

Laemmli-buffer

50 mM Tris/HCl pH 6.8, 2 mM EDTA pH 8.0, 1 %
(w/v) SDS, 1 % (v/v) β-Mercaptoethanol, 10 %
(v/v) glycerol, 7 mg/ml Bromphenol blue

Alkaline sample buffer
(solution 1)

200 mM Tris-base, 20 mM EDTA pH 8.0
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8.3

%

(w/v)

	
  
SDS,

83.3

mM

Tris-Base,

29.2 % (v/v) glycerol, 0.03 % (w/v) Bromphenol
blue
Alkaline sample buffer

mixture of solution 1 and solution 2 in 5:4 ratio

Phusion polymerase buffer

10 mM Tris/HCl pH 8.8, 50 mM KCl, 2 mM
MgCl2, 0.1 % (v/v) Triton X-100

TAE Buffer

40 mM Tris/HOAc pH 7.0, 0.1 mM EDTA

Coomassie blue staining solution

0.6 % (w/v) Coomassie R250
50 % (v/v) Methanol
10 % (v/v) Acetic acid

Destaining solution

50 % (v/v) Methanol
10 % (v/v) Acetic acid

4 x SDS - stacking gel buffer

0.5 M Tris/HCl pH 6.8
0.4 % (w/v) SDS

4 x SDS - separation gel buffer

1.5 M Tris/HCl pH 8.8
0.4 % (w/v) SDS

Tricine gel buffer

3 M Tris/HCl pH 8.45
0.3 % (w/v) SDS

Kathode buffer (Tricine gel)

0.1 M Tris
0.1 M Tricine
0.1 % (w/v) SDS

Anode buffer (Tricine gel)
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Antibiotics

Ampicillin

100 µg/ml (stock: 100 mg/ml in ddH2O)

Chloramphenicol

25 µg/ml (stock: 25 mg/ml in ethanol)

Kanamycin

50 µg/ml (stock: 50 mg/ml in ddH2O)

8.1.4

Enzymes

Name

Origin

Shrimp Alkaline Phosphatase (SAP) (1 U/ml)

Fermentas, St. Leon-Rot

T4 DNA-ligase (1 U/ml)

Fermentas, St. Leon-Rot

T7 RNA polymerase (20 U/µl)

Fermentas, St. Leon-Rot

DNase, RNase-free (50 U/µl)

Fermentas, St. Leon-Rot

RiboLock RNase Inhibitor (40 U/µl)

Fermentas, St. Leon-Rot

Creatine Phosphokinase (10 mg/ml)

Roche

Micrococcal Nuclease (30 U/µl)

Fermentas, St. Leon-Rot

Phusion DNA Polymerase (2.2 mg/ml)

AG Deuerling

His-Ulp1 (1.95 mg/ml)

AG Deuerling

8.1.5

Ladders

Name

Origin

1 kb DNA ladder

Fermentas, St.Leon-Rot

100 bp DNA ladder

PEQLAB Biotechnology GmbH, Erlangen

Prestained protein ladder

Fermentas, St.Leon-Rot

RiboRuler™ high range RNA ladder

Fermentas, St.Leon-Rot

RiboRuler™ low range RNA ladder

Fermentas, St.Leon-Rot

8.1.6
35

Radioactive chemicals

S-L-Methionine (35S-Met) (10 µCi/µl) was purchased from Hartmann Analytics.
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Amino acid dropout mix

Amino acid

Amount

L-Adenine

0.5 g

L-Alanine

2.0 g

L-Arginine

2.0 g

L-Asparagine

2.0 g

L-Aspartic acid

2.0 g

L-Cysteine

2.0 g

L-Glutamic acid

2.0 g

L-Glutamine

2.0 g

Glycine

2.0 g

L-Histidine

2.0 g

L-Isoleucine

2.0 g

L-Leucine

10.0 g

L-Lysine

2.0 g

L-Phenylalanine

2.0 g

L-Proline

2.0 g

L-Serine

2.0 g

L-Threonine

2.0 g

L-Tryptophan

2.0 g

L-Tyrosine

2.0 g

L-Valine

2.0 g

Myo-Inositol

2.0 g

p-Aminobenzoic acid

0.2 g

2.0 g/l of the amino acid drop out mix were used to prepare yeast drop out medium. Uracil
was left out for plasmid selection. Methionine (0.08 g/l) was added except for -Ura/-Met
medium used for starving yeast cells prior to 35S-Met labeling.
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PolyA forward (HindIII/BsaI)
PolyA reverse (HindIII/BsaI)
PolyA forward (BsaIBsmBI/XhoI)
PolyA reverse (BsaIBsmBI/XhoI)
SDM1* forward (for pRS316)
SDM1* reverse (for pRS316)
SDM2* forward (for pRS316)
SDM2* reverse (for pRS316)
5`PGK UTR preamp
3`PGK UTR preamp
5`PGK UTR(Sac I)
3`PGK UTR(HindIII)
5`SH3/EcoRI
3`SH3 (BamHI)
5`CAT(BamHI)
3`CAT(SacI)
S3-CCR4
S2-CCR4
S3-NOT2
S2-NOT2
S3-NOT5
S2-NOT5
S3-NOT1
S2-NOT1
S2-DOM34
S3-DOM34

S3-HBS1
S2-SKI7

	
  

Primer

Primer name
T7 forward
T7 reverse
5`hsp26UTR(StuI)
3`hsp26UTR(EcoRI)
5`hsp26preamp
3`hsp26preamp
MCS* forward (for pMK1)
MCS* reverse (for pMK1)

S2-HBS1

	
  

Sequence (5’ -> 3’)
CATGGatcacgcgaaatTAATACGACTCACTATAGG
CCTATAGTGAGTCGTATTAatttcgcgtgatC
CTGAaggcctACCACCGATAAAGATATATCAGATCTC
ATCGgaattcAATTTGTTTAGTTTGTTTGTTTGC
gaaccttgcctgtcaaggtgcattgttgg
ggtagcgtagccatcaccactccaagtcttgtgc
aattcGCGggatccGCGGCCGCtctagaGCgagctcGCGCa
agcttGCGCgagctcGCtctagaGCGGCCGCggatccCGCg
gccgAAGCTTaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaGAGACCcact
gg
ccagtgGGTCTCtttttttttttttttttttttttttttttttAAGCTTcggc
ccagtgGGTCTCAaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaAGAGACG
acagCTCGAGgccg
cggcCTCGAGctgtCGTCTCTttttttttttttttttttttttttttttttTGAGACCcactgg
cgtatcacgaggccctttCGCTCgcgcgtttcgg
ccgaaacgcgcGAGCGaaagggcctcgtgatacg
gcagctcccgGAGCGgtcacagcttgtctgtaagc
gcttacagacaagctgtgacCGCTCcgggagctgc

ccatcttcgacaaggctggtgctgaaatcgttcc
Ggaagttataataggggctattccaagtgtgg
cagcGAGCTCattgaattgaattgaaatcgatagatc
tgtcAAGCTTtaaaggcattaaaagaggagcg
CACGgaattcaaaaATGGTTGATGAAACTGGAAAAGAGCTTGTGC
GGCCggatccCTAATCTAGTTTTTTCACATAGGCAGC
gatcggatccaaaaATGGAGAAAAAAATCACTGG
gatcgagctcTTACGCCCCGCCCTGCCAC
GCAAGATTTGAATTTATGAAGACAAACACAGGCAGTAAGAAAG
TAcgtacgctgcaggtcgac
GGTAGTGTACAGAGAGGAGGGAGGGAGTGGGATGAAAGTGT
GCGGTatcgatgaattcgagctcg
GGTGGGAAAAGTGCCAAAGAGATTTCTTATTGTTTTATAATGCT
ATTATGcgtacgctgcaggtcgac
CCGCATCACATATAATGACATTTATTTACTTCTTTCGTTTCTCT
GTCTACCatcgatgaattcgagctcg
CGTTGCGGTAACGACTTCGTATATAATGAAGAAGATTTCGAAA
AACTGcgtacgctgcaggtcgac
CATTTACCTAGTAAATCACGATGAGAATTATATAAGTAAAAGGA
AACTGTatcgatgaattcgagctcg
CCAATCCGCCACCATCAATAGAAGGCAAACCCCTCTACAATCC
AACGCAcgtacgctgcaggtcgac
GTTATATTTTTTTTTCTGAAATCATGATTTTCGTATATAAATAAA
TGCAGTTTTTatcgatgaattcgagctcg
ATAGGGTTGCAAATTTTATGTGTACATTACTTTTTTCTTACATAG
TAAATatcgatgaattcgagctcg
GCCTGTATTCTAAAATACCCGCTCCCCGATCTTGATGAAGACG
ATGGTGAGGAGcgtacgctgcaggtcgac
TTGAAAAAATTACATACAGAAGCGTATAAAATTCTTATCATCTA
TTTTCACCCTTatcgatgaattcgagctcg
CTTAGAAAGGACGGTAGAACCATTGCGGCAGGTAAAATATCC
GAAATAACTCAGcgtacgctgcaggtcgac
ATATATTAAACAATAAGTATGAATGCCTAGTATAATTTCTTAGTT
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S3-SKI7
S2-ASC1
S3-ASC1
S2-UPF1
S3-UPF1
5`Not4up(HindIII)
3`Not4down(XhoI)
3`Not4-HA_for
3`Not4-HA_rev

	
  
	
  

GTAGGAatcgatgaattcgagctcg
GTTTTAACATCAATAGATCATAAGGTTATCGCAGTTGGCAGAAT
TGCATGCCAGcgtacgctgcaggtcgac
GACCAATAACTAGAAGATACATAAAAGAACAAATGAACTTTATA
CATATTCatcgatgaattcgagctcg
GCCGGTTACACCGACAACGTCATTAGAGTTTGGCAAGTTATGA
CTGCTAACcgtacgctgcaggtcgac
GCCGTTTTGTATCACAAGCCAAGTTTAACATTTTATTTTAACAG
GGTTCACCGAAatcgatgaattcgagctcg
GAGAAGAACAAAAGCATGAATTGTCAAAAGACTTCAGCAATTT
GGGAATAcgtacgctgcaggtcgac
GGACTaagcttCGGTGAGGAAACTGAATACCATGGTAGACC
CTGACctcgagCGAGTAAGCTAGCAGATGGCATAATGATGC
cgatgttccagattacgctTAAtccgactctaaatatttttcttgtttgcattaacc
gcgtaatctggaacatcgtatgggtaATTACCGGCGATAATTTTCCTTCCG

Capital letters indicate either a restriction site or an open reading frame. * MCS (Multiple
cloning site), these primers were used to construct the MCS for the in vitro translation vector
pMK1. SDM (Site directed mutagenesis), these primers were used to remove the BsmBI
restriction sites in pRS316, for construction of pMK1.

8.1.9

S. cerevisiae strains

	
  
All yeast strains used in this study were derivatives of BY4741.
Yeast Strain
BY4741
nacΔ (egd1Δegd2Δbtt1)
not4Δ
nacΔnot4Δ
not2Δ
not5Δ
not3Δ
ccr4Δ
caf1Δ
caf130
caf40

90

Genotyp
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0
MATa, his3∆1 leu2∆0 met15∆0
ura3∆1 egd1::hisMX6; btt1::phleo;
egd2::LEU2
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0 not4::natMX4
MATa, his3∆1 leu2∆0 met15∆0
ura3∆1 egd1::hisMX6
MATa, his3D1; leu2D0/leu2D0;
LYS2; MET15 or met15D0; ura3D0;
YDL165w::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YPR072w::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YIL038c::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YAL021c::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YNR052c::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YGR134w::kanMX4
MATa, his3D1; leu2D0; met15D0;
ura3D0; YNL288w::kanMX4

Reference
Euroscarf
(Koplin et al., 2010)
AG Deuerling
AG Deuerling
AG Deuerling
Euroscarf
Euroscarf
Euroscarf
Euroscarf
Euroscarf
Euroscarf
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Not1-3xHA
Not2-3xHA
Not5-3xHA
Ccr4-3xHA
Dom34-3xHA
Hbs1-3xHA
Ski7-3xHA
Asc1-3xHA
Upf1-3xHA
Dom34-3xHA not4Δ
Hbs1-3xHA not4Δ
Ski7-3xHA not4Δ
Asc1-3xHA not4Δ
Upf1-3xHA not4Δ

	
  
	
  

MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 NOT1-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 NOT2-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 NOT5-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 CCR4-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 DOM34-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 HBS1-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 SKI7-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 ASC1-3xHA::hphNTI
MATa, his3∆1 leu2∆0 met15∆0
ura3∆0 UPF1-3xHA::hphNTI
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0
not4::natMX4
DOM343xHA::hphNTI
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0
not4::natMX4
HBS13xHA::hphNTI
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0
not4::natMX4
SKI73xHA::hphNTI
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0
not4::natMX4
ASC13xHA::hphNTI
MATa, his3Δ1 leu2Δ0 met15∆0
ura3∆0
not4::natMX4
UPF13xHA::hphNTI

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

8.1.10 E. coli strains
E. coli strain
DH5αZ1
GM21/63

BL21(DE3)
MH1

Genotype
laciq, PN25-tetR, SpR, deoR,
supE44,
Δ(lacZYA-argFV169),
Phi80 lacZ ΔM15
F-ara-14 leuB6 thi-1 fhuA31
lacY1 tsx-78 galK2 gakT22
supE44 hisG4 rpsL136 (Strr) xyl5 mtl-1 dam13::Tn9(CamR) dcm6 mcrB1 hsdR2(rK-mK+) mcrA
F- ompT hsdSB (rB-mB-) gal
dcm rne131 (DE3)

Reference
Invitrogen

ΔfhuA
Δptr
ΔhhoAB
Δprc::kann degP::Tn10

M. Ehrmann

shh

Biolabs

Invitrogen
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8.1.11 Plasmids
Plasmid

Inserted
gene

Promoter

Vector
backbone

Reference

none

Marker
(yeast/
E.coli)
URA3 / AmpR

pRS316

none

none

NOT4

endogenous

URA3 / AmpR

pRS316

pNot4-HA
pSUMO

NOT4-HA

endogenous
T7

URA3 / AmpR
-/ AmpR

pRS316
pET24

pSUMOEGD2/EGD1
pOP-H6-EGD2RRK/AAA/EGD1

EGD2-EGD1

T7

-/ AmpR

T7

EGD2RRK/AAAEGD1
EGD2- BTT1

T7

-/ AmpR

T7

(Sikorski and
Hieter, 1989)
AG
Deuerling
This study
(Andreasson
et al., 2008)
AG
Deuerling
AG
Deuerling

pNot4

T7

-/ AmpR

T7

tRNAs
for
the codons
AUA, AGG,
AGA, CUA,
CCC,
and
GGA
CAT
SH3
-

endogenous

-/ CamR

endogeno
us

T7
T7
T7

URA3 / AmpR
URA3 / AmpR
URA3 / AmpR
Hygromycin
B / AmpR

pRS316
pRS316
pRS316

pSUMOEGD2/BTT1
pRARE

pMK1-CAT
pMK1-SH3
pMK1
pYM24_3xHA

AG
Deuerling
Novagen
Clontech

This study
This study
This study
(Janke et al.,
2004)

8.1.12 Acid washed glass beads
500 ml of 5.8 M HCl was added to 500 g of 0.5 mm glass beads and incubated for 2 h at
room temperature with continuous stirring. In order to reach a physiological pH glass beads
were washed several times with ddH2O.

	
  
8.1.13 DEPC treated ddH2O
For

preparation

of

in

vitro

translation

and

transcription

buffers

and

reagents

diethylpyrocarbonate (DEPC) treated ddH2O was used. Therefore DEPC was added to
ddH2O in a 1:1000 dilution and incubated over night in the hood. Afterwards DEPC was
inactivated by autoclaving. DEPC treatment was performed to inactivate RNases.
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Methods

Cloning

All cloning steps were performed according to standard protocols (Sambrook J, 2001).
HPLC-purified synthetic oligonucleotides were obtained from Thermo Fisher Scientific. The
plasmids generated during this study were verified by DNA sequencing performed by GATC
Biotech AG in Constance, Germany.

8.2.2

Polymerase chain reaction (PCR)

For a standard PCR reaction the following components were mixed on ice: 400 nM of each
Primer, 0.2 mM dNTPs (10 mM each, Fermentas), Phusion Polymerase buffer, 0.5 µl
Phusion Polymerase (2.2 mg/ml; AG Deuerling), amounts of template between 100 – 400 ng.
ddH2O was added to a final volume of 50 µl.
Standard PCR-cycles for amplification:
Step

Procedure

Temperature

Time

1

Initial denaturation

98 °C

2 min

2

Denaturation

98 °C

30 s

3

Annealing

55 °C

30 s

4

Elongation

72 °C

0.5 min/ kb

5

Final Elongation

72 °C

10 min

6

Storage

4 °C

8.2.3

Repeats

30 x

Agarose gel electrophoresis

To separate DNA or RNA fragments according to their size gel electrophoresis was used.
Therefore the samples were supplemented with the appropriate loading dye (6x DNA
loading, 2x RNA loading dye) and separated on an ethidiumbromid containing agarose gel
with 70 - 120V depending on gel size and thickness. The nucleic acids were visualized by UV
illumination.

93

	
  	
  
	
  

Materials and Methods
8.2.4

	
  
	
  

DNA purification from agarose gel

Bands of the corresponding size were cut out and further purified using the QIAquick® gel
extraction kit (QIAGEN) according to the manufacturers protocol.

	
  
8.2.5

DNA digestion with restriction endonucleases

Standard DNA digestion with type-II restriction enzymes (NEB) was performed according to
the manufacturers recommendations for the respective enzymes. For standard reactions
between 1 - 5 µg of DNA were cut in a final reaction volume of 70 µl. After digestion,
obtained DNA fragments were purified by preparative agarose gel electrophoresis (as
described above) or by the QIAquick PCR-purification kit (QIAGEN).
To minimize religation of linearized plasmid DNA, Shrimp Alkaline Phosphatase (SAP) was
used for dephosphorylation of digested vectors. Therefore 40 µl vector-DNA were incubated
with 5 µl of SAP and 5 µl of 10x SAP-buffer for 2 h at 37 °C. SAP was inactivated by heat
treatment (25 min, 65 °C) and dephosphorylated plasmid DNA was directly used for the
ligation reaction.

8.2.6

Ligation

Between 10 – 300 ng of digested insert DNA were ligated with 30 - 70 ng linearized and
dephosphorylated plasmid DNA using T4 DNA ligase in a final volume of 20 µl reaction
mixture according to the manufacturers instructions. Ligation reaction was carried out at
23 °C for 2 h.

8.2.7

Preparation of chemically competent E. coli cells

A 500 ml LB media (1% (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast extract, 0.5 % (w/v)
NaCl) supplemented with 20 mM MgSO4 and 10 mM KCl was inoculated with an overnight
culture to an OD600 0.05 and grown to an OD600 0.4 - 0.6 at 37 °C. Cells were incubated for
10 min on ice prior pelleting at 1500 g for 10 min at 4°C. The resulting cell pellet was
resuspended in 150 ml cold TFB1-buffer (100 mM RbCl2, 50 mM MnCl2, 10 mM CaCl2,
30 mM KoAc, 15 % (v/v) glycerol) and kept on ice for 15 min. Cells were again sedimented
by centrifugation and finally resuspended in 20 ml ice cold TFB2-buffer (10 mM RbCl2,
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75 mM CaCl2, 10 mM MOPS pH 7.5, 15 % (v/v) glycerol). 250 µl aliquots were flash frozen in
liquid N2 and stored at -80 °C.

8.2.8

Transformation into chemically competent E. coli cells (strain: DH5αZ1,
GM2163)

100 µl competent cells were thawed on ice and mixed with 10 µl of the ligation reaction or 1
µl plasmid DNA. After an incubation on ice for 20 min the samples were heat-shocked at
42 °C for 1 min and again incubated on ice for 20 min. 1 ml of LB-medium was added and
phenotypic expression was performed for 1 h at 37 °C. Afterwards cells were plated on
selective media.

8.2.9

Plasmid DNA Preparation

Plasmids were prepared out of E. coli cells according to the QIAprep spin miniprep protocol
(QIAGEN).

8.2.10 Cloning of the in vitro translation vector pMK1
Cloning was performed as described in Chapter 8.2.1 – 8.2.9, otherwise stated elsewher.
The pRS316 plasmid was used as backbone for the pMK1 vector. As the first step the two
BsmBI restrictions sites of pRS316 were eliminated by site directed mutagenesis, to enable
later on cloning of the poly (A) stretch. Therefore a complementary primer pair containing the
desired mutation was used to generate the mutated plasmid in a PCR reaction. PCR was
followed by an incubation with DpnI for 4 h at 37 °C. DpnI endonuclease is specific for
methylated and hemimethylated DNA and is used to digest parental DNA template and to
select for mutation-containing synthesized DNA (McClelland and Nelson, 1992). After heat
inactivation (25 min, 65 °C) of the enzyme, digestion reaction was directly transformed into
DH5αZ1 cells (see protocol). Procedure was repeated to remove the second BsmBI
restriction site, giving rise to P1. Plasmids from obtained clones were isolated using the
QIAprep spin miniprep protocol (QIAGEN) and DNA was sequenced. DNA sequencing was
performed after every further cloning step.
Subsequently,

the

T7

promoter

sequence

was

cloned

into

P1,

using

synthetic

oligonucleotides and the restriction sites for NcoI and StuI, giving rise to P2. Behind the T7
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promoter sequence, the 5´UTR region of HSP26, amplified from yeast genomic DNA by
PCR, was inserted using the restriction sites StuI and EcoRI, to obtain P3. Thereafter the
3´UTR of PGK1 was inserted into P3 via the SacI and HindIII restriction sites. Finally a
poly (A) stretch was added to P3 using synthetic oligonucleotides containing the poly (A)
stretch and either HindIII and BsaI (Oligonucleotide 1) or BsaI, BsmBI and a XhoI
(oligonucleotide II) cleavage sites. For annealing 10 pmol of the antiparallel oligonucleotides
were mixed in a final volume of 100 µl, heated to 95 °C for 5 min and annealed by a
continuous temperature gradient of 0.1 °C per second to 4 °C. To avoid any denaturation of
poly(A) stretches the annealed oligonucleotides as well as vectors containing poly(A) regions
were digested with the corresponding restriction endonucleases overnight at 37 °C. In the
initial round of poly(A) cloning the annealed oligonucleotide I was digested with HindIII and
BsaI, oligonucleotide II with BsaI and XhoI. Next, the DNA was precipitated by addition of
1/10 volume 3 M sodium acetate pH 5.2, 2.5 volumes of 100 % (v/v) ethanol (per analysis)
and incubation at -20 °C for at least 12 h. The DNA was recovered by centrifugation at
16000 g for 30 min at 4°C and the DNA pellets were washed with 70 % (v/v) ethanol. The
DNA pellets were dried at room temperature and subsequently resuspended in 100 µl sterile
water. Between 0.1 µl and 5 µl of the digested oligonucleotides (both, olingonucleotide I and
II) were ligated with 30 - 70 ng linearized (HindIII and XhoI) dephosphorylated plasmid DNA
and T4 DNA ligase in a 20 µl reaction mixture according the manufacturers instructions and
transformed into E. coli cells (Scior et al., 2011).

8.2.11 TSS transformation of E. coli cells
TSS transformation was performed for transformation of NAC expression plasmids into
E. coli expression strains (BL21(DE3), MH1). Therefore cells were grown in LB at 37 °C to
OD600 0.5 and chilled on ice for 20 min. Afterwards cells were mixed in a 1:1 ratio with 2 x
TSS (20 % (w/v) PEG-6000, 10 % (v/v) DMSO, 100 mM MgSO4 dissolved in LB media). 1 µg
of plasmid DNA was added to 100 µl competent cells, properly mixed and further incubated
for 20 min on ice. 1 ml LB medium was added and phenotypic expression was performed for
1 h at 37 °C. Cells were plated on selective medium.

8.2.12 Yeast strains, plasmids and growth conditions
All yeast strains used in this study were isogenic derivatives of BY4741 (Brachmann et al.,
1998). The genotypes of the yeast strains are listed in Chapter 8.1.9. Unless described
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otherwise, yeast cells were grown at 30°C in YPD (1 % (w/v) Bacto yeast extract, 2 % (w/v)
Bacto peptone, 2 % (w/v) dextrose) or defined synthetic complete (SC) media (6.7 g/l Bacto
yeast nitrogen base without amino acids, 2 % (w/v) dextrose, 2.0 g/l amino acid dropout mix).
For plates, medium was supplemented with 20 g /l agar.
Strains carrying gene deletions were constructed by PCR-based gene disruption (Goldstein
and McCusker, 1999). HA-tagging of Not4 was done by overlap PCR as mentioned
elsewhere (Horton et al., 1989). pNOT4-HA was engineered by PCR-based fusion of a HA
encoding sequence to the 3’ end of the NOT4 open reading frame. Therefore, the promoter
region together with the open reading frame of NOT4 and the terminator region were
amplified separately from pNOT4. Both fragments were fused with each other via a HA
sequence on complementary 5’ primer overhangs and cloned into pRS316 (as described
above).
Ccr4, Not1 and Not5, Dom34, Hbs1, Ski7, Asc1 and Upf1 were C-terminally tagged with a
3xHA tag at their chromosomal locus in a wild type background and Dom34, Hbs1, Ski7,
Asc1 and Upf1 additionally in a Not4 deletion strain. Therefore the 3xHA-tag together with a
KanMX4 cassette was amplified by PCR from the plasmid pYM24_3xHA (Janke et al., 2004).
Primer design and tagging was performed as described in (Janke et al., 2004). Integrity of
the 3xHA-tag and maintenance of the open reading frame was confirmed by PCR and DNA
sequencing.
Phenotypic analysis was performed by adjusting yeast cultures to an optical density (OD600)
of 1.0 and spotting eight 5 - fold serial dilutions of each strain onto agar plates containing the
respective medium. The plates were incubated as indicated in the results in Fig. 22 and Fig.
28B.

8.2.13 Yeast plasmid transformation
3 µl of heat denatured herring sperm carrier DNA and 1 µg of plasmid DNA were added to
100 µl freshly prepared transformation mixture (400 mM LiOAc, 40 % (w/v) PEG 3350 and
137 mM β-Mercaptoethanol). One large yeast colony was resuspended in this mixture and
incubated for 30 min at 37 °C. Cells were harvested by centrifugation for 2 min at 1700 g.
The resulting pellets were resuspended in 100 µl of sterile ddH2O and plated on selective
media.
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8.2.14 Expression and purification of NAC and NAC-RRK/AAA from E. coli cells
For expression of the yeast NAC proteins, the plasmid pRARE/Rosetta was first transformed
into the E. coli expression strain BL21(DE3) by TSS transformation. Subsequently the
plasmids

pSUMO-EGD2/EGD1

or

pSUMO-EGD2/BTT1

were

transformed

into

the

expression strain. For protein expression a 2 l LB-culture was inoculated with a stationary
overnight culture to OD600 0.1 and grown at 30 °C to an OD600 0.6. Expression of NAC was
induced by addition of 1 mM isopropylthio β-D-1-galactopyrandoside (IPTG). After 4 h of
expression cells were harvested by centrifugation and flash frozen in liquid N2. The cell
pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM
MgCl2, 10 % (v/v) glycerol, 2 mM β-Mercaptoethanol, Tm complete Roche protease inhibitor
EDTA free) and lysed by French Press (2-3 x 1000 psi; SIM AMINCO). Lysates were cleared
by centrifugation at 30000 g for 30 min at 4°C. Supernatants were incubated with 2 g Ni-IDA
silica matrix (Protino; Macherey-Nagel Matrix) for 15 min in a overhead roller at 4°C. The
matrix was first washed five times with high salt buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 5
mM MgCl2, 10 % glycerol, 2 mM ß-Mercaptoethanol) and subsequently three times with low
salt buffer (50 mM Tris-HCl pH 7.5, 25 mM NaCl, 5 mM MgCl2, 10 % (v/v) glycerol, 2 mM ßMercaptoethanol). Proteins were eluted with 50 mM Tris-HCl pH 7.5, 25 mM NaCl, 5 mM
MgCl2, 250 mM Imidazol, 10 % (v/v) glycerol, 2 mM β-Mercaptoethanol. The His-Smt3-tag
was removed by cleavage with the Smt3 specific protease Ulp1 (3 µg/ ml protein) during
dialysis against low salt buffer (50 mM Tris-HCl pH 7.5, 25 mM NaCl, 5 mM MgCl2, 10 %
(v/v) glycerol, 2 mM ß-Mercaptoethanol) overnight. To remove the His-Smt3 and other
impurities NAC was further purified using Ionexchangechromatographie (FPLC - ÄKTA
Purifier, GE Healthcare Amersham) (Anionexchange, Resource Q for egd1/egd2;
Cationexchange, Resource S for btt1/egd2). The NAC complex was eluted with a linear
gradient of buffer A (50 mM Tris-HCl pH 7.5, 25 mM NaCl, 5 mM MgCl2, 10 % (v/v) glycerol,
2 mM ß-Mercaptoethanol) and buffer B (50 mM Tris-HCl pH 7.5, 1 M NaCl, 5 mM MgCl2,
10 % (v/v) glycerol, 2 mM β-Mercaptoethanol). High salt was removed by dialysis overnight
against 20 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl2, 10 % glycerol, 2 mM βMercaptoethanol. Proteins were frozen in liquid N2 and stored at -80°C. The NAC-RRK/AAA
was expressed from pOP-H6-EGD2-RRK/AAA /EGD1 in MH1 E. coli cells. Expression and
purification procedure was the same as described in this Chapter, except no removal of Smt3
by Ulp1 cleavage was required.
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8.2.15 Alkaline lysis of yeast cells
1 ml of a stationary yeast culture was harvested by centrifugation, resuspended in 200 µl of
100 mM NaOH and incubated for 10 min at room temperature. 10 µl of lysate was added to
990 µl of ddH2O and OD600 was measured. The whole lysate was centrifuged for 1 min at
13000 g, the supernatant was discarded and the samples were adjusted with Protein SDS
sample buffer. 0.1 OD600 unit was loaded for SDS - gel electrophoresis.

8.2.16 Bradford Assay
To determine protein concentrations the Bradford assay was used. In this assay the
Coomassie brilliant blue G-250 dye specifically binds to proteins at arginine, tryptophan,
tyrosine, histidine and phenylalanine residues (Bradford, 1976). Free in solution the dye is
present in its cationic form, which has an absorbance maximum at 470 nm. The anionic form
of the dye binds to the proteins and can be monitored by its absorbance maximum at 595 nm
(blue). Bradford assay was performed using 1ml of 1x Bradford reagent (Biorad) together
with different amounts of the purified protein or lysate solution, depending on the
concentration. Samples were properly mixed and incubated 5 min at room temperature prior
to the absorbance measurement.

8.2.17 SDS-PAGE
SDS-PAGE was used to separate proteins under denaturing conditions according to their
size (Laemmli, 1970). Samples were supplemented with Laemmli (final 1x) and heated up to
95 °C. Samples were loaded on 12 or 14 % SDS Gels. For size estimation a molecular
weight standard was included. Each gel was run with 150 V for the stacking gel and with
250 V for the separation gel.
For in vitro translation reactions Tricine SDS-PAGE was performed. Tricine gels were run at
70 V for the stacking gel and 150 V for the separation gel. Tricine separation gel contained
11 % (v/v) glycerol.
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8.2.18 Coomassie blue staining
SDS - gels were stained for 30 min in Coomassie blue staining solution and destained in
destaining solution until the protein bands were clearly visible.

	
  
8.2.19 Antibodies and Western blot analyses
For Western blot analysis the protein samples were separated by SDS - PAGE and
transferred onto a nitrocellulose membrane (GE Healthcare) in a wet blot chamber with
transfer buffer for 2.5 h at 220 mA. Rabbit polyclonal antibodies against Sse1, Ssb1, Zuo1,
Rpl25 and the NAC complex were used as described previously (Koplin et al., 2010). Rabbit
polyclonal antibody against Not4 was used in a 1:5000 dilution in 3 % milk. Antibody against
Caf1 (rabbit, polyclonal) was a gift from M. Collart and used in a 1:10000 dilution in 3 % milk.
Polyclonal antibody against G6PDH (Sigma, A9521) as well as monoclonal antibody against
the HA-tag (Covance, MMS-101R) was used according to the instructions of the
manufacturer. To detect the primary antibodies, fluorescence-labeled secondary antibody
(DY-682, Dyomics) and alkaline phosphatase-coupled secondary antibody (Sigma) were
used and visualized with the FLA-9000 and the LAS-3000 systems (Fuji), respectively.

8.2.20 TCA precipitation of proteins
For precipitation of proteins, TCA (Trichloroacetic acid) was added to a final concentration of
20 %. Samples were incubated for at least 30 min or over night on ice. Proteins were
pelleted by centrifugation at 18000 g for 30 min at 4 °C. The supernatant was removed
leaving the protein pellets intact. The pellets were washed twice with 300 µl of ice cold
aceton and centrifuged at 18000 g for 10 min at 4 °C in between. Pellets were dried at 37 °C
for 20 min and resuspended in alkaline sample buffer. Prior loading on the gel samples were
heated up to 95 °C for 10 min.

8.2.21 Density gradient ultracentrifugation and ribosome profiling
Yeast cells were grown at 30 °C in YPD medium to an OD600 1.0, chilled on ice and
harvested by centrifugation at 4 °C in the presence of 300 µg/ml CHX to stabilize translating
ribosomes. The resulting pellets were frozen in liquid N2. For the preparation of lysates the
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pellets were resuspended in lysis buffer (20 mM HEPES-KOH pH 7.4, 100 mM KoAc, 2 mM
Mg(oAc)2, 0.5 mM DTT, 1 mM phenylmethylsulphonyl fluoride (PMSF), 300 µg/ml CHX, 1 x
protease inhibitor cocktail) and disrupted using glass beads (3x 5 M/s, 20 s, cooling periods
in between) (FastPrep-24, MP). To remove cell debris and intact cells, lysates were cleared
by centrifugation at 16000 g at 4 °C for 10 min. All lysates were adjusted to an identical A260
value.
To investigate the impact of NAC ubiquitylation by Not4 on ribosome binding, eight A260
absorption units of each lysate were loaded onto an 11 ml 15 – 45 % (w/v) sucrose gradient
prepared in lysis buffer without PMSF (Gradient Master, Biocomp Instruments) and
centrifuged in a TH-641 swing out rotor (Sorvall) at 260000 g for 2 h at 4°C. Upon
centrifugation, the gradients were fractionated from the top with a gradient fractionator
(Teledyne Isco, Inc.) and the A254 signals were recorded to detect the different ribosomal
species. The absorption data were processed with PeakTrak V1.1 (Teledyne Isco, Inc.). The
collected fractions were TCA precipitated and the proteins were separated by SDS-PAGE
and immunodetected. For Fig. 29 – 33 1/6 of the precipitated proteins from the soluble
fractions was loaded on the gel.
For the detection of Not4, Caf1, Ccr4, Not1 and Not5 in the polysomal fractions
100 - 150 A260 absorption units were loaded onto an 38 ml 10 – 40 % (w/v) sucrose gradient
and centrifuged in a SW28 rotor swing out rotor (Beckman) at 113000 g for 7 h at 4 °C. The
readout was performed as described above. To disrupt polysomes, the lysates were treated
with RNase A (Fermentas) in a final concentration of 300 µg/ml and incubated for 15 min on
ice prior density gradient centrifugation.

8.2.22 Ex vivo ribosome co-sedimentation assay
Yeast cells were grown in SC medium without uracil (SC-URA) to an OD600 of 1 and 40 OD600
units were harvested by centrifugation. The cells were washed in SC medium lacking uracil
and met (SC-URA-Met), resuspended and starved for 45 min in SC-URA-Met medium at
30 °C. To label nascent polypeptide chains and newly synthesized proteins, 20 µCi/ml of
35

S-met were added to the cells for 50 s. Afterwards, the cells were split in half and chilled on

ice. Half of the cells were treated with 300 µg/ml CHX to stabilize ribosome-nascent chain
complexes, whereas the other half was incubated with 0.1 mM Puro for 5 minutes on ice to
release nascent polypeptides from ribosomes. The cells were then pelleted and lysed by
glass bead disruption in lysis buffer (50 mM HEPES-KOH pH 7.4, 100 mM KoAc, 10 mM
MgCl2, 1 mM DTT, 1 mM PMSF, 2 x protease inhibitor cocktail) with or without 300 µg/ml
CHX. The lysates were cleared by centrifugation at 16000 g for 10 min at 4 °C, protein
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concentrations were normalized (Bradford Assay; Biorad) and a sample was taken (total).
The lysate from the Puro treated cells was again incubated for 1 h with 0.6 mM Puro on ice
to increase the efficiency of nascent chain release. Next, equal volumes of the lysates were
loaded onto a 20% (w/v) sucrose cushion prepared in lysis buffer with or without 300 µg/ml
CHX, respectively, and centrifuged for 90 min at 200000 g at 4 °C to sediment the
ribosomes. Upon centrifugation, the supernatant was TCA precipitated and ribosomes were
resuspended in lysis buffer. The A260 values of the ribosome solutions were normalized and
equal volumes were supplemented with SDS sample buffer. 1.1 A260 units of ribosomes as
well as 20 µg of the total samples were analyzed by SDS-PAGE and Western blotting. To
detect radioactivity the gels were dried after SDS-PAGE and the signals were detected by
autoradiography with the FLA-9000 system (Fuji).

8.2.23 Yeast proteasome activity assay
Proteasome activity in in vitro translation extracts from wt and nacΔ cells was determined
using the fluorogenic substrate Suc-LLVY-ACM. Therefore protein concentration of the in
vitro translation extracts was determined by Bradford assay, and 50 µg protein were diluted
into 150 µl reaction buffer (50 mM HEPES/KOH pH 8.5, 5 mM EGTA). Reaction was started
by adding 0.1 mM Suc-LLVY-ACM and incubated for 0, 15, 30 and 60 min at 30 °C.
Reactions were quenched by adding SDS to a final concentration of 1 % (w/v). As controls
reactions with 75 µM MG132, to inhibit proteasome activity, without lysate and without
substrate were run in parallel. Fluorescence readings of released 7-amido-4-methylcoumarin
(AMC) were taken at an excitation wavelength of 380 nm and emission wavelength of
460 nm at a Perkin Elmer Spectrofluorimeter (Vacca et al., 2007).

8.2.24 Yeast in vitro translation
DEPC-treated ddH2O was used for all buffers and solution for in vitro transcription and
translation system.

8.2.25 mRNA preparation by T7 in vitro transcription
pMK1-SH3 and pMK1-CAT were linearized by restriction digest with XhoI, which cuts after
the poly(A) stretch of the in vitro translation vector, and gel purified as described above to
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obtain linear DNA template for in vitro run-off transcription. The following components were
combined for in vitro transcription with T7 RNA Polymerase: 5 µg of linear DNA template,
10 mM DTT, 0.8 mM CAP analog (3´O-Me-m7G(5´)ppp(5´)G RNA Cap Structure Analog;
10 mM; New England Biolabs), 1 mM NTP-Mix (each, ACU), T7 transcription buffer, 40 U
RiboLock RNase Inhibitor, 20 U T7 RNA Polymerase. Mixture was adjusted to a volume of
50 µl with DEPC-treated ddH2O and incubated for 5 min at 37 °C. Afterwards 0.2 mM GTP
was added and in vitro transcription was performed for 1 h at 37 °C. To remove the DNA
template 150 U of DNase RNase-free was added and a further incubation step of 15 min at
37 °C was performed. The transcribed mRNA was purified with the Ambion MegaClear Kit
according to the manufacturers instructions and quality of the mRNA was checked by
agarose gel electrophoresis

8.2.26 Preparation of yeast in vitro translation extract
For preparation of yeast in vitro translation extracts, yeast cells were grown in 1.5 l YPD to
an absorbance of OD600 1.5. Cells were harvested by centrifugation at 5300 g for 5 min at
4 °C. The cell pellets were resuspended in 15 ml Ribobuffer (30 mM HEPES-KOH pH 7.5,
100 mM KoAc, 10 mM Mg(oAc)2, 2 mM DTT, 0.1 mM PMSF and 8.5 % mannitol) and
transferred to a 50 ml screw cap tube and centrifuged at 5300 g for 5 min at 4°C. Cells were
washed three times with 15 ml Ribobuffer. The final wet pellet was weighed and 1.5 times
the volume of Ribobuffer (2 x Tm complete Roche protease inhibitor EDTA free) and 5 times
the mass of cold acid-washed glass beads were added. Cells were lysed by glass bead
disruption (5 x 5 M/s for 20 s; 1 min cooling periods in between; Fast Prep 24, MP). Glass
beads were removed by a short spin (5300 g, 1 min at 4°C). Supernatant was transferred to
a 15 ml COREX glass tube and extract was cleared twice by centrifugation at 30 000 g for
5 min at 4 °C. Supernatant was aspired carefully, avoiding residual pellet and lipid top layer.
Extracts were applied to a Sephadex G-25 superfine column (GE Healthcare) and
fractionated with Ribobuffer (Tm complete Roche protease inhibitor EDTA free) in 500 µl
aliquots. Absorbance was measured at 260 nm (Nanovue; GE Healthcare) and fractions
within 75 % of maximum value were combined. Aliquots of 155 µl were snap frozen and
stored at -80 °C.
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8.2.27 Yeast in vitro translation
Prior to assembly of the in vitro translation reaction mixture, 150 µl of extract was thawed on
ice, supplemented with 7.5 µl of 20 mM CaCl2, 2.5 µl of creatine phosphokinase (10 mg/ml;
Roche) and then treated with 12 U micrococcal nuclease (Fermentas) by incubation at 20 °C
for 10 min. To chelate the calcium and thus inhibit the activity of the Ca2+ - dependent
nuclease, 0,4 mM Ethylen Glycol Tetraacetic Acid (EGTA) was added and the mixture was
placed on ice for 5 min.
For 16 yeast in vitro translation reactions, the following components were jointed with the
Nuclease treated extract: 25 µl of 10x translation cocktail (100 mM HEPES-KOH pH7.4, 15
mM Mg(oAc)2, 750 mM KoAc, 4 mM GTP, 10 mM ATP, 500 µM 19 amino acid-mix (each;
without met)), 5 µl creatine phosphate (0.6 M; Roche), 2,5 µl Mg(oAc)2 (100 mM) and 5 µl of
35

S-met (10 µCi/µl), to a final volume of 200 µl. 12 µl of translation mixture were used per

reaction to which 100-200 ng of mRNA were added. NAC, CHX (10 mg/ml in Ethanol), Puro
(21 mM) or MG132 (10 mM in DMSO) were added to the indicated concentrations and the
reactions were adjusted to a final volume of 15 µl with DEPC treated ddH2O. In vitro
translation reactions were incubated for 30 min at 23 °C at 450 rpm.
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Abstract
The E3 ubiquitin-protein ligase Not4 is a component of the Ccr4-Not complex (consisting of
Ccr4, Caf1, Caf40, Caf130, and Not1-5), which is involved in the control of transcription as
well as mRNA deadenylation and decay. Furthermore, Not4 was suggested to regulate
ribosome-binding of the conserved nascent polypeptide-associated complex (NAC) by
ubiquitination. However, we demonstrate that NAC binds to ribosomes independent of Not4.
Instead, Not4 together with other members of the Ccr4-Not complex associates with
ribosomes. Not4 and Caf1 bind to ribosomes in a nascent polypeptide-dependent manner.
This indicates that the entire Ccr4-Not complex interacts with actively translating ribosomes
and nascent chains contribute to ribosome-association. Moreover, not4Δ cells show severe
growth defects and are hypersensitive to stress caused by heat or translation inhibitory
drugs. We found that the deletion of NOT4 leads to aggregation of a broad spectrum of
cellular proteins at 30°C. Similar phenotypes were observed for not2Δ and not5Δ cells
indicating that the three Not proteins form a functional triad. Importantly, aggregation in a
NOT4 deletion strain is diminished if protein synthesis is blocked, suggesting a function of
Not4 on newly synthesized proteins. Moreover, ribosome binding of Not4 is changed upon
deletion of Ski7 a component of mRNA decay and binding of Ski7 to the 40S subunit is
diminished upon deletion of Not4. These results propose a new role of Ccr4-Not complex on
actively translating ribosomes and in maintaining cellular protein homeostasis. Furthermore
we found a connection of Not4 with a mRNA decay component, suggesting a coupled
degradation of newly synthesized proteins which might be defective and of the corresponding
mRNA.

2

Introduction
The Ccr4-Not complex is a large multifunctional protein assembly, which is evolutionary
conserved in eukaryotes. In yeast, it consists at least of nine core subunits (Ccr4, Caf1,
Caf40, Caf130, and Not1-5) and localizes to the nucleus and cytoplasm (Collart, 2003;
Collart and Timmers, 2004; Denis et al., 2001). Gel filtration studies identified a ∼1 MDa and
a ∼1.9 MDa form of the complex, both of which contain all core subunits (Liu et al., 1998)
(Bai et al., 1999). This suggests that the larger complex consists of additional proteins (Liu et
al., 1997{Hata, 1998 #565)}(Komarnitsky et al., 1998) (Liu et al., 2001) (Collart and Timmers,
2004) The 240 kDa protein Not1 is the only core subunit essential for yeast viability and it
acts as a scaffold of the complex (Maillet et al., 2000). The architecture of the Ccr4-Not
complex has been extensively investigated by several genetic and biochemical studies.
Thereby, it was shown that it consists mainly of two subcomplexes (Bai et al., 1999; Chen et
al., 2001). The Not proteins form one subcomplex and associate preferentially with the Not1
C-terminus, whereas the other consists of Ccr4 and Caf1, which interact with the central
region of Not1 (Bai et al., 1999; Collart and Struhl, 1994; Oberholzer and Collart, 1998).
Caf40 and Caf130 associate rather independent of other proteins with Not1 (Chen et al.,
2001). Although no experimental evidence is available so far, it is possible that individual
Ccr4-Not subunits perform functions independent of the complex.
The Ccr4-Not complex was implicated in regulation of gene expression and mRNA turnover
at different cellular levels. Therefore, it carries out nuclear as well as cytosolic functions. In
the nucleus, it globally regulates transcription, both, in a positive and negative manner
(Azzouz et al., 2009b; Cui et al., 2008). The complex was shown, for example, to be
important for the posttranslational modification status and transcriptional activity of the
stress-responsive transcription factor Msn2, as well as for the proper genome-wide
distribution of the general transcription factor TFIID on promoters (Lenssen et al., 2007;
Lenssen et al., 2005; Lenssen et al., 2002). Especially the Not proteins were proposed to act
as transcriptional repressors by restricting the access of TFIID to promoters and have been
shown to control particularly SAGA-responsive genes (Badarinarayana et al., 2000; Collart,
1996; Collart and Struhl, 1994; Cui et al., 2008; Deluen et al., 2002). In addition, the complex
is involved in transcription initiation and elongation (Denis et al., 2001; Lemaire and Collart,
2000; Oberholzer and Collart, 1999).
Besides its role as a transcription regulator, the Ccr4-Not complex is involved in cytosolic
processes. Ccr4 and Caf1 act both as deadenylases, which catalyze poly(A) tail shortening
of cytoplasmic mRNAs (Tucker et al., 2001). Ccr4 was identified as the major deadenylase in
yeast (Chen et al., 2002; Tucker et al., 2001; Viswanathan et al., 2004), whereas Caf1
mediates the association of Ccr4 with Not1 and has been suggested to regulate the
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deadenylation of special transcripts (Bai et al., 1999; Morozov et al., 2010). As shortening of
the poly(A) tail is the first step in mRNA degradation, both proteins have a strong influence
on mRNA stability and thereby regulate protein expression (Bartlam and Yamamoto, 2010).
In animal cells, Ccr4-Not complex has been shown to act in miRNA-mediated translation
repression and deadenylation of target mRNAs (Cooke, 2010) (Fabian, 2011) (Chekulaeva et
al., 2011) (Braun, 2011). Not4 is not an integral subunit of Ccr4-Not complex in human or D.
melanogaster cells (Lau, 2009) (Temme et al., 2010). The Ccr4-Not complex might be
recruited to 3’UTRs of specific mRNAs via PUF proteins in yeast and animal cells
(Goldstrohm et al., 2006; Goldstrohm et al., 2007) (Lee, 2010) (Kadyrova et al., 2007) (Suh,
2009).
The Ccr4-Not complex is also connected to the ubiquitin proteasome system via the Not4
subunit. The conserved N-terminus of Not4 contains a RING finger domain, which defines a
large subgroup of E3 ubiquitin-protein ligases (Lorick et al., 1999). Indeed, E3 ligase activity
of the human and yeast Not4 orthologs has been demonstrated in vitro and depends on the
E2 ubiquitin-conjugating enzymes Ubc4 and Ubc5 (UbcH5B in humans) (Albert et al., 2002;
Mulder et al., 2007; Winkler et al., 2004). Moreover, mutation of individual residues (e.g.
L35A) in the RING domain, which are critical for the interaction with Ubc4/5, abolished
ubiquitination activity of Not4 (Mulder et al., 2007; Winkler et al., 2004). Only few Not4
substrates have been identified so far. One of its cytosolic targets in yeast might be NAC
(nascent polypeptides-associated complex), a ribosome-associated complex with chaperonelike features. Not4 has been described to ubiquitinate both NAC subunits and Not4dependent ubiquitination was suggested to regulate the stability and ribosome-association of
NAC (Panasenko et al., 2006; Panasenko et al., 2009). In addition, the proteasomal
degradation of nascent polypeptides, which are stalled on ribosomes during translation, has
been shown to depend on the E3 ligase activity of Not4 (Dimitrova et al., 2009). A series of
other studies provide a mechanism by which Not4 may influence gene expression. They
showed that Not4 modulates trimethylation of lysine 4 on histone H3 (H3K4) by controlling
the levels of the demethylase Jhd2 through polyubiquitin-mediated degradation (Huang et al.,
2010; Laribee et al., 2007; Mersman et al., 2009; Mulder et al., 2007). It was also reported
recently, that Not4 together with Ubc4 regulates the turnover and steady-state levels of
Cdc17, the catalytic subunit of the DNA polymerase-α (Haworth et al., 2010). This suggests
that Not4 has a direct influence on DNA replication and proper cell proliferation. Taken
together, the data indicate that Not4 is involved in diverse cellular processes.
NAC is a stable heterodimeric complex consisting of an α- and β-NAC subunit and
associates with ribosomes in a 1:1 stoichiometry (Raue et al., 2007; Wiedmann et al., 1994).
Both subunits have been shown to interact with nascent polypeptides (Wiedmann et al.,
1994) but only β-NAC contacts the ribosome via a conserved motif in its N-terminus (Beatrix
4

et al., 2000; Wegrzyn et al., 2006). Several different functions for NAC were proposed,
including the regulation of protein targeting to the endoplasmatic reticulum or mitochondria
(Funfschilling and Rospert, 1999; George et al., 1998; George et al., 2002; Lauring et al.,
1995; Moller et al., 1998; Powers and Walter, 1996; Raden and Gilmore, 1998; Wiedmann
and Prehn, 1999; Wiedmann et al., 1994; Yogev et al., 2007). Moreover, it is speculated that
NAC has chaperone-like functions and is involved in cotranslational folding of nascent
polypeptide chains. Indeed, we have recently shown that NAC cooperates functionally with
the cytosolic chaperone network (Koplin et al., 2010).
Here we show that in yeast, NAC associates with ribosomes independent of Not4. However,
Not4 together with the entire Ccr4-Not complex interacts with actively translating ribosomes
and this interaction critically depends on the presence of nascent polypeptides. This
suggests a role of the Ccr4-Not complex in cotranslational quality control of newly
synthesized proteins. In addition, we found severe protein aggregation in cells lacking Not2,
Not4 or Not5 and provide evidence that the Ccr4-Not complex subunit Not4 acts together
with Ubc4/5 in the turnover newly synthesized proteins. Together, our results extend the
functions of the Ccr4-Not complex beyond the control of gene expression and demonstrate
that the complex is an important regulator of cellular protein homeostasis.

Materials and methods:
Yeast strains, plasmids and growth conditions
All yeast strains used in this study were isogenic derivatives of BY4741 and BY4743
(Brachmann et al., 1998). The genotypes of the yeast strains are listed in Table S1. PCRbased epitope tagging was performed as described in (Janke et al., 2004) and selected
clones were analyzed by Western blotting and sequencing of the modified chromosomal loci.
Strains carrying gene deletions were constructed by PCR-based gene disruption (Goldstein
and McCusker, 1999). The strains Y582, Y583 and Y584 were generated by deletion of the
NOT4 gene in BY4741 with the natMX4 cassette, which was amplified by PCR from the
plasmid pAG25 (Goldstein and McCusker, 1999). To generate the strains Y585, Y587 and
Y588, the natMX4 cassette was amplified from genomic DNA of not4Δ cells using primers,
which annealed ∼500 basepairs up- and downstream of the not4::natMX4 locus, and
transformed into the nacΔ (Y405) strain. Gene disruption was confirmed by colony PCR and
complementation analysis with the NOT4 gene expressed from a centromeric plasmid
(Figure S1). Y650 was derived from the diploid not2Δ/NOT2 strain by sporulation. Gene
deletions in yeast strains obtained from EUROSCARF were confirmed by growth on YPDG418 and PCR or Southern blotting. All plasmids were generated using standard molecular
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cloning techniques and are listed in Table S2. The open reading frame of the NOT4 gene
plus ∼500 basepairs up- and downstream was PCR amplified from genomic DNA of BY4741
and cloned via the HindIII/XhoI restriction sites into pRS316 to generate pNOT4. HA-tagging
and generation of truncated Not4 variants was done by overlap PCR (Horton et al., 1989) as
follows. pNOT4-HA was engineered by PCR-based fusion of a HA encoding sequence to the
3’ end of the NOT4 open reading frame. The promoter region together with the open reading
frame of NOT4 and the terminator region were amplified separately from pNOT4. Both
fragments were fused with each other via a HA encoding sequence on complementary 5’
primer overhangs and cloned into pRS316. To generate N-terminal truncated Not4
constructs the promoter region with the start codon and 5’ shortened fragments of the NOT4
open reading frame plus the terminator were amplified separately using pNOT4-HA as
template DNA. Promoter DNA and truncated fragments were fused by PCR and ligated via
HindIII/XhoI into pRS316, respectively, to obtain pNOT4-ΔRING and pNOT4-ΔN. The
plasmid pNOT4-ΔC was constructed likewise by separate amplification of the NOT4
promoter with the first 228 codons of the open reading frame and the HA encoding sequence
plus the terminator region from pNOT4-HA. Both fragments were then fused by PCR and
cloned via HindIII/XhoI into pRS316. In order to generate plasmid-based heat shock reporter
constructs, the promoter regions of RNP4, HSP104 and HSP12, comprising ∼1000 basepairs
upstream of the open reading frames, were amplified from genomic yeast DNA of BY4741.
The DNA fragments were fused to a GFP-Flag encoding sequence by PCR and introduced
into p413GPD (Mumberg et al., 1995) via SacI/XhoI, respectively. pNOT4-L35A was derived
from pNOT4 by site-directed mutagenesis (Papworth, 1996). Unless described otherwise,
yeast cells were grown under standard conditions at 30°C in YPD (1% Bacto-yeast extract,
2% Bacto-peptone, 2% dextrose) or defined synthetic complete (SC) media (6.7 g/l Bactoyeast nitrogen base without amino acids, 2% dextrose, 2 g/l SC amino acid mix) (Amberg,
2005). Spot assays were performed by adjusting yeast cultures to the same optical density
(OD600) and fivefold serial dilutions were spotted onto agar plates. The plates were incubated
as indicated.
Table S1: Yeast strains
Yeast strain
BY4741
nacΔ (Y405)
sse1Δ
(Y350)
ssb1/2Δ
(Y523)
not4Δ (Y582)
not4Δ (Y583)
not4Δ (Y584)
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Genotype
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::His3MX6;
egd2::loxP-LEU2-loxP; btt1::loxP-ble-loxP
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; sse1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ssb1::kanMX4;
ssb2::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4

Reference
EUROSCARF
(Koplin et al.,
2010)
(Koplin et al.,
2010)
(Koplin et al.,
2010)
This study
This study
This study

nacΔnot4Δ
(Y585)
nacΔnot4Δ
(Y587)
nacΔnot4Δ
(Y588)
caf40Δ
caf1Δ
caf130Δ
ccr4Δ
not2Δ/NOT2
not3Δ
not5Δ
not2Δ (Y650)
ubc4Δ
(Y542)
ubc5Δ
(Y543)
ubc4/5Δ
(Y550)
hbs1Δ
dom34Δ
asc1Δ
ski7Δ
upf1Δ
san1Δ
doa10Δ
ubr1Δ
rps7AΔ
jhd2Δ
ecm29Δ
Hbs1-3xHA
(Y693)
Ski7-3xHA
(Y695)
Dom343xHA (Y698)
ASC1-3xHA
(Y699)
UPF1-3xHA
(Y703)
not4Δ
DOM343xHA (Y705)
not4Δ ASC13xHA (Y706)
not4Δ UPF13xHA (Y707)
not4Δ SKI73xHA (Y708)
not4Δ HBS13xHA (Y709)
not4Δ LTN13xHA (Y710)
not4Δltn1Δ

MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::His3MX6;
egd2::loxP-LEU2-loxP; btt1::loxP-ble-loxP; not4::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::His3MX6;
egd2::loxP-LEU2-loxP; btt1::loxP-ble-loxP; not4::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; egd1::His3MX6;
egd2::loxP-LEU2-loxP; btt1::loxP-ble-loxP; not4::natMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf40::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; caf130::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ccr4::kanMX4
BY4743; MATa/MATα ; his3Δ1/his3Δ1; leu2Δ0/leu2Δ0;
lys2Δ0/LYS2; met15Δ0/MET15; ura3Δ0/ura3Δ0;
not2::kanMX4/NOT2
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not3::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not5::kanMX4
MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0;
not2::kanMX4
MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0; ubc4::nat1

This study

MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0; ubc5::nat1

This study

MATa; his3Δ1; leu2Δ0; Lys2; met15Δ0; ura3Δ0; ubc4::nat1;
ubc5::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; hbs1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; dom34::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; asc1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ski7::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; upf1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; san1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; doa10::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ubr1::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; rps7A::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; jhd2::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ecm29::kanMX4
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; HBS13xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; SKI73xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; DOM343xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ASC13xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; UPF13xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
DOM34-3xHA::hphNT1

This study

MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
ASC1-3xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
UPF1-3xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
SKI7-3xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
HBS1-3xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;
LTN1-3xHA::hphNT1
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; not4::natMX4;

This study

This study
This study
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF

EUROSCARF
EUROSCARF
This study
This study

EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
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(Y658)
ltn1Δ (Y594)

ltn1::LEU2
MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; ltn1::LEU2

This study

Table S2: Plasmids
Plasmid
pRS316

Inserted gene
None

Promoter
None

Basic vector
pRS316

pNOT4
pNAC

NOT4
EGD1, EGD2

NOT4
EGD1, EGD2

pRS316
pRS316

pNOT4-HA
pNOT4-ΔRING
pNOT4-ΔRRM
pNOT4-ΔC
p413GPD

NOT4-HA
NOT4-78-587
NOT4-229-587
NOT4-1-228
None

NOT4
NOT4
NOT4
NOT4
GPD

pRS316
pRS316
pRS316
pRS316
p413GPD

p413PRPN4-GFPFlag
p413PHSP104GFP-Flag
p413PHSP12GFP-Flag
pRS315-ENO2Flag-mCherry
p413GPD-GFPFLAG-HIS3
p413GPD-GFPFLAG-HIS3-12K
p413GPD-GFP12K-FLAG-HIS3
pET24-Not4His6

GFP-Flag

RPN4

p413GPD

Reference
(Sikorski and
Hieter, 1989)
This study
(Koplin et al.,
2010)
This study
This study
This study
This study
(Mumberg,
1995)
This study

GFP-Flag

HSP104

p413GPD

This study

GFP-Flag

HSP12

p413GPD

This study

ENO2-FlagmCherry
GFP-Flag-His3

ENO2

pRS315

This study

GPD

p413GPD

This study

GFP-Flag-His312K
GFP-12K-FlagHis3
NOT4

GPD

p413GPD

This study

GPD

p413GPD

This study

T7

pET24a

This study

Aggregate preparation
Aggregates were prepared as described previously (Koplin et al., 2010). In brief, liquid yeast
cultures were inoculated with stationary cells to an optical cell density (OD600) 0.1. Cells were
grown in YPD at 30°C to OD600 0.8-1.0, harvested in 50 ml aliquots in the presence of 15 mM
sodium azide and flash-frozen in liquid nitrogen. For cell lysis, the frozen pellets were
resuspended in 1 ml buffer I (20 mM potassium phosphate pH 6.8, 10 mM dithiothreitol
(DTT), 1 mM EDTA, 0.1% Tween, protease inhibitors, 1 mM phenylmethylsulphonyl fluoride
(PMSF) and 1.25 U/ml DNase (DN25-1G; Sigma)) containing 3 mg/ml Zymolyase-T20 (MP
Biomedicals), incubated for 20 min at room temperature, and chilled on ice. Upon sonication
(Branson tip-sonifier; eight times at level 4 and 50% duty cycle) the samples were
centrifuged for 20 min at 200 g and the protein concentrations of the supernatants were
normalized in a final volume of 800 µl. A sample of each normalized lysate was taken as an
input control (total). The aggregated proteins were sedimented at 16000 g for 20 min and
supernatants were discarded. The pellets were washed twice with buffer II (20 mM
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potassium phosphate (pH 6.8), protease inhibitors) containing 2% v/v NP-40, sonicated (six
times at level 4 and 50% duty cycle), and centrifuged at 16000 g for 20 min at 4°C. Finally,
the aggregated proteins were washed in buffer II, suspended in sample buffer and separated
by SDS-PAGE. The proteins were visualized by Coomassie-staining and quantified using the
program ImageJ64 (NIH). To determine the absolute amount of aggregates prepared from
the different yeast strains, the washed aggregates were suspended in buffer II by sonication
and twofold serial dilutions were spotted onto a PVDF membrane (Roti-PVDF, Roth) using a
Dot-blot filtration unit (Schleicher and Schuell). The membrane was stained with Coomassie
and scanned. Densitometric analysis of pixel intensities was performed with ImageJ64 (NIH).
Protein synthesis-dependent aggregation
To study protein synthesis-dependent aggregation, not4Δ cells were grown at 22°C to OD600
0.8 in YPD medium. 300 µg/ml cycloheximide was added to half of the cells to stop protein
synthesis, while the other half remained untreated. Both cultures were shifted to 30°C to
induce protein aggregation. Samples were taken at different time points and aggregated
proteins were extracted according to the standard aggregate preparation protocol described
above. The aggregated proteins were separated by SDS-PAGE and quantified. Alternatively,
not4Δ cells were grown at 22°C to OD600 0.8 in YPD medium and washed twice in sterile
water. Afterwards, the cells were suspended in SC medium with or without leucine (SC-LEU)
and shifted to 30°C. Samples were taken at different time intervals and protein aggregates
were prepared.
Antibodies and Western blot analysis
For Western blot analysis the protein samples were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane (GE Healthcare). Rabbit polyclonal antibodies
against Ssa1p, Ssb1p, Zuo1p, Rpl25p, Hsp104p, and the NAC complex were used as
described previously (Koplin et al., 2010). Polyclonal antibodies against G6PDH (Sigma,
A9521) and the Flag-peptide (Sigma; F7425) as well as monoclonal antibodies against the
HA-tag (Covance, MMS-101R), His6-tag (Penta-His, Quiagen) and ubiquitin (Abcam, P4G7)
were used according to the instructions of the manufacturers. To detect the primary
antibodies, fluorescence-labeled secondary antibodies (DY-682, Dyomics) and alkaline
phosphatase-coupled secondary antibodies (Sigma) were used and visualized with the FLA9000 as well as LAS-3000 systems (Fujifilm), respectively.
Density gradient ultracentrifugation and ribosome profiling
Yeast cells were grown at 30°C in YDP medium to an OD600 1.0, chilled on ice and harvested
by centrifugation at 4°C in the presence of 100 µg/ml cycloheximide to stabilize translating
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ribosomes. Lysates were prepared by glass bead disruption (FastPrep-24, MP) of the yeast
cells in lysis buffer (20 mM HEPES-KOH pH 7.4, 100 mM potassium acetate, 2 mM
magnesium acetate, 0.5 mM DTT, 1 mM PMSF, 100 µg/ml cycloheximide, 1 x protease
inhibitor cocktail). Afterwards, the lysates were cleared twice by centrifugation at 16000 g at
4°C for 10 min and A260 values were normalized with lysis buffer. Eight A260 absorption units
of each lysate were loaded onto an 11 ml 15-45% w/v sucrose gradient prepared with a
gradient forming instrument (Gradient Master, Biocomp Instruments) in lysis buffer without
PMSF and centrifuged in a TH-641 rotor (Sorvall) at 39000 rpm for 2 h at 4°C. Upon
centrifugation, the gradients were fractionated from the top to the bottom with a gradient
fractionator (Teledyne Isco, Inc.) and the A254 signals were recorded to detect the fractions
containing soluble proteins, ribosomal subunits, 80S monosomes as well as polysomes. The
absorption data were processed with PeakTrak V1.1 (Teledyne Isco, Inc.). The collected
fractions were precipitated with trichloroacetic acid (TCA) and the proteins were separated by
SDS-PAGE and immunodetected. To disrupt polysomes, the lysates were treated with
RNase A (Fermentas) with a final concentration of 300 µg/ml and incubated for 15 min on ice
prior density gradient centrifugation. Therefore, 180-200 A260 absorption units were loaded
onto an 38 ml 10-40% w/v sucrose gradient and centrifuged in a SW28 rotor (Beckman) at
25000 rpm for 7 h at 4°C. The readout was performed as described above.
Ex vivo ribosome cosedimentation assay
Yeast cells were grown in SC medium without uracil (SC-URA) to an OD600 of 1 and 40 OD600
units were collected by centrifugation. The cells were washed in SC medium lacking uracil
and methionine (SC-URA-Met), resuspended and starved for 45 min in SC-URA-Met medium
at 30°C. To label nascent polypeptide chains and newly synthesized proteins, 20 µCi/ml of
35

S-methionine (Hartmann Analytic) were added to the cells for 50 seconds. Afterwards, the

cells were split in half and chilled on ice. Half of the cells were treated with 300 µg/ml
cycloheximide to stabilize ribosome-nascent chain complexes, whereas the other half was
incubated with 0.1 mM puromycin for 5 minutes on ice to release nascent polypeptides from
ribosomes. The cells were then pelleted and lysed by glass bead disruption in buffer III (50
mM HEPES-KOH pH 7.4, 100 mM potassium acetate, 10 mM MgCl2, 1 mM DTT, 1 mM
PMSF, 2 x Complete protease inhibitor cocktail (Roche)) with or without 300 µg/ml
cycloheximide. The lysates were cleared by centrifugation at 16000 g for 10 min at 4°C,
protein concentrations were normalized and a sample was taken (total). The lysate from the
puromycin treated cells was again incubated for 1 h with 0.6 mM puromycin on ice to
increase the efficiency of nascent chain release. Next, equal volumes of the lysates were
loaded onto a 20% w/v sucrose cushion prepared in buffer III with or without 300 µg/ml
cycloheximide, respectively, and centrifuged for 90 min at 200000 g at 4°C to sediment the
10

ribosomes. Upon centrifugation, the supernatant was TCA precipitated and ribosomes were
resuspended in lysis buffer. The A260 values of the ribosome solutions were normalized and
equal volumes were supplemented with SDS sample buffer. 1.1 A260 units of ribosomes as
well as 20 µg of the total samples were loaded per lane onto a gel and analyzed by SDSPAGE and Western blotting. To detect radioactivity the gels were dried after SDS-PAGE and
the signals were detected by autoradiography with the FLA-9000 system (Fujifilm).
Purification of Not4 and in vitro rebinding to ribosomes
Escherichia coli BL21 Star (DE3) cells carrying the plasmids pRARE (Novagen) and pET24Not4-His6 were grown in 2 l LB medium supplemented with 100 µg/ml ampicillin and 25 µg/ml
chloramphenicol to OD600 0.8 at 37°C. Expression was induced with 0.4 mM isopropyl β-D-1thiogalactopyranoside (IPTG) and cells were incubated 4 h at 22°C. Afterwards, the cells
were collected, frozen in liquid nitrogen and stored at -80°C. The cells were then
resuspended in 30 ml lysis buffer (100 mM HEPES-KOH pH 7.4, 20% w/v sucrose, 0.1 mM
ZnCl2, 0.1% v/v Triton X-100, 300 mM KCl, 1 mM PMSF, 1 mM β-mercaptoethanol,
Complete protease inhibitor cocktail (Roche), 200 µg/ml lysozyme, 0.2 mM sodium bisulfite)
and lysed by French Press. After centrifugation for 30 min at 30000 x g the cleared lysate
was incubated with 2 ml Protino Ni-IDA matrix (Macherey-Nagel) for 20 min at 4°C. Unbound
proteins were washed off with 200 ml buffer 3 (30 mM HEPES-KOH pH 7.4, 0.02 mM ZnCl2,
0.1% v/v Triton X-100, 0.8 M KCl, 1 mM β-mercaptoethanol, 0.2 mM sodium bisulfite, 5 mM
imidazole), 160 ml buffer 4 (30 mM HEPES-KOH pH 7.4, 0.02 mM ZnCl2, 0.1% v/v Triton X100, 100 mM KCl, 1 mM β-mercaptoethanol, 0.2 mM sodium bisulfite, 5 mM imidazole) and
proteins were eluted stepwise with EB (30 mM HEPES-KOH pH 7.4, 0.04 mM ZnCl2, 0.2 mM
PMSF, 1 mM β-mercaptoethanol, 100 mM KCl, 0.2 mM sodium bisulfite) containing
increasing concentrations (10-250 mM) of imidazole. The eluate fractions containing the
purest protein were pooled, dialyzed against DB (30 mM HEPES-KOH pH 7.4, 0.02 mM
ZnCl2, 1 mM β-mercaptoethanol, 100 mM KCl, 0.2 mM sodium bisulfite, 4 mM MgCl2, 15%
v/v glycerol) and aliquots were stored at -80°C. Crude ribosomes were isolated from wt yeast
cells under high-salt conditions as described in (Koplin et al., 2010). To analyze binding of
purified Not4-His6 to ribosomes in vitro, proteins were thawed on ice and aggregates were
removed by centrifugation at 220000 x g for 20 min at 4°C. 40 µg protein was mixed with 2.6
A260 units of ribosomes in add back buffer (30 mM HEPES-KOH pH 7.4, 50 mM KCl, 12 mM
MgCl2, 0.2 mM sodium bisulfite, 0.02 mM ZnCl2, 1 mM β-mercaptoethanol) and incubated for
15 min at 4°C. Afterwards, the salt concentrations of the samples were adjusted to 50 mM,
200 mM, 500 mM or 800 mM with KCl in a final volume of 38 µl and the samples were
centrifuged for 5 min at 16000 x g. 34 µl of the supernatants were loaded onto 150 µl add
back buffer with the corresponding salt concentrations containing 30% w/v sucrose and
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ribosomes were sedimented for 70 min at 220000 x g. The ribosomal pellets were
suspended in sample buffer and the proteins in the supernatants were precipitated with TCA.
The entire supernatant and pellet fractions were applied to SDS-PAGE and analyzed by
Western blotting.
Heat shock reporter assay
Wt and not4Δ yeast cells were transformed with the plasmids p413PRPN4-GFP-Flag,
p413PHSP12-GFP-Flag, and p413PHSP104-GFP-Flag, respectively. Single clones were isolated
and grown in SC medium without histidine (SC-HIS) to an OD600 of 0.8 at 25°C. To test the
responsiveness of the reporter constructs to heat shock, a sample was taken from wt cells
carrying the different plasmids before and after a temperature shift to 38°C for 40 min. To
test for constitutive expression of the heat shock reporters in the wt and not4Δ strain,
stationary overnight cultures were used to inoculate SC-HIS medium to an OD600 of 0.15 and
the cultures were grown at 22 or 30°C until an OD600 of 0.8 was reached. Afterwards, the
cells were pelleted, resuspended in FPB (50 mM HEPES-KOH pH 7.4, 100 mM potassium
acetate, 10 mM magnesium chloride, 1 mM DTT, 1 mM PMSF, 2x Complete protease
inhibitor cocktail (Roche)) on ice and lysed by glass bead disruption. The lysate was cleared
by centrifugation at 16000 g for 2 min and the protein concentration was determined by
Bradford assay (Protein Assay, Bio-Rad). 15 µg of each lysate was loaded on a gel and
SDS-PAGE was performed. Expression of the GFP-Flag reporter constructs was detected by
Western blotting using primary antibodies against the Flag-tag as described above. G6PDH
was detected as a loading control.
Microscopy
For standard differential interference contrast (DIC) and fluorescence microscopy yeast cells
were grown in YPD to an OD600 of 1 at 22 or 30°C. Then the cells were fixed by addition of
4% v/v formaldehyde for 10 min and one OD600 unit of cells was pelleted. The cells were
washed twice in PBS, resuspended in 20 µl PBS and 12 µl of the suspension were used for
microscopy. Microscopy was performed with a Visitron microscope (37081 Visitron Systems,
Axio, Carl Zeiss Inc.) equipped with a 100x magnification Plan-Apochromat oil objective. All
images were recorded at room temperature and in PBS (pH 7.4) as imaging medium.
Fluorescence was observed using a FITC filter. Pictures were recorded with the Spot Pursuit
camera (model 23.0) and 1.4 MP Monochrome without irradiation. Visiview (Visitron
Systems) was used as an acquisition software and the images were processed with
Photoshop CS3 (Adobe) and ImageJ64 (NIH).
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Analysis of translation arrest in vivo
Yeast cells were transformed with the plasmids p413GPD-GFP-FLAG-HIS3, p413GPD-GFPFLAG-HIS3-12K and p413GPD-GFP-12K-FLAG-HIS3, respectively, and grown to the
exponential phase in SC-HIS medium. Cells were lysed by glass bead disruption in lysis
buffer (50 mM HEPES-KOH pH 7.4, 100 mM potassium acetate, 10 mM MgCl2, 1 mM DTT, 1
mM PMSF, 2 x Complete protease inhibitor mix (Roche)) and analyzed by SDS-PAGE and
Western blotting.
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Results
Not4 does neither regulate polysome levels nor association of NAC with ribosomes
To study the potential role of Not4 in regulating ribosome association of NAC, we analyzed
ribosomes in presence and absence of Not4 in yeast. We therefore prepared lysates from
exponential growing wild type (wt) and not4Δ cells and separated the soluble cytosolic
fraction from ribosomal species by sucrose density gradient ultracentrifugation. After
centrifugation, the gradients were read out by measuring the absorption of ribosomal RNA at
254 nm (A254) and fractions were collected. The ribosome profile of not4Δ cells was similar to
those derived from wt cells (Figure 1). In both cases, the height of the 80S peak and the
number of polysomal species were comparable. From this we conclude that Not4 does not
significantly contribute to regulate translation activity and polysome levels in yeast.
To investigate the association of NAC with ribosomes, the fractions were precipitated and
analyzed by Western blotting using polyclonal antibodies specific for NAC or Rpl25, a
ribosomal protein of the 60S subunit. We found NAC subunits in all fractions of the gradients
prepared from wt and not4Δ cells (Figure 1). In either case, the strongest signals were
obtained in the 80S and polysomal fractions. This result shows that NAC is efficiently bound
to ribosomes independent of Not4. As further controls, we analyzed also the distribution of
other ribosome-associated chaperones Ssb and Zuo1, as well as Sse1, which does not bind
to ribosomes. As expected, Ssb and Zuo1 were detected in the soluble fractions and in
fractions containing ribosomal particles in presence and absence of Not4, whereas Sse1 was
mainly found in the soluble fractions. We conclude that Not4 does not regulate ribosomeassociation of chaperones in yeast.
We additionally tested for a potential genetic interaction between Not4 and NAC. While loss
of NAC does not result in a change of the phenotype in yeast, loss of Not4 causes a
pronounced growth defect (Mulder et al., 2007). We deleted the NOT4 gene in a nacΔ strain
(deleted for all three genes enconding NAC subunits; egd1Δegd2Δbtt1Δ) to generate
nacΔnot4Δ mutants (egd1Δegd2Δbtt1Δnot4Δ). The nacΔnot4Δ cells were viable and showed
no significant phenotypic differences compared to not4Δ cells. This suggests that Not4 and
NAC are not functionally linked with each other (Figure S1A and B).
Not4 and its complex partners specifically associate with polysomes
To better understand the function of Not4 on ribosomes, we investigated the interaction of
Not4 with ribosomal particles in more detail by analyzing the distribution of Not4 in sucrose
gradients prepared from wt cells. Using Not4 specific antibodies, we detected Not4
exclusively in the 80S and polysomal fractions (Figure 2A) and the signals were strongest in
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the late polysomal fractions (Figure 2B). This agrees with earlier results (Dimitrova et al.,
2009) and suggests that Not4 binds preferentially to polysomes carrying nascent
polypeptides. Immunodetection of Rpl25 and Zuo1 served as control to monitor ribosomal
fractions and a ribosome-associated factor, respectively. Moreover, the interaction of Not4
with polysomes was independent of NAC (Figure S2).
Since Not4 is a subunit of the Ccr4-Not complex we asked whether we could detect
additional complex members in association with ribosomal particles. Therefore, we probed
the gradient fractions with antibodies directed against Caf1, another major component of the
Ccr4-Not complex. The Western blot showed that Caf1 was distributed throughout the
gradient but enriched in late polysomal fractions where also Not4 is detected in the profile
(Figure 2A). Strikingly, also HA-tagged versions of Ccr4, Not1 and Not5 were found in
soluble and polysomal fractions (Figure S3). This strongly suggests that the entire Ccr4-Not
complex interacts physically with the translation machinery with a preference for polysomal
species.
Ccr4 and Caf1 are the major deadenylases in yeast and interact with mRNA (Tucker et al.,
2001). Therefore, ribosome-association of Not4 could be mediated by the interaction of Ccr4
or Caf1 with mRNA, which is present in 80S particles and polysomes. However, Not4 was
present in the 80S and polysomal fractions of gradients prepared from ccr4Δ, caf1Δ, caf40Δ,
caf130Δ, and not3Δ mutants (Figure S4A) and the polysome profiles of all tested knockout
strains were similar to ones of wt cells (Figure S4B). This suggests that none of these factors
is essential to mediate the association of Not4 with ribosomes. We could not include a not1Δ
strain in our analysis because the NOT1 gene is essential for yeast viability. In addition, we
were unable to detect any Not4 signals in gradients prepared from not2Δ and not5Δ cells.
Probing total lysates prepared from different knock-out cells showed that Not4 was absent in
cells lacking either Not2 or Not5 (Figure S5) indicating that Not2 and Not5 are important for
Not4 stability in vivo. We conclude that ribosome-association of Not4 does not require Not3,
Ccr4, Caf1, Caf40 and Caf130. This implies that binding of Not4 to translating ribosomes is
independent of its complex partners with deadenylase activities (Caf1 and Ccr4) that interact
with mRNA.
As none of the tested Ccr4-Not complex subunits mediated the interaction of Not4 with
ribosomes, we purified recombinant Not4 carrying a C-terminal His6-tag (Not4-His6) from E.
coli cells and tested for its ability to bind ribosomes. Therefore, we incubated Not4-His6 with
high-salt washed yeast ribosomes and separated ribosome-bound Not4 from unbound Not4
by sedimentation of ribosomes through a 30% sucrose cushion. Indeed, Not4-His6
associated with ribosomes in vitro (Figure S6) and ribosome binding was salt-sensitive as
has been described for other ribosome-associated factors as well (Pfund et al., 1998; Yan et
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al., 1998) (Lill, 1988) (Wiedmann et al., 1994)n(Huber, 2011) (Powers and Walter, 1996).
Thus, Not4 alone can interact with ribosomal particles.
To prove that the Ccr4-Not complex associates specifically with ribosomal particles in vivo
rather than co-migrates together with ribosomes in sucrose gradients due to its large
molecular weight (~ 1 MDa), we treated wt lysates with RNase A prior loading them on
sucrose gradients to convert polysomes into monosome species. The densely packed
ribosomal RNA is largely resistant to ribonuclease cleavage, whereas single-stranded mRNA
becomes rapidly degraded (Brandt et al., 2009; Kiho and Rich, 1964; Stefani et al., 2004).
RNase A treatment resulted in a complete loss of polysomes and a concomitant increase in
80S monosomes (Figure 2B). We then analyzed the individual fractions of the gradients by
Western blotting to detect Not4 and Caf1. As shown in Figure 2C, the signals of both proteins
shifted to the 80S fractions upon RNase A treatment (Figure 2C) and the same effect was
observed for the ribosome-associated factor Zuo1 (Figure S7). Immunodetection of Rpl25
confirmed the efficient disruption of polysomes and the absence of Rpl25 in the soluble
fractions indicates that the majority of ribosomal particles remained intact during RNase A
cleavage. Thus, the Ccr4-Not complex specifically interacts with polysomes.
Ribosome-association of Not4 and Caf1 depends on nascent polypeptides
Given that Not4 and Caf1 predominantly associate with translating ribosomes, we speculated
that the interaction with ribosomes might depend on the presence of nascent polypeptide
chains. To test this assumption, we grew cells to the exponential phase and applied a short
pulse of
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S-methionine to label nascent polypeptides prior cell lysis. One half of the lysate

was treated with puromycin that is known to cause the release nascent polypeptide chains
from the ribosomes (Darnell et al., 2011; Pfund et al., 1998; Stefani et al., 2004). The other
half of the lysate served as a control and was treated with cycloheximide to stabilize
ribosome nascent-chain complexes. Both samples were applied on 20% sucrose cushions
and ribosomal particles were sedimented by ultracentrifugation. Efficiency of the nascent
polypeptide chain release in the puromycin-treated sample was tested by SDS-PAGE and
autoradiography. As shown in Figure 3A, the radioactive signal in the pellet fraction
containing ribosomes was significantly decreased by almost 50% when puromycin was
added to the sample and the signal was enhanced in the supernatant compared to the
cycloheximide treated control, indicating that nascent chain-release was successful. To
analyze ribosome-association of the Not4 and Caf1 by Western blotting, we applied equal
A260 units of ribosomes to SDS-PAGE and detected similar levels the ribosomal protein
Rpl25 in both samples by Western blotting (Figure 3B). Strikingly, Not4 and Caf1 were
almost absent in the ribosomal pellet of the puromycin-treated sample, but associated with
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ribosomal particles in the control lysate (Figure 3B). This result indicates that ribosomeassociation of Not4 and Caf1, and thus most likely of the entire Ccr4-Not complex, depends
on the presence of nascent polypeptide chains.
Cells lacking Not4 constitutively activate stress-response pathways
The physical interaction between the E3-Ligase Not4 and its complex partners with
ribosomes carrying nascent polypeptides suggests a cellular function connected to
translation and protein folding. To investigate the role of Not4 in more detail, we tested the
growth of not4∆ cells under protein folding stress conditions by inhibiting translation or
enhancing mistranslation and protein misfolding. In agreement with earlier data, we found
that cells lacking Not4 showed slow growth at 30°C (Mulder et al., 2007). Moreover, not4Δ
cells were hypersensitive against cycloheximide, hygromycin B as well as L-canavanine
(Figure S1A, B) and were unable to grow at 37°C (Figure S1C).
Next, we analyzed whether not4∆ cells upregulate heat shock-responsive genes, which code
for molecular chaperones and components of protein degradation pathways to facilitate
refolding of misfolded proteins or eliminate the irreversibly damaged ones (Powers et al.,
2009). In agreement with earlier observations (Mulder 2007), we found that the level of the
Hsp104 chaperone was increased in the absence of Not4 at 22°C and 30°C (Figure S8A). To
support this result, we generated reporter constructs consisting of heat shock-inducible
promoters of three different genes (HSP12, RPN4 and HSP104) fused to a GFP-Flag
encoding sequence, respectively (Figure S8B). The constructs were introduced into wt and
not4Δ cells and expression was analyzed by Western blotting. We found that the heat-shock
response was constitutively turned on in not4Δ cells also at low temperature, as evident from
the elevated expression levels of the reporters at 22°C and 30°C (Figure S8C). Importantly,
the heat shock promoters were under the control of different transcription factors (Hsf1 and
Msn2/4) (Grably et al., 2002; Hahn et al., 2004; Kandror et al., 2004), indicating that Hsf1and Msn2/4-mediated stress-response pathways were activated in cells lacking Not4. In
summary, the loss of Not4 functions leads to protein misfolding stress that induces stressresponse pathways including a constitutive heat shock response.
Loss of Not4 causes protein aggregation
We wondered whether misfolded proteins would accumulate as insoluble aggregates in
not4∆ cells and therefore prepared insoluble protein material from exponentially growing wt
and not4∆ cells. To compare protein aggregation in not4∆ mutants with aggregation
occurring in cells lacking chaperones, we also isolated insoluble proteins from sse1Δ,
ssb1Δssb2Δ (ssb1/2Δ) strains in parallel (Koplin et al., 2010) and analyzed them by SDS
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PAGE and Coomassie staining (Figure 4A). Indeed, loss of Not4 leads to the accumulation of
insoluble proteins as visualized in Figure 4A, lane 8. The level of protein aggregation seemed
even higher in not4∆ cells compared to cells lacking chaperones and pattern of aggregated
species in not4Δ cells was clearly distinct from the ones of sse1Δ and ssb1/2Δ cells
suggesting a function of Not4 in protein quality control distinct from these chaperones (Figure
4, lanes 6+7). To identify the proteins, which aggregate in not4Δ cells, we excised the entire
lane from a Coomassie-stained gel containing the insoluble proteins and analyzed it by highresolution mass spectrometry. More than 500 proteins were unambiguously identified and a
list of 200 proteins with the highest scores is given in Table S1. We obtained many hits for
metabolic enzymes. In addition, we found several chaperones including Hsp104, Ssb and
Sse1, which may bind to unfolded proteins and thus be associated with the aggregates.
To visualize aggregation in vivo, we fused a fluorescent moiety (Flag-mCherry) to the Eno2
protein, which was identified in the insoluble fraction of NOT4 deficient cells (Table S1). This
construct (Eno2-Flag-mCherry) was fully soluble when expressed in wt cells (Figure 5A).
However, when expressed in not4Δ cells, the reporter formed multiple inclusions at 30°C
(Figure 5A). This result confirms that not4Δ mutants severely accumulate protein aggregates.
However, as Not4 was described to regulate the stability and functionality of several
interactors including the histone demethylase Jhd2, the proteasome assembly factor Ecm29
and the ribosomal protein Rps7A, it is possible that protein aggregation in not4Δ cells is
caused by indirect effects. Thus, we directly compared the accumulation of insoluble proteins
in cells lacking Jhd2, Ecm29 and Rps7A to aggregation in not4Δ mutants. In all three cases
aggregation was at wt level or only slightly enhanced (Figure S9A). Thus aggregation in
not4Δ cells is not caused by a reduced functionality of its interactors. Moreover, we
wondered whether the loss of other major E3 ligases known to play a crucial role in protein
quality control and turnover such as Doa10, San1 or Ubr1 would also cause the
accumulation of insoluble proteins. However, none of the other tested E3 ligase knock-out
strains revealed significant levels of protein aggregation, emphasizing the strong impairment
in protein quality control pathways in cells lacking Not4 (Figure S9B).
We additionally tested for protein aggregation in cell lacking other components of the Ccr4Not complex. While no protein aggregation was found in cell lacking the deadenylase Ccr4 or
Caf proteins, we identified a similar set of aggregated proteins in cells lacking Not2 and Not5
(Figure S10 and Table S1). This finding is in line with the observation that not2Δ and not5Δ
strains showed a similar phenotype compared with not4Δ cells (Figure S11A and B). Due to
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the finding that Not4 is not stable and thus absent in cells lacking either Not2 or Not5 (Figure
S4), it is likely that protein aggregation and growth defects in not2Δ and not5Δ knockout
strains can be attributed at least in part to the loss of Not4 function.
In summary, we conclude that Not4 plays an important role in cellular protein quality control
to prevent the accumulation of insoluble cytosolic proteins.
The role of Not4 in suppression of protein aggregation depends on its RING and the
E2 Enzymes Ubc4/5
In order to study the functional contribution of the RING domain of Not4, which is required for
its E3-Ligase activity, we generated a series of Not4 truncation mutants lacking different
domains.

These

constructs

were

genetically

fused

to

a

C-terminal

HA-tag

for

immunodetection and individually expressed from a centromeric plasmid in not4Δ cells
(Figure 6A). None of these deletion variants compensated the growth defect of not4Δ cells
nor prevented the accumulation of protein aggregates albeit expression of the Not4-ΔRING
variant slightly improved growth and protein aggregation at 30°C compared to not4∆ cells
carrying an empty vector (Figure 6B, C). However, the Not4-ΔRING variant was expressed at
much higher levels compared to the full-length construct for unknown reasons and thus the
minor ameliorating effects of Not4-ΔRING expression might be attributed to its high cellular
concentration. Hence, full-length Not4 including its E3 ligase activity is required for
preventing cells from accumulating aggregated proteins.
If the loss of the E3-Ligase activity of Not4 contributes to the accumulation of protein
aggregates a similar defect should be detectable by deleting Not4 interacting E2-Enzymes.
The E2-enzymes Ubc4 and Ubc5, which mediate the selective degradation of newlysynthesized and misfolded proteins in stressed yeast cells (Medicherla and Goldberg, 2008;
Seufert and Jentsch, 1990) (Fang, 2011), have been reported to interact with Not4 in a yeast
2-Hybrid assay (Krogan et al., 2006; Mulder et al., 2007). Indeed, protein aggregation was
observed in ubc4Δ as well as in ubc4/5Δ double mutants, whereas aggregation was only
slightly increased over the background in UBC5 deficient cells (Figure S12). This finding
supports the notion that Ubc4 and Ubc5 are functionally redundant and that Ubc4, which is
expressed at much higher levels during exponential growth, can efficiently compensate the
defects caused by UBC5 deletion (Seufert and Jentsch, 1990). Importantly, a similar set of
protein species aggregated in ubc4Δ, ubc4/5Δ and not4Δ cells as judged from the band
patterns of the insoluble fractions (Figure S12A), suggesting that Ubc4/5 and Not4 cooperate
tightly as E2-E3 pairs in protein quality control. This assumption is further supported by the
fact that phenotypes described for ubc4/5Δ cells are very similar to the ones observed for
cells lacking Not4, including high sensitivity against translation inhibitory drugs and abnormal
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cell morphology ((Seufert and Jentsch, 1990) (Chuang, 2005) (Mulder et al., 2007) and
(Figure S1 and S7).
Since Not4 together with Ubc4/5 might play a major role in the turnover of misfolded proteins,
we reasoned that lowering the growth temperature of not4Δ cells from 30 to 22°C should
increase the overall protein stability and concomitantly decrease protein aggregation. As
shown in Figure 5B, much less aggregates were isolated from not4Δ cells grown at 22°C
(Figure 5B). The same effect was observed for the Eno2-Flag-mCherry aggregation reporter
construct, which formed multiple inclusions in not4Δ mutants at 30°C but was soluble at 22°C
(Figure 5A). This result confirms the biochemical data and shows that protein aggregation is
indeed temperature-dependent in not4Δ mutants. We also analyzed protein aggregation in
other knockout strains at different temperatures (Figure S13). In agreement with the
functional cooperation of Not4 and Ubc4/5 the amount of insoluble proteins was significantly
reduced in ubc4/5Δ mutants at 22°C. By contrast, aggregation in cells lacking the
chaperones Ssb1/2 or Sse1 was largely temperature independent. This result supports the
specificity of the Not4-Ubc4/5 action in quality control of thermolabile proteins, a finding that
is in line with the growth defects of these cells at elevated temperatures.
Not4 functions in quality control of newly synthesized proteins
Since Not4 quantitatively associates with actively translating ribosomes it is tempting to
speculate that Not4 might act as a quality control factor for newly synthesized proteins with
folding problems. To test this hypothesis, we investigated whether protein aggregation is
dependent on protein synthesis in not4Δ cells. For this experiment, we made use of our
observation that protein aggregation in not4∆ cells is temperature-dependent (Figure 5B).
Therefore, not4Δ mutants were pre-grown in liquid medium at 22°C, a condition where most
proteins were soluble and no protein aggregates accumulated (Figure 7A). At the exponential
growth phase, the culture was split and shifted to 30°C where protein aggregation occurs. To
half of the cells cycloheximide was added to selectively inhibit protein synthesis, whereas the
other half remained untreated and protein synthesis could proceed. Samples with identical
OD600 units were then taken at different time intervals and aggregates were prepared from
normalized lysates (Figure 7A). As expected, insoluble proteins accumulated over time in
untreated not4Δ cells with ongoing translation (Figure 7B). By contrast, addition of
cycloheximide efficiently prevented protein aggregation suggesting that newly synthesized
proteins rather than preexisting ones misfold and accumulate as insoluble material in the
absence of Not4. Making advantage of the leucine auxotrophy of our yeast strain
background, similar results were obtained when protein synthesis was reduced by amino
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acid starvation, excluding that protein aggregation was blocked by side effects of the drug
(Figure S14).
Taken together, our results obtained so far suggest that the E3-ligase Not4 as part of the
Ccr4-Not complex binds to polysomes and prevents the accumulation of misfolded newly
synthesized proteins. Given the finding that RING domain of Not4 is required for its in vivo
function, we hypothesize that Not4 acts as an E3 ubiquitin ligase that recognizes damaged
nascent proteins and targets them to proteasomal degradation to prevent the accumulation
of aggregates.
Not4 regulates the stability of arrested nascent polypeptides in the absence of Ltn1
A recent report showed that the E3 ubiquitin ligase Ltn1 plays a role in the degradation of
nascent non-stop (NS) proteins that result from ribosome stalling during translation of
transcripts lacking an in-frame stop codon (Bengtson and Joazeiro, 2010)(Wilson, 2007). We
thus set out to investigate whether Not4 and Ltn1 have overlapping or distinct functions in
recognizing damaged NS proteins for ubiquitin-mediated proteolysis. We first investigated
the cellular defects of ltn1Δ mutants in more detail. We found that deletion of LTN1 neither
affected cell growth under normal conditions nor caused protein aggregation (Figure S15).
Cells lacking both, Not4 and Ltn1 showed no significant synthetic growth defect (Figure
S15A) and overall protein aggregation was similar to not4Δ cells (S15B). To further
discriminate between the functions of Not4 and Ltn1 in cotranslational protein quality control,
we analyzed the stability of translation arrest reporter polypeptides in yeast cells lacking
Not4, Ltn1 or both. These reporters consisted of an N terminal GFP moiety fused to a Flagtag and His3 (GFP-Flag-His3; referred to as K0). In addition, twelve consecutive lysine
residues (K12) were either inserted between GFP and the Flag-tag or fused to the C terminal
end of the construct (Figure S16). It has been shown earlier that the K12 peptide stretch
induces transient ribosome stalling (Ito-Harashima et al., 2007) and Ltn1 is required for the
fast turnover of polypeptides arrested by K12 (Bengtson and Joazeiro, 2010). The K0
reporter polypeptides were produced at similar levels in all yeast strains (Figure S16). The
K12 reporter proteins were detected only at very low levels in wt and not4Δ cells, suggesting
that loss of Not4 can be compensated either by the activated stress response pathways
induced in these cells (see above) or by Ltn1. In contrast, cells lacking Ltn1 showed a partial
stabilization of the K12-reporter albeit the levels of the arrest products in ltn1Δ cells is lower
compared to the K0 control (Figure S16A). This phenomenon was observed earlier and
explained by the degradation of mRNA mediated by Ski7, a protein that targets other factors
of the non-stop mRNA decay (NSD) pathway to the stalled ribosomes (Bengtson and
Joazeiro, 2010). Strikingly, the K12-reporter was almost fully stabilized when Not4 and Ltn1
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were absent (not4Δltn1Δ) with levels similar to the non-stalled K0-control (Figure S16A and
B). This result is consistent with the assumption that Not4 acts as a quality control E3 ligase
for nascent proteins including NS polypeptides. Since the function of Not4 in this pathway
becomes only detectable in the absence of Ltn1, while the loss of Not4 is much more
deleterious for cells, we speculate that Not4 has a broader substrate specificity compared to
Ltn1.
The mRNA decay factor Ski7 modulates the association of the Ccr4-Not complex with
ribosomes
Thus far, our results indicate that the Ccr4-Not complex interacts with actively translating
ribosomes and the Not4 component of this complex constitutes a major E3 ligase in yeast
that might be involved in the proteasomal degradation of damaged nascent proteins. These
findings raise the question whether the deadenylase activity of complex might be involved in
the degradation of defective mRNA molecules coding for damaged polypeptides, which are
substrates for Not4-mediated turnover. We therefore analyzed the association of Not4 with
polysomes isolated from yeast strains lacking different components that are known to act in
the major cellular mRNA surveillance pathways. The interaction of Not4 with polysomes in
cells lacking Hbs1, Dom34, Asc1 and Upf1 was similar to wt (figure S17B). By contrast, the
Not4 signals were significantly shifted to the 80S fractions of sucrose gradients prepared
from cells lacking the NSD factor Ski7 (figure S15B). It should be noted that, as observed
previously (Mulder et al., 2007), Not4 is detected as a double band in immunoblots for
unknown reasons. Interestingly, only the upper Not4 signal shifted to the 80S fractions when
Ski7 was deleted. We also observed increased Caf1 signals in the 80S fractions of polysome
profiles from ski7∆ mutants, indicating that the entire Ccr4-Not complex partially relocalizes
in the absence of Ski7 (figure S17C). Since Ski 7 is reported to act after the removal of the
poly(A) tail at the 3’end of mRNAs to recruit the exosome to stalled ribosomes, we speculate
that in the absence of Ski7 the recycling of ribosomes is impaired causing the accumulation
of the Ccr4-Not complex on unrecycled 80S complexes.
Next, we fused a triple HA-tag encoding sequence to the 3’ end of the SKI7 open reading
frame in the genome of wt and not4Δ cells to detect Ski7 (Ski7-HA) in the polysome profiles.
In wt cells, Ski7-HA was found in the soluble fractions and in fractions of the 40S ribosomal
subunit (Figure 17D), which is in line with its role in recruiting the exosome for the 3-5’
degradation of mRNA. However, the signals of Ski7-HA in the 40S fractions were
significantly reduced in not4∆ mutants (Figure 17D), indicating that the recruitment of Ski7HA is impaired. This observation agrees with the finding that both, Ski7 and Not4, enhance
the stability of arrested nascent proteins in the absence of Ltn1 (Bengtson and Joazeiro,
2010) and Figure S16). Together, our data support the hypothesis that the Ccr4-Not complex
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has a bipartite quality control function. It targets damaged nascent polypeptides to
degradation via its E3 ligase subunit Not4 but likewise contributes to the degradation of the
corresponding defective mRNA molecules coding for the damaged proteins by its
deadenylase activity.

Discussion
Our data provide evidence for two new functions of the Ccr4-Not complex in yeast. First, we
found that subunits of the complex interact with ribosomes in a nascent polypeptidedependent manner and polysome association of Not4 and Caf1 are partly changed upon
deletion of Ski7 a component of mRNA decay. Second, Not2, Not4 and Not5 are important
for maintenance of the cellular protein homeostasis.
It was reported that ubiquitination of NAC by the E3 ligase Not4 regulates its stability and
association with ribosomes (Azzouz et al., 2009a). Our data now indicate that under standard
growth conditions NAC associates with ribosomal particles independent of Not4 (Figure 1).
However, we found that several components of the Ccr4-Not complex, Not4 and Caf1
interact with the translation machinery in vivo (Figure 2A and S2). It is well established that
the Ccr4-Not core complex consists of two major subcomplexes (Bai et al., 1999; Chen et al.,
2001; Maillet and Collart, 2002; Tucker et al., 2002). Both of them are primarily linked via
their interaction with the scaffold protein Not1. Stable direct contacts between the
components of the different subcomplexes were not shown so far. Since we could detect
proteins of each subcomplex as well as the scaffold protein Not1 (see Figure 2 and S3) in
ribosomal fractions of our density gradient centrifugation experiments, we speculate that the
entire Ccr4-Not complex interacts physically with the translation machinery. To demonstrate
that the interaction of Not4 and Caf1 with ribosomal particles was specific, we digested the
mRNA of the polysomal fractions between ribosomes with RNase A (Figure 2B and C). The
RNase A treatment resulted in the conversion of polysomes into monosomes. Accordingly,
we observed a shift of Not4 and Caf1 to monosomal fractions, indicating a specific
association of these factors with ribosomes. As we found NAC independent of Not4
associated with ribosomes, we also tested if the ribosome binding of Not4 is influenced by
NAC (Figure S2). However, we could not detect any difference in ribosome-binding of Not4 in
the absence and presence of NAC. Moreover, we tested for a genetic interaction between
Not4 and NAC. The double mutants were viable and showed no significant differences in
growth behavior (Figure S1). This suggests that Not4 and NAC display distinct functions and
do not cooperate with each other.

23

Interestingly, we found that Not4 as well as Caf1 were enriched in the late polysomal
fractions. If these factors would bind to ribosomes themselves, we would expect that their
signals correspond to the quantitative distribution of ribosomal particles in the gradients, as it
is the case for typical ribosome-associated factors like Zuo1, NAC or Ssb (Figure 1). The
most abundant ribosomal species are the 80S monosomes as indicated by the largest peak
in the ribosomal profiles (Figure 1 and 2b). The monosomal fraction is a heterogeneous
population of assembled ribosomal particles containing active as well as inactive ribosomes.
By contrast, polysomes consist exclusively of translating or to some extent of stalled
ribosomes. Our data show that Not4 and Caf1 had a strong preference for interacting with
late polysomes (Figure 1 and 2). Remarkably, the content of nascent polypeptide chains is
highest in these fractions. This suggests that the interaction of Not4 and Caf1 with ribosomes
is modulated by nascent polypeptides. It is therefore likely that these factors also act
functionally on nascent chains. Our assumption is in accordance with a previous report
showing that the degradation of stalled nascent polypeptides depends on Not4 (Dimitrova et
al., 2009). To distinguish between direct ribosome binding and the interaction with nascent
chains, we performed a ribosome cosedimentation experiment with Not4 and Caf1. Our
experiment revealed that both proteins dissociated from ribosomes as nascent chains were
released (Figure 3). This provides evidence that the interaction between Not4 and Caf1 with
the translation machinery strongly depends on nascent polypeptides.
However, Ccr4 and Caf1 act as deadenylases and therefore contact mRNA. This still raises
the possibility that association of Not4 with the translation machinery may be caused by
mRNA binding of Ccr4 and Caf1. Several observations argue against this assumption. First,
when we analyzed the association of Not4 with ribosomes in the absence of individual Ccr4Not components, we found Not4 in the polysomal fractions of ccr4Δ and caf1Δ mutants.
Second, the distribution of Not4 in the sucrose gradients does not reflect the expected
distribution of mRNA molecules. Late polysomes contain less mRNA per 80S ribosome than
the early ones. The Not4 and Caf1 signals, however, were strongest in the late polysomal
fractions although these species were least abundant (Figure 2). Finally, we could show that
nascent chains are involved in mediating ribosome-association of Not4 and Caf1 and purified
Not4 alone can bind to ribosomes (Figure S6). Taken together, we suggest that the Ccr4-Not
complex interacts with the translation machinery and this interaction depends on nascent
polypeptides.
Which subunit mediates the interaction of the Ccr4-Not complex with ribosomes? One
possibility is that Not4 and Caf1 bind independent of each other to the translation machinery.
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However, both interactions were dependent on nascent polypeptides (Figure 3). Not4 was
suggested to act on nascent chains (Dimitrova et al., 2009). Therefore, it is possible that
Not4 mediates the association of the other complex subunits with the translation machinery.
Two further arguments support this hypothesis. First, Not4 has a RRM in its N-terminal
region, which may contribute to ribosome-association by interacting with ribosomal RNA.
Second, Not4 was found quantitatively in the ribosomal fractions whereas Caf1 showed a
broader distribution in the sucrose gradients and was also detectable in the supernatants
(Figure 2). Nevertheless, since we could not detect Not4 in cells lacking Not2 or Not5, it is
possible that these factors are involved in targeting the Ccr4-Not complex to ribosomes
(Figure S5).
Consistent with its possible role as an E3 ligase on ribosomes, we speculated that Not4, and
probably the entire Ccr4-Not complex, may have a function in co-translational quality control
of newly synthesized polypeptides. The presence of the whole Ccr4-Not complex in the late
polysomes allows to speculate, that it is not only a quality control system for defective
proteins, but also for the mRNA that is responsible for the synthesis of the defective protein.
As Caf1 and Ccr4 are the major deadenylases in yeast and deadenylation of mRNA is
required for mRNA degradation, we speculate about a connection of Not4 and the Ccr4-Not
complex to one of the mRNA surveillance mechanisms. We found Not4 and Caf1 in a ski7Δ
strain, which is an essential component of the decay of mRNA, partly shifted from the
polysomal to the 80S fraction (Figure S17). This lead us to the conclusion that the whole
Ccr4-Not complex shifts from the polysome to the monosome fraction in the absence of Ski7.
Importantly we also saw an effect of the Not4 deletion on the association of Ski7 with the 40S
subunit. It is known that Ski7 recognizes and binds to the empty A-site of the ribosome and
recruits the Ski complex as well as the exosome, for mRNA degradation (Araki et al., 2001;
Benard et al., 1999; van Hoof et al., 2002). Ski7 also mediates the dissociation of the
ribosomal subunits from stalled ribosomes. We found Ski7 associated with the 40S subunit
and to some part in the soluble fraction. However, upon deletion of Not4 we could not detect
any Ski7 associated with the small ribosomal subunit. The association of Ski7 with the 80S,
where it binds to the empty A-site in order to dissociate the subunits, seems to be very
transient, as we could not detect any signal of Ski7 in the monosome or polysome fractions
(Figure S17). However, after dissociation of the 80S, Ski7 stays associated with the small
ribosomal subunit as we could detect a signal in the 40S fractions.
Not4 is enriched in the polysome fractions, whereas Ski7 is found associated with the 40S
and this interaction is diminished in the absence of Not4. This implies a connection of Not4
(and the entire Ccr4-Not complex) to Ski7 mediated mRNA decay. From our data, we
suggest that Not4 binding to the translation machinery is required for Ski7 to dissociate the
stalled ribosomes, this would mean that Not4 works upstream of Ski7 in the removal of
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stalled ribosomes and degradation of the mRNA. Upon this data, one can further speculate
about the collaboration of Not4 and Ski7 in mRNA degradation. Ski7 recognizes and binds to
the empty A-site of a ribosome. However, the question arises about the origin of a 3`
truncated mRNA which is engaged in translation. Within the cell a 3` truncated mRNA would
be rapidly degraded by the mRNA surveillance mechanisms as it is lacking the stabilizing
poly(A) tail. Additionally a mRNA missing the poly(A) tail will be probably not translated by
the ribosome, as the poly(A) tail is required for translation initiation. Therefore, we speculate
that the Ccr4-Not complex co-translationally creates a substrate mRNA, this means a
3`truncated mRNA, for Ski7 and the mRNA decay. The Ccr4-Not complex is associated with
translating ribosomes and upon a signal, this may either be a problem with the nascent
polypeptide chain or signal on the mRNA itself, which determines its half-life, deadenylation
of the mRNA might be initiated. The Ccr4-Not complex would then remove the poly(A) tail
from the 3` to the 5`end of the mRNA, however, the mRNA is still occupied and translated by
ribosomes in the 5` to the 3`direction. At one point the ribosome reaches the end of the
mRNA with the empty A-site, which is subsequently recognized by Ski7. Upon binding, Ski7
dissociates the 80S into its subunits and recruits the Ski complex and the exosome. The
mRNA can then be degraded by the exosome. On the other hand, as the mRNA is on the
way to be degraded, the cell can`t assure that the synthesized protein is complete and
functional. Therefore, Not4 might act on the corresponding nascent polypeptide and target it
for proteasomal degradation.
In line with these observations goes the fact that Not4 regulates the stability of arrested
nascent polypeptides in the absence of Ltn1 (Figure S16). Interestingly, the increased
stability of this arrested nascent polypeptides in not4Δltn1Δ cells compared to ltn1Δ was
observed before for a combined deletion of NOT4 and SKI7 genes (Bengtson and Joazeiro,
2010). Together with the data on Not4 and Ski7 ribosome association this further suggest a
role for Not4 in the removal of arrested or defective nascent polypeptides and Ski7 in the
removal of the corresponding mRNA.
These observations led us to revisit the phenotypes of yeast cells lacking individual
components of the Ccr4-Not complex. Deletion of Not2, Not4 or Not5 resulted in severe
growth defects as well as similar morphological abnormalities (Figure S11). Remarkably, we
found strong protein aggregation in these three knockout strains and analysis of the insoluble
fractions by SDS-PAGE revealed very similar patterns of aggregated proteins (Figure S10).
Interestingly, aggregation in not4Δ cells was diminished when protein synthesis was blocked
either by the presence of cycloheximide or the absence of leucine (Figure 7 and S14). This
observation again implies that Not4 acts on newly synthesized proteins.
We also asked whether not2Δ, not4Δ and not5Δ cells suffer from a general imbalance of
protein homeostasis. Indeed, our data suggest that the integrity of the cellular proteome is
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massively affected. First, the insoluble fractions of these cells contained a broad spectrum of
proteins, which were engaged in diverse cellular processes (Figure S10, Table 1). This
indicates that the deletion of either one of these factors has a global effect on protein folding.
Second, the heat shock response, a reliable indicator for protein folding stress, was
constitutively turned on in not4Δ cells (Figure S8). Increased levels of Msn2-dependent heatshock gene expression were also reported previously in Not4-deficient cells (Lenssen et al.,
2005; Lenssen et al., 2002). Third, an Eno2-Flag-GFP fusion protein, Eno2 was identified
among the aggregated proteins, formed insoluble inclusions in cells lacking Not4 at 30°C,
whereas they were soluble in wt cells. We also compared aggregate formation at the
standard growth temperature of yeast (30°C) and at lower temperature (22°C). Interestingly,
lowering the growth temperature resulted in significantly reduced aggregation of cellular
proteins. This result shows that protein aggregation in not4Δ cells was temperaturedependent. We conclude that the proteins, which aggregated at 30°, are able to fold
productively in the absence of Not4 and were not per se defective. This finding seems
surprising, however, the expression of heat shock-responsive reporter constructs was also
upregulated at 22°C (Figure S8C), indicating that deletion of the NOT4 gene caused folding
stress at both temperatures. All together, our data suggest that the cellular folding capacity
was significantly reduced in not4Δ cells. Two different explanations are possible. It could be,
for example, that the NOT4 deletion causes aberrant levels of certain proteins, which are
important for the stabilization of other polypeptides or are themselves prone to misfolding
and aggregation. As a consequence, the protein folding system may become jammed and
cause a broad range of intrinsically unstable cellular proteins to aggregate. Another
possibility is that components of the protein quality control system themselves may be
misregulated in cells lacking Not4. The observation that aggregation in these cells was
reduced at 22°C goes in line with both scenarios. At the lower growth temperature the
cellular proteins were more stable and the reduced folding capacity of not4Δ cells was
enough to keep them soluble.
The very similar pattern of aggregated proteins in cells lacking Not2, Not4 or Not5 suggests
that these factors functionally cooperate. In support of this assumption, Not3, Not4, and Not5
(and probably Not2) have similar effects on gene expression (Cui et al., 2008; Russell et al.,
2002). However, the Not4 levels were strongly reduced in not2Δ and not5Δ cells (Figure S5).
It is therefore possible that aggregation in these strains results primarily from insufficient
amounts of functional Not4. Vice versa, Not4 and Not5 were shown to be absent from the
Ccr4-Not complex in cells lacking Not2, indicating that the three factors stabilize each other
(Bai et al., 1999; Russell et al., 2002). Collectively, these data suggest that the Not2/4/5 triad
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may form a stable subcomplex within the Ccr4-Not complex. This makes it especially difficult
to distinguish between physical and functional interactions and to determine which subunit
plays the central role in protein homeostasis regulation. Not2 and Not5 were primarily
implicated in the control of gene expression. Both proteins have no functional motifs
connecting them to other cellular functions. By contrast, due to its E3 ubiquitin-protein ligase
activity Not4 can be formally assigned to the protein quality control system. In order to
investigate the influence of Not4 on protein aggregation in more detail, we performed a
structure-function analysis. Expression of a N-terminal Not4 truncation variant lacking the
RING domain (Not4Δ-RING; 77 of 582 amino acids) could slightly compensate the genomic
deletion of NOT4. Aggregation of the full spectrum of proteins, which also aggregated in
not4Δ cells was slightly decreased by the presence of Not4Δ-RING (Figure 6).
Not4 is special among the Not proteins because it belongs to the group of E3 ubiquitinprotein ligases. This makes Not4 a potential candidate as a component of the cellular protein
quality control system. Notably, some of the Not4 interactors are themselves regulatory
proteins. Ecm29, which assists proteasome assembly, becomes degraded in the absence of
Not4 (Panasenko and Collart, 2012). On the contrary, Not4 controls the cellular levels of the
histone demethylase Jdh2 and the DNA polymerase-α subunit Cdc17, and thereby
influences gene expression and DNA replication (Haworth et al., 2010; Mersman et al.,
2009). This suggests that Not4 functions as a regulator of diverse cellular processes and that
the absence of functional Not4 leads to abnormal levels of its substrates. In turn this may
cause misregulation of transcription or other processes important for maintenance of cellular
protein homeostasis.
We cannot fully rule out a chaperone-like function of the Ccr4-Not complex in protein folding.
However, several aspects argue against this possibility. All components of the complex are
expressed at very low levels, which is typical for regulatory proteins like transcription factors
(Ghaemmaghami et al., 2003). On the contrary, chaperones are usually abundant proteins or
their expression is stress-induced. Moreover, our data showed that a broad spectrum of
proteins aggregated in cells lacking Not2, Not4 or Not5 and these proteins fulfill very different
cellular functions (Table 1). In contrast, deletion of Ssb caused aggregation of a very defined
set of proteins, which are involved in the same cellular process (Koplin et al., 2010). This
indicates a very specialized role of Ssb chaperones as effector molecules of the protein
quality control system. Based on these considerations we rather favor a model in which Not2,
Not4 and Not5 act as upstream regulators of cellular protein homeostasis. A major function
of the Ccr4-Not complex is to regulate gene expression on different levels, including control
of transcription (Azzouz et al., 2009b; Bartlam and Yamamoto, 2010; Cui et al., 2008). All
these processes influence protein synthesis in a quantitative as well as qualitative manner.
Moreover, our data indicate that the Ccr4-Not complex interacts physically with the
28

translation machinery to fulfill a function, which is not comprehensively understood yet. It is
therefore possible that misregulation of protein expression causes an imbalance of the
cellular proteome. The increased concentration of misfolded or unstable polypeptides may
challenge the protein folding and quality control system of the cell and thereby trigger a
constitutive heat shock response. Although the details are still unclear, our data collectively
show that members of the Ccr4-Not complex are important for proteome integrity and
suggest a contribution of the complex in regulation of the cellular protein homeostasis
network.
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Figure 1
Ribosomal profiles of wt and not4Δ cells show that Not4 has no significant influence on the
ribosome-association of NAC. Lysates of wt and not4Δ cells were prepared and equal A260
units were loaded onto linear sucrose gradients (15-45% sucrose) to separate ribosomal
particles. After centrifugation, the gradients were read out by measuring A254 (top panels) and
fractionated. Peaks indicate the 40S and 60S ribosomal subunits as well as 80S monosomes
and the different polysomal species. The soluble fractions (sol.) were on top of the gradient.
The proteins of the individual fractions were precipitated and analyzed by Western blotting
(lower panels). The signals of the ribosomal protein Rpl25 indicate fractions containing 60S
ribosomal subunits. NAC, Ssb1 and Zuo1 associated with ribosomal particles independent of
Not4. Sse1 stayed largely in the soluble fractions on top of the gradient.
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Figure 2
Fractionation of sucrose gradients revealed that Not4 and Caf1 comigrate with ribosomal
species. (A) Ribosomal profiles were read out by measuring A254 and the fractionated
gradients were analyzed for the distribution of Not4 and Caf1. 60S ribosomal subunits, 80S
monosomes

and

polysomes

were

detected

by

Western

blotting

against

Rpl25.

Immunodetection of ribosome-associated chaperone Zuo1 served as a control. Not4 and
Caf1 comigrated both with 80S and polysomal particles. (B) Lysates from wt cells were
treated with RNase A to deplete the polysomal species. RNase A-treated lysates and
untreated control lysates were applied to sucrose density gradient centrifugation to separate
ribosomal species. Upon RNase A treatment, ribosomal profiles were read by measuring
A254. The polysomal signals disappeared, whereas the 80S peak increased beyond
detection, indicating that the polysomes were efficiently converted to 80S monosomes. (C)
Fractions of the gradients from (B) were analyzed by Western blotting. The shift of the Not4
and Caf1 signals to 80S fractions in the RNase A-treated sample indicates that both proteins
associated specifically with ribosomal particles.
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Figure 3
Puromycin-mediated release of nascent polypeptides reduces ribosome-association of Not4
and Caf1. not4Δ cells transformed with a plasmid encoding HA-tagged Not4 were grown to
the exponential phase and pulse-labeled for 50 seconds with

35

S-methionine. The sample

was split and lysates were prepared. The lysates were treated either with puromycin (Puro)
or with cycloheximide (CHX) prior sedimentation of ribosomes through a 20% sucrose
cushion by centrifugation. Equal A260 units of purified ribosomes (Pellet) and equal volumes
of precipitated supernatants (Sup.) from the ultracentrifugation step were loaded on a SDSGel for autoradiography and Western blotting. To check the efficiency of nascent polypeptide
release the radioactively labeled nascent chains were detected by autoradiography (left).
Radioactive signals represent mainly nascent polypeptide chains and newly synthesized
proteins. The radioactivity in the pellets was quantified with a scintillation counter and the
value of the CHX sample was set to 100%. The same samples from the ribosomal pellet
fractions were applied to Western blotting against the HA-tag of Not4 and Caf1 (right).
Loading of equal amounts of ribosomes was confirmed by immunodetection of Rpl25.
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Figure 4
Protein aggregates formed in sse1Δ, ssb1Δssb2Δ (ssb1/2Δ) and not4Δ mutants differ in their
compositions. (A) Insoluble fractions of different yeast mutants show a characteristic pattern
of aggregated proteins. The insoluble proteins were isolated from equal volumes of
normalized yeast lysates and separated by SDS-PAGE. Samples of the normalized lysates
were applied as a loading control (total). The pattern of aggregated proteins was
reproducible for each deletion strain. (B) Protein aggregates differ in their composition. The
same samples as in (A) were analyzed by Western blotting to detect G6PDH and diverse
cytosolic chaperones (Hsp104, Ssb1, NAC, Ssa1 and Sse1).
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Figure 5
Aggregation in not4Δ cells at different temperatures. (A) The Eno2-Flag-mCherry protein is
insoluble in not4Δ cells at 30°C and soluble at 22°C. In wt cells the Eno2-Flag-mCherry
protein is soluble at both temperatures. Yeast cells were grown in YPD to an OD600 of 1 at 22
or 30°C. Then the cells were fixed by addition of 4% v/v formaldehyde and fluorescence
microscopy using a GFP filter. Bars, 5 µm. (B) Aggregation of cellular proteins in not4Δ cells
is temperature-dependent. Wt and not4Δ cells were grown at 22 or 30°C prior quantitative
isolation of protein aggregates. The aggregated proteins were separated by SDS-PAGE and
visualized by Coomassie staining. Samples from the normalized lysates were taken before
aggregate preparation and applied on the gel as a loading control (totals).
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Figure 6
Not4 truncation mutants do not suppress aggregate formation in not4Δ cells.

(A) Not4

variants used for structure-function analysis. All constructs were encoded on the centromeric
plasmid pRS316 (endogenous NOT4 promoter). The truncation constructs were fused to a
C-terminal HA tag (HA) for immunodetection. The RING domain (magenta), the RRM (green)
as well as the putative coiled-coil domain (yellow) are indicated. (B) The Not4 variants were
expressed in not4Δ cells. To analyze growth, yeast cells were spotted in serial dilutions on –
URA plates and incubated for 2 days at 30°C. not4Δ cells and wt cells transformed with an
empty pRS316 vector (pEV) were used as controls. (C) Aggregates isolated from not4Δ cells
expressing different Not4 variants. Cells were grown at 30°C to the exponential phase and
lysates were prepared. Insoluble proteins were isolated from equal volumes of normalized
lysates. The aggregated proteins were solubilized in SDS-containing sample buffer and
analyzed by SDS-PAGE and Coomassie staining. Samples from the normalized lysates were
applied as loading controls (total). (D) Expression analysis of HA-tagged Not4 variants.
Normalized lysates of not4Δ cells transformed with plasmids encoding different Not4 variants
were analyzed by Western blotting against the C-terminal HA-tag of the Not4 versions.
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Figure 7
Inhibition of protein synthesis reduced the accumulation of aggregates in not4Δ cells. (A)
Schematic illustration of the experimental strategy. Cells lacking Not4 were grown to the
exponential growth phase at 22°C. The cells were split and the half of the cells was treated
with cycloheximide, while the other half remained untreated. Both samples were shifted to
30°C and samples were taken at different time intervals. (B) Quantification of aggregated
proteins in both samples at different time intervals. Aggregates were isolated from equal
volumes of normalized lysates. The insoluble proteins were applied to SDS-PAGE and the
proteins were visualized by Coomassie staining and quantified. Error bars indicate the
experimental errors (C) The growth rate (OD600) was measured at the different time intervals.
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Figure S1
Growth analysis of wt and mutant yeast cells. Serial dilutions of cells were spotted on
synthetic complete dropout media without lacking uracil (-URA) for plasmid selection and
grown as indicated. (A) The growth of three different not4Δ and not4ΔnacΔ clones was
compared to wt and nacΔ cells. The cells were either transformed with an empty pRS316
vector (pEV) or with the same vector carrying the NOT4 gene. (B) Growth analysis on plates
containing different drugs. Cells were spotted as in (A). Where indicated the plates were
supplemented with drugs. pNAC contained the EGD1 and EGD2 genes. (C) not4Δ cells were
transformed with different Not4 variants, spotted on –URA plates and incubated at 30 or
37°C as indicated. See main text for description of the vectors and Not4 variants. (D) The
growth of ssb1/2Δ and not4Δ was compared to ssb1/2Δnot4Δ; three clones of the double
knock out were tested.
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Figure S2
Not4 and Caf1 comigrate with ribosomal particles in the absence of NAC. Wt and yeast
strains lacking NAC (egd1Δ egd2Δ btt1Δ refered to as nacΔ) were grown to the logarithmic
phase and lysates were prepared. Equal A260 units were loaded onto linear sucrose gradients
(10-40% sucrose) and the ribosomal profiles were read out by measuring A254 upon
centrifugation. The proteins of the individual fractions were precipitated and subjected to
Western blot analysis using antibodies against Rpl25, Not4 and Caf1. The signals of the
ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits.
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Figure S3
Ccr4, Not5 and Not1 comigrate with ribosomal particles. Yeast strains expressing C-terminal
3xHA-tagged versions of Ccr4, Not1 and Not5 from the chromosomal loci were grown to the
logarithmic phase and lysates were prepared. Equal A260 units were loaded onto linear
sucrose gradients (10-40% sucrose) and the ribosomal profiles were read out by measuring
A254 upon centrifugation. The proteins of the individual fractions were precipitated and
subjected to Western blot analysis using antibodies against Rpl25 and the HA-tag. The
signals of the ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal
subunits.
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Figure S4
Not4 co-migrates with ribosomal particles in the absence of Ccr4, Not3 and the Caf proteins.
Yeast strains lacking individual subunits of the Ccr4-Not complex were grown to the
logarithmic phase and lysates were prepared. Equal A260 units were loaded onto linear
sucrose gradients (10-40% sucrose) and the ribosomal profiles were red out by measuring
A254 upon centrifugation. Proteins of the individual fractions were precipitated and subjected
Western blot analysis using antibodies against Rpl25 and Not4 (A). The signals of the
ribosomal protein Rpl25 indicate the fractions containing 60S ribosomal subunits. (B)
Polysome profiles from yeast cells lacking individual subunits of the Ccr4-Not complex
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Figure S5
Analysis of Not4 levels in ccr4-not mutants. Yeast cells lacking individual subunits of the
Ccr4-Not complex were grown in YPD to the exponential phase and cell extracts were
analyzed by Western blotting using antibodies against Not4. Glucose-6-phosphate
dehydrogenase (G6PDH) was immunodetected as a loading control.
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Figure S6
Not4 per se can interact with ribosomal particles under physiological conditions.
Recombinant Not4 carrying a C-terminal His6-tag (Not4-His6) was expressed in E. coli cells
and purified. Upon incubation of Not4-His6 with high-salt washed yeast ribosomes,
ribosome-bound Not4 was separated from unbound Not4 by sedimentation of ribosomes
through a 30% sucrose cushion. The supernatants were TCA precipitated and the entire
supernatant and pellet samples were applied to SDS-PAGE. Not4-His6 was immunodetected
with antibodies directed against the His6 epitope. Efficient separation of the ribosomes was
confirmed by detection of the ribosomal protein L25. Although the majority of Not4 remained
in the supernatant signals were also detected in the ribosomal fraction, indicating that Not4
alone can interact with ribosomal particles. Increasing potassium chloride concentrations
disrupted ribosome binding.
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Figure S7
Distribution of Zuo1 in the sucrose gradient upon RNase A treatment. Polysomes were
depleted in lysates prepared from wt yeast cells by RNase A treatment. The lysates were
applied to sucrose density gradient centrifugation to separate ribosomal species and
ribosomal profiles were read by measuring A254. Fractions of the gradients were analyzed by
Western blotting to detect Zuo1. As a control, untreated lysates were analyzed in parallel
(top). The Zuo1 signals shifted from polysomal fractions to 80S and partly to the soluble
fractions upon RNase A treatment.
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Figure S8
The heat-shock response is constitutively turned on in not4∆ cells. (A) Levels of Hsp104
were increased in notΔ cells at 30°C and at 22°C. NAC levels were unchanged. (B)
Schematic representation of the heat-shock reporter constructs. The reporter constructs
consisted of a GFP-Flag moiety fused to a CYC1 terminator (T) and were encoded on the
centromeric plasmid p413. Expression of the constructs was controlled by either one of three
different heat-shock responsive promoters (P) derived from the HSP104, RPN4 and HSP12
genes (PHSP104, PRPN4, PHSP12). (B) Analysis of heat-shock reporter expression in wt and not4Δ
cells. The three different reporter constructs were transformed into wt and notΔ cells and
expression levels were detected by quantitative Western blotting using α-Flag antibodies.
Immunodetection of Zuo1 and G6PDH served as a reference. To prove the functionality of
the reporters, samples were taken from wt cells before and 40 minutes after heat-shock (hs)
from 25 to 38°C (left). In addition, wt and not4∆ cells carrying the reporter constructs were
grown at 22 or 30°C to the exponential phase and expression levels of the reporters were
compared (middle and right).

Figure S9

A

QRWǻ

USV$ǻ

HFPǻ

wt

wt
HFPǻ
MKGǻ
USV$ǻ
QRWǻ

kDa

MKGǻ

Aggregates

Total

170
130
100
72
55
43
34
26

17
11

B

QRWǻ

XEUǻ

GRDǻ

wt

wt
GRDǻ
VDQǻ
XEUǻ
QRWǻ

kDa
170
130
100
72

VDQǻ

Aggregates

Total

55
43
34
26

17
11

Figure S9
No significant protein aggregates formed in deletion strains of Not4 substrates or deletion
strains of other E3 Ligases. The insoluble proteins were isolated from equal volumes of
normalized yeast lysates of wt, ecm29Δ, jhd2Δ, rps7AΔ and not4Δ cells (A) and of wt,
doa10Δ, san1Δ, ubr1Δ and not4Δ cells (B) and separated by SDS-PAGE. Samples of the
normalized lysates were applied as a loading control (total). The pattern of aggregated
proteins was reproducible for each deletion strain.
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Figure S10
Analysis of protein aggregation in ccr4-not mutants. Protein aggregates were quantitatively
isolated from lysates of cells lacking individual components of the Ccr4-Not complex. (A)
Filter retardation assay with protein aggregates prepared from equal volumes of normalized
cell lysates. The insoluble proteins were sonicated and twofold serial dilutions of the resulting
suspensions were vacuum-filtered through a PVDF membrane. The aggregated proteins
were retained on the membrane, visualized by Coomassie staining and quantified. Error-bars
indicate the experimental error. (B) Protein aggregates were prepared as in (A) and
resuspended in SDS-containing sample buffer. Samples of the isolated aggregates as well
as the normalized lysates (total) were applied to SDS-PAGE and the proteins were visualized
by Coomassie staining.
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Figure S11
not2Δ, not4Δ and not5Δ cells show similar growth defects and morphological abnormalities.
(A) Growth analysis of ccr4-not mutants. Serial dilutions of wt and ccr4-not mutant cells were
spotted on YPD plates and incubated at 30°C for two days. (B) Analysis of yeast cell
morphology. Differential interference contrast (DIC) microscopy images of wt cells and cells
lacking Not2, Not4 or Not5. All three mutants show abnormal cell morphologies. Bars, 5 µm.

Figure S12

A

t4
Δ

no

c4
/5Δ

ub

c5
Δ

ub

ub

c4
Δ

Aggregates

wt

wt
ub

kDa

c
ub 4Δ
c5
ub Δ
c4
no /5Δ
t4
Δ

Total

130
100
72
55
43
34
26

17

B

Figure S12
Analysis of protein aggregation in Ubc4 and Ubc5 deletion cells. Protein aggregates were
quantitatively isolated from lysates of cells lacking Not4, Ubc4, Ubc5 or Ubc4 and Ubc5. (A)
Protein aggregates prepared from equal volumes of normalized cell lysates. Protein
aggregates were resuspended in SDS-containing sample buffer. Samples of the isolated
aggregates as well as the normalized lysates (total) were applied to SDS-PAGE and the
proteins were visualized by Coomassie staining. (B) Aggregation from (A) was quantified
using ImageJ.
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ubc4/5Δ

Figure S13
The deletion of Not4 and Ubc4/5 leaded to temperature dependent aggregation, while
temperature independent aggregation was observed in cells lacking Ssb and Sse. The
aggregation pattern of aggregates in the not4 mutant and ubc4/5 mutant are very similar. Wt,
sse1Δ, ssb1/2Δ, not4Δ and ubc4/5Δ cells were grown at 22°C and 30°C prior quantitative
isolation of protein aggregates. The aggregated proteins were separated by SDS-PAGE and
visualized by Coomassie staining. Samples from normalized lysates were taken before
aggregate preparation and loaded on the gel.
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Figure S14
Inhibition of protein synthesis reduced the accumulation of aggregates in not4Δ cells. (A)
Schematic illustration of the experimental strategy. Cells lacking Not4 were grown to the
exponential growth phase at 22°C. The cells were split and in one culture protein synthesis
was blocked using the leucine auxotrophy by amino acid starvation. The other half was
incubated in medium containing leucine. Both samples were shifted to 30°C and samples
were taken at different time intervals. (B) Quantification of aggregated proteins in both
samples at different time intervals. Aggregates were isolated from equal volumes of
normalized lysates. The insoluble proteins were applied to SDS-PAGE and the proteins were
visualized by Coomassie staining and quantified. Error bars indicate the experimental errors
(C) The growth rate (OD600) was measured at the different time intervals.
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Figure S15
Deletion of LTN1 neither affected cell growth under normal conditions nor caused protein
aggregation (A) Growth analysis of wt, Ltn1 and Not4 mutant yeast cells. Serial dilutions of
cells were spotted on YPD plates grown as indicated. (B) Analysis of protein aggregation in
wt, Ltn1 and Not4 mutant cells. Protein aggregates were quantitatively isolated from lysates
of wt, ltn1Δ, not4Δ, and ltn1Δ not4Δ cells. Aggregates were resuspended in SDS-containing
sample buffer. Samples of the isolated aggregates as well as the normalized lysates (total)
were applied to SDS-PAGE and the proteins were visualized by Coomassie staining.
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Figure S16
Not4 regulates the stability of arrested nascent polypeptides in the absence of Ltn1. (A)
Stability of translation arrest reporter polypeptides with C-terminal 12K residues was
analyzed in yeast cells lacking Not4, Ltn1 or both. As control a construct lacking the 12K
stretch was used. Normalized lysates were analyzed by Western blotting using Flag and
GFP antibodies. (B) Stability of translation arrest reporter polypeptides with internal 12K
residues was analyzed in yeast cells lacking Not4, Ltn1 or both. As control a construct
lacking the 12K stretch was used. Normalized lysates were analyzed by Western blotting
using Flag and GFP antibodies
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Figure S17
The mRNA decay factor Ski7 modulates the association of the Ccr4-Not complex with ribosomes. (A)
Not4 comigrates with ribosomal particles in the absence of individual components of mRNA decay
pathways. Yeast strains lacking either Hbs1, Dom34, Asc1 or Upf1 were grown to the logarithmic
phase and lysates were prepared. Equal A260 units were loaded onto linear sucrose gradients (10-40%
sucrose) and the ribosomal profiles were read out by measuring A254 upon centrifugation. The proteins
of the individual fractions were precipitated and subjected to Western blot analysis using antibodies
against Rpl25 and Not4. The signals of the ribosomal protein Rpl25 indicate the fractions containing
60S ribosomal subunits. (B) Not4 and Caf1 partly shift to the 80S peak in the absence of Ski7.
Polysome profiles and western blotting was performed as described in (A). (C) Ski7 binding to the 40S
subunit is decreased in the absence of Not4. Polysome profiles and western blotting was performed
as described in (A). Ski7 was C-terminally tagged with a 3xHA tag at its chromosomal locus and
detected using HA-antibodies.
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Actin

4,144 (25)

4,287 (20)

4,339 (25)

Cytoskeleton

CDC19

Pyruvate kinase 1

3,942 (26)

4,699 (19)

4,851 (21)

metabolic enzyme

PET9

ADP/ATP carrier protein

3,824 (27)

2,790 (35)

2,702 (44)

transport

RPL4A

60S ribososomal protein

3,725 (28)

3,509 (24)

3,316 (31)

ribosomal protein

URA2

carbamoylphosphate synthetase (CPSase)-aspartate transcarbamylase (ATCase)

3,718 (29)

2,389 (42)

3,155 (33)

nucleotide synthesis

BBC1

myosin tail region interaction protein

3,709 (30)

2,711 (39)

2,979 (35)

Cytoskeleton

DED1

ATP-dependant RNA helicase

3,506 (31)

3,111 (28)

3,314 (32)

translation

VMA2

V-type proton ATPase subunit B

3,393 (32)

1,732 (78)

1,044 (157)

endocytosis

DOP1

Protein dopey

3,387 (33)

2,309 (45)

2,686 (45)

transport

PCS60

Peroxisomal-coenzyme A synthetase

3,324 (34)

1,391 (112)

7,389 (254)

metabolic enzyme

RPS6A

40S ribosomal protein

3,195 (35)

1,606 (89)

1,340 (117)

ribosomal protein

SSE1

Hsp110

3,153 (36)

2,721 (38)

2,862 (39)

chaperone

CYS4

Cystathione beta synthase

3,122 (37)

2,362 (43)

2,924 (38)

metabolic enzyme

ILV5

Ketol-acid reductoisomerase

3,081 (38)

10,453 (4)

16,273 (3)

metabolic enzyme

TRP5

Tryptophane synthase 5

2,978 (39)

1,881 (64)

2,242 (57)

metabolic enzyme

VIP1

Insitol hexakiphosphate and diphosphoinositol-pentakiphosphate kinase

2,967 (40)

937 (189)

766 (242)

metabolic enzyme

ADH2

alcohol dehydrogenase 2

2,965 (41)

1,718 (80)

2,049 (66)

metabolic enzyme

GSY2

Glycogen synthase isoform2

2,961 (42)

3,041 (29)

3,526 (29)

metabolic enzyme

RPS3

40S ribosomal protein

2,831 (43)

2,162 (49)

2,231 (60)

ribosomal protein

MIR1

Mitochondrial phosphate carrier protein

2,818 (44)

2,930 (31)

2,841 (41)

transport

UTP22

U3 small nucleolar RNA-associated protein

2,802 (45)

955 (187)

1,182 (133)

ribosome biogenesis

GFA1

Glucosamine-fructose 6 phospahte aminotransferase

2,727 (46)

1,171 (137)

2,610 (50)

metabolic enzyme

RPN2

26S proteasome regulatory subunit

2,660 (47)

1,835 (67)

2,284 (54)

proteasome

RVB2

RuvB like protein 2

2,657 (48)

2,103 (51)

2,645 (48)

transcription

RPT3

26S proteasome regulatory subunit

2,618 (49)

2,041 (54)

1,865 (77)

proteasome

SAC6

Fimbrin

2,608 (50)

2,057 (53)

2,654 (47)

Cytoskeleton

score

gene

protein

not4∆

not5∆

not2∆

function

RVB1

RuvB-like protein 1

2,597 (51)

1,818 (69)

2,613 (53)

transcription

MPG1

Mannose-1-phosphate guanyltransferase

2,564 (52)

1,963 (59)

1,459 (109)

cell wall
translation

TIF32

Eukaryotic translation initiation factor 3 subunit A

2,562 (53)

865 (206)

1,045 (160)

SRP68

Signal recognition particle subunit SRP68

2,550 (54)

804 (229)

555 (345)

transport

SSZ1

Hsp70

2,464 (55)

2,070 (52)

1,845 (82)

chaperone

ILS1

Isoleucyl-tRNA synthetase

2,448 (56)

1,462 (106)

1,429 (112)

translation

PFK1

6-phosphofructokinase subunit alpha

2,434 (57)

2,331 (44)

2,750 (47)

metabolic enzyme

UTP10

U3 small nucleolar RNA-associated protein 10

2,416 (58)

1,321 (116)

1,551 (102)

ribosome biogenesis

ASC1

Guanine nucleotide-binding protein subunit beta

2,416 (59)

2,674 (40)

1,998 (72)

translation

TFP1

V-type proton ATPase catalytic subunit A

2,411 (60)

2,977 (30)

2,998 (38)

endocytosis

CDC60

Leucyl-tRNA synthetase

2,400 (61)

1,460 (107)

2,163 (66)

translation

1,497 (104)

1,278 (125)

translation
metabolic enzyme

SUP45

Eukaryotic peptide chain release factor subunit 1

2,368 (62)

GPD1

Glycerol-3-phosphate dehydrogenase [NAD+]

2,352 (63)

1,369 (113)

1,755 (88)

SRP72

Signal recognition particle subunit SRP72

2,350 (64)

570

397

transport

NOP58

Nucleolar protein 58

2,307 (65)

1,308 (46)

2,505 (56)

ribosome biogenesis

1,141 (145)

1,320 (123)

transport
chaperone

VTC4

Vacuolar transporter chaperone 4

2,258 (66)

SSA4

Hsp70

2,198 (67)

2,835 (34)

2,491 (57)

APL3

AP-2 complex subunit alpha

2,195 (68)

1,294 (120)

1,008 (167)

transport

YHR020W

Putative prolyl-tRNA synthetase

2,192 (69)

1,203 (134)

1,241 (129)

translation

MDH3

Malate dehydrogenase

2,176 (70)

1,870 (65)

1,562 (101)

metabolic enzyme

1,133 (146)

987 (174)

translation
PPIase

CAM1

Elongation factor 1-gamma

2,169 (71)

FPR3

FK506-binding nuclear protein

2,158 (72)

1,678 (84)

1,428 (113)

FAS3

Acetyl-CoA carboxylase

2,122 (73)

1,805 (72)

2,854 (44)

membrane synthesis

PFK2

6-phosphofructokinase subunit beta

2,102 (74)

1,281 (122)

1,704 (91)

metabolic enzyme

YRF1-3

Y' element ATP-dependent helicase protein 1 copies 3/7

2,098 (75)

776 (245)

580 (338)

DNA recombination

YRF1-1

Y' element ATP-dependent helicase protein 1 copies 1/5/8

2,085 (76)

810 (225)

585 (336)

DNA recombination

ADE17

Bifunctional purine biosynthesis protein

2,053 (77)

1,700 (82)

961 (182)

nucleotide synthesis

YRF1-2

Y' element ATP-dependent helicase protein 1 copy 2

1,967 (78)

-

-

DNA recombination

ATP2

ATP synthase subunit beta

1,960 (79)

8,684 (9)

7,426 (10)

metabolic enzyme

697 (275)

446

transcription
cell cycle

RPA2

DNA-directed RNA polymerase I

1,958 (80)

NUF1

Inner plaque spindle pole body (SPB) component

1,932 (81)

1,331 (115)

704 (272)

RPL5

60S ribosomal protein

1,920 (82)

2,123 (50)

2,236 (55)

ribosomal protein

DBP3

ATP-dependent RNA helicase

1,916 (83)

329

472

ribosome biogenesis

SLM1

Phosphatidylinositol 4,5-bisphosphate-binding protein

1,912 (84)

2,021 (56)

1,787 (81)

Cytoskeleton

1,801 (73)

1,757 (83)

translation

NIP1

Eukaryotic translation initiation factor 3 subunit C

1,906 (85)

GPH1

Glycogen phosphorylase

1,899 (86)

934 (191)

713 (269)

metabolic enzyme

NOP56

Nucleolar protein 56

1,892 (87)

1,817 (70)

2,211 (61)

ribosome biogenesis

TCP1

T-complex (CCT) protein 1 subunit alpha

1,888 (88)

1,565 (93)

974 (174)

chaperone

GLK1

Glucokinase-1

1,886 (89)

1,697 (83)

-

metabolic enzyme

YDR341C

Arginyl-tRNA synthetase

1,858 (90)

1,230 (119)

1,483 (105)

translation

RPS1B

40S ribosomal protein

1,849 (91)

1,075 (156)

956 (179)

ribosomal protein

YDJ1

HSP40

1,824 (92)

2,027 (55)

3,627 (28)

chaperone

PRP43

Pre-mRNA-splicing factor ATP-dependent RNA helicas

1,810 (93)

1,867 (66)

1,725 (85)

splicing

1,912 (63)

1,395 (114)

metabolic enzyme
Cytoskeleton, endocytosis, transport

ILV2

Acetolactate synthase catalytic subunit

1,788 (94)

VPS1

Vacuolar protein sorting-associated protein 1

1,786 (95)

805 (227)

979 (172)

RPS1A

40S ribosomal protein

1,771 (96)

989 (179)

825 (216)

ribosomal protein

KRE33

UPF0202 protein

1,761 (97)

427

-

ribosome biogenesis

GCN1

Translational activator

1,717 (98)

1,689 (85)

2,238 (58)

translation

FPR4

FK506-binding protein 4

1,696 (99)

1,286 (121)

1,280 (124)

PPIase

TEF4

Elongation factor 1-gamma 2

1,682 (100)

1,956 (60)

1,770 (82)

translation
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A dual function for chaperones SSB–RAC and the
NAC nascent polypeptide–associated complex
on ribosomes
Ansgar Koplin,1 Steffen Preissler,1,2 Yulia Ilina,1 Miriam Koch,1,2 Annika Scior,1,2 Marc Erhardt,1 and Elke Deuerling1
Laboratory of Molecular Microbiology, Department of Biology, and 2Konstanz Research School of Chemical Biology, University of Konstanz, 78457 Konstanz, Germany

T

he yeast Hsp70/40 system SSB–RAC (stress 70 B–
ribosome-associated complex) binds to ribosomes
and contacts nascent polypeptides to assist cotranslational folding. In this study, we demonstrate that
nascent polypeptide–associated complex (NAC), another
ribosome-tethered system, is functionally connected to
SSB–RAC and the cytosolic Hsp70 network. Simultaneous
deletions of genes encoding NAC and SSB caused conditional loss of cell viability under protein-folding stress
conditions. Furthermore, NAC mutations revealed genetic interaction with a deletion of Sse1, a nucleotide
exchange factor regulating the cytosolic Hsp70 network.
Cells lacking SSB or Sse1 showed protein aggregation,

which is enhanced by additional loss of NAC; however,
these mutants differ in their potential client repertoire.
Aggregation of ribosomal proteins and biogenesis factors accompanied by a pronounced deficiency in ribosomal particles and translating ribosomes only occurs in
ssb and nacssb cells, suggesting that SSB and NAC
control ribosome biogenesis. Thus, SSB–RAC and NAC
assist protein folding and likewise have important functions for regulation of ribosome levels. These findings
emphasize the concept that ribosome production is coordinated with the protein-folding capacity of ribosomeassociated chaperones.

Introduction
The folding of newly synthesized proteins requires the assistance of a chaperone network. At the forefront of this network
are ribosome-associated chaperones, which contact nascent
polypeptides to control cotranslational protein folding and prevent aggregation or degradation of newly synthesized proteins
(Bukau et al., 2000; Frydman, 2001; Hartl and Hayer-Hartl,
2002; Wegrzyn and Deuerling, 2005). Eukaryotic ribosomes
are associated with both a Hsp70/40-based chaperone system and the nascent polypeptide–associated complex (NAC;
Fig. 1 A). Both systems are abundant and conserved components of the eukaryotic cytosol, which dynamically bind to the
large ribosomal subunit and interact with nascent polypeptides
early during protein biogenesis (Pfund et al., 1998; Rospert
et al., 2002; Hundley et al., 2005; Wegrzyn and Deuerling,
2005; Raue et al., 2007).
Correspondence to Elke Deuerling: Elke.Deuerling@uni-konstanz.de
M. Erhardt’s present address is Dept. of Biology, University of Utah, Salt Lake
City, UT 84112.
Abbreviations used in this paper: NAC, nascent polypeptide–associated complex; NEF, nucleotide exchange factor; RAC, ribosome-associated complex; wt,
wild type.

In yeast, the tripartite ribosome-bound Hsp70/40 system consists of the Hsp70 chaperone SSB (stress 70 B), which
binds nascent chains, and ribosome-associated complex (RAC),
a stable heterodimer formed by the Hsp70 homologue Ssz
and the Hsp40 zuotin (Fig. 1 A). RAC acts as a cochaperone
and stimulates ATP hydrolysis by SSB, thereby promoting
substrate binding. Two functionally interchangeable SSB proteins (Ssb1 and Ssb2) exist in yeast, and the two protein sequences
differ by only four amino acids (referred to as SSB hereafter). Yeast strains lacking either one or all three components
of the chaperone triad show similar pleiotropic phenotypes,
such as hypersensitivity to a wide range of cations, including
translation-inhibiting cationic aminoglycosides and sensitivity to high salt concentrations and low temperatures (Pfund
et al., 1998; Gautschi et al., 2002; Hundley et al., 2002; Kim
and Craig, 2005).
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NAC is a stable heterodimer composed of an - and a
-NAC subunit (Fig. 1 A; Wiedmann et al., 1994; Reimann et al.,
1999; Rospert et al., 2002). Although both subunits were shown
to cross-link to nascent polypeptides (Wiedmann et al., 1994),
only the -NAC subunit contacts the ribosome via the conserved consensus motif RRK (X)n KK, located in its N terminus
(Fig. 1 A). Mutations in this conserved NAC motif abolish
ribosome binding and cross-linking to nascent polypeptides
(Wegrzyn et al., 2006). Multiple potential functions for NAC
have been proposed so far, including the control of protein
translocation to the endoplasmic reticulum or into mitochondria.
However, these functions of NAC remain a matter of debate
because no consistent data could be obtained (Lauring et al.,
1995; Powers and Walter, 1996; Möller et al., 1998; Raden and
Gilmore, 1998; Wiedmann and Prehn, 1999). Additionally,
given its ability to associate with ribosomes and nascent polypeptides, a chaperone-like function of NAC has been suggested
(Bukau et al., 2000; Frydman, 2001; Hartl and Hayer-Hartl,
2002; Wegrzyn and Deuerling, 2005). However, yeast cells lacking NAC reveal no noticeable phenotype, and the in vivo function of NAC is still barely understood (Reimann et al., 1999).
In this study, we set out to investigate whether NAC is
functionally interconnected to the chaperone network of the
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yeast cytosol. To this end, we combined knockout mutations in
genes coding for NAC with SSB–RAC and characterized the
phenotypes and subsequent consequences on protein folding.
We found genetic and biochemical evidence that supports a
function of NAC in the intricate chaperone network of the yeast
cytosol. Moreover, we observed that NAC and SSB govern the
abundance of ribosomal particles suggesting a new yet undiscovered function of these ribosome-associated chaperones in
ribosomal biogenesis.

Results
Synergistic growth defects of cells
simultaneously lacking NAC and SSB

To investigate whether both ribosome-associated systems NAC
and SSB–RAC (Fig. 1 A) are functionally interconnected, we
combined knockout mutations of all three genes coding for
NAC subunits (egd1, btt1, and egd2; referred to hereafter as
nac) with deletions of the two SSB genes (ssb1 and ssb2;
referred to hereafter as ssb). Cells carrying the quintuple knockout mutations (nacssb cells) were viable, however, they revealed a pronounced synthetic growth defect. At 30°C, nacssb
cells grew significantly slower than nac or ssb cells as judged

Downloaded from jcb.rupress.org on May 4, 2012

Figure 1. The ribosome-associated factors
NAC and SSB–RAC functionally cooperate
on ribosomes. (A) Schematic drawing of the
ribosome-associated heterodimer NAC, which
binds via a conserved motif (RRK-Xn-KK) to ribo
somal protein L23 at the tunnel exit (black
circle), and the tripartite chaperone system
SSB–RAC. Emerging nascent polypeptides
(black line) interact with NAC and/or SSB.
(B) Growth analysis of wt and chaperone mutant cells. Serial dilutions of cells were spotted
on synthetic complete media without uracil for
plasmid selection and with drugs where indicated. Arginine was omitted when cells were
plated on the arginine analogue L-canavanine.
Cells were incubated for 3 d at 30°C. NAC-wt
indicates cells expressing NAC from plasmid
under its authentic promoter, whereas NACRRK/AAA indicates the expression of a NAC
variant deficient in ribosome binding (Wegrzyn
et al., 2006). (C) Generation time of wt and
chaperone mutant cells in liquid culture grown
in rich media (YPD) or synthetic complete
media (SC) at 30°C. (D) Same as in B, but all
mutations have been introduced into a different
strain background (wt 74-D694). (E, left) Cells
were pulsed for 1 min with [35S]methionine,
and after cell lysis, the aggregated protein
material was isolated by sedimentation. 15 µg
total lysate and isolated aggregated fractions
were separated by SDS-PAGE for subsequent
autoradiography. (right) Quantification of
insoluble fractions in a percentage of total
incorporated 35S-label using ImageJ. Error bars
indicate SD. Numbers below bars refer to one
representative experiment.
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Loss of NAC and SSB affects the folding
of newly synthesized polypeptides

To investigate whether the folding of newly synthesized polypeptides is affected by the loss of the two ribosome-associated
systems, log-phase cells lacking either one or both systems
were pulsed for 1 min with [35S]methionine in minimal media to
label newly synthesized proteins. Subsequently, translation was
stopped by the addition of cycloheximide, and aggregated
proteins in these cells were isolated from cellular lysates by
sedimentation analysis. The [35S]methionine-labeling efficiency
of the strains was similar, as judged by autoradiography of 15 µg
total cell lysate (Fig. 1 E, lanes 1–4). Neither wt cells nor
cells lacking NAC revealed a substantial amount of insoluble
material, which is consistent with the lack of any observable
nac phenotype (Fig. 1 E, lanes 5 and 6). In contrast, the absence of SSB caused significant aggregation of a variety of
newly made polypeptides. This aggregation tendency was more

pronounced in cells lacking both SSB and NAC (Fig. 1 E, lanes
7 and 8). The aggregates included nascent (incomplete) polypeptides as well as proteins translated and released within the
labeling period, thereby explaining the mixture of the radioactively labeled smear punctuated with discrete bands. Densitometric analysis of the aggregated 35[S]-containing material
showed that 2% of newly synthesized proteins were aggregation prone in the absence of both NAC and SSB, whereas only
about half the amount of newly made proteins became insoluble
in cells lacking exclusively SSB (Fig. 1 E, bottom). Thus, cells
lacking NAC and SSB show a synergistic defect in the folding
of newly made proteins.
Ribosomal proteins and ribosomal
biogenesis factors aggregate in cells
lacking SSB and NAC

To identify the aggregation-prone species present in nacssb
cells, we prepared aggregates from logarithmically growing
cells in quantitative amounts and separated the isolated insoluble fractions by SDS-PAGE for Coomassie staining (Fig. 2 A).
In agreement with aforementioned results, pronounced protein
aggregation was found in cells lacking SSB or both SSB and
NAC, which mainly consisted of small-sized species with a molecular mass between 17 and 55 kD. The pattern of aggregated
proteins in ssb and nacssb cells was very similar, albeit
more pronounced in cells lacking both systems, suggesting that
a similar set of client proteins are affected by the loss of SSB
and NAC (Fig. 2 A). The major bands visible in the insoluble
fraction prepared from nacssb cells were excised from the
Coomassie-stained gel and identified by mass spectrometry
(Table I). A total of 64 proteins could be unambiguously identified, including predominantly ribosomal proteins (52 out of 64)
from both ribosomal subunits and several ribosomal biogenesis
factors involved in the biogenesis of the large and small subunit,
such as Dbp8, Tif6, Nog1, and Rlp24, and the elongation factor
EF-1a (Tef2). Western blot analysis with antibodies directed
against ribosomal protein Rpl35 confirmed the aggregation of
Rpl35 in ssb cells, which was further enhanced in cells lacking
SSB and NAC (Fig. 2 A, middle). Moreover, some cytosolic
chaperones, including the Hsp40 homologues Ydj1 and Sis1, a
subunit (Cct8) of the Cct chaperonin, and small heat shock
protein Hsp26, were found in the pellet fraction, presumably
because of cosedimentation with their unfolded substrates.
Different and not mutually exclusive scenarios could
explain the aggregation of this set of proteins. Ribosomal proteins and ribosome biogenesis factors are perhaps particularly
aggregation prone in cells lacking chaperones and thus aggregate upon synthesis before their engagement in ribosome
assembly. Perhaps this also may render preribosomal particles
aggregation prone because of incomplete maturation. Alternatively, nascent chains aggregate during translation and thereby
pull ribosomes into the insoluble fraction. Because nascent
chains are heterogenous, only the ribosomal proteins are visible
as distinct bands in the Coomassie-stained gel.
To investigate whether ribosomal particles might be pre
sent in the aggregates, we tested for the presence of nucleic
acids by ethidium bromide staining of aggregates. We detected
Functions of ribosome-associated chaperones • Koplin et al.
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by the colony size on plates (Fig. 1 B) and an extended doubling time in liquid cultures (Fig. 1 C). Moreover, the application of low concentrations of drugs that impair protein synthesis
or folding, such as the translation inhibitor hygromycin B or the
arginine analogue L-canavanine, resulted in a severe decline in
the viability of nacssb cells. The plating efficiency was also
decreased by several orders of magnitude as compared with
control cells of wild type (wt), nac, or ssb (Fig. 1 B). As reported earlier, cells lacking only SSB revealed slower growth
at 30°C in the presence or absence of drugs compared with wt
cells, whereas cells lacking NAC showed no growth impairment
(Fig. 1, B and C; Reimann et al., 1999; Kim and Craig, 2005).
Importantly, expression of wt NAC from a centromeric
plasmid fully complemented the phenotype of nacssb cells
back to the character of the ssb strain, whereas the expression of the NAC-RRK/AAA ribosome-binding mutant did not
(Fig. 1 B). This implies that the observed phenotype is specific
for NAC and critically depends on its ribosome association.
The growth deficiency and the synergistic phenotype of cells
lacking both NAC and SSB was reproducibly observed in another yeast background (Fig. 1 D) excluding clone- or strainspecific effects and suggesting general synthetic defects in the
absence of these ribosome-associated proteins. Moreover, to
confirm that the phenotype of nacssb cells is related to SSB
chaperone function in the triad, nac mutations were combined with a zuo mutation. This knockout combination resulted in similar synthetic defects as compared with nacssb
cells (Fig. S1 A). We also observed that cold sensitivity as well
as salt sensitivity was more pronounced in cells lacking SSB
and NAC, which is in contrast to cells lacking only SSB (unpublished data).
Thus, the synergistic growth defects of nacssb cells
reveal a genetic interaction between genes coding for NAC and
SSB, suggesting that the two ribosome-associated systems in
eukaryotes work in parallel or in partly overlapping pathways
during de novo protein folding. The data support a function of
NAC in protein biogenesis connected to the SSB–RAC chaperone system, and this function critically depends on the ribosome association of NAC.
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Figure 2. Aggregation of ribosomal proteins and ribosomal biogenesis factors in
cells lacking SSB and NAC. (A) Quantitative
preparation of aggregated material from wt
and chaperone mutant cells under steady-state
conditions. Cells were grown to logarithmic
phase in YPD media at 30°C, and after lysis,
aggregated material was isolated, separated
by SDS-PAGE, and visualized by Coomassie
staining. Black lines indicate that intervening
lanes have been spliced out. (bottom) Western
blotting revealed the aggregation of ribosomal
Rpl35 and quantification of aggregated material (given in percentages of total protein) using
ImageJ. Error bars indicate SD. (B) Isolated
insoluble material was treated with RNaseA or
DNaseI, separated via SDS-PAGE, and stained
with ethidium bromide (EtBr). (C) Ethidium
bromide–stained agarose gel showing the
extracted RNA from aggregates isolated from
wt and different mutant cells.
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although we cannot estimate the quantitative contribution of
ribosomal particles to the aggregated fractions.
Loss of SSB causes aggregation of
ribosomal proteins and biogenesis factors

Ribosomal proteins and biogenesis factors are highly abundant
proteins, which contain several complicated folds. We reasoned
that if these proteins are especially prone to aggregation in SSBdeficient cells, their solubility may also be affected by the loss
of other Hsp70s such as the cytosolic SSA proteins in yeast.
To test for this possibility, we investigated whether the
deletion of Sse1, either alone or in combination with NAC,
would cause aggregation of similar protein species. The yeast
Hsp110 chaperone Sse1 functions as a nucleotide exchange factor (NEF) for multiple Hsp70s, including the two ribosomeassociated SSBs and the four cytosolic Hsp70s, SSA1–4. Thus,
deletion of Sse1 decreases the activity of the entire cytosolic
Hsp70 network. It should be mentioned that although sse1
cells are viable as a result of overlapping functions of other
NEFs, the deletion of all four SSA genes is lethal in yeast and
thus cannot be directly investigated. Moreover, it is not known
to what extent Sse1 affects the SSB and SSA systems.
Aggregation analysis revealed the accumulation of insoluble proteins in cells lacking Sse1 compared with wt or nac
cells. Additional deletion of NAC genes caused enhanced protein aggregation in Sse1-deficient cells similar to its effect in
ssb cells (Fig. 3 B). This finding further supports a role for
NAC in the context of the Hsp70 chaperone network. The result
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nucleic acid signals in aggregate samples isolated from ssb and
nacssb cells (Fig. 2 B). Treatment with RNaseA completely
abolished staining, whereas treatment with DNaseI did not, suggesting that RNA was present in the aggregate fractions derived
from ssb and nacssb cells (Fig. 2 B). Isolation of RNA from
the insoluble fractions identified small RNA fragments (<100 bp)
specifically in ssb and nacssb samples (Fig. 2 C). The small
size of the RNA fragments, which most likely resulted from
shearing forces during the sonification steps of the aggregate
preparation, did not permit Northern blot analyses to further
characterize the RNA molecules. However, we applied the extracted RNA to a dot blot analysis using a digoxigenin-labeled
DNA probe directed against unprocessed 35S and 27S rRNA
and detected signals in the RNA samples extracted from ssb
and nacssb aggregates (Fig. S2 A). These results suggest that
ribosomal particles, including perhaps preribosomal species, are
present in the insoluble fractions of ssb and nacssb cells.
To exclude that ribosomal particles interact with aggregates and
therefore sediment nonspecifically in our aggregation analysis,
we mixed biotin-labeled ribosomes with lysates derived from
wt or mutant cells prior to isolation of the insoluble material.
Subsequently, the aggregate fractions were probed for the presence of biotin-tagged particles by Western blotting. No signals
of biotin-labeled ribosomes were detected in the aggregate fractions, whereas biotin-labeled ribosomes could be quantitatively
recovered by high speed centrifugation (Fig. S2, B–D). We conclude that ribosomal particles are specific components of the
insoluble fractions isolated from cells lacking SSB and NAC,
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Table I. Aggregated proteins isolated from nacssb cells and
identified by mass spectrometry

Table I. Aggregated proteins isolated from nacssb cells and
identified by mass spectrometry (Continued)

Protein

Protein

Score

Dbp8
Tif6
Rlp24
Nip7
Nop58
Chaperones/translation factor
Ydj1
Sis1
Hsp26
Cct8
Tef2

1,236
535
241
424
1,507

7,657
3,990
4,296
1,297
11,431
1,578
6,429
2,426
1,264
3,309
5,559
454
1,141
1,867
2,452
690
1,522
1,998
9,741
220
1,218
4,587
1,938
835
7,919
2,472
2,468
1,409
2,472
18,101
2,706
2,976
540
1,279
1,167
1,084
1,445
6,024
891
15,619
6,528
804
1,027
2,853
1,081
5,598
2,031
3,228
622
2,183
4,601
286
382
962

1,858
221
385
809
16,707

corresponded with an observed slow growth phenotype of
nacsse1 cells compared with sse1 or nac cells and the
complementation of this growth defect by expression of the
NEF Fes1 from a plasmid (Fig. 3 A). Strikingly, the pattern of
aggregation-prone proteins isolated from sse1 and nacsse1
cells was clearly distinct from the aggregated species isolated
from nacssb (compare Fig. 2 A with Fig. 3 B), suggesting
that SSB and SSA chaperones have a different client repertoire and the aggregates of sse1 cells represent a mixture of
both. By mass spectrometry, we identified 13 proteins, which
appeared as discrete bands in the aggregated fractions after
SDS-PAGE. Three of them, Rpl3, Rps3, and Tef2, were prone
to aggregate in both cells lacking SSB or Sse1 and, thus, may
represent SSB substrates that are highly sensitive to a decreased
SSB activity. In contrast, other proteins, including enzymes
such as G6PDH (glucose-6-phosphate dehydrogenase) or pyruvate kinase, were only detected in cells lacking Sse1 and NAC
and thus may represent substrates for the SSA system. Because
the detected spectrum of aggregation-prone proteins in Sse1deficient cells is unique compared with SSB-deficient cells,
we conclude that the aggregation of ribosomal proteins and
ribosomal biogenesis factors is highly specific for the loss of the
ribosome-associated SSB system.
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Ribosomal proteins 40S
Rps1
Rps3
Rps4
Rps5
Rps6
Rps7
Rps8
Rps9
Rps10
Rps11
Rps13
Rps15
Rps16
Rps17
Rps18
Rps19
Rps20
Rps23
Rps24
Rps25
Rps26
Rps30
Ribosomal proteins 60S
Rpl1
Rpl2
Rpl3
Rpl4
Rpl6
Rpl7
Rpl8
Rpl9
Rpl10
Rpl11
Rpl12
Rpl13
Rpl14
Rpl15
Rpl16
Rpl17
Rpl18
Rpl19
Rpl21
Rpl23
Rpl25
Rpl26
Rpl27
Rpl28
Rpl30
Rpl32
Rpl34
Rpl35
Rpl38
Rpl43
Ribosomal biogenesis factors
Nog1
Dbp3

Score

Loss of SSB and NAC functions leads to
decreased levels of ribosomal subunits and
translating ribosomes

We next examined whether the loss of SSB and NAC had any
consequences on the level of ribosomes and translation. To this
end, we compared the ribosomal profiles from wt cells with the
profiles from cells lacking NAC and SSB. Total cell lysates
were separated on a sucrose gradient using ultracentrifugation,
and the resulting ribosomal profile characteristics of the gradient were measured at 254 nm. The peak heights as detected by
A254 nm could be used as sensitive indicators of the levels of each
ribosomal species because equal absorption units of the samples
were loaded. As evident from the ribosomal profile (Fig. 4 A),
the absence of SSB and, more significantly, the simultaneous
loss of SSB and NAC had severe consequences on the ribosomal species found in the cytosol of these cells. We detected a
strong reduction of the 80S and polysome peaks in ssb cells,
Functions of ribosome-associated chaperones • Koplin et al.
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SSB and NAC control ribosome biogenesis

Figure 3. Analysis of growth and protein aggregation in cells lacking
Sse1 and NAC. (A) Serial dilutions of wt and mutant cells were spotted on
plates containing synthetic medium without Uracil for plasmid selection.
Cells either carried the empty vector (control) or were transformed with a
2 µ vector encoding Fes1 as indicated. (B) Quantitative preparation of aggregated material from wt and chaperone mutant cells. Cells were grown
to logarithmic phase in YPD media at 30°C, and after lysis, aggregated
material was isolated, separated by SDS-PAGE, and visualized by Coomassie staining. 15 µg protein of total lysate (left) and isolated aggregated
proteins (right) were loaded. Aggregated proteins identified by mass spectrometry analysis are indicated.

which was even more pronounced in nacssb cells, indicating
that cells lacking SSB and NAC have a reduced translational
activity (Fig. 4 A). Quantification of integrated peak areas of the
ribosome profiles confirmed a severe decrease in the total ribosome level, including the reduction of the polysome moieties in
cells lacking SSB and NAC (Fig. 4 C). Moreover, in ssb cells,
and more distinctly in nacssb cells, the formation of ribosomal
half-mers was visible by a shoulder in the 80S and polysome
peaks (Fig. 4 A, arrows). Ribosomal half-mers represent ribosomal species with an uncomplexed 40S portion. Such species are
frequently observed in cells with defects in ribosome biogenesis,
causing an impaired balance of 60S and 40S ribosomal subunits
(Basu et al., 2001; Sydorskyy et al., 2003). We also investigated
the ribosomal profiles of sse1 and nacsse1 cells and found
reduced polysome peaks; however, this effect was less apparent
compared with ssb and nacssb cells because deletion of SSE1
causes only partial deprivation of SSB function (Fig. S3).
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To investigate a potential role of SSB and NAC in ribosome
biogenesis more closely, we introduced a plasmid in wt and
mutant cells expressing GFP-tagged ribosomal protein Rpl25.
(Fig. 5 A). In wt and nac cells, GFP-L25 was incorporated into
mature ribosomes, and therefore, the majority of the fluorescence signal was found in the cytoplasm. Only very few wt (2%)
and nac (5%) cells revealed a nuclear staining, which is in
agreement with earlier data (Hurt et al., 1999). In contrast, ssb
and nacssb mutant cells showed strong nuclear accumulation
of L25-GFP in 19% and 28% of GFP-positive cells, respectively. This result suggests a defect in L25 incorporation into
mature 60S ribosomal particles in ssb and even more distinct
in nacssb cells and emphasizes a role of SSB and NAC
in ribosome production. Interestingly, we observed punctate
Rpl25-GFP signals in the DAPI-stained area of the nucleus for
ssb and nacssb cells compared with wt, which might reflect
aggregates in or close to the nucleus (Fig. 5 A).
Recently, another yeast ribosome-associated chaperone,
the Hsp40 Jjj1, was shown to be specifically involved in ribosome biogenesis but not in protein folding. Jjj1 acts on the
release of shuttling biogenesis factors from the pre-60S particle
in the cytosol, thereby promoting maturation of 60S subunits
and allowing efficient nucleocytoplasmic recycling of biogenesis
factors (Demoinet et al., 2007; Meyer et al., 2007). This
prompted us to test for the combined deletions of the JJJ1 gene
with SSB1 and SSB2 genes (ssb), but initial attempts to generate this triple knockout failed. Therefore, we first introduced a
URA3-based plasmid expressing Ssb1 in ssb cells and subsequently introduced the genomic JJJ1 deletion. Ssbjjj1 cells
expressing Ssb1 from a plasmid under its authentic promoter
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Next, we treated the lysate with EDTA before loading on
sucrose gradients to dissociate 80S and polysomes into their
subunits, which allowed us to monitor the total levels of 40S
and 60S subunits in mutant and wt cells (Fig. 4 B). As evident
by the changes in the peak heights, cells lacking SSB revealed a
pronounced decrease in both 40S and 60S subunit levels. Again,
the additional loss of NAC considerably aggravated this defect,
whereas loss of NAC alone had only little impact on the levels
of ribosomal subunits. Quantification of the total amount of 60S
particles in wt and mutant cells by Western blotting with antibodies directed against the large ribosomal protein Rpl25 confirmed that the total amount of 60S particles was decreased by
>50% in nacssb cells compared with wt (Fig. 4 D). To test
whether an enhanced turnover of ribosomal proteins may contribute to the deficit of 60S particles, we performed a cycloheximide inhibition experiment of exponentially growing wt and
mutant cells and analyzed the decay of Rpl25. Although the
total level of Rpl25 was lower in nacssb cells compared with
wt, no enhanced decay of this ribosomal protein was detected
(Fig. 4 E). Therefore, we assume that SSB and NAC do not
affect the turnover of ribosomal proteins but rather modulate
production and assembly of ribosomal components. Furthermore, we conclude that the loss of SSB and NAC reduces the
levels of ribosomal particles and consequently the amount of
actively translating ribosomes.

Published April 5, 2010

were viable at 30°C on selective media, which is comparable
with cells lacking only SSB or Jjj1 (Fig. 5 B). In contrast, loss
of the Ssb1-encoding plasmid by 5-FOA treatment caused synthetic lethality of cells deleted for both SSB and Jjj1, whereas
cells lacking individual chaperones remained viable after the
plasmid loss. We conclude from these data that SSB and Jjj1
work in distinct pathways during the production of ribosomes,
and the combined loss of both activities causes cell death as a
result of the destructive impairment in ribosome biogenesis.

Discussion

Figure 4. Ribosomal profiles reveal a stoichiometric imbalance in 60S to
40S subunit ratio and the formation of half-mer ribosomes in cells lacking
SSB and NAC. (A) Lysates of indicated wt and mutant yeast cells were
prepared, and eight A260 units were loaded on 15–45% linear sucrose
gradients to fractionate cytosolic and ribosomal particles after centrifugation
by readout at A254. The distribution of cytosolic (sol.) and diverse ribosomal
fractions in the gradient is indicated below the profile of the wt. Arrows
in the profiles of nacssb cells indicate the shoulder in the 80S and
polysomal peaks as a result of the formation of ribosomal half-mers. Profiles are representative for three independent runs. (B) Profiles of dissociated
ribosomes showing 40S and 60S ribosomal subunits. (C) Quantification
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Our results provide the first in vivo evidence that NAC is functionally connected to the Hsp70 chaperone network. NAC
genetically interacts and functionally collaborates with SSB–RAC
and Sse1 in the folding of newly synthesized proteins. Moreover, we discovered a second and novel function of SSB–RAC
and NAC in regulating the abundance of ribosomal particles,
suggesting an important role for these ribosome-associated
systems in the biogenesis of ribosomes.
The finding that NAC associates with ribosomes and
interacts with the nascent chain previously evoked the hypothesis that this complex might be involved in cotranslational folding processes (Bukau et al., 2000; Frydman, 2001; Hartl and
Hayer-Hartl, 2002). However, this assumption was contentious
for quite some time because of the lack of any in vivo phenotype correlated with protein folding or chaperone networks. In
this study, we now provide in vivo evidence that NAC is functionally connected to the chaperone network that assists the
folding of newly synthesized proteins in the eukaryotic cytosol.
Deletion of NAC alone has no detectable consequences for the
growth of yeast cells or the de novo folding of newly synthesized proteins. In contrast, deletion of NAC in the absence of
the Hsp70 chaperone SSB or any other member of this Hsp70/40
chaperone system impaired growth at 30°C and resulted in a severe drop of cell viability on plates containing hygromycin B
or L-canavanine. Additionally, the double mutant showed enhanced aggregation of newly synthesized proteins (Fig. 1 E).
Thus, the phenotype of NAC becomes apparent only in absence
of SSB–RAC, suggesting that NAC and the Hsp70/40 system
work in overlapping or parallel pathways during protein folding
and are able to functionally collaborate with each other. The fact
that only ribosome-associated NAC can complement the phenotype, but not a NAC mutant deficient in ribosomal attachment,
demonstrates that NAC cooperates with SSB–RAC exclusively
on ribosomes (Fig. 1, B and D). In the absence of NAC, the
of the peak areas of ribosomal profiles shown in A (top) using the program
Fityk, and the portion of polysomes in total ribosomal particles given as
the ratio of polysomes versus total ribosomes (bottom). (D) Loss of SSB
and NAC reduces the level of 60S ribosomal particles. Quantification of
60S ribosomal particles by Western blot analysis of ribosomal protein
Rpl25 using similar OD600 of cells for subsequent immunodetection (top)
and quantification of Rpl25 protein (bottom). Wt level was set to 100%.
Western blotting against cytosolic G6PDH served as loading control. Error
bars indicate SD. (E) Decay of 60S ribosomal particles after cycloheximide
(Chx) treatment was followed over 10 h by Western blotting against the
60S ribosomal protein Rpl25 (top), and quantification is shown (bottom).
G6PDH served as loading control.
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function of SSB–RAC is sufficient to serve as a potent backup
system. The finding that NAC contributes to the chaperone network was further emphasized by the genetic interaction suggested by the deletions of genes coding for NAC and Sse1, an
NEF regulating both the SSB and SSA types of Hsp70s in the
yeast cytosol.
How may NAC contribute to the folding of newly synthesized proteins? According to independent cross-linking studies,
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Figure 5. Involvement of SSB and NAC in ribosomal biogenesis. (A, top)
Expression of Rpl25-GFP in wt and mutant cells. Nac and nacssb
deletion strains show accumulation of the nuclear Rpl25-GFP signal. (bottom)
The localization of Rpl25-GFP signal in cells was visualized by fluores
cence and differential interference contrast (DIC) microscopy. (middle) DAPI
was used to visualize nuclei. Bars, 2 µm. (B) SSB genetically interacts with
Jjj1. The triple ssb1 ssb2 jjj1 mutants (clone #1; #2) carrying the wt
versions of the SSB1 gene on a URA3-based plasmid were streaked on
SC-URA and 5-FOA plates and incubated for 5 d at 30°C. The ssb mutant
carrying SSB1 wt gene on the plasmid and jjj1 mutant containing empty
vector served as controls.

it is known that NAC acts very early on nascent polypeptides
with a length of 17 amino acids in vitro, whereas SSB
cross-links to nascent chains of a length of 58 amino acids,
suggesting that NAC may act first, albeit comparative crosslinking studies have not been performed yet (Wang et al., 1995;
Pfund et al., 2001). Moreover, it has been demonstrated that
NAC protects nascent chains against proteolytic attack (Wang
et al., 1995). Such a protective function as described for NAC
may promote the efficient interaction of newly synthesized
proteins with the ribosome-associated SSB–RAC chaperone
system as well as with downstream-acting chaperones of the
SSA type. Whether NAC itself displays a canonical chaperoning function with the capacity to prevent aggregation and to
promote folding of unfolded proteins awaits further detailed
biochemical analysis.
The most intriguing new finding of this study is that the
loss of ribosome-associated chaperones SSB and NAC strongly
affected the levels of ribosomal subunits and translating ribosomes, which is likely the result of a defect in ribosome biogenesis. Deletion of SSB alone already caused a pronounced
reduction of ribosomal particles; however, this defect was enhanced in the absence of NAC, suggesting a collaborative action
of both chaperones for this function as well. A role of SSB and
NAC in ribosome biogenesis is supported by several different
lines of evidence: (a) ribosomal proteins together with some
ribosomal biogenesis factors and RNA are major constituents of
the aggregates isolated from nacssb cells, (b) ribosomal profiling and Western blot analysis revealed significantly decreased
levels of 60S and 40S subunits, the formation of ribosomal halfmers, and a severe drop in actively translating 80S moiety and
polysomes. Moreover, (c) cells lacking SSB and NAC accumulate ribosomal L25-GFP in the nucleus, and finally, (d) the combined deletion of SSB and Jjj1, which is described to have an
active role in late steps of ribosome biogenesis of the 60S
subunit, caused cell death (Demoinet et al., 2007; Meyer et al.,
2007). Interestingly, recent work by Sahi and Craig (2007)
showed that overexpression of Jjj1 can in part complement the
phenotype of a zuo deletion strain. They also showed that
Hsp40 Jjj1 does stimulate the ATPase activity of SSA but not
of SSB, which suggests that the Jjj1–SSA and SSB–RAC chaperone systems operate as defined chaperone systems in ribosomal biogenesis.
What might be the mechanistic basis for the role of SSB
and NAC in ribosome biogenesis? Different models are plausible, which are not mutually exclusive. Our finding that ribosomal biogenesis factors and ribosomal proteins, which are
required for the biogenesis of the small and large subunits, are
constituents of the aggregates that accumulate in nacssb cells
suggests that these ribosome biogenesis factors and proteins are
among the major clients of SSB and NAC (Fig. 6). SSB and
NAC may bind to ribosomal client proteins immediately upon
their synthesis to prevent misfolding and perhaps even accompany these aggregation-prone proteins until they are engaged in
ribosome assembly. Loss of SSB and NAC hampers de novo
folding and activity of ribosomal proteins and biogenesis
factors, thereby leading to a deficiency in the production of
ribosomal particles (Fig. 6). Thus, the function of SSB and NAC
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Figure 6. Model indicating that NAC and
SSB–RAC link chaperone-assisted de novo protein folding with the production of ribosomes.
NAC (yellow/red) and SSB–RAC (pink/
green) associate with ribosomes and contact
nascent polypeptides during synthesis to assist de novo protein folding. Some ribosome
biogenesis factors and ribosomal proteins are
among the potential client proteins, which
particularly rely on NAC and SSB to fold into
their active conformations and to support the
assembly of ribosomal subunits. Moreover,
NAC and SSB–RAC bind to ribosomes in a
dynamic manner and may also directly contribute to the maturation of ribosomal subunits
during ribosome biogenesis. The dual function
of NAC and SSB–RAC in ribosome production and chaperone-assisted protein folding
aligns ribosome production and protein synthesis with the folding capacity of ribosomeassociated chaperones.

kinase network. The authors suggested that SSB, by an unknown mechanism, keeps SNF1 kinase in a dephosphorylated
state in the presence of high glucose levels. Because phosphorylated SNF1 kinase negatively regulates transcription of ribosomal components, the loss of SSB may cause enhanced SNF1
phosphorylation, thereby reducing ribosome production indirectly at the transcriptional level. However, we found no difference in SNF1 phosphorylation in ssb and nacssb cells
compared with wt cells, and all strains responded similarly well
to low glucose levels leading to enhanced SNF1 phosphorylation (Fig. S1 B). Thus, the global defect in ribosome biogenesis
in cells lacking SSB and NAC detected in this study is not
primarily caused by a dysfunction of SNF1 dephosphorylation
under the growth conditions used in our analysis. It may well be
that the different yeast strain backgrounds used by von Plehwe
et al. (2009) and in our study may account for the variations in
SNF1 signaling.
Cells lacking both ribosome-associated systems are viable
under normal growth conditions but show slow growth accompanied by misfolding and aggregation of 2% of newly synthesized protein. However, very low concentrations of drugs that
interfere with protein synthesis or folding caused lethality in
cells lacking SSB and NAC, emphasizing the profound impact
of these ribosome-associated chaperones on cell physiology
and cell viability.
Interestingly, the loss of SSB and NAC did not provoke
the induction of a heat shock response at permissive temperature (Fig. S1 B). Loss of SSB and NAC does, however, cause
a severe decrease in the amount of ribosomal particles and,
consequently, a decrease in the level of translating ribosomes.
Ribosome production is one of the most energy-consuming processes in cells and is assumed to be tightly regulated by multiple
environmental and physiological cues. This study describes a
new cellular link between ribosome production and the function of ribosome-associated chaperone systems (Fig. 6). This
link puts forward the attractive concept that the level of ribosome production for protein synthesis can be matched with
the protein-folding capacity of ribosome-associated chaperones.
We speculate that the adjusted level of actively translating ribosomes in cells lacking SSB and NAC may allow cells to cope
Functions of ribosome-associated chaperones • Koplin et al.
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in chaperoning nascent chains of ribosomal proteins and biogenesis factors would directly translate into consequences for
ribosome biogenesis. Such a scenario would explain all defects
observed in nacssb cells, including the finding that the level
of both subunits is decreased in these chaperone-deficient cells.
Interestingly, a recent study suggests that the N-terminal ubiquitin moiety of the ribosomal protein Rps31 serves a role as
chaperone to facilitate the correct folding and assembly of
Rps31 into 40S particles (Lacombe et al., 2009). Besides Rps31,
another ribosomal protein, Rpl40, is fused to a ubiquitin moiety
in yeast. Remarkably, both proteins were not found among the
major aggregation-prone species identified in the aggregation
analysis of nacssb cells. Moreover, a very similar finding
was recently described for the ribosome-associated chaperone
trigger factor in bacteria. Trigger factor was suggested to bind
to newly synthesized ribosomal proteins and thereby to facilitate the biogenesis of ribosomal complexes (Martinez-Hackert
and Hendrickson, 2009).
Another possibility is that SSB–RAC and NAC display
prime functions in ribosome biogenesis distinct from their
chaperone function for nascent polypeptides. It is assumed that
SSB–RAC and NAC bind transiently to ribosomes and cycle on
and off the translation machinery (Fig. 6). This would allow
them to serve other functions in the cell as well, e.g., promoting
a distinct step of ribosome assembly before the particles are
activated for translation. Interestingly, the aggregates isolated
from cells lacking SSB and NAC contain several nuclear ribosome biogenesis factors (e.g., Dbp3, Dbp8, and Nog1) and perhaps premature nuclear 35S and/or 27S rRNA, which indicates
that some of the aggregates originate from the nucleus. This
finding, together with the observation that Rpl25-GFP accumulates in the nucleus of nacssb, suggests that the loss of SSB
and NAC causes defects already during early steps of ribosome
biogenesis in the nucleolus. Indeed, a study in this issue by
Albanèse et al. provides evidence for a role of SSB–RAC in
assisting ribosome biogenesis in the nucleus.
Finally, SSB and NAC might contribute to the regulation
of ribosomal particles at the transcriptional level. During preparation of this manuscript, von Plehwe et al. (2009) reported
about the involvement of SSB in glucose signaling via the SNF1
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with the loss of chaperone function and thereby reestablish
protein homeostasis unless additional stress is applied (e.g., by
drugs interfering with protein folding). How SSB and NAC may
act as sensors for the folding capacity of the cell and how they
probe ribosome production accordingly awaits further analysis.

Materials and methods

Isolation of aggregated proteins and identification by mass spectrometry
50 OD600 units of logarithmically growing cells in YPD medium were
harvested, and cell pellets were frozen in liquid N2. For preparation
of cell lysates, the pellets were resuspended in lysis buffer (20 mM
Na-phosphate, pH 6.8, 10 mM DTT, 1 mM EDTA, 0.1% Tween, 1 mM
PMSF, protease inhibitor cocktail [Roche], 3 mg/ml zymolyase T20, and
1.25 U/ml benzonase) and incubated at room temperature for 20 min.
Chilled samples were treated by tip sonication (Branson; eight times at
level 4 and duty cycle 50%) and centrifuged for 20 min at 200 g at 4°C.
Supernatants were adjusted to identical protein concentrations, and aggregated proteins were pelleted at 16,000 g for 20 min at 4°C. After
removing supernatants, aggregated proteins were washed twice with
2% NP-40 (in 20 mM Na-phosphate, pH 6.8, 1 mM PMSF, and protease
inhibitor cocktail), sonicated (six times at level 4 and duty cycle 50%),
and centrifuged at 16,000 g for 20 min at 4°C. Aggregated proteins
were washed in NP-40–deficient buffer (sonication, four times at level 2
and duty cycle 65%), boiled in SDS sample buffer, separated by SDSPAGE (14%), and analyzed by Coomassie staining. Experiments were
performed at least three times with similar results. Identification of isolated aggregates by mass spectrometry was performed according to
previously described protocols (Kramer et al., 2002; Wegrzyn et al.,
2006). For significant protein identification, a score threshold of 200
was chosen.
For radioactive labeling of newly synthesized proteins, cells were
starved for 1 h in methionine-free SC medium. The cells were labeled
with 20 µCi/ml [35S]methionine for 1 min, chilled quickly, and treated with
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Preparation of yeast extracts and ribosomal profiling
Yeast cells were grown at 30°C in YPD media to an OD600 of 0.8–1,
rapidly chilled on ice, and harvested in the presence of 100 µg/ml cycloheximide to stabilize translating ribosomes. Preparation of cell extract was
performed by glass bead disruption in lysis buffer (25 mM Tris-HCl,
pH 7.5, 40 mM KCl, 7.5 mM MgCl2, 100 µg/ml cycloheximide, 1 mM DTT,
1 mM PMSF, and protease inhibitor cocktail). After disruption of the cells,
Triton X-100 and sodium deoxycholate were added to a final volume of
0.25% each. Eight units of A260nm of each lysate were loaded onto an 11 ml
15–45% linear sucrose gradient prepared in lysis buffer (Gradient
Master; Biocomp Instruments) and centrifuged for 2 h at 39,000 rpm in a
rotor (TH-641; Sorvall) at 4°C. Gradients were fractionated from top to
bottom with a density gradient fractionator (Teledyne Isco, Inc.), and A254
was monitored to detect cytosolic fraction, ribosomal subunits, monosomes,
and polysomes. Data were recorded and processed with PeakTrak V1.1
(Teledyne Isco, Inc.). Experiments were performed at least three times with
similar results.
Antibodies, Western blot analysis, and quantification
Rabbit polyclonal antibodies were raised against purified Ssa1p, Ssb1p,
Zuo1p, and the NAC complex. Production of antibodies against ribosomal yeast Rpl25 (L25 corresponding to L23 in bacteria) and yeast
Rpl35 (L35, corresponding to L25 in bacteria) were described previously
(Kramer et al., 2002; Rauch et al., 2005). Hsp104 antibody was provided by B. Bukau, and antiserum recognizing G6PDH was obtained
from Sigma-Aldrich. Protein samples separated via SDS-PAGE were transferred and immobilized onto nitrocellulose membrane (GE Healthcare).
For detection, different dilutions of primary antibodies were applied
(anti-SSA, 1:50,000; anti-Hsp104, 1:20,000; anti-SSB, -Zuo, -NAC, -L35,
and -G6PDH, 1:10,000; and anti-L25, 1:5,000). For detection of primary antibodies, fluorescence-labeled secondary antibodies (DY-682;
Dyomics) were applied and visualized with the FLA-9000 system (Fujifilm).
Densitometric analysis of pixel intensities was performed using ImageJ
(National Institutes of Health). Experiments were performed at least
three times.
Microscopy
The plasmid Rpl25-GFP was transformed into the desired strain backgrounds, and the transformants were grown in SC-URA medium until OD600
was 0.3–0.5. For DNA staining, DAPI was added to the cell suspension
at a final concentration of 100 µg/ml. Cells were visualized on a microscope (37081 Visitron Systems; Carl Zeiss, Inc.) fitted with a 100× Plan
Apochromat oil objective, and fluorescence was observed using standard
FITC and DAPI filter sets at room temperature and PBS, pH 7.4, as imaging
medium. For each strain, at least 200 GFP-positive cells were analyzed for
cytoplasmic or nuclear accumulation of L25-GFP. Pictures were taken with
Spot Pursuit (model 23.0), and 1.4 MP Monochrome without irradiation
and Visitron Systems were used as acquisition software.
Cycloheximide decay analysis
Cells were grown at 30°C to logarithmic phase in YPD medium. 200 µg/ml
cycloheximide was added to stop protein synthesis, and cells were
harvested at the indicated time points. Cell extracts derived from similar
cell numbers were prepared by standard alkaline lysis and subjected to
SDS-PAGE and Western blotting.
RNA extraction from aggregates and dot blot analysis
Aggregates from the different yeast mutants were used to isolate RNA
according to the protocol described previously (Chomczynski and Sacchi,
1987). For dot blot analysis, 3 µl isolated RNA was spotted on a positively
charged nylon membrane and cross-linked for 2 min under UV light. The
probe to detect the 27S + 35.5 rRNA was labeled with digoxigenin using
the PCR DIG Probe Synthesis kit (Roche) according to the manufacturer’s
instructions. The digoxigenin-labeled probe has a size of 232 bp and
anneals with the 27S rRNA, the unprocessed variant of the 25S and
5.8S rRNA (corresponding to region of nucleotides 3,020–3,251 of the
35S rRNA). The membranes were hybridized over night at 50°C according
to the protocol of the DIG Northern Blot Starter kit (Roche). Signals were
detected with the antidigoxigenin antibody coupled to alkaline phosphatase (Roche) and the AP chemiluminescence substrate (Millipore) and visualized using the LAS 3000 (Fujifilm).
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Strains, plasmids, and growth conditions
wt and single knockout cells were obtained from BY series of the EURO
SCARF strain collection (Brachmann et al., 1998) or derivatives of the strain
74-D694 (Table S1; Bailleul et al., 1999). Additional gene disruptions in
these backgrounds were generated by direct replacement of the appropriate coding regions with the His3MX6 cassette (Longtine et al., 1998), the
NatMX4 cassette (Goldstein and McCusker, 1999), and the ble and LEU2
cassette (Güldener et al., 2004). The correct insertion of the marker cassettes was confirmed by PCR from genomic DNA and by Western analysis with antibodies directed against the proteins encoded by the genes
targeted by mutagenesis. Standard yeast protocols were used for transformations (Guthrie and Fink, 2004). The sse1 strain is from BY series of the
EUROSCARF (MATa, his3, leu2, met15, ura3, and sse1::kanMX4), and
nacsse1 (MATa; met15; ura3; sse1::kanMX4; egd1::HIS3; egd2::LEU2;
btt1::ble) is a derivative thereof.
NAC-wt and NAC-RRK/AAA-encoding plasmids were generated by
cloning a PCR-amplified EGD2 (derived from yeast genomic DNA, including endogenous promoter and terminator regions) into pRS316-EGD1-wt
and pRS316-EGD1-RRK/AAA, respectively (Wegrzyn et al., 2006).
For the generation of the ssb1 ssb2 jjj1 triple-deletion strain,
JJJ1 was knocked out by the LEU2 cassette carrying the flanking regions of
the JJJ1 gene in the ssb1 ssb2 deletion strain containing the plasmid
(pSSB) expressing wt SSB1. Mutant cells were checked by PCR, and two
positive clones (#1 and #2) were streaked on SC-URA and 5-FOA plates
(final concentration of 5-FOA was 1 mg/ml) to select for loss of the URA3
cassette. Additionally, the plasmid with URA3 marker containing SSB1, wt
versions, and empty vector was transformed into the ssb1 ssb2 double
mutant and the jjj1 single-deletion strain and transformants were streaked
on SC-URA and 5-FOA plates.
The plasmid used for GFP experiments was made by PCR fusion
of the GFP via a linker (GASG) to the C-terminal end of the genomic
RPL25 fragment and ligated into the vector backbone (pRS426). The
RPL25 gene of the resulting plasmid (Rpl25-GFP) was expressed from its
native promoter.
Unless otherwise indicated, yeast cells were grown at 30°C in YPD
(1% yeast extract, 2% peptone, and 2% dextrose) or defined synthetic
complete (SC) media (6.7 g/liter YNB, 0.79 g/liter CSM mix, and 2%
dextrose). Analysis of cell growth was performed at least three times.

300 µg/ml cycloheximide to stop protein translation. 35S-labeled aggregates were isolated, separated via SDS-PAGE, and visualized by autoradiography in FLA-9000 (Fujifilm).
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Purification and biotin labeling of ribosomes
For ribosome preparation, wt yeast cells were grown in 2 liters YPD to
OD600 = 0.8 at 30°C and harvested. The cells were resuspended in CSB
(300 mM sorbitol, 20 mM Hepes-KOH, pH 7.5, 1 mM EGTA, 5 mM
MgCl2, 10 mM KCl, 10% glycerol, and 2 mM -mercaptoethanol) supplemented with 1 mM PMSF and protease inhibitor cocktail and lysed by
French press. The lysate was cleared (30,000 g for 30 min) and layered
on top of two volumes of a 20% (wt/vol) sucrose cushion in CSB without
sorbitol containing 1 M KCl. The ribosomes were sedimented for 4 h at
200,000 g, resuspended in 4 ml CSB, and sucrose cushion centrifugation
was repeated. The high salt–washed ribosomal pellet was resuspended
in RB (20 mM Hepes-KOH, pH 7.5, 50 mM KCl, 6 mM MgCl2, and
1 mM DTT).
For the biotinylation, 400 µl yeast ribosomes in RB were labeled
with 5.8 µl NHS chromogenic biotin (EZ-Link; 12.33 µM in dimethylformamide; Thermo Fisher Scientific) for 70 min at room temperature. The excess of biotin was removed by gel filtration on a Zeba Desalt Spin column
(2 ml; Thermo Fisher Scientific) equilibrated with RB, and labeled ribosomes
were recovered by sedimentation for 50 min at 200,000 g. Ribosomes
were resuspended in 400 µl RB, and aliquots were frozen in liquid N2 prior
to storage.

Online supplemental material
Fig. S1 shows the synthetic growth defect of cells deleted for zuotin and
NAC, analysis of the heat shock response in cells lacking SSB and NAC,
and phosphorylation of SNF1 in cells lacking SSB and NAC. Fig. S2 shows
the dot blot analysis of RNA prepared from aggregates of chaperonedeficient cells and the analysis of biotin-labeled ribosomes, which do
not cosediment with aggregates. Fig. S3 shows the ribosome profiles
of Sse1-deficient cells. Table S1 lists details about yeast strains used in
this study. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200910074/DC1.
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Abstract
Background: Highly repetitive nucleotide sequences are commonly found in nature e.g. in telomeres, microsatellite
DNA, polyadenine (poly(A)) tails of eukaryotic messenger RNA as well as in several inherited human disorders linked to
trinucleotide repeat expansions in the genome. Therefore, studying repetitive sequences is of biological, biotechnological
and medical relevance. However, cloning of such repetitive DNA sequences is challenging because specific PCR-based
amplification is hampered by the lack of unique primer binding sites resulting in unspecific products.
Results: For the PCR-free generation of repetitive DNA sequences we used antiparallel oligonucleotides flanked by
restriction sites of Type IIS endonucleases. The arrangement of recognition sites allowed for stepwise and seamless
elongation of repetitive sequences. This facilitated the assembly of repetitive DNA segments and open reading
frames encoding polypeptides with periodic amino acid sequences of any desired length. By this strategy we
cloned a series of polyglutamine encoding sequences as well as highly repetitive polyadenine tracts. Such
repetitive sequences can be used for diverse biotechnological applications. As an example, the polyglutamine
sequences were expressed as His6-SUMO fusion proteins in Escherichia coli cells to study their aggregation behavior
in vitro. The His6-SUMO moiety enabled affinity purification of the polyglutamine proteins, increased their solubility,
and allowed controlled induction of the aggregation process. We successfully purified the fusions proteins and
provide an example for their applicability in filter retardation assays.
Conclusion: Our seamless cloning strategy is PCR-free and allows the directed and efficient generation of highly
repetitive DNA sequences of defined lengths by simple standard cloning procedures.

Background
Expansions of DNA repeat sequences are associated with
many inherited neurodegenerative diseases [1-3]. One of
the best-studied examples for a trinucleotide expansion
disease is the neurological disorder Huntington’s chorea,
where the accumulation of CAG triplets within the first
exon of the gene encoding the Huntingtin (Htt) protein
leads to an elongated polyglutamine (Poly-Q) stretch in
the polypeptide. It has been shown that more than 36
consecutive glutamine residues are pathogenic as they
promote Htt aggregation into amyloid-like fibrils [4]. The
translation product of the first exon of the htt gene was
previously used to study the aggregation behavior of
Poly-Q proteins in vitro [5]. In order to investigate the
* Correspondence: elke.deuerling@uni-konstanz.de
† Contributed equally
1
Molecular Microbiology, Department of Biology, University of Konstanz,
78457 Konstanz, Germany
Full list of author information is available at the end of the article

influence of the length of the Poly-Q stretch on aggregation kinetics, we wanted to clone reporter constructs
containing defined numbers of glutamine residues. We
developed a PCR-free cloning strategy allowing us to create repetitive DNA sequences encoding glutamine
stretches of defined length. These sequences were used
to generate improved constructs for filter retardation
assays to study Huntingtin aggregation in vitro.
Several methods have been described for cloning long
DNA repeat tracts. However, most of them include PCRbased amplification steps, generate imperfect repeats, or
result in a pool of clones that differ in the number of
repeats [6-13]. As a consequence, additional effort is
required to identify and isolate clones with the desired
length of nucleotide repeats. Therefore, we developed a
simple multi-cycle cloning strategy using synthetic oligonucleotides and Type IIS restriction endonucleases to
engineer highly repetitive DNA fragments. Our approach
is PCR-free and generates exclusively clones carrying the

© 2011 Scior et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
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desired length of repeat sequences in each step. Moreover, it is not only suitable to multiply the length of existing repetitive sequences but also to vary the number of
inserted repeats in every elongation cycle. Finally, we can
easily recombine constructs of the same or different
repeat lengths to accelerate the construction of the
desired number of repeats.

Results and discussion
Type IIS restriction endonucleases cut DNA at defined
distances outside their recognition site [14]. Thus, these
enzymes allow the generation of single-stranded DNA
overhangs of any desired sequence. The arrangement of
inward facing Type IIS recognition sites at the ends of
DNA fragments facilitates their fusion without incorporation of extraneous nucleotides. Therefore, such enzymes
are widely used in DNA shuffling or seamless cloning
strategies to construct synthetic genes and artificial protein polymers [15-19]. Based on this approach, we
designed double-stranded oligonucleotides containing a
defined number of central glutamine-encoding CAG and
CAA triplets (Q-block) arranged in a non-regular fashion
(Figure 1A). We decided on this approach because it has
been shown previously that interruption of perfect CAG
repeats by CAA triplets improves the stability of Poly-Q
encoding sequences in E. coli [12]. The central triplet
repeats were flanked by non-repetitive sequences that
have two important functions: First, they ensure the specific annealing of the oligonucleotides, and secondly, they
comprise two inward directed Type IIS restriction sites
(BsaI and BsmBI) and a Type IIP restriction site (SacI).
The Type IIS sites were designed to result in cuts within
the repetitive sequence and to produce compatible DNA
overhangs allowing for seamless elongation of the Poly-Q
encoding sequence (Figure 1A and 1B). In our strategy,
the BsaI and SacI restriction sites of the Q-block oligonucleotides are used to elongate a pre-existing Q-block on a
plasmid digested with BsmBI and SacI (Figure 1C, lower
panel). Importantly, the inward facing BsmBI site on the
last introduced oligonucleotide remains intact upon ligation and is available for further insertions. Therefore,
seamless elongation is based on the re-introduction of a
unique Type IIS site in each elongation step (Figure 1B
and 1C).
The antiparallel Q-block oligonucleotides described
above were commercially synthesized, annealed, and subcloned via the BsaI and SacI restriction sites into a vector
containing a unique BsaI site (Figure 1B and 1C). The
following elongation steps of the Poly-Q encoding
sequence only require the double-stranded oligonucleotides treated with the appropriate enzymes as described
above and a cloning vector without BsmBI sites. Hence,
we performed the elongation cycles in the plasmid pMK1
from which all BsmBI sites were removed by site-directed
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mutagenesis. The initial introduction of the subcloned
Q-block fragment into pMK1 resulted in the plasmid
pMK1-Q11 (Figure 1C, upper panel). As a consequence,
this vector now contains a single BsmBI site downstream
of the glutamine-encoding triplets, which could be used
for the further elongation of the Q-block (Figure 1C).
Next, pMK1-Q11 was digested with the enzymes BsmBI
and SacI. The resulting cohesive ends were compatible
with the overhangs of the double-stranded Q-block oligonucleotides cut by BsaI and SacI (Figure 1C). Ligation
of the insert with pMK1-Q 11 gave rise to pMK1-Q 20 .
Thereby a unique BsmBI site was re-introduced downstream of the elongated Poly-Q encoding region (Figure
1C). As the cohesive ends of the annealed and digested
oligonucleotides are only compatible with the doubly-cut
plasmid, multiple insertions were efficiently prevented.
Using this strategy the directed elongation of the Q-block
was achieved by repeated cycles of digestion and ligation.
Our approach has several additional advantages beyond
providing a strategy for the directed elongation of repetitive DNA sequences. An important aspect is that the number of introduced nucleotides can be adjusted precisely in
each round by defining the length of the Q-block of the
synthetic oligonucleotides (Figure 1A). Furthermore, the
generation of long repetitive sequences can be accelerated
by simple modifications (Figure 2). For example, pMK1Q 20 was digested with BsaI and SacI and the resulting
Q-block fragment was ligated with the pMK1-Q20 backbone cleaved with BsmBI and SacI. This slight adaptation
of the protocol enabled the formation of pMK1-Q38 and
demonstrates that the number of Q-encoding triplets
could be rapidly increased in a single step. This allowed
the fast generation of a pool of constructs with different
lengths of the repetitive sequences that can be easily
recombined (Figure 3A). Figure 3B shows the restriction
digestion analysis of the constructed pMK1-Qn plasmids
carrying inserts encoding the indicated Poly-Q stretches.
Our approach is also suitable to increase the length of
repetitive sequences by multiple insertions as described
previously [13]. Thereby, simultaneous digestion of the
annealed oligonucleotides or pMK1-Q n plasmids with
both Type IIS restriction enzymes would result in Q-block
fragments with compatible overhangs (Figure 1A). This
would allow for ligation of multiple Q-blocks in a single
step.
Importantly, our technique is not limited to generate
Poly-Q encoding sequences but can also be used for other
nucleotide repeats. One example of highly repetitive
nucleotide sequences are the poly(A) tails attached to the
3’ ends of eukaryotic mRNAs by poly(A)-polymerases.
These poly(A) extensions are up to 250 nucleotides in
length and they are important for mRNA stability and efficient translation initiation [20]. As polyadenylation is lacking in conventional in vitro transcription reactions, poly
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Q-block
BsmBI
SacI
BsaI
ccagtgggtctcaCAGCAACAGCAACAGCAGCAGCAACAGCAGCAGagacggagctcgatc
ggtcacccagagtGTCGTTGTCGTTGTCGTCGTCGTTGTC GTCGTCtctgcctcgagctag

B

BsaI
BsaI

BsmBI SacI

pMK1-Qn

BsmBI
SacI

Q-block
BsmBI
SacI
BsaI
ggtctcaCAGCAA
CAGCAGagacggagctc
ccagagtGTCGTT

GTCGTCtctgcctcgag

Q-block
BsmBI
CAGCAA
CAGCAGagacggagct

ccagagtGTCGTT

GTCGTCtctgcctcgagt

BsaI
Q-block
ggtctcaCAGCAA

GTCGTCtctgcc

TT

Q-block
SacI
BsmBI
BsaI
ggtctcaCAGCAA
CAGCAGagacggagctca

ccagagtGTCGTT

ca
GTCG

BsaI
ggtctcaCAGCAA

Q-block
CAGCAA

BsmBI
SacI
CAGCAGagacggagctca

ccagagtGTCGTT

GTCGTT

GTCGTCtctgcctcgagt

tcgagt

C
subcloning via BsaI and SacI
digest with NdeI + SacI

NdeI
SacI

NdeI

BsaI

BsmBI SacI
pMK1

Initiation

Q11

NdeI
BsaI
pMK1-Q11

BsmBI
SacI

NdeI
BsaI
BsaI

BsmBI SacI
pMK1-Q11

Q11

BsmBI

Elongation

SacI

NdeI
BsaI

pMK1-Q20

BsmBI
digest with BsmBI + SacI

SacI

several rounds of elongation

Figure 1 Cloning strategy of Poly-Q encoding sequences. (A) Annealed oligonucleotides used for cloning of the Poly-Q encoding regions.
The recognition sequences and the corresponding cleavage sites of the restriction endonucleases are indicated by different colors. The
orientation of the two inward facing Type IIS restriction sites (BsaI and BsmBI) results in cleavage within the Poly-Q encoding sequence and
allows seamless elongation of the Poly-Q stretch. (B) Detailed representation of the elongation cycles. Digestion of the double-stranded
oligonucleotides (BsaI/SacI) and the vector (BsmBI/SacI) resulted in compatible overhangs allowing for seamless elongation. Used restriction sites
are underlined. (C) The annealed oligonucleotides were initially subcloned using BsaI and SacI and subsequently inserted into pMK1 via NdeI and
SacI. For further elongation BsaI/SacI digested oligonucleotides were ligated into pMK1-Qn digested with BsmBI and SacI. Thereby the number of
Q-encoding nucleotides was increased by nine and a new BsmBI site was introduced allowing subsequent rounds of elongation.
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SacI

(A) fragments are usually fused to the 3’ untranslated
regions of the DNA templates. Nevertheless, controlling
the length of the poly(A) sequence is difficult to achieve
by conventional cloning strategies. We have successfully
applied our novel approach for the directed elongation of
repetitive DNA sequences to create poly(A) stretches of
defined length in DNA templates for the in vitro production of polyadenylated mRNA (Figure 4). Therefore, we
used A-block oligonucleotides instead of Q-blocks and
applied the same basic strategy as described above. In this
case we used two oligonucleotide pairs (A31 and A32) to
generate a stretch of 57 adenines and an inward facing
BsmBI site in a single initiation step (Figure 4A and 4B).
The newly introduced BsmBI site was used to elongate the
poly(A) region with the oligonucleotide pair A32 (Figure
4A, lower panel). A restriction digestion analysis of the
initiation and elongation steps of poly(A) cloning is shown
in Figure 4C.
Theoretically, the basic strategy can also be expanded
to establish a modular system of double-stranded DNA
oligonucleotides or PCR-amplified fragments carrying
different sequences that can be fused in a directed fashion and in any desired order. This is possible as long as
the recognition sites of the Type IIS enzymes are
designed to produce compatible ends (Figure 5). Moreover, other combinations of Type IIS and Type IIP
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74
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Figure 2 Generation of long repetitive sequences can be
accelerated. The elongation of the Q-encoding region was
accelerated by a simple modification of the cloning strategy. For
example, the Poly-Q encoding region of the plasmid pMK1-Q20 can
be excised with BsaI and SacI and ligated into the same vector
digested with BsmBI/SacI. Thereby, the number of Q-encoding
repeats can be almost doubled in a single cloning step.

1000
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2 % agarose gel, EtBr stained

Figure 3 Overview of the seamless cloning of repetitive
sequences for the production of Poly-Q proteins. (A) Genealogy
of the pMK1-vectors. A pool of different pMK1 vectors was
generated by elongation cycles using double-stranded
oligonucleotides or Poly-Q encoding DNA fragments derived from
pre-existing pMK1-Qn vectors. (B) Repetitive sequences of different
lengths cloned by the described strategy in (A). pMK1-Qn plasmids
encoding indicated Poly-Q stretches were digested with EcoRI (cuts
77 bp upstream of BsaI) and SacI. The inserts were separated on a
2% agarose gel and visualized by ethidium bromide (EtBr) staining.

restriction endonucleases can be used instead of the
ones chosen in this study.
Our initial intention was to generate Poly-Q constructs
for in vitro experiments. So far, we cloned repetitive
DNA sequences of different lengths encoding Poly-Q
stretches between 11 and 218 residues into the pMK1
vector (Figure 3A). We next adopted these constructs to
meet our specific purposes. In our final constructs the 17
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cut with BsmBI and XhoI. The elongation principle is the same as
described above for the Poly-Q constructs. Used restriction sites are
underlined. (B) Antiparallel oligonucleotide pairs used for cloning of
the poly(A) sequences. The recognition sequences and the
corresponding cleavage sites of the restriction endonucleases are
indicated by different colors. The inward facing BsaI sites on A31
and A32 were designed in a way to allow the seamless fusion of the
oligonucleotides via their A-blocks. (C) Initiation and elongation step
of poly(A) cloning. pMK0-An plasmids containing the indicated
number of adenines or the empty pMK0 vector were digested with
SacI (cuts 199 bp upstream of poly(A)) and XhoI. The inserts were
separated on a 10% polyacrylamide (PAA) gel and visualized by
ethidium bromide (EtBr) staining.
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N-terminal amino acids of Htt (N17) flank the different
Poly-Q regions and a FLAG-tag for immunodetection is
located at the C-terminal end. In order to insert the various Q-blocks between the N17 and FLAG-tag encoding
sequences on the expression vector (pLANA), the
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Figure 4 Cloning of poly(A) constructs. (A) Our basic strategy
was also successfully applied to the cloning of adenine repeat
sequences. Here two antiparallel oligonucleotide pairs that differ in
their restriction sites and length of the poly(A) region, A31 and A32,
were used for the initiation step. A31, A32, and pMK0 were digested
with HindIII/BsaI, BsaI/XhoI, and HindIII/XhoI, respectively, and
ligated in a single reaction to obtain pMK0-A57. For elongation the
BsaI/XhoI digested oligonucleotide A32 was inserted into pMK0-A57

IIS‘
IIP

Figure 5 Strategy to combine different repetitive sequences in
a modular fashion. Antiparallel oligonucleotide pairs with different
repetitive sequences (orange and blue) can be fused on one
plasmid if their Type IIS recognition sites (IIS) are designed in a way
that they create compatible overhangs. Moreover, our strategy is
not restricted to specific endonucleases. The use of any
combination of one Type IIP (IIP) and two different compatible Type
IIS enzymes is possible. Upon insertion of the first annealed and
digested oligonucleotide pair (orange) via IIS and IIP, the resulting
vector can be digested with IIS’ and IIP to allow the incorporation
of a second double-stranded oligonucleotide pair (blue).
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plasmid was linearized with the BsaI enzyme. The glutamine encoding sequences were excised from the pMK1
plasmids with BsaI and BsmBI resulting in compatible
ends that allowed the seamless insertion of Q-blocks of
different lengths behind the N17 motif (Figure 6A).
To study the aggregation kinetics of Poly-Q proteins in
vitro, we applied a widely used filter retardation assay,
which allows the detection and quantification of small
amounts of Poly-Q containing aggregates [5]. This assay
is based on the characteristic of Poly-Q fibrils to be insoluble in solutions containing 2% sodium dodecyl sulfate
(SDS). Such fibrils are specifically retained on a cellulose-

acetate filter, whereas the soluble monomeric species are
denatured by SDS and filtered through the membrane.
The captured aggregates can then be visualized by immunodetection. For such experiments fusion constructs
were commonly used carrying a N-terminal glutathione
S-transferase (GST) domain fused to the first exon of htt
via a factor Xa cleavage site [5]. In these constructs the
globular GST domain prevents aggregation of the monomers. However, aggregation can be induced by release of
the GST moiety upon proteolytic factor Xa cleavage.
Based on this principle we designed a new construct in
which the first exon of the htt gene was fused to a
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Figure 6 Cloning and analysis of the final Poly-Q constructs. (A) The final constructs encode an N-terminal His6-tag (pink) and a SUMOdomain (blue) followed by the 17 N-terminal amino acids of Huntingtin (N17, orange). The different Poly-Q encoding sequences (red) and a
FLAG-tag (yellow) are located at the 3’ end. Expression is controlled by a T7 promoter (brown). For cloning of the final constructs the Poly-Q
encoding repeats of different lengths were excised from of the pMK1-Qn vectors using BsaI and BsmBI. The resulting fragments were inserted
into pLANA, which was linearized with BsaI. The restriction sites were arranged in a way that allowed the seamless ligation of the Poly-Q
encoding sequences behind N17 into pLANA. Our final constructs still contain a BsaI site behind the Poly-Q encoding region allowing further
nucleotide insertions. Used restriction sites are underlined. (B) Three different constructs were successfully produced in E. coli and purified. The
proteins consisting of His6-SUMO-N17-Qn-FLAG were applied to SDS-PAGE and visualized by immunoblotting against the FLAG-tag. (C) Purified
His6-SUMO-N17-Q47-FLAG fusion proteins were treated with Ulp1 for 1 min and analyzed by SDS-PAGE and a-FLAG immunoblotting. (D) Filter
retardation assay using His6-SUMO-N17-Q47-FLAG fusion proteins. Membrane bound Poly-Q fibrils were visualized by a-FLAG immunodetection.
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SUMO domain (Saccharomyces cerevisiae Smt3) carrying
an N-terminal His6-tag for affinity purification (Figure
6A). Importantly, the His6-SUMO domain keeps the purified Poly-Q containing fusion proteins soluble and
allows for the controlled induction of aggregation by
treatment with the Ulp1 protease (SUMO protease from
S. cerevisiae), which cleaves behind the two conserved
C-terminal glycine residues of folded SUMO [21].
Using the His 6 -SUMO fusion strategy the Poly-Q
proteins can be easily affinity purified under denaturing
conditions using silica-based Ni2+-matrices (Figure 6B). As
Poly-Q proteins often tend to form insoluble inclusions
when expressed in E. coli, we purified our constructs under
denaturing conditions using 6 M guanidine hydrochloride
and refolded them on the affinity matrix by slowly decreasing the concentration of the denaturant. The efficiency of
the refolding process was monitored by digestion of
the purified and soluble Poly-Q fusion proteins with Ulp1
(Figure 6C). Importantly, this protease does not recognize
a specific amino acid sequence but rather the native structure of the SUMO-domain. Under our experimental conditions the purified fusion proteins were almost completely
digested by Ulp1 within one minute, indicating that refolding of the constructs was successful. Therefore, we performed the filter retardation assay with the Poly-Q fusion
proteins and induced aggregation by Ulp1 mediated cleavage. Figure 6D exemplifies the assay with our construct
containing 47 glutamine residues. In the control reaction,
where Ulp1 was omitted, no aggregation was observed
over six hours beyond marginal background signals. By
contrast, significant amounts of SDS-resistant Poly-Q
fibrils were formed after one hour upon induction of
SUMO cleavage. Accordingly, release of His6-SUMO from
the Poly-Q constructs occurs much faster than fibril formation (Figure 6C and 6D). Thus, our His6-SUMO fusion
strategy provides a useful tool to study the kinetics of PolyQ aggregation in vitro.

Conclusion
As mentioned above, several other seamless cloning strategies were described previously, indicating the demand
for such methods. However, our approach has several
advantages compared to existing methods. Here we used
synthetic oligonucleotides to overcome the limitations of
PCR-based amplification of repetitive DNA sequences
and combined this strategy with seamless cloning using
Type IIS restriction enzymes. The usefulness of this
method was demonstrated by means of two frequently
occurring problems: the cloning of defined stretches of
Poly-Q encoding sequences and the generation of polyadenine sequences for in vitro transcription of polyadenylated mRNA. We chose the latter application because we
wanted to demonstrate that the technique is suitable for
generating fully homogenous nucleotide sequences of
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defined length. Another important advantage is that our
method is directed. This means that in each elongation
cycle, the number of nucleotides added to the repetitive
sequence can be determined precisely by simply designing the oligonucleotides accordingly. Importantly, a single product is obtained in each step. Other methods
often generate a mixture of products due to multiple
insertions. Consequently, products of the right length or
sequence have to be selected or purified via agarose gels,
which makes the procedure more complicated, time-consuming, and error-prone. As we did not observe multiple
insertions and only rarely religations of the vector, this is
not necessary using our technique. In addition, the protocol presented here is straightforward. One round of elongation can be done within one day, including restriction
digestion of the vector, ligation, and transformation. Bacterial growth and sequencing requires approximately two
further days. We obtained approximately 100-300 clones
per transformation and in most cases it was sufficient to
sequence a single clone. Moreover, combining pre-existing constructs can rapidly increase the length of the repetitive sequence (Figure 2 and 3). For example, once the
method was established, the pMK1-constructs could
be generated within three weeks including sequencing
(Figure 3A). We did not encounter a limitation of the
number of repeats for our purposes.
In general, our method is cheap because only the synthetic oligonucleotides have to be purchased for each
application. We usually ordered 0.02 μmol of commercially synthesized, HPLC-purified oligonucleotides, respectively. The costs depend therefore on the list price per
nucleotide, purity, scale, and length of the oligonucleotides. Once annealed and digested, the oligonucleotides
can be used for all subsequent elongation rounds and do
not have to be re-ordered. All other materials (e.g. restriction enzymes, agarose gels, competent cells, DNA ligase)
are standard equipment for molecular cloning. It should
be mentioned that in principle the strategy could be used
also to assemble non-repetitive sequences. In this case, the
DNA fragments could be amplified even by PCR with primers carrying the Type IIS and Type IIP restriction sites
in the 5’ overhang regions. Finally, it should be also possible to fuse different repetitive sequences in a directed and
seamless manner (Figure 5).
In summary, our seamless cloning strategy is PCR-free
and allows the directed and efficient generation of highly
repetitive DNA sequences of defined lengths by simple
standard cloning techniques. Besides their applications in
basic research, as exemplified here, repetitive nucleotide
sequences become increasingly important in biopolymer
technology. As artificial proteins with unique physical
properties such as elastomeric polypeptides and synthetic
silk fibers often contain multiple amino acid repeats, new
strategies are required that improve the cloning of
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synthetic genes for the production of protein-based polymeric materials in biological systems [22,23]. The method
presented here is both, cheap and fast, and can be easily
adapted to produce any desired DNA sequences for a wide
range of applications.

Methods
Cloning Methods

All cloning steps were performed according to standard
protocols [24]. Restriction enzymes were named according to [25]. HPLC-purified synthetic Q-block (5’ccagtgGGTCTCaCAGCAACAGCAACAGCAGCAGC
AACAGCAGcagagacgGAG CTCgatc-3’ and 5’-gatcGAGCTCcgtctctgCTGCTGTTGCTGCTGCTGTTGCTGTT GCTGtGAGACCcactgg-3’) and poly(A)
oligonucleotides A31 (5’-gccgAAGCTT aaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaGAGACCcactgg-3’ and 5’-ccagtgGG
TCTCtttttttttttttttttttttttttt tttttAAGCTTcggc-3’) and A32
(5’-ccagtgGGTCTCAaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaAGAGACG acagCTCGAGgccg-3’ and 5’-cggcCTCGAGc
tgtCGTCTCTttttttttttttttttttttttttttttttTGAGACCcactgg3’) were obtained from Thermo Fisher Scientific. For
annealing 10 pmol of the antiparallel oligonucleotides
were mixed in a final volume of 100 μl. The reaction mixture was heated up to 95°C for 5 min, incubated for 10
min at 55°C, and finally cooled down to room temperature. The annealed oligonucleotides were digested with
the respective restriction endonucleases (NEB) according
to the manufacturers protocol. Next, the DNA was precipitated by addition of 1/10 volume 3 M sodium acetate
pH 5.2, 2.5 volumes of 100% (v/v) ethanol (p.a.) and incubation at -20°C for at least 12 h. The DNA was recovered
by centrifugation at 16000 × g for 30 min at 4°C and the
DNA pellets were washed with 70% (v/v) ethanol. The
DNA pellets were dried at room temperature and subsequently resuspended in 100 μl sterile water. Aliquots of
the double-stranded digested oligonucleotides were
stored at -20°C and used for the subsequent cloning
cycles to elongate the repetitive sequences. Between 0.1
μl and 5 μl of the digested oligonucleotides were ligated
with 30-70 ng linearized and dephosphorylated plasmid
DNA and T4 DNA ligase (Fermentas) in a 20 μl reaction
mixture according the manufacturers instructions. The
ligations were carried out at 23°C for 2 h and transformed into 100 μl RbCl2-competent E. coli cells (strain:
DH5aZ1). Plasmid preparation, gel extraction, and DNA
purification kits were obtained from Qiagen. All DNA
fragments originating from plasmid DNA were separated
by agarose gel electrophoresis and extracted using the
QIAquick Gel Extraction Kit (Qiagen). All plasmids generated during this study were verified by DNA sequencing (GATC, Germany).
To generate the poly(A) constructs the protocol was
adapted due to the lower melting temperature of the poly
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(A) oligonucleotides. The antiparallel oligonucleotides
were mixed as described above, heated to 95°C, and
annealed by a continuous temperature gradient of 0.1°C
per second to 4°C. To avoid any denaturation of poly(A)
stretches the annealed oligonucleotides as well as vectors
containing poly(A) regions were digested with the Type
IIS restriction enzymes overnight at 37°C. Restriction
enzymes were removed by phenol/chloroform extraction
according to standard protocols and the DNA was recovered by ethanol precipitation as described above. The
resulting poly(A) constructs were analyzed by restriction
digestions and the lengths of the poly(A) stretches up to
100 base pairs could be determined precisely by sequencing (GATC, Germany).
Expression and purification of Poly-Q proteins

The pLANA-Qn constructs (Figure 6A) were transformed
into the E. coli strain BL21(DE3). A two liter LB-culture
was inoculated with 20 ml of a stationary overnight culture
and grown to an OD600 nm of 0.6-0.8 at 30°C. Expression
was induced by the addition of 1 mM isopropylthio b-D1-galactopyranoside (IPTG). After 5 h cells were harvested
by centrifugation and flash-frozen in liquid nitrogen. The
cell pellets were resuspended in lysis buffer (30 mM
HEPES-KOH pH7.4, 500 mM potassium acetate, 5 mM
magnesium chloride 5% (v/v) glycerol, 1 mM ß-mercaptoethanol, 1 mM phenylmethylsulphonyl fluoride (PMSF),
1 × protease inhibitor cocktail (Roche)) and lysed by
French press. After centrifugation at 30000 × g for 30 min
at 4°C the pellet was resuspended in denaturation buffer 1
(6 M guanidine hydrochloride (GdnHCl), 30 mM HEPESKOH pH 7.4) and incubated with 2.5 g Ni-IDA silica
matrix (Protino; Macherey-Nagel) for 30 min at 4°C while
rotating. The matrix was washed twice with 40 ml denaturation buffer 1, twice with 40 ml denaturation buffer
2 (4 M GdnHCl, 30 mM HEPES-KOH pH 7.4), twice with
40 ml denaturation buffer 3 (2 M GdnHCl, 30 mM
HEPES-KOH pH 7.4), twice with 40 ml high salt buffer
(30 mM HEPES-KOH pH 7.4, 1 M potassium acetate,
5 mM magnesium chloride, 5% (v/v) glycerol, 1 mM
ß-mercaptoethanol), and finally four times with with 40
ml low salt buffer (30 mM HEPES-KOH pH 7.4, 50 mM
potassium acetate, 5 mM magnesium chloride, 5% (v/v)
glycerol, 1 mM ß-mercaptoethanol). Proteins were
eluted with four times 10 ml elution buffer (30 mM
HEPES-KOH pH 7,4, 50 mM potassium acetate, 5 mM
magnesium chloride, 5% (v/v) glycerol, 1 mM ß-mercaptoethanol, 250 mM imidazole-HCl pH 8.0). The purest
fractions were dialyzed against 5 l low salt buffer for 3 h.
To avoid aggregation the purified proteins were diluted,
frozen in liquid nitrogen, and stored at -80°C. The purified
proteins were analyzed by SDS-PAGE and Coomassie
staining as well as immunoblotting using FLAG antibodies
(ANTI-FLAG, Sigma).
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Filter retardation assay

The Q-containing fusion proteins were thawed on ice
and diluted with low salt buffer (30 mM HEPES-KOH
pH 7.4, 50 mM potassium acetate, 5 mM magnesium
chloride, 1 mM ß- mercaptoethanol, 10% (v/v) glycerol)
to a final concentration of 0.02 mg/ml. Insoluble material
was removed by centrifugation at 16000 × g for 5 min at
4°C. The supernatant was divided into two samples,
which were directly used for the filter retardation assay.
The SUMO protease was added to one of the samples to
a final concentration of 10 μg per mg substrate protein.
The control reaction contained BSA instead of protease.
The reactions were incubated at 22°C in a final volume of
350 μl. At the indicated time points 50 μl samples (1 μg
fusion protein) were taken and mixed 1:1 with stop solution (4% (w/v) SDS, 100 mM dithiothreitol) followed by
incubation at 95°C for 5 min. Under these conditions
monomeric Poly-Q proteins are denatured whereas PolyQ aggregates remain intact. Subsequently, the samples
were applied to a Dot-blot filtration unit and filtered
through a cellulose-acetate membrane (0.2 μm pore size)
equilibrated with 2% (w/v) SDS in TBS (100 mM TrisHCl pH 8.0, 150 mM sodium chloride). After washing
with 0.1% (w/v) SDS in TBS the membrane was blocked
in TBS-T (100 mM Tris-HCl pH 8.0, 150 mM sodium
chloride, 0.05% (v/v) Tween-20) containing 5% (w/v)
non-fat dried milk. The aggregates were detected by
immunoblotting using primary FLAG-antibodies and
alkaline-phosphatase coupled to anti-rabbit IgG (1:10000,
Sigma).
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